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Preface

This book provides an overview of the synthesis and characterization of nanocrystals.
Nanocrystals, owing to their unique behavior with reduction in size, have been a
significant part of the novel materials developed for applications such as biosensors,
optics, catalysts to semiconductor devices. Over the years, various synthesis methods
are discovered to develop nanostructures with tunable properties such as optical,
electronic magnetic and mechanical properties. The chapters in this book cover a
broad range of properties of nanocrystals synthesized for various applications.

Chapter 1 discusses optical absorption and photoluminescence properties of CdixMnxS
nanoparticles grown by the melting-nucleation synthesis approach. The difference in
magneto-optical behavior of nanocrystals and quantum dots are discussed. A
spectroscopic ellipsometry method used to characterize nanocrystals is described in
chapter 2. The basics, measurable nanocrystal properties and range applications of
spectroscopic ellipsometry are explained in this chapter. Chapter 3 presents an
overview of the density function theory (DFT) software used for the calculations of
different periodic and non-periodic systems. Density of crystal structures and
spectroscopic properties of nanoparticles are evaluated. In chapter 4, fabrication of
photovoltaic device using carboxymethyl cellulose and Chlorophyll-a nanocrystals
and Bacteriorhodopsin is explained. Spectroscopic and photoelectric properties are
analyzed to evaluate the material suitability. Chapter 5 presents an overview of
optical, magnetic and structural properties Cdi-xMnsS, PbixMnsS, Zni-«MnO
nanocrystals grown by fusion and co-precipitation methods. Effect of secondary phase
on the properties of the nanocrystals is studied using x-ray diffraction and Raman
spectroscopic analysis of the mnanocrystals. Chapter 6 describes UV-curable
nanocomposite materials with self-writing properties like light self-focusing and light
induced nanoparticle redistribution. Mechanical, optical properties of these ZnO based
nanocomposites are studied and explained in detail. The developments in the
applications of cellulose nanocrystals (CNC) in nanocomposites prepared by gelation
and electrospinning are reported in chapter 7. Nanocomposite fibers containing CNC
are synthesized using electrospinning. Chapter 8 discusses various applications of
semiconductor nanocrystals, their synthesis and electronic, structural, optical,
magnetic and mechanical properties. Structural transformation of nanocrystals under
pressure is studied. Chapter 9 presents an overview of surface modification of



Preface

colloidal semiconductor CdS and CdSe quantum dots using organic ligands and their
characterization using time-resolved photoluminescence (TRPL) spectroscopy and
density function theory (DFT).

I believe our contribution provides a significant value to the science and technology
community resulting in more discoveries in diverse fields implementing
nanotechnology.

Dr. Sudheer Neralla
NSF-Engineering Research Center
North Carolina A&T State University
Greensboro,

USA









Chapter 1

Carrier Dynamics and Magneto-Optical
Properties of Cd;.xMn,S Nanoparticles

Noelio Oliveira Dantas and Ernesto Soares de Freitas Neto

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/46515

1. Introduction

CdixMnxS nanoparticles (NPs) with size quantum confinement belong to the diluted
magnetic semiconductor (DMS) quantum dot (QD) class of materials that has been widely
studied in the last few years. The study of quasi-zero-dimensional Diluted Magnetic
Semiconductors (DMS), such as Cdi-MnxS Quantum Dots (QDs), is strongly motivated due
to the localization of magnetic ions in the same places as the free-like electron and hole
carriers occurring in these nanomaterials [1,2]. This interesting phenomenon causes unique
properties in DMS dots that can be explored in different technological applications, such as
wavelength tunable lasers[3], solar cells[4,5], or in spintronic devices[6,7]. In this context,
glass matrix-encapsulated Cdi-«MnS NPs emerge as potential candidates for several
applications, given that this host transparent material is robust and provides excellent
stability for DMS nanostructures. Therefore, the luminescent properties and carrier
dynamics of CdixMnxS NPs should be comprehensively understood in order to target
optical applications. For instance, different models based on rate equations can be employed
to describe the temperature-dependent carrier dynamics of DMS nanostructures, such as
they have been applied to semiconductor quantum wells[8], N-impurity complexes in III-V
materials[9], and self-assembled semiconductor quantum dots[10].

It is well known that the optical properties of NPs can be significantly changed by
interactions between nanostructures and their host material, due mainly to the formation of
surface defects [11, 12]. These surface defects are heavily dependent on NP size and become
more important with increasing surface-volume ratio. Generally, the comparison between
the optical properties of CdixMnxS QDs and their corresponding bulk is obtained in
different environments. To the best of our knowledge, this study is probably the first that
simultaneously investigates both the carrier dynamics and the magneto-optical properties of
Cd1xMnxS QDs and their corresponding bulk-like NC when both are embedded in the same
host material.

© 2012 Oliveira Dantas and Soares de Freitas Neto, licensee InTech. This is an open access chapter
distributed under the terms of the Creative Commons Attribution License
(http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, and reproduction

open science | open minds in any medium, provided the original work is properly cited.
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Although the dot doped with impurities (metal and magnetic) are currently being
synthesized by colloidal chemistry techniques [13,14], some possible applications require the
nanoparticles (NPs) being embedded in robust and transparent host materials. In this context,
the melting-nucleation approach appears as an appropriate synthesis technique since it allows
the growth of DMS nanocrystals (NCs) embedded in different glass matrices. In addition to the
controllable dot size and Mn?* ion fraction incorporated into CdixMnxS dots which can be
achieved by this synthesis protocol, for example, the host glass matrix provides an excellent
stability to the NPs. In particular for the melting-nucleation protocol used in this chapter, it is
presented a discussion on the doping of QDs with magnetic impurities reasoned in two main
models[3]: the ‘trapped-dopant” and ‘self-purification” mechanisms.

In this chapter, we have employed the optical absorption (OA), magnetic force microscopy
(MFM), photoluminescence (PL), and magnetic circularly polarized photoluminescence
(MCPL) measurements in order to investigate the properties of CdixMnxS NPs that were
successfully grown in a glass matrix. The organization of this chapter is shown as follows. In
the section 2 (next section), we present the synthesis protocol that was employed in order to
grow CdixMnxS NPs in a glass matrix. The results obtained from the experimental
techniques are presented and discussed in the section 3, highlighting the carrier dynamics
and the magneto-optical properties of nanoparticles. We conclude our study in the section 4.

2. Synthesis of CdixMnxS nanoparticles in a glass matrix

The host glass matrix for NP growth was labeled SNAB since its nominal composition is:
40Si02.30Na2C0s.1A1:05.29B203  (mol %). Cdi-Mn:S NPs were successfully synthesized in
this glass matrix by adding 2[CdO + S] (wt % of SNAB), and x[Mn] (wt % of Cd), with x =
0.0, 0.5, 5.0, and 10 %. The synthesis method consists in a two sequential melting-nucleation
approach, in which it is possible obtain ensembles of nearly spherical nanoparticles
embedded in a glass matrix [12]. First, the powder mixture was melted in an alumina
crucible at 1200 °C for 30 minutes. Next, the melted mixture was quickly cooled down to
room temperature where diffusion of Cd?, Mn?, and S* species took place. This diffusion
resulted in CdixMnxS NP growth in the SNAB glass environment.

In a second stage, a sample with x = 0.100 was subjected to a thermal annealing at 560 °C for
6 h in order to enhance the diffusion of ions within the host SNAB matrix which promotes
the growth of magnetic dots. Room temperature XRD pattern of the undoped CdS NPs (x =
0) embedded in the SNAB glass matrix was recorded with a XRD-6000 Shimadzu
diffractometer using monochromatic Cu-Kai radiation (A = 1.54056 A). Thus, the wurtzite
structure of CdS NPs embedded in the SNAB glass matrix has been confirmed. Evidently,
the CdixMnxS NPs with diluted magnetic doping have this same wurtzite structure, since it
is a common phase for this DMS material.

3. Results and discussions

We have employed several experimental techniques in order to investigate the carrier
dynamics and the magneto-optical properties of CdixMnxS NPs. The room temperature
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absorption band edge of synthesized CdixMnxS NCs was obtained with a double beam UV -
VIS — NIR spectrophotometer (Varian, Cary 500) operating between 250 and 800 nm and
with a spectral resolution of 1 nm. Photoluminescence (PL) measurements were taken with a
405 nm (~3.06 eV) continuous wave laser focused on a ~200 pm ray spot with an excitation
power of 2.5 mW. CdixMnxS NP luminescence was collected using a USB4000 spectrometer
from Ocean Optics equipped with a Toshiba TCD1304AP 3648-element linear CCD-array
detector, in the 10 K to 300 K temperature range, with a 435 nm high-pass filter. The
magnetic force microscopy images of the CdixMnS NPs doped with x = 0.100 were
recorded at room temperature with a scanning probe microscope (Shimadzu, SPM — 9600).

The magneto-photoluminescence (MPL) measurements were performed using
superconductor coils (Oxford Instruments) with fields up to 15 T. The samples were placed
into the liquid helium cryostat at 2 K and excited using a 405 nm (+ 5 nm) continuous wave
laser, from Laserline Laser Technology, focused on ~ 200 pum rays spot with excitation
intensity values of 10 mW. The detected MPL was carried out with an ocean optics
spectrometer (USB4000) and the polarization was analyzed using a A/4 waveplate and with
linear polarizer fixed parallel to the spectrometer entrance, in order to collect the photons
with o*and o circular polarizations, respectively.

3.1. Carrier dynamics

The room temperature OA spectra of CdixMnxS NPs, with different x-concentrations, are
shown in Fig. 1a. The formation of two well defined groups of CdixMn«S NPs of different
sizes was confirmed by the two bands in the OA spectra. As indicated in Fig. 1a, these two
groups of NPs were named: (i) QDs because their quantum confinement properties
provoked a change in band energy around ~3 eV; and (ii) bulk-like NCs indicated by the
absence of quantum confinement given the fixed band around ~2.58 eV, a value near the
energy gap of bulk CdS [15,16]. At the bottom of Fig. 1a is the OA spectrum of the SNAB
glass matrix where, in contrast, it can be seen that over a broad spectral range there is a
complete absence of any band associated with NPs.

Figure 1a shows that the undoped CdS QDs (x = 0.000) exhibit confinement energy (E, ) as

indicated by the OA band peak at ~3.10 eV. From this value and using a confinement model
based on effective mass approximation[12,15-18], the mean QD radius R was estimated by
the expression: Econt = Eg + (h?1t2/ 2uR?) — 1.8(e?/ €R), where E; is the bulk material energy
gap, W is the reduced effective mass, e is the elementary charge, and ¢ is the dielectric
constant. From this, a mean radius of about R~2.0 nm was estimated for the CdS QDs, thus
confirming strong size quantum confinement [16].

Furthermore, the increase in x-concentration clearly induced a blue shift in the OA band of
the Cd1-MnxS QDs from ~3.10 eV (x = 0.000) to ~3.22 eV for the highest magnetic doping (x
= 0.100). Since these QDs were grown under identical synthesis conditions within the glass
environment, it is expected that they would have the same mean size. As a result, there were
no significant differences in the quantum confinements of these QDs that would cause shifts
in the OA band peaks. Thus, it was concluded that the observed blue shift in OA band peak
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(Fig. 1a) was a consequence of the sp-d exchange interactions between electrons confined in
dot states and those located in the partially filled Mn?* states. This explanation is reasonable
since replacing Cd?* with Mn?* ions should increase the energy gap of Cdi-Mn.S QDs[18]. In
addition, it is interesting to note the weak sp-d exchange interaction in the Cdi-Mn.S bulk-
like NCs because their OA band remains in an almost fixed position (~2.58 eV).

bulk-like NCs /" |
258 eV :
* )

Absorption

0.005

X

(@]

SNAB
20 22 24 26 2.8 3.0 32 34 3.6
Energy (eV)

Figure 1. (a) Room temperature OA spectra of Cdi«MnxS NPs with different x-concentrations
embedded in the SNAB glass matrix. The two groups of NPs (QDs and bulk-like NCs) are indicated by the
vertical dashed lines. The OA spectrum of the SNAB glass matrix is also shown at the bottom for
comparison. (b) Topographic MFM image showing high quantities of CdoswoMno.10S NPs at the sample’s
surface, and (c) the corresponding phase MFM image (30 nm lift) where the contrast between the North
(N) and South (S) magnetic poles identifies the orientation of the total magnetic moment of the DMS NPs.

Figure 1b presents the two-dimensional (100 x 100 nm) topographic MFM image of the
sample with the highest level of magnetic doping (x = 0.100). Like the OA spectra, the
topographic MFM image confirms the formation of two well defined groups of NPs with
different mean radii: (i) R ~ 2.1 nm for the QDs, which closely agrees with the result
estimated from the OA data (R ~ 2.0 nm); and (ii) R ~ 10.0 nm for the bulk-like NCs, a value
near the vertical scale edge of Fig. 1b. Evidently, the exciton Bohr radius of bulk CdixMnxS
with diluted magnetic doping should be near that of bulk CdS, which is around as ~ 3.1 nm
[16]. Hence, we can conclude that the QDs with mean radius R ~ 2.0 nm are under strong
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quantum confinement, while the bulk-like NCs with mean radius R ~ 10.0 nm hardly exhibit
any size confinement[19].

In addition, a large quantity CdixMnxS NPs can be observed in Fig. 1b, as well as in the
corresponding phase MFM image shown in Fig. lc. These images reveal great proximity
between the two groups of NPs (QDs and bulk-like NCs), so that strong coupling between
their wave functions is expected. In Fig. 1c, the topographic signal can be neglected because
its phase MFM was recorded with a 30 nm lift from the sample’s surface. Thus, interaction
between tip and NP magnetization induces the contrast observed in this phase MFM image.
The dark area (light area) is caused by attraction (repulsion) between tip and NP
magnetization represented by the South (North) magnetic pole in the vertical scale bar of
Fig. 1c. Evidently, the magnetization in each NP (QD or bulk-like NC) is caused by the size-
dependent sp-d exchange interactions, proving that Mn?* ions are incorporated into the
DMS nanostructures. This Mn?* ion incorporation in NPs has also been established by
electron paramagnetic resonance (EPR) measurements and simulations with other samples
synthesized in the same way as in this research [17]. In Fig. 1c, it is interesting to note that
there is a relationship between the NP size and the direction of its magnetic moment: small
(large) NPs have their magnetic moment oriented towards the North (South) pole.

Figures 2a and b present, as examples, the effect of temperature on Cdi-MnS NP
luminescence with x = 0.000 and 0.050. The emissions from the two groups of CdossoMmno.o50S
NPs with different sizes, QDs and bulk-like NCs, are clearly identified in Fig. 2b by the
presence of two well defined PL bands which are in agreement with the OA spectra of Fig.
1. However, in Fig. 2a, a PL band can be observed whose complex nature is a result of the
overlapping of several emissions, including those from deep defects: denominated as (1)
and (2) for the QDs, as well as (1)* and (2) for the bulk-like NCs. In a recent study of other
similar Cdi-MnxS NPs with wurtzite structure, the existence of emissions from two trap
levels related to the presence of deep defects was demonstrated[20]. The origin of these
defects in Cdi-«MnS NPs (and CdS NPs) with hexagonal wurtzite structure is possibly
related to two energetically different Vca — Vs divacancies: one oriented along the hexagonal
c-axis (assigned to trap (1)), and the other oriented along the basal Cd-S bond (assigned to
trap (2))[20]. Furthermore, the size-dependence of these trap-levels, (1) and (2), has been
confirmed for CdSe NCs [21], explaining the observed emissions from them in both the QDs

(E, and E, ) and bulk-like NCs (E! and E} ) that are embedded in our glass samples.

In Figs. 2a and b, all emissions are marked by vertical dotted lines, including the bound
exciton emission (Eexc) of QDs as well as the electron-hole recombination (Ev) of bulk-like
NCs. The characteristic emission of Mn? ions (Emn~2.12 eV) between the 4T1 — A1 levels in

the CdixMnxS NPs (with x # 0) is also evident and represented in the Fig. 2c by 1/ M rate

[1,22,23]. The complete recombination aspects of these PL spectra are well-described in a
diagram in Fig. 2c, where six (seven) emission bands can be identified for the CdS NPs (Cdi-
xMn:S NPs with x # 0). In Fig. 2b, the asymmetric shape of the emission band around 480 nm
at low temperatures confirms the presence of shallow virtual levels for the QDs, and
evidently there is also for the bulk-like NCs, as depicted in Fig. 2c. However, this emission
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band (480 nm) becomes symmetric with rising temperature, which demonstrates that the
trapped carriers in the virtual levels are being released to other non-radiative channels of
QDs. It is interesting to note that in Fig. 2a the excitonic emission (Eex) of CdS QDs is almost
suppressed due to the strong presence of non-radiative channels, including one related to
the energy transfer from QDs to bulk-like NCs. However, a comparison between the PL
spectra of the CdS and the CdossoMnoosoS NPs (see Fig. 2) clearly reveals that increasing x-
concentration induces gradual suppression of emissions from all trap-levels ((1), (2), (1)b,
and (2)?), since Mn?* ions are replacing the Vca vacancies in the NPs. Indeed, this fascinating
behavior provides further evidence that the deep defects are caused by Vca —Vs divacancies,
and that the NPs are actually being doped by Mn?* ions. Hence, the non-radiative channels
that supply the deep trap-levels disappear with increasing x-concentration in Cdosso0Mno.050S
NPs, as shown in Fig. 2b.

In Fig. 2¢, the wavy arrows represent non-radiative channels from the excitonic states of
QDs, and from the conduction band (CB) of bulk-like NCs. Here, non-radiative energy
transfer (ET) is given by the rate 1/ TZT (withn = A, B, C, A’, and B’), where 7p; is the
carrier escape time from an NP to one of these five non-radiative transitions. In our model,
we have assumed that the non-radiative paths from the excitonic states of QDs, as well as from
the conduction band of bulk-like NCs to the deep trap-levels ((1), (2), (1)b, and (2)°) can be
disregarded. However, it is evident that these deep trap-levels may be filled by carriers from:
(i) the shallow virtual levels of QDs and bulk-like NCs; and (ii) the *T1 levels of Mn?* ions[20].
Energy transfers from the excitonic states of QDs follow three paths: (A) to virtual levels
(QDs); (B) to the conduction band of bulk-like NCs; and (C) to the *T1 level of Mn?* ions. On the
other hand, the energy transfers from the conduction band of bulk-like NCs follow two paths:
(A”) to virtual levels (bulk); and (B’) to the “T1 level of Mn?* ions. It is well known that the very
fast energy transfer from a NP to Mn?* ions is generally resonant due to the high density of
states above the emissive “T1 level,! as shown by the 24" levels in Fig. 2c. However, size
quantum confinement can play an important role in this process that, besides being mediated
by the sp-d exchange interactions, is strongly dependent on the Mn?* fraction in Cdi-Mn.S
NPs. In other words, QDs and bulk-like NCs are expected to behave differently due to the
strong confinement of the QDs with a small mean radius of about R~2.0 nm.

The excitonic states of QDs can be denoted by‘l) , and the CB of bulk-like NCs by ‘1h> . The
carrier number (depending on temperature T) of these two states is given by Nl(T) and
N? (T) , respectively. Since carriers are thermally distributed each one of the three non-
radiative channels related to QDs is supplied by N, (T)exp(—En /K BT) carriers, where En
(withn = A, B, and C) is the corresponding activation energy of the non-radiative n channel.
Similarly, N? (T)exp(—E77 / KBT) carriers are transferred to each one of the two non-radiative
channels related to bulk-like NCs, where n = A’, and B’. Furthermore, as shown in Fig. 2c by
the straight, downward pointing arrows, radiative emissions are also present from both QDs
and bulk-like NCs in the PL spectra which are related to 1/ T,QD and 1/ Tf rates, respectively.
The straight, upward pointing arrow, indicated by g (g), represents photo-excitation of the
QDs (bulk-like NCs) caused by the laser pump. The carrier dynamics that take into account
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these transitions from the |1> (QD) and |1b> (bulk-like NC) levels can be described by the
following rate equations:

Energy (eV) Energy (eV)
2.76 2411 2.25 20? 1.91 1.77 Ih:’:- ISS 1.46 276 248 225 207 1.21 1.77 1.65 1.5% Ld6
T T T T T T T T T T
x=0. 000 (a) x=0.050 (b)
§ % WK - E — 20K
E - HE
A —
A —x

PL Intensity (arb. units)
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= : W | - - -
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Figure 2. PL spectra of both (a) the CdS NPs (x = 0.000) and (b) CdossoMno.50S NPs at several
temperatures, from 20 K (top) to 300 K (bottom), as indicated by the downward pointing arrows. Their
recombination aspects are depicted in panel (c), where the emissions from both the QDs and the bulk-
like NCs are clearly identified. In addition, the characteristic emission of Mn2* ions (4T1-¢A1), Evn ~2.12
eV, when substitutionally incorporated in II-VI semiconductors is also evident. In the present energy
scale, the ¢A1level of the Mn?* ions is located at top of the QD ground state.
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le(T):+g_N1(T)_ NI(T)ﬂA _Nl(T)ﬂB _ NI(T)ﬂC . (1)
dt TrQD T?T TST TIET ’

— [N —;
radiative  QDs—virtual levels (QDs) QDs—bulk-like NCs  QDs—Mn** ions

emission

dNi'(T):Jrgur Nl(?ﬂB _N?ET) —Ni;(];,)ﬂA' _ Ni’(g)ﬂB' ; (@)
dt TET o TET TEr

—_— —_— e g
QDs—bulk-like NCs  radiative bulk-like NCs — virtuallevels (bulk)  pulk-like NCs — Mn*" ions
emission

where g, = exp(—En/KBT) withn=A, B, C, A’, and B'. In Egs. (1) and (2), both the radiative
emissions from QDs and bulk-like NCs and all non-radiative energy transfers are

highlighted. In steady-state conditions, the laser excitations are given by g= Nl(O) / 79 and

g'=Nf(O) / Tf for QDs and bulk-like NCs, respectively. Moreover, there are no temporal

changes in the carrier numbers, i.e., (le(T)/dt)zo and (de(T)/dt)zO. When these

conditions are replaced in Egs. (1) and (2), we get:

Nio)

{1 +a, exp(_E%BTJ +ay exp[_E%BTj-s- ac exp(_E%BTﬂ
-E -E,. -E..
0=+— Nl(T)%BT Nt L ABT + ABT L@

+ p T A B’
[ TET (™ Ter TEr

N, (T)= ; @)

The carriers’ number in the QDs (‘1> level) as a function of temperature T is given by Eq.
(3), where the term «, = (T,QD / TgT) (withn = A, B, and C) can be considered constant at first

approximation. After replacing the term N, (T) (given by Eq. (3)) in Eq. (4), we get:

Nio) Ni)

+ -_—
7 E ~(E,-E ~(E.-E
Tk exp[ %BTj+aAexp (E4 %BT +ag +acexp (Ec %T
-E,. -E,.
o) ()
-N}(T)| =+ B/ B

A B
[ TEr TET

0=+

Q)

Evidently, the second term on the right side of Eq. (5) is related to the carrier-mediated
energy transfer from QDs to bulk-like NCs, and can be defined by:
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Ni)(o) (T) _ Nyq) 6

v {eXP[E%BTJ ta, exl{_(EA i EI%;T}+ % T eXp{_(EC _ E%BTH

This represents temperature-dependent excitation of bulk-like NCs caused by carriers
transferred from the QDs. Thus, Eq. (5) can be solved, resulting in the following expression:

Nio) * Ny (T)

1(T)= |
o L+aA*exp[_E%BTj+aB'exp(_E%BTﬂ

where o, = (ri’ / TET) withn = A’, and B’. Eq. (V) describes the temperature dependence for

@)

the carrier number of the bulk-like NCs (‘1b> level), and the term Ni’(o)(T) is given by Eq.
(6). From Egs. (3) and (7), we can find the steady-state intensities I Qb (T) = [ N, (T) / z'rQD } and

1’ (T) = [N lb (T) / rrb } of the QDs and bulk-like NCs, respectively, which results in:

Q
19°(T) = I ; ®)
{1 ta, exp(_E% Tj +ay exp(_E% Tj +ac exp[_E% Tﬂ
B B B
b
Ib (T): IO (T) (9)

EEearEeAal

In Eq. (8), it is interesting to note that the term I(?D = [NI(O) / erD ] is temperature-
independent because it is only related to QD photo-absorption. On the other hand, in Eq. (9),
the term Ig (T) = {[Nf(o)(T)*'Ni’(o)}/Tf} is temperature dependent and is given by Eq. (6)

since the carrier-mediated energy transfer from QDs to bulk-like NCs is strongly
temperature dependent. Evidently, there is coupling between Egs. (8) and (9), and they can
be fit to the experimental integrated PL intensity. This in turn, permits the deduction of
activation energies related to the non-radiative channels of QDs (Ea, Es, and Ec) as well as of
bulk-like NCs (Ea,, and Er).

Figures 3a, b, and c show integrated PL intensity behavior for the doped Cdi-Mn.S NPs (x #
0) as a function of temperature. Here, the solid and open triangle symbols represent the
bulk-like NCs and QDs, respectively. At low temperatures, QD emission intensity decreases
quickly while bulk-like NC emissions remain almost constant except for a small increase at x
= 0.100 (Fig. 3c). This behavior is due to the trapping of excited carriers from the excitonic
states to the shallow virtual levels of QDs, where temperature increases induce a gradual
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release of these carriers to other electronic states, including the CB of bulk-like NCs. This
carrier-mediated energy transfer from QDs to bulk-like NCs is a tunnelling phenomenon
that is strongly dependent on the coupling between the wave functions of these NPs[24].
This effect is expected, given the high proximity between QDs and bulk-like NCs as
confirmed by the MFM images (Figs. 1b and c). The ratio between these PL peak intensities
(bulk-like NCs/QDs) as a function of temperature is shown in the insets of Fig.3. Here, it can
be seen that the ratio increases at low temperatures and then decreases as QD emissions
remain constant and bulk-like NC emissions decrease.

In the insets of Fig. 3, a fitting procedure with a Gaussian-like component, gives the
temperature that yields the maximum ratio for each x-concentration: 122 K (x = 0.005); 134 K
(x = 0.050); and 127 K (x = 0.100). Moreover, the FWHM (Full Width at Half Maximum) of
the Gaussian-like component broadens with increasing x-concentration: 63 K (x = 0.005); 70
K (x = 0.050); and 74 K (x = 0.100), thus confirming that emission intensity from bulk-like
NCs decreases more slowly after the maximum ratio is reached. It is interesting to note that
the peak ratio between the PL intensities of bulk-like NCs/QDs is related to the inflection
point of the corresponding integrated PL intensity of bulk-like NCs. This is indicated by the
dashed vertical lines in Figs. 3a, b, and c. The inflection point temperatures were attributed
to the maximum thermal energy transfer process from QDs to bulk-like NCs.

It can be seen that the temperatures obtained by the Gaussian fitting (T =122 K, 134 K, and 127
K) can be related to delocalization thermal energies (like KsT)[25], which are needed to release
the trapped carriers at shallow virtual levels (surface defects, for example) of QDs. Thus, the
aforementioned Ea activation energy coupled to these virtual levels (QDs) could be found by
using the following expression: E,, = K;T ; where Ks is the Boltzmann constant, and T is the

temperature obtained by the Gaussian fitting. As a result, the x-concentration dependent
behavior of this Ea activation energy is given by: 10.51 meV (x = 0.005); 11.54 meV (x = 0.050);
and 10.94 meV (x = 0.100), where the deduced values remain almost invariable. This result can
take into account two effects caused by the increasing x-concentration of CdixMnxS QDs: (i)
the increasing energy gap that was observed in OA spectra of Fig. 1a; and (ii) possible density
amplification of virtual levels associated to shallow defects of QDs[23]. Therefore, the
combination of these effects in the electronic structure of Cdi-Mn«S QDs (x # 0) explains the
nearly constant values obtained for the Ea activation energy.

In order to deduce the additional activation energies (Es and Ec) related to other non-
radiative channels of doped CdixMnS NPs (x # 0), Egs. (8) and (9) were used to fit
experimental integrated PL intensities as a function of reciprocal temperature (1/T), as
shown in Figs. 4b, ¢, and d for the concentrations x = 0.005, 0.050, and 0.100, respectively.
First, Es and Ec activation energies related to QDs were determined by using Eq. (8) in
which, with exception of the previously found Ea activation energy, the following terms

were used as parameters of fit: | (?D , EB, Ecand an with n = A, B and C. Then, with the QD

results, the activation energies related to bulk-like NCs (Ea, and Es) could be found by
fitting with Eq. (9).
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Figure 3. Temperature dependence of the integrated PL intensity of Cdi«Mn.S NPs at several x-
concentrations: (a) x = 0.005; (b) x = 0.050; and (c) x = 0.100. QDs and bulk-like NCs are represented by
open and solid triangle symbols, respectively. In the inset of each panel, the square symbols represent
the ratio between these integrated PL intensities (bulk-like NCs/QDs), where fitting with a Gaussian-
like component was used to find the temperature corresponding to the maximum value. The dashed
vertical lines show that each one of these temperatures is close to the inflection point of the integrated
PL intensity of the bulk-like NCs.
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Figure 4. Experimental integrated PL intensity of Cd1-MnxS NPs as a function of reciprocal
temperature: (a) x = 0.000; (b) x = 0.005; (c) x = 0.050; and (d) x = 0.100. Each panel shows the fitting
curves for the specified equations.

For the undoped NPs (x = 0), only a PL emission band associated with the bulk-like NCs
could clearly be observed (see Fig. 2a). Therefore, it was not possible to use Eq. (8) to find
the activation energies associated with the QDs. In addition, since there was no magnetic
doping for these NPs (x = 0), it is expected that the non-radiative channels related to Mn?*
ions would not exist. With these alterations, a modified Eq. (9) was used in fitting the
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experimental integrated PL intensity of CdS bulk-like NCs, where the Ea, Es, and Ea
activation energies were considered as parameters of fit. Figure 4a shows that good fit of the
experimental data was achieved which confirms the absence of non-radiative channels
related to Mn?* ions. Thus, even though any PL emissions from CdS QDs were not observed
(see Fig. 2a), the Ea and Es activation energies associated with them could be indirectly
determined in this fitting procedure due to the carrier-mediated energy transfer from the
QDs to the bulk-like NCs that is also present in the modified Eq. (9).

Furthermore, in Figs. 4b, ¢, and d, the fittings for both the QDs (Eq. (8)) and bulk-like NCs
(Eq. (9)) are in excellent agreement with the experimental data. However, these
concordances were not achieved by further fittings given: (i) one or two non-radiative
channels for QDs (x # 0), and (ii) one non-radiative channel for bulk-like NCs (x # 0).
Therefore, all these fittings evidently demonstrate that the Egs. (8) and (9) for Cd1xMnxS NPs
(x # 0), as well as the modified Eq. (9) for CdS NPs, are satisfactorily suitable for describing
the temperature-dependent carrier dynamics of the ‘1) or ‘1b> levels.

Table 1 shows all the activation energies found that are related to non-radiative channels of
CdixMnxS NPs (QDs and bulk-like NCs) where, for doped NPs (x # 0), the Ea remains
almost constant as previously explained. Moreover, for undoped NPs the value Ea ~ 16.88
meV is slightly larger than that for doped NPs (Ea ~ 11 meV). This proves that increases in x-
concentration enhance the density of the virtual levels associated with the shallow defects of
QDs. The carrier-mediated energy transfer from QDs to bulk-like NCs, a tunnelling
phenomenon, is evidently being hampered due to Es rising with increases in
x-concentration (see Table I). In heavily doped NPs, there are many Mn?* ions incorporated
near the surface of both groups of NPs (QDs and bulk-like NCs)[22], an effect that enhances
Mn-Mn interactions[17,20]. Therefore, we can conclude that high quantities of Mn?" ions
near the surface of these NPs weakens the coupling between their wave functions which
hampers the tunnelling process from the QDs to bulk-like NCs. Consequently, this effect
also contributes to the excitonic emission (Eex) of Cd1xMnxS QDs, as observed in Fig. 2b.

concer):;ration Ea (meV) Es (meV) Ec (meV) Ea’ (meV) Ep (meV)
0.000 16.88 0.94 - 32.36 -
0.005 10.51 1.30 38.47 23.89 152.66
0.050 11.54 2.51 43.87 20.51 144.76
0.100 10.94 3.13 48.55 18.64 108.83

Table 1. Behavior of activation energies (Ea, Es, Ec, Ea, and Ep) related to the non-radiative channels of
Cd1xMniS NPs as a function of x-concentration. From the QDs, the non-radiative energy transfers are
indexed as follows: (Ea) for virtual levels; (E) for the conduction band of the bulk-like NCs; and (Ec) for
the Mn?* ions. For bulk-like NCs, the non-radiative energy transfers are denoted as: (Ea’) for the virtual
levels; and (E) for the Mn2* ions.

13
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The non-radiative energy transfers from NPs to Mn2?ions are related to the following
activation energies: Ec for the QDs; and Ep for the bulk-like NCs. In Table I, it can be seen
that Ec increases and Es decreases with rising x-concentration. This opposite behavior
between QDs and bulk-like NCs demonstrates that the sp-d exchange interactions are
strongly dependent on the size quantum confinement of the NPs. Increasing x-concentration
from 0.000 to 0.100 induces considerable blue shift in the energy gap of the QDs, which can
be disregarded for the bulk-like NCs (see Fig. 1a), while the density of the >‘T" levels of
Mn?"ions is being amplified. Thus, the depth of 2I" levels is increasing in relation to the
excitonic states of QDs, while remaining almost constant for the CB of bulk-like NCs.
Therefore, the combination of these effects explains very well the observed increase
(decrease) in Ec (E») activation energy with increasing x-concentration.

In addition, increasing x-concentration induces the density amplification of the virtual levels
associated with the shallow defects of bulk-like NCs. This also occurs in the QDs[26].
However, since the change in energy gap of bulk-like NCs can be disregarded, these virtual
levels become shallower for the conduction band (CB). Hence, in Table 1, the decrease in Ea’
activation energy with the increase in x-concentration can be adequately explained by taking
into account this effect in the electronic structure of the bulk-like NCs.

3.2. Magneto-optical properties

Figure 5 shows the OA spectra, taken at room temperature, of Cdi-Mn.S magnetic NPs that
were grown into the glass matrix environment. In Fig. 5a, the spectra were taken from NP
samples with three different Mn-concentrations: x = 0.000, 0.050, and 0.100, and these
samples did not have any thermal treatment. Only for comparison, the OA spectrum of the
SNAB matrix is also shown in bottom of Fig. 5a and is clear the absence of any absorption
band in the range between 350-650 nm. However, the OA spectra of all NP samples revealed
the formation of two well defined groups of Cdi-MnxS NPs with different sizes: (i) one
group displaying a fixed band around 2.58 eV (near the energy gap of bulk CdS) and
denominated as bulk-like NCs; (ii) the other displaying changing band energy due to
quantum confinement properties and denominated as QDs.

A careful analysis of the bands attributed to Cdi-Mn.S QDs with concentrations x = 0.000;
0.050; and 0.100, clearly reveals a width of about 65 nm for each OA band which is due to a
size distribution of the nanoparticles. From the OA peak at 3.13 eV, in Fig. 5a, and using the
effective mass approximation [12,17], an average radius around R~2.0 nm was estimated for
CdS QDs (x = 0.000), which confirms the strong size quantum confinement. It is noted that
an increase of Mn-concentration induces a blueshift on the QDs band, from 3.13 eV, for x =
0.000, to 3.22 eV, for x = 0.100. Since these magnetic QDs were synthesized under the same
thermodynamic conditions, one should expect that they have the same average dot size
(R~2.0 nm) and, thus, no significant differences in their quantum confinements that would
cause shift among the OA band peaks. Here, can be also inferred that the growth kinetics of
these dots is not influenced by the magnetic ions, since the amount of Mn dispersed in the
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glass environment is actually very small. Therefore, we attribute the blueshift on the peaks
of Fig. 5a to the sp-d exchange interaction between electrons confined in the dot and located
in the partially filled Mn?* ion states. This explanation is quite reasonable[17] since the
replacement of Cd by Mn, in Cdi-Mn.S NPs, should change the energy gap between 2.58
eV, for CdS buk (x =0) and 3.5 eV, for MnS bulk (x = 1).
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Figure 5. Room temperature OA spectra of Cd1xMn.S NPs embedded in the SNAB matrix. Panel (a)
shows the spectra of the as-grown samples which did not receive any thermal treatment. For
comparison, it is also shown the OA spectrum of the SNAB matrix, at the bottom. Panel (b) shows
spectra of two identical samples containing the same magnetic ion doping (x = 0.100), but one before
thermal annealing (BTA) and the other after thermal annealing (ATA) at T =560 °C for 6 h. Observe
that the peak at 2.58 eV, attributed to bulk-like NCs, does not change with doping or annealing.

We also compare the optical spectra of two identical CdosoMno.1S samples, one before
thermal annealing (BTA) and another after thermal annealing (ATA) at 560 °C for 6h. The
effect of this thermal annealing on the two OA band peaks of these NPs is shown in Fig. 5b.
As expected for NPs without size quantum confinement, the OA band related to
CdogoMno.100S buk-like NCs does not show any shift in the samples with or without thermal
annealing. At the same time, the CdosoMno.100S QDs peak shows a redshift from 3.22 eV, in
the sample without treatment (BTA), to ~3.17 eV, in the annealed sample (ATA). This shift
can be ascribed to two possible annealing effects: (i) the size increase of the magnetic dot
and thus, inducing weakening on the quantum confinement, and (ii) the decrease in the
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effective concentration of Mn?* ions incorporated into the dots during growth thus, inducing
decreasing on the energy gap.

The dot size increase for increasing annealing time is a well known phenomenon governing
the growth kinetic of nanoparticles in glass matrices[18,27,28]. However, a recent study of
thermal treatments on undoped CdSe QDs[12] embedded in this same glass matrix (SNAB)
showed a much smaller redshift (~0.03 eV) when annealed for 6 h. Since CdSe and CdS
structures display great similarities, as well as Cdi1xMnxS with dilute Mn-concentration, it is
reasonable to assume that they have the same growth kinetic in the same glass matrix. Thus,
the higher shift (~0.05 eV) observed in Cdo.goMno.10S QDs annealed for 6 h provides strong
evidences that the observed higher redshift must also be ascribed to a decrease of the
effective concentration of Mn?" incorporated to the dots, and this decrease takes place
during the thermal treatment of the sample. We shall return to this evaporation-like process
later, since its understanding is still an opened subject on doping processes in
semiconductor QDs[3].

Figure 6 presents the magnetic circularly polarized PL spectra, taken at 2.0 K and 15 T, of
CdS (Fig. 6a) and of CdosoMnoiS (Fig. 6b) NP samples. A decreasing from 300 K to
temperatures near ~2.0 K causes an increase in the energy gap of CdS QDs, as well as in bulk
CdS, of about ~ 85 meV[29]. Certainly, a similar temperature-dependent behaviour is
expected for Cdi-MnS QDs with dot size R ~ 2 nm and for diluted magnetic doping.
However, even with this large blueshift in the OA bands, the Cdi-MnS QDs with
absorption around 405 nm, as well as all bulk-like NCs, were excited during the
measurements at 2.0 K, due the large OA band width (~ 65 nm) of QDs as well as the
wavelength width (+ 5 nm) of the 405 nm excitation laser source. Therefore, according to OA
spectra shown in Fig. 5, the emissions attributed to the two well-defined bulk-like NCs and
QDs groups are observed in each spectrum of Fig. 6. The presence of virtual levels in these
structures, as due to surface defects for example, can explain the asymmetric character of the
emission band around 480 nm (Fig. 6b). Also, the broad emission band near 580 nm cannot
be fitted by only one Gaussian-like component which provides further evidence for its
complex nature associated to several emissions. We may conclude that besides the radiative
recombination of excitons, labelled as Eqp (Ev) for the QDs (bulk-like NCs), there are also the
emissions from deep defect levels, labelled as (1) and (2) for QDs and (1) and (2)v for bulk-
like NCs. These emissions detected on the PL spectra are qualitatively described in the
diagram depicted in Fig. 6¢c where the seven emission bands are identified. The deep defect
levels in CdS and Cdi-MnxS NPs with hexagonal wurtzite structure, a common phase for
these materials,[30-32] are possibly related to two energetically different divacancy defects,
Ve — Vs, associated to the absence of Cd? and S* ions in the crystalline NP structure[20].
One divacancy is oriented along the hexagonal c-axis of the wurtzite CdS structure and
assigned to trap(1), whereas the other is oriented along the basal Cd-S bond directions and
assigned to trap(2)[20,21]. The size dependence of these trapping levels has been confirmed
for CdSe NCs[21], and is used to explain the detected emissions from QDs (labelled E, and

E,) and from bulk-like NCs (labelled Ei’ and Eé’ ) that occur in our Cdi-«Mn.S structures,
as depicted in Figs. 6.
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The comparison between the emissions and absorptions of CdixMnxS NPs, by taking into
account the mentioned increase in energy gap at low temperature (~ 2.0 K), revels that these
nanostructures embedded in a glass matrix exhibit an anomalously large Stokes shift (Ass)
given by: Ass ~ 0.65 eV for QDs, and Ass ~ 0.54 eV for bulk-like NCs. Possibly, the origin for
this large Stokes shift can be attributed to radiative recombination due the many-body
effects on the excitonic states of the NPs, a phenomenon that was recently demonstrated for
PbS nanocrystals[21] and should be considered for the Cdi-Mn:S NPs. Certainly, further
investigations are required in order to reach a comprehensive explanation for these
observed large Stokes shifts in the Cdi-MnxS NPs embedded in a glass matrix.
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Figure 6. Circularly polarized PL spectra, o- (solid lines) and o* (dashed lines), taken at 2.0 K and
magnetic field B =15 T, are shown in panel (a) for undoped CdS NP sample and in panel (b) for
magnetic CdosooMno.100S NP sample. The different recombination processes are depicted in panel (c),
where the emissions from QDs and from bulk-like NCs are clearly identified. The characteristic
emission E(Mn?*) of Mn?* ions (*T1 — 6A1), occurring near 2.12 eV when incorporated in the II-VI
semiconductors, is almost resonant with the Eb emission from bulk-like NCs. The non-radiative
processes associated to the Vca — Vs divacancies occurring in the structures are also indicated.
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The characteristic emissions 4T1 — ¢A1 between levels of Mn?* ions, labelled as E(Mn?) in
Figs. 6b and 6c and with transition energy ~2.12 eV, also confirm that these magnetic
impurities were substitutionally incorporated in the Cdi«MnS NPs[1,22,23]. This
incorporation of Mn?* ions in NPs has also been proved by electron paramagnetic resonance
(EPR) measurements and simulations in other samples which were synthesized by the same
method used in this work[17,20].

Note that the emissions from deep defect levels observed in bulk-like NCs, and shown in
Figs. 6a and 6¢ with labels EY and ES, become almost suppressed in samples with magnetic
doping (see Fig. 6b). Thus, Mn?* ions must be filling out the Cd vacancies, Vcd, during
doping and this interesting fact provides further evidence not only for the existence of the
deep divacancies, Vca — Vs, but also for the incorporation of Mn?* ions in the NPs.

Figures 7a and 7b present the circularly polarized (o~ and o*) PL spectra of CdosooMno.i0S NP
samples without thermal treatment and taken at 2.0 K, for several magnetic field values
between 0.0 and 15.0 T. The magnetic subcomponent emissions from QDs and from bulk-like
NCs can be clearly observed in all PL spectra. It is also noted that o* increase the intensity
faster than o emissions, thus resulting in the strong PL circular polarization. The relative
intensity ratio between the polarized emissions from QDs and from bulk-like NCs is shown in
Fig. 7c as a function of magnetic field for two different Mn-concentrations (x = 0.050 and 0.100).

The internal optical transition (4T1—°A1) occurring within excited 3d° shells of the Mn?* ions
is highly sensitive to the presence of external magnetic fields[33,34]. After electron-hole pair
creation by laser excitation, the band-edge exciton can either recombine radiatively or
transfer its energy to a Mn?*ion via an Auger-like process that depends on the exciton-Mn
coupling. At low temperatures and in magnetic fields, this Mn?* PL band remains
unpolarized and, eventually, becomes suppressed while the circularly polarized band-edge
excitonic emissions increase the intensity. This is a universal behaviour that has been
observed in DMS crystals, epilayers, quantum wells, quantum wires, and in self-assembled
epitaxial quantum dots[33-42]. Although the precise mechanism of energy transfer from
excitons to electrons in the Mn?* 3d° shell is still debated in the scientific
community,[37,38,42-44] the marked field dependence of this process indicates a spin-
dependent excitation transfer as described by Nawrockil[45] and by Chernenko[42,43].

The energy transfer from QDs to Mn?* ions is also highly sensitive to the presence of external
magnetic fields[2]. For example, in self-organized Cdi«Mn.Se QD samples, the “T1 — °A1
emissions from the incorporated Mn?* ions are completely suppressed at a magnetic field
values near 3—4 T [40]. According to Nawrocki model[45], this occurs because the Mn?*
magnetization freezes out the electron population in the Ms = — 5/2 ground state Zeeman
sublevels of the Mn?* ions (labelled °A1) [2,42-45]. In this model, the transition of an electron
from the conduction to the valence band occurs without change of its spin, and the
transition is allowed if the total spin of the combined system of Mn-ion+electron is
conserved. In particular, no Auger recombination is possible with participation of Mn-ion
ground state (°A1) with spin S =5/2 and S: = + 5/2 since the excited state (*T1) has spin S = 3/2
and S: =+ 3/2. The suppression of the Auger recombination in the high magnetic field can be
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explained by assuming thermalization of Mn-ions in the lowest state with S = — 5/2. Thus,
the band-edge excitonic emission intensity saturates with increasing magnetic field,
indicating alignment of the QD exciton spins by the magnetic field.
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Figure 7. Circularly polarized o- (panel (a)) and o* (panel (b)) PL spectra taken at 2K for CdosoMno.100S
NPs without thermal treatment and excited with line 405 nm of a laser source. Panel (c): Comparison
between the ratio of o~ (filled symbols) and o* (opened symbols) emission intensities from QDs and
from bulk-like NCs in samples with concentrations x = 0.050 (circles) and x = 0.100 (triangles) for
increasing magnetic field values. Notice that magnetic doping affects strongly the magnetic
dependence of these intensities.
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Hence, in our samples is also expected that the electron-hole radiative recombinations (Eqp
and Eb) show increasing intensities while the E(Mn?") emissions show decreasing change of
intensities for increasing magnetic field. Because the overlap with the Eb emissions in these
samples, the E(Mn?*) emissions cannot be clearly resolved in the PL spectra (Figs. 7a and b)
but should show a change in the relative intensity (Fig. 7c). For sample with Mn-
concentration x = 0.100, the ratio between polarized PL intensities from QDs and from bulk-
like NCs (triangles) displays non-monotonic behaviour from 0 to 12 T with a saturation
tendency, where the increased exciton emissions increase occurring at the expenses of Mn
PL emissions decrease, as the magnetic fields increase. In the sample with smaller
concentration, x = 0.050, the ratio between PL intensities (circles) increases almost linearly
up to 15 T, or even with slight intensity change. In Fig. 7c, it is also noted a significant change in
the relative intensities of emissions for o~ polarization, starting at B ~ 4 T, in the sample with
higher Mn-concentration (x = 0.100) and a much lower intensity change in the sample with
Mn-concentration x = 0.050. It is our understanding that this effect is related to the
suppressed E(Mn?*) emissions.

Furthermore, in Fig. 7c, the x-concentration dependent behaviour of the exciton intensity
variation with the magnetic field indicates a strong modification of the Auger energy
transfer rate from the excitons to Mn?* ions. Therefore, in the low Mn-concentration this
energy transfer does not occur as strongly as in the case of the high Mn-concentration. It has
been shown that Auger energy transfer is sensitively dependent on carrier density —
excitation power[40,42] and Mn-concentration [36]. In the high power excitation, the
suppression of the Auger process does not take place as strongly as in the case of the weak
power excitation even in the high magnetic field region. In the low excitation intensity the
PL intensity curve behaves very different as in the high excitation intensity. Based on the
approach of Nawrocki et al.[45], Chernenko et al.[42,43] calculated the increase in the
exciton intensity with B and showed that this increasing is associated with lifetime of non-
radiative transition I (B) / I (0) = const/ (1 +(z’0 /t A)) were 7, and 7, are the times of
radiative and non-radiative recombinations of the exciton, respectively. Here, the effective
time of non-radiative recombination depends on B, Mn-concentration and carrier density
[36,42-44]. Similar behaviour of the dependence of the PL intensity with B is observed for
our samples with different Mn-concentrations. Note that the emissions from deep defect
levels observed in bulk-like NCs, and shown in Figs. 6a and 6c with labels Ef and Eg,
become almost suppressed in samples with magnetic doping (see Fig. 6b). Thus, Mn?* ions
must be filling out the Cd vacancies, Vcq, during doping and this interesting fact provides
evidence that Mn?* doping can alter the carrier density in the NPs.

The Zeeman energy splitting in the electronic structure of the NPs is also other important
effect caused by the increasing in the magnetic field. It is well known that in DMS structures
the Zeeman energy splitting can be considerably altered by the exchange interaction
between the carrier spins and the substitutional doping magnetic ions[46]. Thus, in our Cd:-
xMn:S NP samples, it is quite expected different Zeeman energy splitting for QDs and bulk-
like NCs with the increase in the magnetic field. This in turn should also increase the
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separation between the excited electronic levels of QDs and bulk-like NCs, so that the non-
radiative energy transfer between them (as depicted in Fig. 6b) is being weakened up to be
completely interrupted at a given magnetic field value. We understand that this
phenomenon occurs at a magnetic field B ~ 12 T for the Cd1-MnxS NP sample with x = 0.100,
contributing thus to the abrupt increase in relative PL intensity (QDs/bulk-like NCs) shown
in Fig. 7c. Since this effect cannot be clearly observed for the Cdi-MnxS NP samples with x =
0.050, we can conclude that non-radiative energy transfer involving the excited electronic
levels of QDs and bulk-like NCs was not completely broken off in the investigated magnetic
field range, favouring the almost linear behaviour observed in Fig. 7c. It is important to
mention that the energy transfers involving the excitonic states of QDs, the conduction band
of bulk-like NCs, and the shallow virtual levels of NPs was demonstrated in section 3.1
(carrier dynamics)[47].
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Figure 8. Magnetic field dependence of the polarization degree ( p(B) ) of Cd1-xMnxS NPs: QDs (open

symbols) and bulk-like NCs (filled symbols). For a comparison it is shown the degrees of polarization
for two identical samples with concentrations x = 0.100, but one before thermal annealing (BTA) and
another after undergoing thermal annealing (ATA) at T = 560 °C for 6 h.

The degree of polarization is defined by p(B)=(I, —1_)/(I, +1_) [2,41,46], where I, and I_
are the integrated intensities of o* and o  magnetic circularly polarized PL (MCPL)
spectra taken at a given magnetic field, B. The values of p(B) for bulk-like NCs and for QD
emissions are represented by filled and opened symbols in Fig. 8, respectively. For QD
emissions, p(B) increases almost linearly up to B =15 T, and reaches 25% polarization. The
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bulk-like NC emissions appear to increase quadratically with B and, at higher magnetic
fields, show a saturation tendency near 35%. However, the degree of polarization for CdS
bulk-like NCs (x = 0.000) shows a much slower increase with saturation value near 15%. In
the Mn-doped samples (x # 0), the bulk-like NCs exhibit a higher degree of polarization than
the QDs, thus evidencing that the amount of Mn?* ions that are substitutionally incorporated
into QDs is smaller than in the bulk-like NC. Evidently, this effect is related to the well
known difficulty in doping semiconductor QDs with magnetic impurities. Furthermore, the
mentioned non-radiative energy transfer from QDs to bulk-like NCs is also a cause for the
lower degree of polarization for the QDs. It is fascinating to note that the degree of
polarization for the CdixMnxS QDs with x = 0.100 becomes higher than for the undoped
bulk-like NCs (x = 0) at the same magnetic field in which the abrupt increase in relative PL
intensity (Fig. 7c) takes place, i. e., B ~ 12 T. For the Cdi-Mn:S QDs with x = 0.050 this effect
is less pronounced and occurs at a higher magnetic field (see Fig. 8). In addition, the
different magneto-optical properties of the bulk-like NCs and QDs can be explained by
taking into account a considerable change of exchange interaction between the carrier spins
and the substitutional doping of magnetic ions incorporated into the NPs with different
sizes. This fact confirms that the size quantum confinement plays important role on the
magneto-optical properties of Cdi-Mn:S NPs. We note that the Mn-doped with x = 0.050
and undoped CdS NP samples does not exhibit any zero-field degree of polarization.
However, the samples doped with x = 0.100 presented negative zero-field polarization,
p(B=0)=-5%, which is ascribed to a change in the Zeeman ground state character. This
interesting phenomenon is related to an intrinsic magnetism of Cdi-Mn:S NPs caused by
the change in the sp-d exchange interaction strength, which is strongly dependent on the
doping mole fraction x of incorporated magnetic ions.

A comparison between the degrees of polarization for two sets of identical Mn-doped
samples with x = 0.100, is shown in Fig. 8, one before thermal annealing, labelled BTA and
represented by triangles symbols; another undergone a thermal annealing at T = 560 °C for 6
h, labelled ATA and represented by star symbols. After thermal annealing, the
CdosooMnoaoS bulk-like NCs sample showed a degree of polarization very similar to the
CdossoMno.os0S bulk-like NCs sample. This fact indicates that during the thermal annealing at
T =560 °C occurred a decrease in the effective concentration (xett) of the Cdi-MnxS bulk-like
NCs. In agreement with observed redshift for OA band shown in Fig. 5b, this same
dynamical doping process should also occur in the Cdi-MnS QDs. However, as shown in
Fig. 8 (see open triangle and star symbols), the change in degree of polarization for QDs
induced by thermal annealing is small due to two effects: (i) the strong localization of
magnetic Mn?* ions in the same place as the charged carries confined to the dots, and (ii) the
mentioned smaller amount of magnetic impurity that is incorporated into QDs.

Figures 9 (a, b, and c) presents two-dimensional phase MFM images (room temperature) of
the CdixMnxS NPs (x = 0.100) that are located at the samples surface, where it is possible to
investigate the thermal annealing effect on the total magnetic moment of NPs. The images
(150 x 150 nm) with a lift of 20 nm were recorded in two situations: in Fig. 9a before thermal
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annealing (BTA); and in Fig. 9c after thermal annealing (ATA). The contrast between these
MFM images is a result of the interactions between the tip and the NP magnetization.
However, there is also a small influence of the sample topography because the probe is close
to the sample surface (20 nm). As a result of magnetic interaction between tip and surface,
the bright area (dark area) of the phase MFM image displays repulsive (attractive)
interaction. Thus, the clear contrast that is observed in Fig. 9a, which is mainly caused by
magnetic interactions with the NPs, is almost vanished after thermal annealing as shown in
Fig. 5c. Hence, we may conclude that the total magnetic moment of each NP (observed in
Fig. 9a) is caused by the sp-d exchange interactions and can be tuned by a suitable thermal
annealing of the CdixMnxS NP samples. In agreement with the results of Figs. 5 and 8, this
behaviour can ascribed to diffusion of Mn? ions from the core to a position near the NP
surface and, therefore, decreasing the effective concentration (xetr) in CdixMnxS samples. In
addition, Figure 9b shows the phase MFM image (30 x 30 nm) obtained with no lift, of a Cdi-
Mn:S NP (BTA) that is at the sample surface. Since this image was recorded with no lift,
there is a strong influence of the sample topography and allowing the observation of the
characteristic hexagon of the wurtzite structure.

1-15.00

150x 150nm 30 30nm

Figure 9. Room temperature phase MFM images (150 x 150 nm) with a lift of 20 nm of two
CdogoMno.100S samples: (a) before thermal annealing (BTA); and (C) after thermal annealing (ATA).
Panel (B): Phase MFM image (30 x 30 nm) with no lift of a NP before thermal annealing, where the
characteristic hexagon of the wurtzite structure can be observed.

The main doping models for QDs that are used to explain the incorporation of impurities,
including Mn?* as in our samples, are known as ‘trapped-dopant’ and ‘self-purification’
mechanisms, which have being largely discussed in last few years|3,48-52]. The trapped-
dopant mechanism is governed by the growth kinetics, where the impurity is adsorbed on
the dot surface and then covered by additional material,[3] while the self-purification
mechanism is governed by a diffusion process of impurities to more stable and stronger
binding energy sites near the surface of dots[48].
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It becomes clear that the trapped-dopant mechanism is occurring in the course of the
thermal annealing at T = 560 °C of our sample, since the Cdi-Mn:S QDs are growing due to
increasing annealing time (see Fig. 5b). However, it is necessary to answer the question: Is
this mechanism responsible for the decreasing x-concentration of Mn?* ions in the QDs? In
our conception, it is reasonable to assume that the trapped-dopant mechanism does not
account for a significant change of Mn-concentration during the Cdi-Mn.S dot growth by
the melting-nucleation synthesis. Since there is a relative homogeneous distribution of Cd?,
Mn?* and S* species into the glass environment in each moment of the thermal annealing, it
is expected to observe nearly constant Mn-concentration in the CdixMnxS dot growth
process. Furthermore, the trapped-dopant mechanism is generally dominant for QD
synthesis based on liquid phase approach, as the colloidal chemistry, where the
temperatures are generally below 350 °C and, in some case, even as low as room
temperature[3,53]. In contrast, the energetic argument related to the self-purification
mechanism imposes a relative instability for the impurity species due to increasing
formation energy for decreasing dot-size. In Mn-doped CdSe NCs, for example, it is known
that the diffusion of Mn? ions occurs at a synthesis temperature around ~550 K (277 °C), due
to this instability [54,55]. Therefore, we are convinced that the relatively high temperature
used in thermal annealing of our sample (560 °C) is able to provide enough energy to
provoke impurity diffusion toward surface region, a site having stronger binding energy, or
even to evaporate the magnetic impurity ions from the Cdi-Mn.S QDs. In other words, our
results confirm that self-purification is the dominant mechanism that controls the doping in
semiconductor QDs grown by melting-nucleation synthesis approach.

4. Conclusions

In conclusion, we have recorded optical absorption (OA), photoluminescence (PL), and
magnetic circularly polarized photoluminescence (MCPL) spectra, as well as magnetic force
microscopy (MFM) images, in order to investigate CdixMnxS NPs that were synthesized in a
glass matrix. Room temperature OA spectra revealed the growth of two groups of NPs with
different sizes: QDs and bulk-like NCs, a result confirmed by MFM images. Several
emissions were observed in the temperature dependent PL spectra of CdixMnxS NPs,
including those from deep defect levels that were attributed to two energetically different
divacancies, Vca—Vs, in the wurtzite structure. Moreover, the emissions from these deep
defect levels were suppressed with increasing x-concentration, providing further evidence
not only of the incorporation of Mn?* ions in the NPs, but also for the existence of deep
divacancy defects Vca — Vs. Therefore, we have demonstrated that the density of NP defects
can be controlled by magnetic doping. From the temperature dependent PL spectra of these
NPs, we have deduced, based on rate equation, expressions in order to describe the carrier
dynamics between excitonic states of QDs and conduction band of bulk-like NCs. Fitting
procedures with these coupled expressions achieved satisfactory agreement with the
integrated PL intensity of both the QDs and bulk-like NCs provided activation energies of
non-radiative channels observed in CdixMnxS NPs.
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Our results confirm that the magnetic doping, Mn?* ions localization, and quantum
confinement play important roles on the magneto-optical properties of these NPs. The
different behaviour observed between the two groups of NPs with different sizes, QDs and
bulk-like NCs, were ascribed to a considerable change of exchange interaction between the
carrier spins and the substitutional doping magnetic ions incorporated into the NPs. In
addition, we have demonstrated that the relatively high temperature that was used in the
thermal annealing of the samples provides enough energy to provoke magnetic impurity
diffusion toward surface region of NPs. Therefore, for semiconductor QDs grown by the
melting-nucleation synthesis approach, the doping process is dominated by the self-
purification mechanism. We believe that the main results of this chapter can motivate
further investigations and applications of other systems containing DMS NPs.
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Chapter 2

Characterization of Nanocrystals Using
Spectroscopic Ellipsometry

Peter Petrik

Additional information is available at the end of the chapter
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1. Introduction

First applications of ellipsometry to the measurement of poly- and nanocrystalline thin films
date back to many decades. The most significant step towards the ellipsometric investigation
of composite thin films was the realization of the first spectroscopic ellipsometers in the "70s
[3, 4, 8], which allowed the measurement of the dielectric function, the imaginary part of
which is directly related to the joint density of electronics states sensitively depending upon
the changes of the crystal structure. The first models were based on the effective medium
approach using constituents of known dielectric functions [5], whereas the volume fraction
of the components can be related to the crystal properties of the thin films. This approach is
popular ever since, based on its robustness.

The effective medium methods have been followed by a range of different analytical
models based on the parameterization of the dielectric function. These models allow the
determination of the material properties also in cases when the material cannot be considered
as a homogeneous mixture of phases with known dielectric function. These models can also
be used for small grains that show size effects (and hence a modified electronic structure and
dielectric function), i.e. for grains that can not be modeled by bulk references.

Additional to the nanocrystal properties, the ellipsometric approach allows the sensitive
characterization of further layer characteristics like the interface quality (e.g. nanoroughness
at the layer boundaries), the lateral or vertical inhomogeneity or the thicknesses in multi-layer
structures.

2. Basics of ellipsometry

If polarized light will be reflected on the boundary of two media, the state of polarization
of the reflected beam will be elliptical, circular, or linear depending on the properties of the
sample. In most cases, the reflected light is elliptically polarized, that’s why the method is
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called ellipsometry. Ellipsometry directly measures the change of polarization caused by the
reflection, i.e. the complex reflectance ratio defined by
_Xr _ T _ iA

o= P = = tan ¥e'>, 1)
where x; = E;p/E;s and x; = E;,/E;s (r: reflected, i: incident; p: parallel to the plane
of incidence; s: perpendicular to the plane of incidence) are the states of polarization with
E = Eoei(“’t*‘s)e_i“’tﬁ-x describing the electromagnetic plane wave (w: angular frequency; t:
time; J: phase; N: complex refractive index; c: speed of light; x: position), r, and rs are the
reflection coefficients (the ratio of reflected and incident E values) of light polarized parallel
and perpendicular to the plane of incidence, respectively, while ¥ and A are the ellipsometric
angles [15, 17]. The latter are the raw data of an ellipsometric measurement usually plotted as
a function of wavelength, angle of incidence, or time.

The sample properties like the layer thickness or the refractive index are determined using
optical models, in which one assumes a layer structure and the refractive index of each layer
at each wavelength. Using such optical models, the ¥ and A values can be calculated (for each
wavelength and angle of incidence) and compared with the measured ¥ and A spectra. Next,
the parameters of the optical model (e.g. thickness, refractive index, or parameters of the
dispersion) are fitted using optimization algorithms like the Levenberg-Marquardt method in
order to minimize the difference between the measured and calculated ¥ and A values.

3. Measurable nanocrystal properties

Ellipsometry can measure nanocrystals in a thin film form. The optical model consists of a
substrate with usually known optical properties (e.g. single-crystalline silicon or glass) and
one or more thin films containing the nanocrystals. The information needed to calculate the
ellipsometric angles ¥ and A (that in turn can be compared with the measured angles) are
the angle of incidence, the thickness(es) of the layer(s) and the complex refractive indices of
each medium. The square of the refractive index is the dielectric function, the imaginary part
(e2) of which is directly proportional to the joint density of electronic states of the measured
crystalline or partly crystalline material. Compared to the typical sensitivities (< 1072 in
€) the difference between the dielectric functions of the amorphous and single-crystalline
phases are huge, as shown in Fig. 1. It is clearly seen that the dielectric functions are largely
different depending on the crystallinity of silicon ranging from single-crystalline through
nanocrystalline to amorphous. Note that the sensitivity is especially high around the critical
point energies, which appear as peaks in €;. For example, the difference of the three cases in
€; is larger than 10 at the critical point energy of 4.2 eV.

The key of measuring nanocrystals is to relate the dielectric function to nanocrystal properties.
The technique that is most widely used for more than 30 years is the effective medium theory
[5, 10]. In this theory it is assumed that the material is a mixture of phases large enough to
retain their bulk-like properties, but smaller than the wavelength of the probing light, so that
scattering can be avoided. In case of a mixture of two components with dielectric functions
of €; and ¢, the effective dielectric function (€) can be determined using effective medium
theory, the most general form of which is the self-consistent Bruggeman effective medium
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Photon energy (eV)

Figure 1. Real (e1) and imaginary (e, parts of the dielectric function of single-crystalline (c-Si),
amorphous (a-5i), and nanocrystalline (nc-5i) silicon.

approximation (B-EMA):
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The fit parameters of such models are the volume fractions f; and f;, of components a4 and

b, respectively (e, and €}, are known, € is calculated assuming f; and f}, values). In turn, the
change of the volume fractions can be related to the morphological changes of the material.

As an example of using B-EMA, lets consider an intensively investigated nanocrystalline
material, namely the nanocrystalline silicon prepared by a range of deposition techniques
from low temperature chemical vapor deposition to magnetron sputtering. A typical optical
model for the measurement of this material uses components of single-crystalline silicon (c-Si,
dielectric function from Ref. [16]), amorphous silicon (a-Si, dielectric function from Ref. [6]),
nanocrystalline silicon (nc-Si, dielectric function from Ref. [18]), and voids. Some optical
models for large-grain (Model 1) and small-grain (Model 2) nanocrystalline silicon layers
deposited on oxidized single-crystalline silicon wafers are shown in Fig. 2 (see also Ref. [25]).
The surface nanoroughness is also considered as a homogeneous layer [9], the thickness of
which correlates with the root mean square roughness [22]. There are more sophisticated
theories to analyze the surface roughness from the polarized optical response [14], but the
robustness of the above effective medium approach makes it a popular, most widely used
method. Note however, that the accurate, validated determination of the root mean square
roughness is a problem even by scanning probe methods, because the obtained numerical
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value may strongly depend on the measurement configuration (e.g. the window size or the
quality of the tip, [22]).

STRUCTURE

Surface roughness

MODEL 1

MODEL 2

a-Si + ¢-Si + voids

nc-Si + ¢-Si + voids

Polysilicon a-Si + ¢c-Si + voids nc-Si + ¢-Si + voids
Buried oxide Sio, SiO,
Substrate c-Si c-Si

Figure 2. Some B-EMA models for nanocrystalline Si on ¢-Si with different expected grain sizes. Models
1 and 2 can be used for large and small grain sizes, respectively.

In Fig. 2 both the surface nanoroughness and the bulk layer properties are described by a
combination of a-Si, ¢-Si, and voids or nc-Si, ¢-Si, and voids. The voids ratio serves as a density
correction in the bulk layer, and it describes the character of the surface nanoroughness in the
roughness layer. In many cases, the void ratio is fixed at 50 % due to a possible correlation
with the thickness of the surface roughness layer. The model also contains the buried thermal
oxide. The thickness of this oxide layer can also be determined in one fitting step together
with the volume fractions of the components in the roughness and bulk nanocrystalline silicon
layer, as well as their layer thicknesses.

For layers with smaller nanocrystals (several times 10 nanometers or below) the use of
the nc-Si reference dielectric function [18] provides a better fit than using the conventional
components of c-Si, a-Si, and voids. The volume fraction of the nc-Si component in the model
is an indication of the crystallinity (Fig. 3). The higher the volume fraction of the nc-Si
component, the smaller the grain size [25]. The sensitivity is revealed to be high, however,
quantitative measurements verified by reference methods were not performed. Micrographs
of transmission electron microscopy were available, but the technique of a reliable grain size
analysis using image processing is missing.

There are a range of methods for the analytical representation of the dielectric function of
semiconductors. A general empirical approach is to use a combination of Lorentz oscillators.
This method allows the determination of the critical point energies and the layer thickness
[13].

The critical point features can also be characterized by calculating the derivative of the
dielectric function [7]. Using this approach the broadening of the critical point features can
especially well be characterized. In turn, the grain size can indirectly be measured, because the
broadening is proportional to the electron scattering at the grain boundaries, i.e. the amount
of grain boundaries is measured.

The generalized oscillator model applies a standard analytical equation for all types of critical
points [11]. The dimensionality of the critical point can be adjusted by a parameter of the
model.

Another general approach for the parameterization of the critical point features of the
dielectric function is the generalized critical point model suggested by B. Johs et al
[19]. In this model the dielectric function around the critical point is described by four
Gaussian-broadened polynomials. A detailed description can be found in Ref. [12].
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Figure 3. c-Si and nc-Si volume fractions as functions of the deposition temperature. The grain size
increases with increasing temperature. Reprinted with permission from Journal of Applied Physics 87, P.
Petrik, Ellipsometric study of polycrystalline silicon films prepared by low-pressure chemical vapor
deposition, 1734 (2000). Copyright 2000, American Institute of Physics.

A special parameterization has been developed by S. Adachi. This model dielectric function
describes each critical point with a specific analytical equation depending on the type of
the critical point [1, 26]. As a result, one has a set of Kramers-Kroenig-consistent analytical
equations, with each equation describing an oscillator. The superposition of all the fitted
oscillators results in the final dielectric function as shown in Fig. 4. It is also shown that the
effective medium approximation using the combination of c-Si and a-Si as described above
doesn’t allow an acceptable fit (short-dashed line). Although the number of parameters to fit
is large, there are a lot of possibilities to couple or fix non-sensitive parameters [23].

The most important properties of the nanocrystal layers that can be measured by ellipsometry
are the layer thickness and the grain size (Table 1). The crystallinity can be defined for
ellipsometry as the "position” of the dielectric function between that of the single-crystalline
and the amorphous ones. In terms of effective medium theory this can be defined as the c-Si
to a-Si ratio of the model components. The density is also a parameter that can be expressed
compared to a reference value. Staying at the above example the model "c-Si + a-Si + void"
compares the density to the purely "c-Si + a-Si" case.

Additional to the above parameters a range of thin film-related parameters can be determined.
Most important may be the vertical inhomogeneity and the interface quality. Using
ellipsometry it can sensitively be checked whether the layer is of optical quality.

4. Applications

The range of ellipsometric applications for nanocrystals is very large. The most important
applications comprise semiconductor nanocrystals, with silicon still being the number one.
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Figure 4. Oscillators of the model dielectric function of S. Adachi (numbered solid lines) fitted to the
reference dielectric function of a fine-grained polycrystalline silicon (nc-Si). The long-dashed line is the
single-crystalline silicon (c-Si) reference. The short-dashed line shows the fit using the effective medium
approximation described above with the components of ¢-Si and a-Si.

In this section some relevant applications known to the author are selected, with no claim to
completeness.

The correlation between the grain size and the broadening of the dielectric function at the
E; critical point was revealed by H. V. Nguyen and R. W. Collins in an in situ study during
plasma enhanced chemical vapor deposition [21]. The grain size was determined from the
layer thickness assuming a three-dimensional, isolated particle growth. It was shown that
the theoretically predicted relationship that the broadening is proportional to 1/d, where d
denotes the grain size, holds for the investigated nanocrystals (Fig. 5). Furthermore, the
extrapolation of d — oo results in the expected broadening value of the single-crystalline
silicon, which suggests that this behavior is valid for smaller crystals as well. It is important
to note that the investigated thickness range of 20-25 nm was large enough to neglect the shift
of the critical point energy due to the quantum confinement.

G. E Feng and R. Zallen [13] used Raman spectroscopy to verify the linearity between
broadening and reciprocal grain size (Fig. 6) on nanocrystals created by ion implantation in
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[Property [Notes

Grain size Sub-nanometer sensitivity
Indirect: "calibration" needed

Crystallinity Amount of grain boundaries

In case of one-phase layers
indicative to grain size

Layer thickness Sub-nanometer sensitivity
Also in multi-layers

Density Compared to the reference materials
used in the model

Inhomogeneity Both vertical and lateral

Interface quality Whether one needs an additional

transition layer to achieve a good fit
Surface nanoroughness|As a homogeneous roughness layer

or using more sophisticated methods
Shape of crystals In principle possible

using anisotropy and B-EMA screening

Table 1. Properties of nanocrystal layers that can be measured by ellipsometry.
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Figure 5. Broadening of the dielectric function at the E; critical point energy for grain sizes of 4
measured during layer growth. Reprinted from Physical Review B 47, H. V. Nguyen and R. V. Collins,
Finite-size effects on the optical functions of silicon microcrystallites: A real-time spectroscopic
ellipsometry study, 1911 (1993). Copyright 1993, American Physical Society.

GaAs in the size range of 5-50 nm. A good linearity was found for all investigated critical point
energies. This example also proves that the sensitivity is high enough, and the quantitative
determination of the grain size is possible by validation using a reference method.

A further example of a nanocrystalline structure is porous silicon prepared by electrochemical
etching. After etching, the sample has a well-defined nanostructure depending on the etching
conditions. The size of the remaining nanocrystals strongly depends on the doping level of
the substrate. In the study of P. Petrik et al. [23] substrates with different B-doping were used
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Figure 6. Broadening of the dielectric function at different critical points as a function of the reciprocal
crystallite size in ion implanted GaAs. Reprinted from Physical Review B 40, G. F. Feng and R. Zallen,

Optical properties of ion-impanted GaAs: The observation of finite-size effects in GaAs microcrystals,

1064 (1989). Copyright 1989, American Physical Society.B

to achieve substrate resistivities from 0.01 to 0.09 Qdem and nanocrystal sizes from 3 to 12 nm.
In case of porous silicon the use of proper optical models is of crucial importance, because the
layers are usually vertically non-uniform. In this study the dielectric function of the porous
silicon layers were analyzed using the model dielectric function of S. Adachi described above.
The fitted broadening parameters of the model are plotted as a function of the grain size in
Fig. 7. Similar to the above cases, a more or less systematic behavior was found also in this
study, especially for the E; critical point (I'). The reason is that the porous silicon layers are
vertically inhomogeneous, and the information depth (in c-Si) at the E; and E, critical point
energies are about 30 and 10 nm, respectively. So I'; is very sensitive to surface deteriorations.
The dependence on the layer thickness is also due to the vertical gradient in the nanostructure.

Chemical vapor deposition combined with oxidation was used to prepare nanocrystal layers
with well-defined grain sizes [20]. The thin nanocrystal films were deposited on quarz
substrates, and the nanocrystal size was set by the layer thickness and the time of the oxidation
process, with nanocrystal sizes verified by electron microscopy and X-ray diffraction. For
the analysis of the nanocrystal layers the above mentioned effective medium approximation
could successfully be applied using a combination of nc-5Si, ¢-Si, and SiO, reference dielectric
functions [2]. It was shown that the nanocrystallinity defined by f,c_si/(fo—si + fuc—si),
where f denotes the fitted volume fractions of the components (see equation 2), correlates
well with the nanocrystal size determined by the layer thickness (see Fig. 8). This example
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Figure 7. Broadening values measured using the model dielectric function of S. Adachi for different
grain sizes (dnc). The numbers at the measured points show the thicknesses of the measured layers.
Reprinted from Journal of Applied Physics 105, P. Petrik et al., Nanocrystal characterization by
ellipsometry in porous silicon using model dielectric function, 024908 (2009). Copyright 2009, American
Institute of Physics.

also shows that the nanocrystal size can sensitively (though indirectly) be measured by this
optical technique.

The importance of an optical technique is not only the speed and sensitivity, but also the
in situ capability. Using special beam-guiding techniques the ellipsometric measurement
can even be made in a vertical furnace through the base plate (i.e. without modifying the
furnace walls) [24]. The performance of current computers allows a real time evaluation of
the process, providing the layer thicknesses and the information on the morphology. Fig. 9
shows the results of an in situ measurement made in a vertical furnace during crystallization
of a deposited amorphous layer. The thickness of the amorphous silicon layer was about 40
nm, deposited on a thermally oxidized (10 nm oxide) silicon wafer. Accordingly, the optical
model consists of a single-crystalline silicon substrate, a buried SiO; layer (with a thermal
SiO; reference dielectric function), an initially amorphous silicon layer described by the a-Si
reference, and an SiO; surface oxide layer. The surface roughness could be neglected for the
deposited amorphous silicon layer. During annealing crystals are formed in the amorphous
silicon layer. This can be followed by a simple effective medium combination of components
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Figure 8. Nanocrystallinity as a function of the thickness of nanocrystal films prepared by chemical
vapor deposition and oxidation of quartz substrates. Reprinted from Mater. Res. Soc. Symp. Proc. 1321,
E. Agocs et al., Optical characterization using ellipsometry of si nanocrystal thin layers embedded in
silicon oxide, DOI: 10.1557/0pl.2011.949. Copyright 2011, Cambridge University Press.

a-Si and c-Si, as described above. The increasing volume fraction of c-Si represents the process
of crystallization during annealing (see Fig. 9).

0.02 - B
©
. - . =
u w n n
unuo I I T I L l T I L} I L} | T I T i
B‘E 80 |- i
‘3 i 1___,.—-—""‘"‘1 E ’
‘.6 60 |- / -
= L .
S a0 .
o | )
T
L
o 20 -
E
=
=)
=

i

0 10 20 30 40 50 60
Annealing time (min)

Figure 9. Fitted volume fraction of crystalline silicon in the effective medium model as a function of
annealing time. Reprinted from Thin Solid Films 364, P. Petrik et al, In situ spectroscopic ellipsometry for
the characterization of polysilicon formation inside a vertical furnace, 150 (2000). Copyright 2000, with
permission from Elsevier.
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5. Conclusions

The capability of measuring the change of phase by the reflection of polarized light on a
surface or layer structure allows a typical sensitivity of less than one nanometer for the
layer thickness and 1073 — 10~ for the refractive index. These capabilities together with a
spectroscopic use in the photon energy range of the characteristic interband transitions makes
the method applicable for an accurate determination of nanocrystal properties especially for
Si, but also for wide band gap semiconductors using an extension into the deep UV spectral
range. The sensitivity is high down to the smallest nanocrystal sizes. The requirement for
an accurate nanocrystal measurement is a layered form with optical quality interfaces. The
thickness, homogeneity and interface qualities of the layers can be measured directly, whereas
the properties related to the nanocrystal structure (like the crystallinity, the nanocrystal size
or the density of the layer) can be obtained indirectly using proper optical models and
"calibration” by reference methods.
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Localized Nano-Environment
for Integration and Optimum Functionalization
of Chlorophyll-a Molecules
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1. Introduction

In recent years, there has been a growing trend of applying thin films containing natural
pigments and dyes to various devices [1, 2] such as photovoltaic cells, optical waveguides
and ultrafast optical switches in basic research, aiming at high performance and quantum
efficiency. Though still at an experimental stage, much interest has been directed towards
incorporating such photoactive materials into functionalized synthetic mediums or
“artificial membranes” (AM). The photosynthetic biomaterials (PBMs) of interest such as the
abundant Chlorophyll (Chl), in its native environment are contained within thylakoid
membranes meant to provide a suitable host medium for optimum photoactivity to take
place. Through millions of years of evolution, these membranes are constantly “rebuilt” and
optimized to allow localized nano-environments for the integration of the synthesized
PBMs. These nano-environments effectively introduce a higher area of light and nutrient
absorption for Chl functionality. Inability to artificially replicate such localized nano-
environment within the AM for nano-encapsulation of Chl molecules may be the key
element hindering further progress in research into reconstituted PBMs for development of
photovoltaic based devices and sensors.

Generally, suitable AM for impregnation of PBMs intended for photovoltaic studies require
high levels of visible light transparency and penetration for photoreaction to occur
efficiently and effectively. It is also of concern of making sure that the AM is totally inert to
the active material used besides providing physical integrity, cellular-like viscosity,
elasticity and humidity. A very important feature, internal humidity is required for
optimum operation of most PBMs. For such a reason, AMs are required to have the ability to
lock-in humidity and maintain a “gel-like” property similar to the natural lipid based
membrane. By creating an almost natural-like environment, photosensitive biomaterials

© 2012 Vengadesh, licensee InTech. This is an open access chapter distributed under the terms of the
I NTE H Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
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such as the Chl molecules were shown to be able to retain their intrinsic properties for
extended periods of time [3]. This is especially important due to the fact that Chl molecules
are composed of extremely unstable compounds and therefore are readily destroyed by
continuous exposure to light, oxygen, heat and acidic and alkaline substances. While most of
the works [4] carried-out are concentrated into replicating photoswitching effects as in
natural environment, not much effort was given into providing an in-depth comparative
discussion into the effects of encapsulation of Chl within the AM matrix and photoresponse.
The crucial the requirement is to create a compatible host medium for optimum
photoreaction [3]. Such synthetic host environments are required to emulate the
conventional tasks of natural lipid-based membranes. Generally, this involves electrons (and
hydrogen ions) involved in the photosynthesis chain and nutrients that are transported
based on two major stimulating responses, a trans-membrane concentration gradient [5] and
upon light activation of photosensitive compounds [6].

In order to facilitate such complex processes, the material chosen for development of the
synthetic host medium must recreate and maintain internal cellular viscosity. This would
allow similar photo-induced steps to be maintained efficiently within the physical structure
of the synthetic cell provided any loss of internal humidity is minimized or regulated by
means of timed moisture absorption. In nature, the physical and viscous integrity of the
plant cell is maintained by regulated fluid intake and elimination. Many different polymer
materials offer the ability to be re-engineered to modify its” physical properties to mimic the
native properties. One such polymer is carboxymethyl cellulose (CMC), which can be
prepared in the form of an aqueous “gel-like” viscous solution with characteristics similar to
a biological cell. CMC has been used in various practical fields [7, 8, 9]. In one such
application [10], He Huang et al. studied electrochemical properties of proteins or enzymes
such as Heme protein at CMC modified electrodes. They reported that CMC is able to
provide a new and different matrix for immobilization of proteins.

2. Carboxymethyl cellulose as artificial membrane

Figure 1. Structural unit of CMC [12].

Cellulose, the structural material of plant cell walls [11] is composed of repeating D-glucose
units linked through -1, 4 glycosidic bonds (as shown in Figure 1). Under normal
conditions, a tight packing of polymer chains is shown resulting in a highly crystalline
structure. Such crystalline structures are able to resist salvation in aqueous media as a result
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of existence of hydroxymethyl groups of anhydroglucose residues found above and below
the plane of the polymer backbone. In order to increase water solubility, cellulose is treated
with alkali resulting in swelling of the structure. This intermediate structure would then be
reacted with chloroacetic acid, methyl chloride or propylene oxide to produce CMC, methyl
cellulose (MC), hydroxypropyl cellulose (HPMC) or hydroxypropyl cellulose (HPC).

Recently, CMC have been extensively investigated for its potential as an AM material due to
its desirable properties such as nontoxicity, biocompatibility, high hydrophilicity and
excellent film forming abilities besides being not too expensive for large-scale commercial
usage [13, 14]. Other positive factors are that these materials are non-ionic and compatible
with surfactants, other water-soluble polysaccharides and salt [11]. CMC and its derivatives
can also be dissolved in aqueous or aqueous-ethanol solutions for specific requirements. The
resulting materials produced are generally odorless and tasteless, flexible and are of
moderate strength, moderate to moisture and oxygen transmission, resistant to fats and oils
[15-17]. CMC exhibits good film forming and suitable host medium properties. It is an
excellent gas barrier material while at the same time allows water vapor diffusion. Many
CMC based derivates have water vapor permeability comparable to Low Density
Polyethylene (LDPE). Thus, their permeability or mechanical properties can be fine-tuned as
dictated by the need of a specific application.

Proper understanding of various photochemical and photophysical properties of
photosynthetic pigments in organic polymer matrix as an “in-vitro” biomimetic
immobilizing media or AM, such as CMC may enable development of prototypes of PBM
based devices. Advantages are attributed to more rigid stability and ability to control
dispersion of incorporated photosynthetic molecules. CMC also acts as an effective
dispersion agent for the active material and had been extensively studied and reviewed [18-
23]. Formed as a film on top of the photosynthetic pigments, CMC are also observed to
preserve photosensitivity for extended periods of time [3] while allowing crucial transfer of
oxygen and moisture. Its potential functions and applications to film formation, coating and
as AM can be achieved upon further extensive research on the methods of film and matrix
formation and improvement of its internal properties. This would be crucial to warrant the
increased need of considerations in potential functions and applications of CMC, especially
involving Chl-az molecules when incorporated into the CMC matrix.

3. Photosynthetic biomaterial: Chlorophyll-a

Photosynthetic chloroplasts containing Chl molecules are found in green tissues of higher
plants. They are mostly found in the form of Chl-a (CssH72MgNs«Os) and Chl-b
(CssH7oMgN4Os), while other forms in nature are to be found as Chl-c (CssHzMgN4Os) and
Chl-d (CssH2oMgN4Os). These structures (Figure 2) differ only in the substituent at C-7,
which is -CHs in Chl-az but -CHO in Chl-b. For Chl-d meanwhile, it is propionic acid
substituent at C-17, which is isoprenoid alcohol phytol achieved by means of the
esterification process.
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Improvements over solid-state diagnostic methods in recent history enabled photosynthesis
to be extensively studied in significant detail. Of particular interest are the photochemical
and photophysical properties of photosynthetic pigments. Photosynthetic systems
containing Chl-a molecules are popularly used for development of novel designs
implementing the light-mediated processes rather than just for solar energy conversion [25].
Chl-a is considered significant for pigment studies in connection with the primary
photosynthetic process, as well as light energy conversion. Chl exhibits a functional duality
as energy collector and primary electron carrier since it plays an important role in the
photosynthesis process occurring in plants and in some bacteria. Therefore, the absorption
spectra of green plants have shown multiple forms of Chl. The molecules are arranged in a
highly ordered state on grana thylakoid membranes and their local concentration of
porphyrin rings is relatively high.
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Figure 2. Structure of chlorophylls [24].

Photosynthetic organisms are able to oxidize water, upon absorption of sunlight, to produce
oxygen. In higher plants this process takes place in the thylakoid membranes located inside
the chloroplast. These membranes have two key reaction centers, P700 and P680, both of which
operate in two distinct photosystems, photosystem I (PSI) and II (PSII) and consist of Chl-a
molecules. The oligomeric nature of P680 “in-vivo” is a matter of considerable interest. Some
studies suggest that P680 composed of one molecule of Chl-a [26-28], while others proposed it
as a dimer [29-31]. Absorption and fluorescence spectra of dry Langmuir-Blodgett multilayers
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PSII Cytby PSI ATP synthase

Figure 3. Simple illustration showing the PSI and PSII processes involved in photosynthesis [32].

of Chl-a present similarities with those observed for the P680 or P700 and its electron
acceptors make up PSI, whereas P680 and its electron carriers make up PSII as shown in
Figure 3. The latter is the site where the primary reaction takes place. Both Chl-a and
Pheophytin-a (Phe-a) are pigments known to be present in this reaction center where they
act as the primary electron donor (P680) and acceptor respectively. Also present in the PSII
reaction center are the plastoquinones, quinones A (QA) and B (QB) that always act in series
with the carotenoid molecules. Pigments that undergo electron transfer reaction are bound
to the DI-Dz-Cytb559 protein complex, an integral part of the PSII core complex. The
reaction center of PSII probably contains four molecules of Chl-a, two molecules of Phe-a
and two quinones. Compared to the PSII reaction center, the PSI reaction center is more
complicated. Its Chl-a content varies between 100 and 200 molecules, most of which are not
photochemically active, but serve as part of the antenna system that absorbs light and
transfers energy to the reaction centers. Excitation of PSII drives the transfer of an electron
from P680 to a Phe-a molecule, which immediately reduces QA.

After being transferred to QB, the electron flows to the oxidized Chl-a in PSI (P700 through
electron transport chain) provoking splitting of H2O to Oz through four Manganese (Mn)
atoms, which are probably bound to the proteins that hold P680. This splitting is followed by
release of an electron used to reduce P680 to its original state. Same process happens in PS1
and the Chl-a in the PSI is reduced to its original states by electron from PSII. The excited
electron in PSI is sent through the electron transport chain and the electron will be used to
produce NADPH. During the process, electron traveling down the electron transport chain
produces a chemio-static potential, which will be used by ATP synthesizer to synthesis ATP
from ADP. The resulting ATP and NADPH will then be used to produce sugar from CO..

4. Impregnation of Chlorophyll-a within carboxymethyl cellulose

There are various methods to prepare “in-vitro” biomimetic photosynthetic films, such as
spin-coating, Langmuir-Blodgett, sol-gel and electrodeposition methods. However, only
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spin-coating method enables true impregnation of Chl-a molecules due to the nature of the
process to yield entrapped chromophores within the CMC matrix. When mixed with the
right concentration of CMC and spin-coated onto solid substrates, a high dispersion of Chl-
a molecules was observed. This is because cellulose derivatives are excellent dispersion
agents widely used in the detergent, food, paper, textile, pharmaceutical and paint
industries.

An important feature of a good dispersive agent is to provide a suitable matrix environment
to the active material. For a complex photosynthetic biomolecule such as Chl-g, this becomes
extremely crucial for optimum photoactivity to be achieved. Chl-a molecules embedded
within the CMC and other cellulose derived polymer matrix films were able to exhibit
potential in mimicking the property as photosynthetic pigment “in-vivo” systems. In one
such work, Wrobel et al. [23] reported Chl-a molecules in polymer matrix of polyvinyl
alcohol (PVA) and cellulose derivatives. In their work, Chl-a in monomeric form, dimer and
nitrocellulose complex (NC) forms were investigated. The concentration of PVA used was 1
g per 9 ml dimethyl sulfoxide (DMSO) whereas concentration of NC was either 0.4 g per 5
ml DMSO (low-NC sample) or 2 g per 5 ml DMSO for high-NC sample. This results in final
concentrations of Chl-a in films at (1x107) and (5x10') mol/g. Results indicated similarity of
optical properties for monomeric Chl-a in PVA and NC by obtaining a strong o-band with a
maximum at 670 nm while a small component was observed at about 720-730 nm. Results
associated with optical properties confirmed that the optical spectrum was dependent on
concentrations of the polymer matrix. At the higher concentration, contribution of a
significant fraction of dimers shouldering around 740 nm seems to be higher compared to
the absorption peak at 670 nm, indicating formation of a dimeric form of Chl-a molecule. A
small hump at 680 nm, characteristic feature of Chl-NC complex was obtained in high-NC.
Again this indicated a very slight contribution of the monomeric form as presented by the
emission spectrum.

The present work looks into the possibility of employing CMC as the AM material and
investigates its localized nano-environment for the impregnation of Ch-a pigments and
optimum photosensitivity. Following sections will provide information on materials
preparation followed by experimental results and in-depth discussions. The last section
meanwhile would state major conclusions and findings of the research.

5. Optimum CMC concentration effect

For the current work, a target Chl-a suspension in chloroform (CHCls) was prepared as
suggested in literature [22, 23]. A concentration of 0.45 mg/ml was prepared and stored in a
fridge for three days prior to usage. Seven concentrations of CMC gel-like aqueous solution
(6, 12, 18, 24, 30, 36 and 41 mg/ml) were prepared for the purpose of investigating
productive photoactivity based upon optimum concentration of AM concentration. From
the method employed in literature [33], CMC was dissolved in deionised (DI) water and
ethanol according to its solvent ratio in miligrams as shown in Table 1. The CMC solutions
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were then ultrasonificated for an hour and magnetic stirred at 70°C overnight. Solutions
obtained appeared transparent and did not precipitate from the solvent.

Solvent ratio Mass of CMC, | Volume of Volume of Concentration,
(DI:Ethanol:CMC), mg mg (£0.1) DI, ml (0.1) | Ethanol, ml (£0.1) mg/ml
120:38:1 50 6.0 241 6
60:19:1 100 6.0 2.41 12
42:12:1 50 2.1 0.76 18
30:9.5:1 200 6.0 2.41 24
25:7:1 85 2.1 0.76 30
20:6:1 300 6.0 2.41 36
18:5:1 100 1.8 0.63 41

Table 1. Preparation of different concentrations of CMC suspension.

In order to investigate possible enhanced properties of CMC-Chl-a films prepared at
different spin rates, its corresponding optical spectra were obtained. As seen from the
graphs in Figure 4, similarity of absorption peaks of Soret and a-bands at 434 and 675 nm
respectively were observed. It confirms retention of the native spectroscopic properties of
Chl-a preserved within the CMC matrix. In certain CMC concentrations (Figure 4(d) and
(g)), higher absorptions were registered at both bands compared to free Chl-a molecules
suggesting applications in “in-vitro” biomimetic immobilizing media in synthetic mixture
[34]. Elsewhere [22, 23], higher values of absorbance peaks have been reported.

However in the present work, intense absorption at a-band were obtained when Chl-a
molecules were impregnated into the CMC matrix with concentration of 24 mg/ml and
especially at 1000 rpm (Figure 5). At this concentration and rpm, the optimum dispersive
concentration for Chl-a molecules possibly allows enhanced photoreaction to occur when
evenly distributed in polymer hydrogel forms. Higher photosensitivity was also observed
for the other films when prepared at the optimum spin rate. Careful observation of the
graphs in Figure 5 also demonstrated a sharp and narrow absorption peak at 415 nm of 10
nm width attributed to the Soret band instead of the usual 435 nm in free Chl-a molecules.
Upon increase in matrix concentration, the characteristic peak observed was observed to
generally shift to a higher angle. The resulting blue shift may be due to even existence of
Chl-a molecules rather than being aggregated within the CMC support. This explains the
higher depth values obtained at CMC concentrations of 18 and 30 mg/ml as compared to
other concentrations. Since absorption intensity is also dependent on film thickness, the
resulting decrease in absorption peaks of CMC-Chl-a films of increasing spin rates is quite
understandable. Rougher surfaces register lower photosensitivity even at the optimum
CMC concentration. This may be due to spin rate influencing colloid present within the film
environment besides the concentration factor.
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Figure 4. CMC-Chl-a thin films at concentrations of (a) 6, (b) 12, (c) 18, (d) 24, (e) 30 and (f) 41 mg/ml of

CMC matrix respectively.

—— 650 rpm
—— 650 rpm
(a) —— 1000 rpm (b) — :ggg :g:
—— 1500 rpm 004 —
0041 ——cmMe 7gmc matrix
——Chl-a 002 =
002
_ 0,00
= ~
3
a ]
5 000 < 002
8 3
§ g
g £ ]
g oo s
8 £ -006-|
0.04 4 -0.08
0104
-0. T T T T T T T T T 1
00 a00 500 600 70 a0 300 400 500 600 700 800
wavelength (nm) wavelength (nm)
—— 650 pm —— 650 pm
(©) —— 1000 rpm (d) —— 1000 rpm
00s] —— 2000 pm —— 2000 pm
—ocmMe ——cmc
0.04
——Chla 02 ——Chla
003]
002
3 oo01] 3
s s
= 000 s
8 8 014
£ 001 £
3 3
5 -0.02- 5
H H
2 2
8 003] 8
-0.04]
0.04
-0.054
-0.06]
300 400 500 600 700 800 300 400 500 600 700 800
wavelength (nm) wavelength (nm)
——650pm —— 650 pm
(e) —— 1000 rpm| (g) —— 1000 rpm
—cmc —— 2000 rpm)
004 Chi-a —cmc
02 ——Chla
0024
3 El
s <
g oo0q 3
8 8 01
5 5
g 8
5 5
8 002 8
2 H
0.0 00
0. T T T T 1 T T T T 1
300 400 500 600 700 800 300 400 500 600 700 800
wavelength (nm) wavelength (nm)
16) —— 650 rpm
—— 1000 1pm
—— 1500 rpm
004+ —cmMe
——Chha
0.024
El
< 000
3
8
2
5
£
5 -002-]
2
3
-0.044
a0 400 500 600 700 a0
wavelength (nm)




Localized Nano-Environment for Integration and Optimum Functionalization of Chlorophyll-a Molecules 49

(2)

0.055 ——6mg/ml 0.6 (b)
—— 12 mg/ml
—— 18 mg/ml
chl-a

0.0504
0.144

0.0454

0.0404 0.124

0.0354
0.030] 0.104

0025 008

0.020+

absorbance
absorbance

0.015 0.064

0.010
0.04

0.005+4

0.0004 0.02

-0.005

T T T T T T T T 1
400 500 600 700 800 400 500 600 700 800

wavelength (nm) wavelength (nm)
—— 30 mg/ml
(©) —— 36 mg/ml
0.045 ——41 mg/ml
0.040 ——chl-a

0.035
0.030 4
0.0254
0.020 4

0.015

absorbance

0.0104
0.005 4
0.000 4

-0.005

-0.010

T T T T 1
400 500 600 700 800
wavelength (nm)

Figure 5. (a) Absorption spectra of Chl-a in CMC matrix films and Chl-a (5 x 10 M) in chloroform for
CMC matrix concentration below 24 mg/ml. (b) A similar spectrum has been obtained for Chl-a (at the
same pigment concentration) in CMC matrix of concentration 24 mg/ml showing a much higher peak

(roughly 3 times) and in (c) CMC matrix of concentration greater than 24 mg/ml.

The optimum CMC concentration at 24 mg/ml with the most intense absorption at a-band
registered the largest full width half maximum contributed by a significant fraction of
dimers shouldering around 720 nm. High solvent content also provides an aqueous media
for photoreaction of Chl-a molecules resulting in a loose CMC structure. This in turn
provides a suitable nano-environment for the impregnation of the photosynthetic pigments.
Such an environment allows uniform distribution and dispersion of the molecules within
the synthetic medium for enhanced photosensitivity. Higher solvent volume reflects higher
concentration of CMC aqueous media, in agreement with literature [23] stating influence in
the absorption spectra of Chl-a films. Therefore, the native state of Chl-a molecules were still
retained in cellulose derivatives even in high concentrations of CMC. The work also
suggests self-association of Chl-a molecules by means of a hydrogen-bonding nucleophile,
such as water or solvent. Higher absorption peak intensity values were obtained at the
optimum concentrations; comparable to previous works elsewhere [22]. The graphs in
Figure 6 show optical absorbance of CMC-Chl-z films over time for CMC matrix
concentrations of 18, 24 and 41 mg/ml, respectively. In this experiment, spectroscopic
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characterization was carried-out every week for a month for the films with higher a-band
peaks compared to free Chl-a molecules in chloroform.. Studying absorbance peaks at the a-
band indicates photophysical functionality of Chl-a molecules to synthetic mixtures.
Encapsulating the pigments with the CMC layer slows down oxygen reduction process from
oxidizing the Chl-a molecule in the films prepared. As a result, retention of the
photosynthetic nature of the reconstituted Chl-a molecules are maintained successfully.

In a previous work [35], researchers have reported loss of spectroscopic properties when
Chl-a molecules deposited as thin films were exposed directly to oxygen. As such, we have
shown that by impregnating Chl-a molecules into CMC matrix forming thin films, an
encapsulating effect is achieved which prolongs the optical functionality of the
photosynthetic pigment. Eventual decay in photosensitivity may be attributed to the fact
that some molecules at air-solid interface may not be totally encapsulated against the
elements due to the nature of the process. In addition, CMC-Chl-z films also exhibit a small
blue shift of the optical absorbance from 674 to 672 nm, indicative of gradual structural
changes in the Chl-a molecules. At CMC concentrations of 18, 24 and 41 mg/ml, the films are
more likely to have loose matrix structure in its hydrogel form. This results in localized
nano-environment for suitable entrapment of Chl-a molecules for optimum photoactivity
indicated by high value of absorption peak intensity at the a—band.
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Figure 6. Absorption spectra at a-band for CMC concentrations of (a) 18, (b) 24 and (c) 41 mg/ml
respectively.
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6. Structural properties of CMC-Chl-a films

Figure 7 shows XRD measurement of the CMC-Chl-z films prepared at spin rate of 1000 rpm
and different concentrations. Regardless of the spin rate effects, similarity of XRD patterns
for all matrix concentrations in the range of 20 between 10° to 80° confirms existence of
Magnesium nitrate di(N-N-dimethylurea) tetrahydrate and Magnesium nitrate-6-ethanol
identified as crystalline phase.
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Figure 7. XRD patterns of CMC-Chl-a films prepared at 1000 rpm and different CMC concentrations.

In Figure 8, the most intense peak at 26 occurs at 30.1° referring to the Chl-a characteristic
peak which was shifted to higher angle when films were prepared in higher concentrations.
Broadening of diffraction lines was also observed when films were prepared in the optimum
CMC concentration of 24 mg/ml resulting in expansion of pores in the films [36]. This also
indicates the existence of a smaller unit cell being the dominant effect causing the breadth of
the diffraction lines [37]. Based on XRD results showing several sharp peaks, the
polycrystalline nature of Chl-a molecules impregnated within the organic polymer matrix
could be confirmed. Using Scherer equation, the grain size of a single Chl-a molecule is
calculated to be about 10 nm of length confirming existence of nanocrystalline structures of
the photosynthetic pigments.

Figure 9 represents the FESEM-EDX imaging measurement, which is in good agreement with
the XRD measurement. Existence of elements such as magnesium oxide, sodium, oxygen and
indium arsenide elements are traced within the prepared colloids. Since CMC may interact
with Chl-a2 molecules and influence morphology of the films formed on ITO substrates, AFM
investigation was performed to obtain morphological information of Chl-a embedded into the
CMC polymer matrix. Figure 10 is AFM images showing morphology of CMC-Chl-a colloids
at CMC matrix concentration of 24 mg/ml deposited on ITO slides at the spin rate of 1000 rpm.
Generally, the colloids were in long and unfolded successions of aggregates, regardless the
concentrations of the matrices possibly due to different colloidal interaction with the substrate.
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Figure 8. XRD patterns of the films in the region of 26 = 29° - 35° for Chl-a embedded in different
concentrations of CMC matrix: (a) 18, (b) 24 and (c) 41 mg/ml.
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Figure 9. FESEM-EDX analysis of CMC-Chl- thin film prepared using 24 mg/ml of CMC aqueous
solution. EDX images were obtained under 300X magnification with accelerating voltage of 20 kV
within a processing time of 5 seconds.

According to Boussaad et al. [36], CMC-Chl-a complex in solution with polar solvents
usually carries a net positive charge. As a consequence, complex-substrate interaction would
be influenced by repulsive or attractive interaction as a result of the presence of this charge.
The repulsive interaction induced by the ITO surface may cause the colloids of the complex
to unfold into long successions of aggregates. It was also clear from literature that long and
unfolded successions of aggregates were observed when the complex is deposited onto
hydrophilic surfaces, such as gold [38]. Results show that different concentrations of CMC
aqueous solutions used to prepare thin films at certain spin rates could produce different
degrees of orderly distribution of CMC-Chl-a complex across the substrate. Resulting thin
films as shown in Figure 11 therefore show differing surface roughness. In these films,
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Figure 10. AFM images of CMC-Chl-z films deposited onto ITO slides with CMC concentration of 24
mg/ml. Micrograph X was cropped and enlarged from the square box in the AFM image.

crescent shaped Chl-a colloids of length of 10 nm are observed throughout the substrate.
Such uniformity of molecular structures was observed to decrease at high concentrations, an
observation in good agreement with the XRD results. This may also explain the formation of
dimer association in the aggregates. Arrangement of dimers within the nanocrystal reflects
the crystalline structure of the microcrystalline Chl-a. The differences between dimer and
microcrystal structures of Chl-az in the films depend strongly on the dissociation and
association of the dimers. Usually, excess of solvent used in the CMC matrix compete with
the nanocrystal bonding and causes the aggregates to dissociate resulting in rougher
surfaces. However, angular velocity of the spinning method may also influence the
formation of dimer association in the aggregation [21].

Figure 12 summarize the roughness (a) and depth analysis (b) respectively for CMC-Chl-a
films at different spin rates. In general, from Figure 12(a), it could be deduced that Chl-a
molecules were well dispersed in the CMC matrix. This results in surface mean roughness
in the range of 4 to 19 nm, quite comparable to other deposition techniques [22, 23]. The
values of roughness were found to decrease as the CMC concentrations increases.
Roughness meanwhile increases after achieving the optimum concentrations for each spin
rates. Optimum concentration of CMC was achieved at 36 mg/ml for the spin rate of 650
rpm which results in mean roughness of about 3.86 nm. At spin rates of 1000 and 1500
rpm, optimum concentration was achieved at 18 and 30 mg/ml respectively. Hence, it
could be assumed that mean roughness values of the CMC-Chl-a films were independent
to spin rate. Higher spin rates did not produce a smoother film except for the 30 mg/ml
concentration of CMC. The values actually decreased when films are spun at higher spin
rates.
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Figure 11. AFM images of CMC-Chl-z thin films prepared at spin rates of 650, 1000 and 1500 rpm at
CMC concentration of 24 mg/ml.

Results of depth analysis for CMC-Chl-a films indicate that the prepared concentrations of
CMC aqueous solution were able to produce better distribution of Chl-a molecules across
the substrate. As shown in Figure 12(b), this results in maximum depth in the range between
17 to 100 nm. As observed from the roughness analysis results, depth results also confirm
that the films prepared at the spin rate of 1000 rpm shows the smallest deviation between
the values. The values increased with spin rates resulting in thicker films due to dissociation
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Figure 12. (a) Mean roughness and (b) depth analysis of CMC-Chl-4 films.

of Chl-a aggregates within CMC matrix. Therefore, weak affinity between Chl-a colloids and
the ITO substrate could be deduced, as reported in literature [13]. When weakly binding
onto ITO surfaces, solvent bound molecules were found harder to be controlled by spin rate
and thus create thicker films. However, for CMC-Chl-a films prepared in optimum matrix
concentration of 24 mg/ml, the values were observed to decrease with increase in spin rates.
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Figure 13. (a) Mean roughness and (b) depth analysis of CMC-Chl-a films at spin rate of 1000 rpm.

In summary, the Chl-a molecules were well dispersed within the cellulose derivative while
achieving desirable thickness and smooth thin films regardless of spin rate. AFM images
also confirmed that the spin coating technique could be employed to synthesize
nanocrystalline molecular structures of Chl-a molecules at different concentrations of CMC
matrices. Particularly, CMC concentration of 24 mg/ml exhibits the optimum AM
concentrations at the spin rate of 1000 rpm as shown in Figure 13(a). Depth analysis
meanwhile in Figure 13(b) concludes molecular structures smaller than 70 nm at
concentrations below 24 mg/ml. These findings indicate strong affinity between high
concentrations of CMC and ITO substrate. Upon strongly binding to ITO surface, solvent
bound molecules were found easier to be controlled by the spin rate and thus create a new
surface for the CMC-Chl-a film. This new surface might bring about the formation of
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smoother and thinner film morphology. However, excess solvent used competes with
nanocrystal bondings causing the aggregates to dissociate resulting in rougher surfaces.

Figure 14. FESEM views of spin-coated ITO for CMC-Chl-a films. Micrograph A and B were cropped
and enlarged three times from the main micrograph

FESEM measurements were also performed to further confirm existence of nanocrystal form
of Chl-a molecules in CMC matrices at the optimum concentration and spin rate. Figure 14
shows the micrographs obtained for CMC concentration of 24 mg/ml at 1000 rpm. In a
separate work [11] involving dry CMC films on pyrolytic graphite electrodes, it was reported
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that large amount of water absorbed forming hydrogel by obtaining a wide leaf-like structure
without formation of crystals. However, the SEM top views of CMC-Chl-a films in the
present study show a different surface morphology. The aggregates were compressed within
the colloid resembling large cloud-like thin sheets and form a very dense complex on the ITO
surface (micrograph A). Micrograph B meanwhile shows orderly distributed molecular
structures highlighted by the spots within the square box B in the main micrograph of Figure
14. These spots were distributed randomly across the substrate indicative of the uniformity of
the fabricated films, confirming arrangement of dimers within the nanocrystalline structures
found in the colloids (X). Organization of Chl-a molecules reflects the optical properties of the
nanocrystalline molecular structure. Some small “island-like” formation in highly packed
groups (Y) found in the colloids (bright spots) is actually Chl-a dimers [23] embedded into the
CMC matrix forming tight interactions. They are responsible for successful retention of Chl-a
molecules within the films and provide a “membrane-like” environment for entrapment and
enhanced functionality of the photosynthetic pigments.

7. General conclusions

This study suggests the self-association of Chl-a in cellulose derivative matrices utilizing the
spin-coating technique while maintaining its native spectroscopic characteristics when
reconstituted into CMC matrix. It highlights the potential of encapsulating Chl-a and other
PBMs with the CMC acting as the AM. Successful prolonged retention of the Chl-a molecules’
spectroscopic properties within the CMC-Chl-a films was also demonstrated. Considerably
smooth film surfaces were obtained comparable to other conventional deposition techniques.

High absorption peak intensities of the Soret and a-bands indicate well-dispersed Chl-a
molecules within the CMC phase. Lower solvent content or lower concentration effect
causes the Chl-a aggregation to exhibit weak affinity to the ITO substrate. As a consequence,
it becomes harder to control film morphology at high spin rates resulting in thicker films.
Comparable results were also deduced from XRD patterns highlighting retention of the
native state of Chl-a molecules for all CMC matrix concentrations.

Morphological characterization confirms the nanocrystal formation of Chl-a molecules in all
CMC concentrations of the synthetic film. The colloids were observed to be in long and
unfolded successions of aggregates indicating self-association of Chl-a molecules in the
cellulose derivative matrix. Maximum depth was found to be in the order of 100 nm and
would further decrease if the films were prepared in optimum CMC concentration of 24
mg/ml. This may well suggest dimer association in the aggregation by further observing the
absorption band at 720 nm. The arrangement of dimers within the nanocrystal in turn reflects
the crystalline structure of the overall microcrystalline Chl-a structure in the films prepared.
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1. Introduction

Semiconductor and semimagnetic nanocrystals (NCs), grown in different host materials,
have attracted considerable attention due to their unique properties which are caused by
zero-dimensional quantum confinement effects. Several advances in controlled chemical
synthesis of materials have provided ways to grow NCs and manipulate their size, shape,
and composition using different methodologies [1-5]. The interesting properties of these
nanoparticles can be explored in diverse technological applications, such as wavelength
tunable lasers, light-emitting devices, solar cells, and spintronic devices among others [6-13].
A detailed and comprehensive understanding on the properties of these NCs should be
achieved in order to target many of the possible technological applications.In this chapter,
we will present our main results and discussions on the optical, magnetic, and structural
properties of semiconductor and semimagnetic NCs that were successfully grown by the
melting-nucleation approach or by the chemical precipitation method.

Optical processes in PbS NCs were investigated by employing the following experimental
techniques: optical absorption (OA), photoluminescence (PL) and atomic force microscopy
(AFM). The OA and PL peaks of these PbS NC samples showed a separation of about 0.05-
0.20 eV, confirming thus the large Stokes shift. A comprehensive understanding on this
large Stokes shift was achieved by investigating the radiative and nonradiative processes in
these nanoparticles [14].

We will report evidences to the induced migration of Mn?" ions in Cdix-MnS NCs by
selecting a specific thermal treatment to each NC sample. The characterization of these
magnetic dots was investigated by the electronic paramagnetic resonance (EPR) technique.
The comparison of experimental and simulation of EPR spectra confirms the incorporation
of Mn?* ions both in the core and at the dot surface regions. The thermal treatment to a
magnetic sample, via selected annealing temperature and/or time, affects the fine and
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I NTE H Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits

. unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
open science | open minds



62 Nanocrystals — Synthesis, Characterization and Applications

hyperfine interaction constants which modifies the shape and the intensity of an EPR
transition spectrum. The identification of these changes has allowed tracing the magnetic
ion migration from core to surface regions of a dot as well as inferring on the local density of
the magnetic impurity ions [15].

The properties of PbixMnxS NCs embedded in a borosilicate glass matrix has been
investigated by magnetic measurements. The data indicated that only a small fraction of the
nominal Mn-doping was incorporated into the PbS NCs, in both 0.3% and 0.7% nominal
doping ends. Moreover, low temperature magnetization and susceptibility data showed that
most of the magnetic ions hosted by the of Pbi«MnxS NCs are in a paramagnetic state[16,
25].

We also have employed the magnetic force microscopy (MFM) in order to study the
magnetic moments of Mn-doped nanoparticles, namely: Cdi-«MnxS and PbixMnxS NCs. In
these measurements, the interaction between tip and NC magnetization induces the contrast
observed in the MFM images. A dark area (light area) in this contrast is caused by attraction
(repulsion) between tip and NC magnetization. Evidently, the magnetization in each NC is
caused by the size-dependent sp-d exchange interactions, proving that Mn?* ions are actually
incorporated into the semimagnetic nanostructures. Therefore, all these results certainly
demonstrate that MFM is a powerful technique that plays a very important role in order to
investigate semimagnetic nanocrystals [4, 17].

Zni-MnxO NCs were successfully grown by the chemical precipitation method and their
magnetic properties were effectively investigated by the EPR technique. Thus, we have
confirmed the actual incorporation of Mn?* ions into the hosting ZnO NCs, while the
hexagonal wurtzite structure of these nanoparticles was preserved. The well known Mn?* six
hyperfine lines in the EPR spectra of the as-produced samples were clearly observed. In
addition, as the Mn-concentration increases to a level of about 0.81% a broad EPR line is
observed, thus confirming the onset of Mn-Mn exchange interaction [5].

The structural properties of these Zni-MnxO NCs were characterized by Raman
spectroscopy and X-Ray Diffraction (XRD) measurements. The observed shift in the
diffraction peaks toward lower angles, with increasing in the x-concentration, was attributed
to incorporation of Mn? ions into the ZnO NCs. This analysis is strongly corroborated by
results obtained by the Raman spectroscopy, where the data have also provided evidences
of the replacement of zinc ions by manganese ions into the ZnixMnxO NCs. Besides the
Raman features typical of the ZnO structure, the Zni-MnxO (x > 0) nanoparticles display an
extra Raman peak at 659 cm. This finding is a strong evidence of the replacement of zinc
ions by manganese ions [5, 18].

The results of this chapter confirm the high quality of the semiconductor and semimagnetic
NCs that were successfully grown by the melting-nucleation approach or by the chemical
precipitation method. The comprehensive discussions that were presented on the properties
of nanoparticles certainly demonstrate the great potential of these systems for various
technological applications. We believe that this chapter can motivate further investigations
and applications of other systems containing NCs.
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2. Synthesis of nanocrystals

The development of nanocrystals (NCs) produced of controlled way for possible
applications technologic, depends on the synthesis methodology adopted. We report the
study of Pbi-MnxS and Cdi-MnxS NCs synthesized in borosilicate glass matrix template
using the fusion method and Zni-MnxO NCs using the co-precipitation method.

2.1. Synthesis of Pb1xMnxS nanocrystals

Pb1xMnxS NCs were produced by the fusion method in the glass matrix with the following
nominal composition: 405i02¢30Na2COs¢1A1:03225B203¢4PbO (%mol), herein quoted as
SNABP glass matrix. The nominal composition of the nanocomposite was achieved by
adding 25 (%wt) plus xMn with respect the (1-x)Pb, with x = 0, 0.003 and 0.007. The samples
were produced following two major preparation steps. In the first step the powder mixture
was melted in an alumina crucible at 1200°C for 30 minutes, following a quick cooling of the
crucible containing the melted mixture from 1200°C down to room-temperature. At the end
of this step a first series of samples labeled SNABP: xMn were produced for further
characterization. In the second step thermal annealing of the previously-melted glass matrix
(SNABP: xMn samples) was carried out at 500°C for times different, with the purpose to
enhance the diffusion of Pb%*, Mn?, and S* species within the hosting matrix. Due to the
thermal annealing procedure Pb1-MnxS NCs were formed within the glass template [7].

2.2. Synthesis of CdixMnxS nanocrystals

CdixMnxS NCs were synthesized in a glass matrix (SNAB) with a nominal composition of
40Si02 . 30Na2COs . 1ALOs . 29B20s (%mol) + 2[CdO + S] (%wt), and Mn-doping
concentration (x) varying with respect to Cd-content from 0 to 10%. The first step of sample
preparation consisted of melting powder mixtures in an alumina crucible at 1200°C for 30
minutes. Then, the crucible containing the melted mixture underwent quick cooling to room
temperature. In the second step, thermal annealing of the previously melted glass matrix
was carried out at 560°C for 02 and 20 hours in order to enhance the diffusion of Cd?, Mn?,
and S* species into the host matrix. As a result of the thermal annealing, CdS and Cdi«Mn:S
(x>0) NCs were formed in the glass template, wich were denominated at two classes: i)
SNAB: CdS NCs and ii) SNAB: CdixMnxS NCs [7].

2.3. Synthesis of Zn1xMnxO Nanocrystals

Preparation of the ZnixMnxO NC samples is based on the transformation of the aqueous-
[Zn(NHs)4]** metal-complex in the presence of aqueous-Mn?, sodium oleate and hydrazine
sulfate at 80°C. The best chemical synthesis results were achieved by keeping the pH value
of the reaction medium at 8.5 during the whole reaction process, which was adjusted by
controlling the addition of 4 M sodium hydroxide aqueous solution. Briefly, a typical
protocol used started by magnetically-stirring, at room-temperature and for %2-hour, 100 mL
of 0.38 M zinc chlorite mixed with 100 mL of 1.6 M ammonia hydroxide in order to form the
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aqueous-[Zn(NH3)4]?* complex. Then 1 mL of hydrazine sulfate and 0.08 g of sodium oleate
were added into the previously-stirred solution. The obtained reaction medium was then
heated at 80°C using water-bath in order to transform the aqueous-[Zn(NH3)4%*" complex,
while keeping the pH value fixed at 8.5. The chemical synthesis was carried out for 2 h,
while ammonia was observed to be release out from the reaction medium as the chemical
process proceeded. The resulting precipitates (Zni-MnxO; x=0) were percolated and washed
with distilled water and absolute ethanol for several times and further dried under at 500°C
for 2h [5].

3. Optical properties of Nanocrystals

The optical properties of PbS, ZnixMnxO and Cdi-«Mn:S NCs, synthesized by methodology
describe in section 2, were investigated by Optical Absorption (OA), and/or
Photoluminescence (PL) spectroscopy techniques. The obtained results will be presented
and discussed as follows.

3.1. Optical properties of PbS Nanocrystals
3.1.1. Optical Absorption and Photoluminescence

Because of the large exciton Bohr radius (18 nm), PbS QD-doped glasses exhibit strong
three-dimensional quantum-confinement effects at moderate nanocrystal size. This
combined with small band gap energy (0.41 eV at room temperature) of PbS with different
thermal annealing, which result in different average sizes of PbS nanocrystals [2,14]. Room-
temperature Photoluminescence and optical absorption spectra of PbS nanocrystals with
different time annealing process are shown in Figure 1. The strong quantum confinement in
these structures is clearly observed. The appearance of defined band peaks in both
absorption and emission spectra demonstrates the high quality of our samples and relatively
small size distribution of the PbS nanocrystals.

3.1.2. Size-dependent Stokes shift

The dependence of the Stokes shift is closely linked to the size of the nanocrystals for
schemes of strong quantum confinement the discrete levels of transition electron become
more evident such that the difference between the position of peak absorption and emission
increases with decreasing the size of the nanocrystals [14, 19]. With the absorption of a
photon from of the valence band to the conduction band occurs the formation of electron-
hole pairs (exciton). The exciton, once formed after absorption, cannot decay to the top of
the valence band by a direct dipole transition and hence is denominated of dark exciton [20].
In the process of deexcitation eventually takes place with the help of phonons, thus giving
rise to red shifted photons, known with Stokes shift.

The behavior of Stokes shift of PbS NCs of Figure 1 is represents in Figure 2. From the data
presented is observed the decline in the Stokes shift with the increase of NCs size.
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Figure 1. (a). Room-temperature optical absorption and photoluminescence of PbS NCs synthesized in
SNABP glass matrix. (b) Behavior of average size of PbS NCs with annealing time at 500°C.
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Figure 2. Behavior of Stokes shift to of PbS NCs synthesized in glass matrix.

The Stokes shift is originated by process of radiative decay from electron-hole
recombination and a nonradiative decay via trapped states involves electron-phonons. As
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the size of the nanocrystal increase, the surface to volume ratio decreases, and there is a
reduction in the overlap of the electron and hole wave functions. This is coincident with a
decreased wave function overlap with the nanocrystal surface, which leads to less surface
trapping and the decrease of Stokes shift [14]. A schematic of levels energy involved the
process of excitation and deexicitation is shows in Figure 3. The excitation occurs with the
absorption of electrons of level 15» (fundamental state) to the excitation states 1Se (OA1) and
1Pe (OA:2) and the deexcitation process is characterized by a nonradiative recombination of
levels 1Se and 1Pe to the surface trapped states and a radiative recombination (PL) to the
level 1Sy, clear observed in Figure 1(a) to PbS NCs.

1Pe

_y Surface
Q. Trapped

1Sh o
1Ph o

Figure 3. Model schematic used for explain the Stokes shift data difference between OA via radiative
and nonradiative emission processes.

3.2. Optical properties of Zn1-xMnxO nanocrystals

Optical absorption spectra provide strong evidences of the Mn?* ions incorporation into the
Zni-MnxO NCs different for the observed in samples with ZnO NCs. With the introduction
of impurities magnetic in semiconductor NCs the optical properties are completely modify
due the exchange interactions (sp-d) between electronic subsystem of NCs and electrons
originated in the partially filled of the Mn?* ions. This exchange interactions causes the blue-
shift of band gap observed in Znix-MnxO NCs in relationship to ZnO NCs that is
proportional with the increase of x as show in Figure 4, for example, to x = 0 and 0.0081,
being observed the blue-shift of band-gap of 3.33 eV (372 nm) to 3.41 eV (363 nm),
respectively. This due the band gap of Zni-MnxO NCs semiconductor is between the ranges
of 3.29 eV (gap ZnO bulk) at 42 eV (gap MnO bulk). The appearances of well-defined
subband peaks in absorption spectra demonstrate the high quality of the synthesized
samples and the relatively small size distribution of the NCs. Using this information with
the energy of gap obtained by optical absorption spectra, the NCs size were determined by
the effective mass model approximation of equation 01 [21]:

2 2
E=E,, + L 1)
ZERZ memo mhmo
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Where E is band gap of the nanocrystals, Ewui is the band gap of the bulk material, R is the
particle radius, m. and mn are effective mass of the electrons and holes, respectively, and m,
is the free electron mass. With the effective masses of electrons (m. = 0.28 mo) and holes (mn =
0.59 m,), we obtain the diameter of 4.1 nm for the as-prepared Zno.9919Mno.oost NCs.
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Figure 4. Room-temperature optical absorption spectra of Zni-MnxO NCs for x = 0, 0.001, 0.0008 and
0.0081.

3.3. Optical properties of Cd1-xMnxS nanocrystals

Figure 5 shows room-temperature OA spectra of the SNAB : Cdi«MnsS set of samples with
nominal concentrations x = 0, 0.001, 0.050, and 0.100. The quantum confinement can be
clearly observed, and there are well-defined intersubband transition peaks in all OA spectra,
which demonstrates the fairly good quality and narrow dot size distribution (~ 6%) in the
samples. For a fixed doping concentration, an effective band gap reduction is observed, with
the quantum confinement regime decreasing for increasing nanocrystal size, R. Analyzing
these OA spectra and using a quantum confinement model based on effective-mass
approximation, it is possible to estimate the average radius R of these dot samples using the
expression [28] Econf = Eg + h? m?/2uR? — 1.8(e?/eR), where Eg is the energy band gap of the
material (bulk), u (¢) is the heavy-hole exciton reduced effective mass (dielectric constant), e
is the elementary charge, and the last term is the electron-hole effective Coulomb
interaction.
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Figure 5. Panel (a): Room-temperature OA spectra of Cdi-xMnxS NCs embedded in SNAB glass matrix

with concentration x =0, 0.001, 0.050, and 0.100. The well-defined sub-band peaks demonstrate

quantum confinement regimes and the relatively narrow dot size distributions. The energy shift of the

OA peaks indicates the Mn incorporation in the dots.

The estimated average radii were R =2.14 and R = 2.234 nm, for the samples annealed for 2
and 20 h, respectively. Under low magnetic impurity density and annealing temperature
conditions, the dot size remained almost unchanged during Mn-ion incorporation induced
by thermal treatment. In Fig. 3, we show the blue shift in the OA peaks, a quantity
proportional to the concentration of magnetic ions. This shift changes from 3.09 eV in pure
CdS (x =0) dots to 3.19 eV in doped SNAB : Cd 0900Mno.100S samples treated at 560 °C for 2 h.
For samples treated for 20 h, the values are 3.05 eV for x = 0 (undoped) and 3.14 eV for x =
0.100 (doped) dots.

4. Magnetic properties of DMS nanocrystals

The magnetic properties of DMS NCs are influenced by exchange interactions sp-d between
the electronic subsystems of magnetic ions with the NCs, changing the configuration of
confined electronic states. The Zn1xMnxO and Cdi-«MnxS NCs were investigation by Electron
Paramagnetic Resonance, CdixMnxS and PbixMnxS NCs investigation by Microscopy force
Atomic (MFM) and Pb1xMnxS NCs investigated by Magnetization measurements.
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4.1. Evidencing the Zn1-MnxO nanocrystal growth by Electron Paramagnetic
Resonance

The EPR spectra of the ZnixMnxO NC samples with x = 0, 0.0001, 0.0008 and 0.0081 are
shown in Figure 6(a). We found ZnO NCs sample (x = 0) presenting a sharp EPR signal with
g =1.9568. However, the Zni-MnxO NC samples with low x-values exhibits a well-resolved
EPR sextet in addition to some fine structure. They are stemmed from the hyperfine
interaction between electron (S= 5/2) and nuclear (I = 5/2) spins of the incorporated
manganese ions, which are claimed to be located at different positions within the
nanocrystal. For instance, the x = 0.0001 sample displays two sets of EPR sextets. Among
them, the six well-defined EPR lines with hyperfine interaction splitting of 7.8 mT is
assigned to isolated Mn?*-ions substitutionaly incorporated into the Zni«MnxO-core
nanocrystal. While, the second set of EPR sextet structure, with hyperfine splitting of 8.0 mT,
is due to Mn?-ions incorporated into the ZnixMnxO-shell nanocrystal, at
crystallographically-distorted sites near the NCs surface [27]. For this sample the smallest
average diameter among the doped samples presents the strongest surface effect. Therefore,
in comparison to the undistorted Mn-site (core-sites) the x = 0.0001 Zni-MnxO NCs sample
holds enough distorted Mn-sites (shell-sites) to be probed by EPR in spite of low doping
concentration. In addition, the sensitivity of the EPR technique to prove both core-like as
well as shell-like Mn-ions with concentration as low as x = 0.0001 is a strong indication of the
monodispersity in size. As the Mn-ion concentration increases, the number of EPR lines also
increases, and the identified hyperfine structure is now superimposed to a broad EPR
background line, as shown in EPR spectrum of the x = 0.0008 NCs sample. The underlying
physics can be understood in the following way. As the Mn-ion concentration increases, the
amount of Mn-ions in shell-sites increases. Hence, the replacement of Zn-ion by Mn-ions in
various crystal sites with different distortion of crystal field occurs, resulting in a multi-line
hyperfine structure. Furthermore, the increased concentration of manganese in the shell of
nanocrystals may lead to the formation of Mn ion cluster, which inducing a strong Mn-Mn
interaction. Hence broad EPR background line emerges. As the manganese concentration
goes over x = 0.0081, however, the multi-line hyperfine structure collapses and the EPR
spectra are replaced by a symmetric, broad single line due to enhanced Mn-Mn interaction.
In order to confirm this analysis we have performed EPR spectral simulation of Mn-doped
ZnO NC samples using time dependent perturbation theory [27], in which the spin-
Hamiltonian is described by H = H .+ I:I0 . In the spin-Hamiltonian H_=p eé -g,*B is the
Zeeman term, where s, g, and B are the Bohr magneton, the Lande factor and the applied
magnetic field, respectively. The second term of the spin-Hamiltonian is
I:I0 = D[SZ2 —S(S + 1)/3ﬁ+ E(Si —S;) +AS-1 , where the first two terms describe the zero-
magnetic field fine-structure splitting due to spin-spin interaction of electrons, which is
nonzero only in environments with symmetries lower than cubic. The third term ( AS-1 ) is
stemmed from the hyperfine interaction between electron and nuclear spins, leading to the
observed six-line pattern. Since the interaction constants A, D and E strongly depend upon
the local crystal field characteristics in which the Mn?-ion is located, the EPR spectrum
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varies when the local Mn?-ion crystal symmetry changes from ZnixMnxO-core to Zni-
xMnxO-shell. According to the pattern of the EPR spectra we found from our data, spectral
simulation were performed by following a three step procedure, as illustrated in Figure 5
(a). Firstly, we computed the hyperfine structure. Second, a broad background resonance
feature was simulated. Finally, we summed over these two spectra to end up with the EPR
spectrum of the ZnixMnxO NCs sample with x = 0.0008. Figure 6 (b) displays the calculated
spectra for x = 0.0001, 0.0008 and 0.0081. Excellent quantitative agreement between the
simulated and the experimental spectra were achieved for instance in the case of the x =
0.0008 NCs (inset) sample using g = 2.0033, A = 7.8mT D = 6.1 mT, E = 0.5 mT, and 0.8 mT
linewidth for the hyperfine structure simulation and g = 2.0033 and 60 mT linewidth for the
broad background resonance calculation. Therefore, we could conclude that the EPR
hyperfine six-lines are due to Am s=£1 and Ami= 0 transitions, where ms (mi) stands for the
projection of the spin S (I), the broad background is originated from the exchange narrowing
due to the strong Mn-Mn interaction. Hence, the EPR simulations strongly support the
picture that Mn-ions are incorporated into the hosting ZnO nanocrystals.
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Figure 6. (a). Room-temperature X-band EPR spectra of Zni«MnxO nanocrystals at different x values
and (b) Simulated EPR spectra of Zni~«MnxO nanocrystals for different x values. In inset illustration of
processes used for EPR spectra simulation of the Zni-MnxO nanocrystal (x = 0.0008).

4.2. Confirming the migration process of Mn?* ions in Cd1xMn.S nanocrystals by
Electron Paramagnetic Resonance

Theoretical model for explain the incorporation of magnetic impurities in nanocrystals are
related in the literature [22-24], such as the “self-purification” mechanisms that are
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explained through energetic arguments. These mechanisms show that the formation energy
of magnectic impurities increases when the NCs size decreases. Moreover, the binding
energy of the impurities in the crystalline faces is highly dependent on the semiconductor
material, such as the crystal structure and NCs shape [23].

The energy required to replace a Cd?* ion by an Mn?* ion, called the formation energy, is
greater for smaller Cdi-MnS NCs [22]. Thus, the present Mn?" ions in smaller Cdi-Mn:S
NCs are less stable, promoting the difusion of some of these impurities to regions closer to
the dot surface, i.e., to the site Su. This ability of the Mn?" ion to diffuse through the
nanocrystal is quite reasonable because the ionic radius of impurity (83 pm) is smaller than
the ionic radius of the Cd?* ion (95 pm). This mechanism, known as “self-purification” [24],
is an intrinsic property of impurities (or defects) in semiconductor related to NCs size-
dependent energetic arguments and explains the predominance of the signal Su on the Srin
the EPR spectra shown in the Figure 7.

The EPR spectra shown in Figure 7(a) for selected SNAB : Cdi~-MnsS samples with
x = 0.001, 0.050, and 0.100 display well-resolved transitions between a sixplet sublevel
structure inserted into a broader horizontal S-like shaped EPR structure typical for free-like
electron states with spin S = 1/2, +1/2. These six sublevels are associated with the magnetic
quantum numbers Ms = +5/2 ,+ 3/2, + 1/2 that occur in fine exchange interaction induced
transitions when Mn ions are present in a sample. Another much weaker interacting sixplet
sublevel structure occurs because the hyperfine interaction coupling between the spin of
localized electrons (S = 1/2) with nuclear spin (I = 5/2) of the incorporated Mn-ions in the
doped samples. Among them, are six fairly welldefined EPR lines with fine interaction
splitting described by the simulation signal SI, and assigned to dilute concentration of Mn?*
ions found in substitutional Cd places inside the CdS nanocrystal cell. However, the second
EPR sixplet structure set described by the simulation signal SII is due to Mn ions located at
crystallographically highly distorted sites near the dot surface.

In order to confirm this analysis we have performed EPR spectral simulation of Mn-doped
CdS samples using time-dependent perturbation theory in which the spin Hamiltonian is
givenby H=H, +H,, where H, =p,S-g, B describes the Zeeman interaction and u,, g,,
and B represent the Bohr magneton, the Landé g-factor, and the applied magnetic field,
respectively. The second term, H,= D[SZ2 -S(s+ 1)/3} + E(Si —S§)+ AS-1, includes the
zero magnetic field fine interaction (terms proportional to coupling constants D and E)
between the electron spin and the crystal field.

This contribution only induces non-zero fine structure splitting in crystalline environments
with symmetries lower than cubic. Finally, the term AS-1 represents the hyperfine
interaction between localized electrons and nuclear spins in the Mn ions and where each
electron transition splits into six additional levels characterized by the nuclear magnetic
quantum numbers (Mr = +5/2,%3/2,+1/2), producing, in principle, a total of 36 transitions.
However, selection rules limit the number of allowed transitions, and the broader and
stronger features observed in the EPR spectra are due to lines associated to the dipole-
allowed AMs = 1 transitions with AMr = 0. Since the interaction constants A, D, and E
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Figure 7. Panel (a): Room-temperature EPR spectra of selected Cdi-MnxS NCs embedded in the SNAB
glass matrix with Mn concentration x = 0.001, 0.050, 0.100. Panel (b) shows a zoom on two of the
sublevel peaks, between 835 and 850 mT, in order to observe the intensity differences, marked as I and
I. Noted the change of the ratio between EPR intensities when Mn ions are placed at the dot interface
(Iu) or inside the core cell (I1), in samples with concentrations x = 0.050 and x = 0.100. This ratio change
indicates the interdiffusion of magnetic ions due to thermal treatment.

strongly depend on the local crystal field characteristics near the Mn?* ion location, the EPR
spectrum will be changed when substitutional Mn?* ions move from the CdixMnxS dot core
(signal Si) to the dot surface (signal Su) region. On the other hand, any isolated Mn ion that is
dispersed inside the glass matrix cannot be identified in the EPR spectra due to the absence
of a well-defined crystal field of this amorphous material (glass). In addition, the Mn-Mn
interactions would also be intensified if the formation of Mn clusters occurred in the glass
environment. However, we consider that this later effect may be neglected, since the
formation of Mn clusters is highly unlike due to the small amount of incorporated Mn ions

in these samples.

The other enhancement on the EPR signal intensity, as observed in Figure 7(a), can be
associated to the increased concentration of Mn?* ions. The larger the Mn density is, in
samples subjected to thermal treatment for 20 h and also seen in the AFM images, the
stronger is the EPR intensity. In addition, the EPR intensity can be strengthened due to
migration of a fraction of magnetic ions from the glass matrix to the surface of the NCs, an
effect which also increases the intensity of the broader background EPR peak due to Mn-Mn
interaction.

The zoom in two of the sublevel exchange peaks, between 835 and 850 mT, displayed in
Figure 7(b) shows the enhancement of all EPR lines for longer annealing times. However,
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the EPR intensity for surface Mn ions In increases whereas for the substitutional ions I
decreases in both samples with nominal concentrations x = 0.050 and x = 0.100, when the
thermal treatment increases from 2 to 20 h. The change in the ratio between intensities, Iu / I,
confirms the migration of a fraction of Mn ions incorporated in the dot core to the surface

region.
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Figure 8. Room-temperature EPR spectrum in CdosoMno.100S NCs measured in the K band. The
simulated EPR transitions were obtained by the combination of a stronger spectrum associated to Mn
replacing the Cd ions inside the wurtzite cell (signal Sr) and a weaker spectrum due to ions located at or
near the dot surface region (signal Si). The Hamiltonian model describing the fine and hyperfine
magnetic interactions contributing to dipole transitions between the eigenvalues is discussed in the text.

The energy required to replace Cd* by Mn?* in the crystal, usually referred to as the
“formation energy”’, is larger for small- size CdS NCs [9]. Therefore, Mn?* ions in the less
stable places inside Cdi-«Mn.S dots are moved to interface region in a process of energy
minimization that promotes the interdiffusion of a fraction of impurities from the core
(signal Si) to larger binding energy regions near [24] to the surface and, in this location, the
magnetic ions generate the signal Su. The ability of Mn?* ions to migrate through the NC is
quite reasonable because the ionic radius of this magnetic impurity (83 pm) is smaller than
the ionic radius of the Cd? ion (95 pm). This mechanism seems to be an intrinsic general
property of impurities (or defects) in semiconductor NCs [24], and the shape and the crystal
structure of a NC determine which surface is more favorable for impurity binding; these
facets are the (0001) crystalline planes in the CdS wurtzite structure [9]. Here, the larger ratio
III/II between intensities of EPR peaks in samples with different annealing times, as shown
in the Figure 7(b), corroborates this idea of controlled migration process.
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The simulated signals for the EPR transitions in the CdosoMno.100 S sample, shown in Figure
8, confirm the presence of Mn?* ions in two distinct sites: incorporation occurring in the core
(signal Si), and near the surface (signal Su). The hyperfine interaction constants used to
simulate these spectra were Ar=8.1 mT and Au = 8.4 mT for a magnetic system with spin S =
5/2, nuclear spin I = 5/2, and g-factor g. = 2.005. The fine structure constants were D =40 mT
and E =5 mT. We believe that these results have shown unambiguously that proper use of
annealing temperature with different times may produce controlled diffusion of Mn?* ions
in magnetic dots. These findings are strongly supported by the fairly good agreement
between simulated and experimental EPR resonant transitions.

4.3. Investigating the Pb1xMnxS nanocrystals by susceptibility and
magnetization measurements

Figure 9 shows the temperature dependence of the inverse of the real part of the magnetic
susceptibility (1/x) of PbixMnxS NCs growth in borosilicate glass with annealing at 500°C at
10hours, for x = 0.003 and 0.007, recorded at 100 Oe. The susceptibility data presented in
Figure 9 follow the Curie-Weiss law, 2(0)=c/(T- 0), where 0 is the Curie-Weiss temperature
[25, 26]. The fitted value found for the parameter C in 2(I') allowed estimation of the
isolated Mn?* ion content incorporated in the PbixMnxS NCs embedded in glass matrix
using:

x:(mA+mB)/[S(S+1)(guB)2NA/(3kBC)+mA—mM] (2)

where ma, ms and mum represent atomic mass for the cation (Pb), anion (S) and magnetically
doped (Mn), respectively. S represents the total spin of the Mn?* ion, ks is the Boltzmann
constant, and N4 is Avogadro’s number. In this calculation g =2 is assumed for the Mn?* ion.
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Figure 9. The temperature dependence on the inverse of susceptibility, recorded at 100 Oe, shows low
temperature paramagnetic character for Pb1.Mn«S NCs embedded in borosilicate glass matrix.
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Using the equation 02, estimates the concentration of Mn ions incorporated into the crystal
lattice of the nanocrystals. For the nominal concentrations of x = 0.003 and x = 0.007 were
estimated real concentrations of x = 0.003 and x = 0006 respectively, resulting in the
formation of Pbo.gezMnoosS and PbossaMnoosS NCs. Field-cooled magnetization curves of
Pbo.9s7Mno.osS and PbogsMnoosS NCs growth in borosilicate glass matrix, recorded with an
external applied field of 1 KOe and over a wide range of temperatures, are shown in Figures
9(a) and (b), respectively. Each inset in these figures displays the T=1.28 K field dependence
of the magnetization.
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Figure 10. Magnetization as a function of temperature for the Pbo.ss7Mno.00sS and Pbo.994Mno.00sS NCs
embedded in borosilicate glass matrix. Field dependence of magnetization for each sample is shown in
the insets.

The magnetic data presented in Figure 9 including the corresponding insets, reveal the
dominant paramagnetic behavior of the dots.

4.4. Magnetic force microscopy of semimagnetic nanoparticles: Pb1xMnxS
nanocrystals

Figure 10 presents the AFM/MFM images for the PbosssMnoo’S NCs samples subjected to the
thermal annealing for 10 h, where we confirmed the high density of the nanocrystals with
quantum confinement properties as well as bulk-like properties. In figure 10 (a), the AFM image
is also influenced by the sample topography, while in figure 10(b), in the MFM images there are
only the magnetic interactions, confirming the formation of semimagnetic PbossMnowsS NCs,
with average NCs-size of approximately 6.0 nm. In an attractive configuration, the NCs have
magnetization in a parallel direction to the tip magnetization, resulting in dark areas of the MFM
image. However, in a repulsive configuration, the NCs have magnetization in an antiparallel
direction to the tip magnetization, resulting in bright areas of the MFM image. Therefore, the
formation of the dark and bright fields related to a single spin domain in the PbossMnoorS NCs is
shown by the clear contrast in these MFM images.
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Figure 11. AFM/MFM of Pbo.9sMno.o7S NCs growth in borosilicate glass matrix.

5. Structural properties of Zn1xMnxO nanocrystals

The structural properties of Zni-MnxO nanocrystals were investigated by X-ray diffraction
and Raman spectroscopy techniques.

5.1. Characterizing of Zni1xMnxO nanocrystals by X-ray diffraction

The XRD patterns of the Zni1xMnxO (x 2 0) NCs samples for x =0, x = 0.0001, x = 0.0008 and x
= 0.0081 are shown in Figure 11. It is noted that the typical bulk-ZnO hexagonal wurtzite
crystal structure is preserved in the as-precipitated Zni-MnO (x = 0) NCs samples whit
treatment thermal of 500°C by 2 hours [27]. Except for the ZnO with treatment thermal the
60°C by 12 hours that is present in amorphous phase. Nevertheless, the characteristic XRD
peaks shift towards lower diffraction angle values as the Mn-ion concentration in the
hosting ZnO structure increases, as shown in inset for (002) peak, clearly indicating an
increase of the lattice constant. Using the Cohen’s method we performed the estimation of
the c-axis lattice constant from the following three selected XRD peaks: (100), (002), and
(101). One found that the average c-axis lattice crystal constant of the x = 0, 0.0001, 0.0008
and 0.0081 ZnixMnO NC samples were 5.207, 5.208, 5.226 and 5.231 A, respectively. The
monotonic increase observed in the lattice crystal constant is attributed to the replacement of
the Zn?-ion, with smaller ionic radius (0.74 A in the hexagonal wurtzite ZnO crystal
structure), by Mn?-ion with larger ionic radius (0.83 A). These XRD findings provide
evidences that the as-produced samples are high-quality and single-phased Zni«MnxO
crystals in the nanoscale regime.
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Figure 12. X-ray diffraction of ZnO bulk and Zn1xMnxO nanocrystal samples with x =0, 0.0008 and
0.0081. In inset shift of the (002) Zn1xMnxO nanocrystal XRD peak as a function of Mn-ion concentration

(x).

5.2. Characterizing of Zn1«MnxO nanocrystals by Raman spectroscopy

Figure 12 shows the Raman spectra of ZnO bulk and Zni-«Mn«O NCs for x = 0, 0.0008 and
0.0081. The wurtzite ZnO structure belongs to the space group Cg, with two formula units
per primitive cell. Therefore, group theory predicts that the zone-center optical phonons are
described by I, =A;+2B,+E +2E,[5]. The A and Ei1 modes represent Raman and
infrared active polar phonons, showing frequencies for transverse-optical (TO) and
longitudinal-optical (LO) modes. The E: mode is non-polar and is Raman active in two
frequencies; the Ez (high) associated to the oxygen anions and the E: (low) associated to the
Zn cations in the lattice. Finally, the Bi mode is Raman inactive. The Raman peak centered at
334 cm™ is described through a multi-phonon process associated to three different modes;
the dominant A1 mode plus a weak E2 component and an even weaker Ei component. The
literature describes the frequency of this mode as the difference between the E: (high) and E:
(low) modes. The A1 (TO), E1 (TO), A1 (LO) and E1(LO) modes were observed at 382, 410, 541
and 586 cm, respectively. The Raman peak observed at 439 cm™ represents the E: (high)
mode associated to the oxygen anions. The Raman peaks of ZnixMnxO NCs show a shift to
low frequencies and the peaks are asymmetry in relation to the ZnO semiconductor. With
the incorporation of Mn?* ions is observed a peak was observed at about 659 cm™ becoming
more intense with increasing of Mn-concentration in Zni-MnxO NCs. The 659 cm™ peak is
associated the two additional modes [Al(LO) + Ez(low)J originated from the precipitation
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phase of ZnMn20: as observed for x = 0.0008 and 0.0081 in the samples of Zni«Mn«O NCs.
This finding is a strong support to the picture that Zn-ions in the ZnO crystal structure are
replaced by Mn-ions during the course of the chemical precipitation process.
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Figure 13. Room-temperature Raman spectra of ZnO bulk and Zn1xMnxO NCs for x = 0, 0.0008 and
0.0081.

6. Conclusions

In conclusions, we report the successfully synthesis of semiconductors and semimagnetic
nanocrystals by different methodologies.

PbS, Pb1-Mn:S and CdixMnxS NCs were growth in borosilicate glass by fusion method and
Zn1-MnxO NCs were synthesized by co-precipitation method.

The investigation of semiconductor and semimagnetic NCs provided by experimental
techniques of Optical Absorption, Photoluminescence, Electron Paramagnetic Resonance,
Magnetic Force Microscopy, X-Ray Diffraction, and Raman spectroscopy, have revealed the
control of optical, magnetic and structural properties and the high-quality of NCs
synthesized by different methodologies.

We believe that this chapter can motivate inspire further investigation of these systems in a
search for possible device applications.
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1. Introduction

The main problem of current photolithography is diminishing of minimal feature sizes up to
subwavelength value. The smallest feature size Xmin that can be projected by a coherent
imaging system is Xmin=A/2NA, where A is the wavelength of the illumination and NA is the
numerical aperture of the lens. The most ordinary way to attain smaller feature sizes is to
reduce the wavelength up to 193 nm. The NA is typically 0,8, so the feature size is on the
order of the exposure wavelength. State of the art semiconductor fabrication facilities in the
year 2010 are forecasted to use a 32 nm process, in these conditions to achieve the required
resolution and depth of field optical lithography techniques become increasingly difficult.

Now was developed new lithography technique - deep lithography that suitable for making
elements with high aspect ratio. Here for vertical borders preparation it is need to use NA
about 0,05 or less that limit resolution by value around 4 um.

As the fundamental limits of optical lithography are approached, the nonlinear, self-
focusing and self-writing properties of the photoresist become increasingly important.

Special UV-curable nanocomposite with strong non-linear and self-writing effects used as a
photoresist to improve light distribution in the spot as well in volume of photoresist can be
used. Same proposed technique is applicable for deep lithography based on 365 nm UV light
with high scattering to improve shape of small feature in results violation of the laws of
geometrical optics at use light self-focusing in materials. If to make nanocomposite system
with self-writing effects and place it as a topcoat, we will obtain self-writing subwavelength
artificial waveguide that will guide the light to small subwavelength spot. So to make it it's
necessary to develop special material with self-writing effects.
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Same material having self-writing effects will be applicable for holographic lithography, i.e.
writing of 3D lattice by interference of two, three or four coherent laser beams. Self-writing
effects will increase modulation of refractive index of material and therefore diffraction
efficiency of ready element.

Current work describes development of nanocomposite material, investigation of its
holographic proprieties and sub wavelength lithography application based on self-writing
effects in material.

2. Nanocomposite based on nanoparticles in UV-curable monomers
mixture

2.1. Materials and methods

Chemicals: Monomers 2-Carboxyethyl acrylate (2Carb, Aldrich No 552348), Bisphenol A
glycerolate (BisA, Aldrich Ne 41,116-7), 2-Phenoxyethyl acrylate (PEA,Aldrich Ne 40,833-6).
ZnO nanoparticles with a size of 20 nm (Russian local supplier); SiO2 nanoparticles with a
size of 14nm ( Aldrich No. 066K0110) were used for structuring nanomodification. 2,2-
Dimethoxy-2-phenylacetophenone (Aldrich No.19,611-8) and Bis (5-2,4-cyclopentadien-1-yl)
bis[2,6-difluoro-3-(1H-pyrrol-1-yl)phenyl]titanium (Irgacure 784) were used us initiators of
the photopolymerization.

Transmission spectra were measured on a spectrophotometer Perkin-Elmer 555 UV-Vis. For
the IR spectra we used Fourier IR spectrometer FSM 1201 Manufacturer Company
"Monitoring". Samples were prepared by pressing pellets with KBr. The index of refraction is
determined by the Maxwell-Garnett effective medium theory [1] and by Abbe refractometer.

We study sorption of water vapor by gravimetric method. Hardness is measured by Brinell
method with "Bulat-T1" device. Light scattering is measured by the photometric sphere
method in accordance with the recommendations of the European standard ASTM D1003.

Investigation of the surface profile of samples was made with an atomic-force microscope
Ntegra in contact mode.

2.2. Preparation of monomer solutions and films of the nanocomposites

We find some effects at mixing of nanoparticles with monomer mixture. At nanoparticles
introduction in the composition of the monomer BisA/2Carb (30/70) above a concentration
of 8 wt. % the viscosity of solutions increases greatly. At higher concentrations (14 wt. %
ZnO and 10 wt. % SiO2) the monomer mixture becomes very viscous transparent gel at
room temperature.

Transparent nanocomposites were obtained up to 14 wt. % of ZnO and 12 wt.% SiO2
nanoparticles with formation of transparent film after UV-curing. More than 14 wt. % of
ZnO and 12 wt.% SiO2 nanoparticles addition to the monomer mixture resulted in turbid
films. The system becomes heterogeneous.
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Polymer films (thickness from 12 to 100 microns) were obtained from the previously
prepared solutions containing monomer, nanoparticles and initiator. The drop of solution is
trapped between two polyester films to prevent inhibitory effects of oxygen. All
experiments were accomplished at room temperature in air without special inert
atmosphere. UV curing was made by a mercury lamp (100 W) used at the mercury line at
365 nm.

2.3. Results

The films are transparent in the visible and UV spectral region. A significant decrease in
optical transmission is observed at high concentrations of ZnO (more than 14 wt. %) and
concentrations of SiO2 more than 8 wt.%.

The values of the refractive index nanocompositions shown on Figurel.
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Figure 1. Refractive index is determined by the Maxwell-Garnett effective medium theory (3), (4) and
by Abbe refractometer (1), (2)

For the refractive index were used effective medium model of Maxwell-Garnett:

E p — & —
off 2 ) 1)

Eop +2¢, e & +2¢,

€1 — permittivity of the medium;
€2 — permittivity of inclusions;
eeff — permittivity of the composite medium;
fi=5 5V, @
1 v ivi
volumetric filling factor; (Vi - volume of i-th particle, V - volume of the composite
environment).
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This model is applicable when the volume filling factor: f; S%, i.e. fraction of inclusions is

small. The obtained values for the film samples by Abbe are greater then calculated by
Maxwell-Garnett model. Model of Maxwell-Garnett is applicable in the case if nanoparticles
are distributed inside any matrix without interaction between nanoparticles and polymer.
According our recent results, there are interactions between nanoparticles and polymer
matrix. Therefore, the use of this model is not entirely correct. In addition, the refractive
index obtained by Abbe of the film samples are greater than calculated by Maxwell-Garnett
model, as we assume due to the fact that the polymerization did not pass until the end and
the residual monomer are contain in the matrix. With the introduction of the maximum
possible concentration of SiO2 (12 wt.%), the refractive index of the composition is reduced
by 0.02 compared with the initial monomer mixture. Refractive index of composition with
maximum ZnO concentration (14 wt. %) is increased by 0.045 compared with the polymer
without nanoparticles.
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Figure 2. Scattering before and after water sorption of the composition BisA/2Carb (30/70) according to
nanoparticles concentrations

The scattering before and after water sorption of the composition BisA/2Carb (30/70)
according to nanoparticles concentrations shown on Figure 2. With increasing ZnO
concentration scattering in nanocomposite is decreases, but near 4 wt. % there is a
maximum of scattering. In our opinion a reorganization of polymer inner structure from
polymeric structure with inclusion of nanoparticles to self-organized nanocomposite
structure is occur near this concentration. When the concentration of ZnO is in the range
from 8 to 14 wt%, scattering is almost independent on the concentration of nanoparticles. 8 -
14 wt% ZnO nanoparticles is sufficient for uniform distribution inside volume as a result
homogeneous polymer nanocomposites are formed. In this nanocomposite structure, the
scattering decreases compared to pure polymer, approximately twice. After the water
sorption tests, the concentration dependence of the scattering of remains, but for all
concentrations of the magnitude of sorption decreases.

Dependence of scattering of nanocomposites before and after the water sorption according
to the SiO2 nanoparticles concentration is shown in Figure 2.
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Due to lack of nanoparticles concentration in the field up to 8 wt % the polymer is not
homogeneous, resulting in a nonmonotonic variation of the scattering is observed. At
concentrations higher than SiO2 8 wt%, nanoparticles are uniformly distributed throughout
the volume and the quasi-homogeneous composite is formed. The scattering in the new
structure is reduced compared to the polymer matrix approximately reduced by about half.
After the water sorption tests the scattering dependence is conserved. For all compositions,
except for pure composite and the composite with the addition of 12 wt.% SiO2, the
scattering is qualitatively does not change, but its value decrease. This phenomenon is
explained by the possible water plasticizing effects, for example, see [2,3].

The water sorption experiments were conducted to study changing the internal structure as
a result of the introduction of nanoparticles. As can be seen from the figure 3, the sorptions
of nanocomposites have strong dependence from nanoparticles concentrations. There is a
sorption maximum near 4 wt % ZnO (reorganization of polymer inner structure). At ZnO
nanoparticles concentration above 12 wt. % water sorption increase, perhaps as a result of
disordering of the nanocomposite. For pure polymer value, water sorption is 23 %. The
introduction of 10 wt. % ZnO nanoparticles achieved reduction in water sorption by 5 times
compared with the pure composition.
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Figure 3. Water sorption BisA/2Carb(30-70) composites according to nanoparticles concentrations

With increasing SiO2-concentrations higher than 12 wt.% the vapor sorption decreases
steadily, reaching 2.5%. As compared to the unmodified polymer, the introduction of SiO2
nanoparticles reduces the water absorption ten times. Formation of the extremum of
adsorption at a concentration of 8 wt.% SiO2 found no explanation.

The investigations of film hardness is an indirect way to study the effect of nanoparticles on
the structural change of nanocomposites (Figure 4 ).

With the introduction of ZnO nanoparticles the film hardness decreases and remains almost
unchanged until to 10%. Further, the hardness of the film increases and reaches the value of
pure polymer. With the introduction of 2 wt.% SiO2 film hardness increases sharply in
comparison with the original. In the concentration range from 2 to 8 wt. % the composite
film hardness is decreases sharply. Further, with increasing SiO2 concentrations hardness
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values start to increase and at the maximum concentration of SiO2 (12 wt. %) it become
comparable with the value of the pure polymer.
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Figure 4. Hardness of BisA/2Carb(30-70) composites according to nanoparticles concentration

The above changes in the properties of polymer nanocomposites (water sorption, light
scattering, hardness) can be explained by a modification of the supramolecular structure of
the polymer as a result of possible interactions of nanoparticles with active groups of the
monomers [4].

Nanoparticles influence on the polymer structure was confirmed by the investigation of the
surface relief and rigidity of the surface nanocomposites films made atomic force
microscopy (Figures 5 and 6).

BisA/2Car (3/7) + ZnO nanoparticles (wt.%)

[¢] 20 40 60 80 100 120 140

nm
Figure 5. AFM. 5x5 mkm. Relief of surface ZnO polymer films

As can be seen from Fig.5, there are essential changes in the composition structure as
compared with the original by introduction 4 wt. % ZnO nanoparticles. The formation of
separate ZnO structured polymer regions were observed clearly. The graininess structure are
observed throughout the volume of material when ZnO concentration are achieves 10 wt. %.
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Figure 6. AFM. 5x5 mkm. Relief (top) and rigidity of surface SiO2 polymer films (bottom)

As can be seen (Figure 6), already with the introduction of 4 wt.% of SiO2 nanoparticles,
significant changes in the nanocomposition structure are observed as compared to the pure
polymer structure. The formations of separate domains are observed clearly. With the
introduction of 12 wt.% SiO2, structure of uniform graininess is formed throughout the
material.

Apparently, formation of nanocomposition structure is due to the ability of nanoparticles to
create on the surface bonds with the active groups of the monomer molecules and to act as
centers of polymerization. When the ZnO concentration is more than 10 wt. % (SiO2
concentrations of more than 8 wt.%) free polymer phase disappears and all the monomer is
consumed for the formation of polymeric spheres on the surface of nanoparticles.

Thus, at low concentrations of nanoparticles, modified polymer areas are still small and
composites are heterogeneous. Heterogeneous structures are reflected in their properties.
Increasing nanoparticles concentration is lead to increasing hybrid field’s amount and its
size, so uniform nanocomposite structure begins to form. The result is the formation of
submicron spheres around each nanoparticle and quasi-homogeneous material is formed.
Indeed (Figures 5 and 6), submicron spheres formed around each nanoparticle possess
almost identical diameters. This fact can be explained by identical growth rates of these
spheres. As a result, a structure consisting of spherical particles forms a self-organized
quasi-lattice. Eventually, above-named effects leads to a homogeneous distribution of
nanoparticles and homogeneous composite environment are formed.

Possibility and mechanism of polymerization on surface of nanoparticles were investigated
by FTIR (Figures 7, 8).



88 Nanocrystals — Synthesis, Characterization and Applications

100

Transmittance, %

T YAl

T y 1
500 1000 1500 2000 2500 3000

Wavenumber, cm”

Figure 7. (1) - Nanoparticles ZnO; (2) - composition 2Carb/BisA (70/30) + 12 wt. % ZnO;
(3) - 2Carb/BisA (70/30)

In the FTIR of BisA/2Carb (30/70) compositions the bands with maximum absorption at 1737
cm-1, 1410 and 1188, 1050 cm-1 were observed. The first band is characteristic for the
stretching vibrations of the carboxyl group, the next three due to a combination of plane
deformation vibrations of the hydroxy group and the stretching vibrations of the C-O in
carbonic acids [5].

Intense peak around 500 cm-1 belongs to the Zn-O vibrations in the ZnO crystal [6]. In the
IR spectra of the nanocomposite the band at 1720 cm-1 (group C = O) is observed and the
1410-1450 cm-1 bands corresponding to symmetric stretching vibrations of the carboxylate
anion are greatly enhanced.

It is important to note the following. The band 500 cm-1, relating to the Zn-O vibrations in the
crystal ZnQO, is preserved. The absorption band 1620-1550 cm ! appear in the composite. This
region is characteristic of asymmetric stretching vibrations of the carboxylate anion. As reported
in [7 - 9], the interaction of inorganic nanoparticles (ZnO) and carbonyl groups can cause
changes in the IR, because the metal atoms can be taken electron pair of the carbonyl oxygen.

The increase in the absorption band of 1600 cm-1 may be due to the complexation between
the polymer and nanoparticle.

In addition, the band 1640-1650 cm-1 is characteristic of the C = C stretching vibrations in the
CH2 = CHR, and the band 990 cm-1 is characteristic for C-H bending vibrations in the CH2 =
CHR [10]. The appearance in the spectra of the composites above the bands confirmed that the
group CH2 = CHR formed. These bands may be formed during the polymerization of the
composite only on the surface of nanoparticles of zinc oxide when the latter acts as a
photocatalyst.

Principal scheme of described photopolymerize process is shown in Figure 8.
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Figure 8. Scheme of photopolymerize process

The SiO2 nanoparticles can form bonds with the monomers and act as centers of polymerization
the same way. It was confirmed by FTIR spectroscopy (Figure 9). The peaks 500 cm-1 and 1109
cm-1 were attributed as the stretching vibrations of Si-O-5i bounds on SiO2 surfaces [10]. The
1061 cm-1 band is attributed as the C-O stretching vibrations in the C-O-H [10]. The degradation
of strong bands 471 cm-1 and 1107 cm-1 and the emergence of new band 1061 cm-1 in the
nanocomposites may be indicative of polymerization on the surface of nanoparticles due to the
interaction of COOH-groups of the monomer with nanoparticles SiO2.
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Figure 9. FTIR spectra: (1) - SiO2; (2) - BisA/2Car (30/70) + 8 Bec. % SiOz; (3) - pure polymer BisA/2Car
(30/70)
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2.4. Discussion results

According to the previously mentioned nanoparticles can be involved in UV polymerization
process by formation of bonds between nanoparticle surfaces and carbonyl polymer group.
Thus, the nanoparticles act as formation centers of a new polymer phase - the
nanocomposite possessing different properties in comparison with the unfilled polymer.
According to FTIR spectra of nanocomposites we assume that nanoparticles are participated
in polymerization processes and act as a photocatalysts. Our hypotheses is supported by the
formation of micron size spheres in nanocomposite around each nanoparticle (Figure 5, 6).

Nanosized semiconductor clusters have the potential to photooxidation. Photocatalysis take
place through the combined effects of photoelectrons production at UV light absorption and
high surface area in that electron transfer induced polymerization.

Nanosized semiconductor clusters may participate in catalysis of redox - processes on
surfaces exposed to light, that is, they can be photocatalyst [11,12]. This is due to a
combination of effects: formation of photoelectrons by absorption of UV light and, in
addition, a large specific surface of nanoparticles contributes to their high catalytic activity.
Thus, when the semiconductor catalyst absorbs the photon with energy equal to or greater
than the value of the band gap, an electron from the valence band can move into the
conduction band to form electron-hole pairs. In the future, such a pair can take part in the
reactions of donor-acceptor mechanism on the catalyst surface, that is, can  begin the
process of polymerization. According to the work [13], the UV illumination of a
semiconductor photocatalyst activates the catalysis and accelerates establishing a redox
environment in the aqueous solution. Semiconductors act as sensitizers for light induced
redox processes due to their electronic structure, which is characterized by a filled valence
band and an empty conduction band [14]. So, the photocatalytic process of
photopolymerization was induced as a result of light absorption on the surface
semiconductor nanoparticles. The work [12] describes the process of polymerization of
methylmethacrylate initiated by TiO2 nanoparticles.

In our experiments we observed a similar process that proves by AFM and FTIR (the
formation of equal spheres around the each nanoparticle, which are the center of
polymerization and creation of chemical bonding between nanoparticle surface and
polymer). Formation of spheres around each nanoparticle during photopolymerization on
its surface appears to change a transformation of polymer structure. All nanocomposite
properties exhibit extrema in the same areas of concentration of nanoparticles. Characteristic
ranges of concentrations are 4 and 10 wt % for ZnO and 4 and 8 wt % for SiO2. According
AFM photos in this concentration range, new phase - nanocomposite are generated on
nanoparticles surface with increasing amount nanocomposite in volume. This patterning
affects the changes in material properties, light scattering and a water sorption are
decreasing significantly.

At nanoparticles concentration more than 8 wt % for SiO2 and 10 wt % for ZnO all monomer
mixture will involved in formation of nanocomposite phase, perhaps next increasing of
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nanoparticles concentration will result on competition between nanoparticles as the center
of polymerization. At 8 wt % for SiO2 and 10 wt % ZnO AFM photo show structures
consisting from micro - spheres occupying all volume. In this concentration range light
scattering as well as water sorption increasing. The above considerations explain the
extrema of properties with increasing concentration of nanoparticles.

3. Holographic writing of periodic lattice in nanocomposite material

Holographic writing was conducted when recording the periodic structures in an
interference field created by the interaction of two plane waves with wavelengths of 325 nm
and 442 nm. The structures period was 2 microns. The diffraction efficiency was determined
at a wavelength of 633 nm as a ratio of the first-order diffraction intensity to the incident
radiation intensity. The layers were formed on a glass substrate in the gap between the glass
and a polyester film. The thickness of the layer depended on the size of the filling and was
20 microns.

Abbreviation of used chemicals: 2-carboxyethyl acrylate (2Carb); Bisphenol A glycerolate
(BisA); 2-Phenoxyethyl acrylate (PEA).

Tree methods of post exposition processing were used:

1. After exposure by interference field any additional processing was not made.

2. After exposure by interference field nanocomposite film were developed by isopropyl
alcohol ablution.

3. After exposure by interference field were made uniform UV-radiation exposure.

Holographic writing on nanocomposites is due on light induced nanoparticles redistribution.
Effects of light induced nanoparticles redistribution in nanocomposite is a new effect
discovered recently. It takes place at photopolymeric nanocomposite irradiation by periodic
light distribution, for example by lattice made by interference of two laser beams.

The first time these processes were found by Tomita and co-workers in 2005 on organic—
inorganic nanocomposite photopolymer system in which inorganic nanoparticles with a
larger refractive index differs from photopolymerized monomers are dispersed in uncured
monomers [15]. Inorganic materials possess a wide variety of refractive indices that give us
the opportunity to obtain much higher refractive index changes An than conventional
photopolymers, while maintaining low scattering losses [16].

Explanation of effects was made in the work Y. Tomita at all [17]. For monomers with radical
photopolymerization spatially nonuniform light illumination will produce free radicals by
dissociation of initiators, and subsequent reaction of free radicals with monomers, which leads
to chain polymerization of individual monomers in the bright regions.

This polymerization process lowers the chemical potential of monomers in the bright
regions, leading to diffusion (short distance transportation) of monomers from the dark to
the bright regions. On the other hand, photosensitive inorganic nanoparticles have
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diffusion from the bright to the dark regions, as illustrated in Figure 10 left, since the
particles are not consumed and their chemical potential increases in the bright regions as
a result of the monomer consumption. Such a mutual diffusion process essentially
continues until the monomers are consumed completely by the monomolecular and
bimolecular termination processes and until the high viscosity of a surrounding medium
consisting of polymerized monomers makes monomers and nanoparticles immobile. As a
result the spatial distribution of nanoparticles is also fixed and a refractive-index grating
is created as a result of compositional and density differences between the bright and the
dark regions [17].
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Figure 10. In the left - nanoparticles transportation in photopolymer according to work [18], in the right
- our experimental diffraction efficiency dependence on exposition with and without nanoparticles.

Figure 10 shows diffraction efficiency dependence of photopolymerizable nanocomposite
material from exposition time and nanoparticles concentration. Unlike of classic
holographic photopolymer in our material unpolymerized materials were dissolved by
alcohol and removed after exposition (method 2). According to schema (Figure 10 left)
unpolymerized monomer in dark areas was removed by dissolution. High augmentation
of diffraction efficiency at 12% nanoparticles concentration is a result of nanoparticles
redistribution.

Detailed investigation of temporal traces of the first order diffraction efficiencies DE for the
nanocomposites samples give oscillation of DE at increasing of exposition time and its
dependence from processing of the samples. Figure 10 left shows the diffraction efficiency
dependence from exposition for the nanocomposite BisA/2Carb/PEA 25/55/20, ZnO 10% in
comparison with the monomer composition based of the same components without
nanoparticles (Energy density: 2102 J/cm?, a period of structures: 2 microns). We see a
significant increase in the diffraction efficiency for the nanocomposite.

Figure 11 shows diffraction efficiency dependence from exposure and its change during one
day storage and after uniform UV-radiation exposure (365 nm, 3-10"! J/cm?) (method 3).

The periodic nature of the kinetic curves can be seen. The first maximum of diffraction
efficiency just after exposure (Figure 11, curve 1) at low exposures can be connected to
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increasing of refractive index of composition after polymerization. Refractive index are
increasing on 0,04 in result of photopolymerization In bright areas. In dark areas
photopolymer will keep in liquid state. Difference of RI between liquid and solid
(polymerized) composition will result in increasing of DE. After entire polymerization either
by long exposition or by UV light 365 nm, whole composition will be polymerize and DE
will decrease (curve 2, Figure 11).

At the same time nanoparticle diffusion process take place. It is seen that DE builds up after
a relatively long induction time period that usually corresponds to the time duration to
consume contaminated oxygen [18]. In fact nanoparticles displacement will begin after at
last 50% photopolymer conversion that result on induction period. If uniform exposition of
nanocomposite after laser lattice writing take place, whole composition will be polymerized
and refractive index modulation of cured material will be connected to displacement of
components only.
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Figure 11. The dependence of the diffraction efficiency from exposure duration for the nanocomposite

BisA/2Carb/PEA 25/55/20, ZnO 10%. Just after exposure (1), after uniform exposure (2) and one day
after exposure (3). Energy density: 102 J/cm?, a period of structures: 2 microns

According to the work [19] DE builds up after a induction time period, going to the
maximum and finally decays almost to zero, which is a typical behavior of one component
photopolymers without any binder materials. Our nanocomposite have no conventional
binder, so its exposition curves should have the maximum, but unlike of conventional
photopolymer, nanocomposite having two diffusing comments, ie. monomer and
nanoparticles form two maximums. Mitual location of the maximums depend on diffusion
coefficients of monomer and nanoparticle.

Stability of obtained DE at last during one day proves components diffusion nature of the
maximums at 120 and 300 s (Figure 11). After uniform exposition by 365 nm UV,
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nanocomposite become solid, diffusion processes will stop and will keep existing
distribution of nanoparticles in composition. Some increasing of DE after exposure can be
due to compression of nanoparticles in dark areas in solid nanocomposite.

Application of more viscous composition will result of diffusion braking and can be
expect to braking of back diffusion at overexposure resulting of DE fall after maximum
(Figure 11).

For that reason we use SiO2 based nanocomposite very viscous and receive absence of DE
fall after maximum (Figure 12).

Instead of lattice writing in ZnO based nanocomposite (Figure 12), DE increase here up to
maximum value and keep stable after exposition. Lattice made in nanocomposite is stable
and survive heating up to 150C during one hour without fall of DE.

DE of material is result of nanoparticles displacement, so nanoparticles moved to the dark
areas can be made visible by different microscopy methods.

Transmission optical microscopy photo on micro- cut and confocal microscopy photo of
micro lattice are shown in Figure 13. According Figure 13 (right) there takes place short
distance nanoparticles transportation to the bright regions with change of solubility of
material and reinforcement of polymerized 3D lattice formation.
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Figure 12. The dependence of the diffraction efficiency from exposure duration for the nanocomposite
BisA/2Carb 30/70, SiOz2 6%. Energy density: 10 J/cm?, a period of structures: 2 microns
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Figure 13. Micro- photo of cut of 3D structure (objective 160x, aperture 1,4) and confocal microscope
plot of same structure (insert)

Next show the first experiments on making visible nanoparticles redistribution by removing
of polymer without nanoparticles by ion etching. Result of ion etching of previously made
holographic micropatterns in nanocomposite is shown on Figure 14.

Figure 14. Ton beam etching of micropatterns will result on evaporation of polymer and keeping of
nanocomposite areas with formation of vertical elements 100 nm width and 10 nm height

We think that ion beam etch free polymer and to not touch nanoparticles enriched areas. In
result after that nanoparticles redistribution becomes visible, it is forms subwavelength
nano- sized columns with high aspect ratio.

Direct observations of nanoparticles displacement were made by dissolution of liquid
uncured composition and surface investigation by AFM method.

Figure 15, ¢ show AFM surface of nanocomposite cured by uniform UV exposition. It is
seem as nanoparticles distributed on whole surface.

After lattice writing and dissolution of uncured composite we obtain AFM photo (Figure 15
a, b). Clear visible concentration of nanoparticles in dark areas. Nanoparticles arrange
maximal densely and have no in light areas.

So we find direct confirmation of light assistant nanoparticles displacement in nanocomposite.
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Figure 15. 3D image (a) and plot (b) of a fragment of a polymer structure recorded on the
nanocomposite BisA/2Carb/PEA 25/55/20, ZnO 10% and the structure of films of the nanocomposite (c).

Period of structures: 2 microns
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4. Self-organization processes in photopolymerizable nanocomposite

The main problem of current photolithography is diminishing of minimal feature sizes up to
subwavelength value. The smallest feature size Xmin that can be projected by a coherent
imaging system is Xmin=A/2NA, and the depth of focus DOF is DOF=A/[2NA?], where A is the
wavelength of the illumination and NA is the numerical aperture. The most ordinary way to
attain smaller feature sizes is to reduce the wavelength up to excimer laser wavelengths (248
or 193 nm). The NA is typically between 0,5 and 0,8, so the feature size is on the order of the
exposure wavelength.

A unique way to overcome diffraction limit of resolution is to use non-linear light
transformation in special photoresist. For the same reason special UV-curable
nanocomposite with strong non-linear and self-writing effects overcoated on photoresist to
improve light distribution in the spot can be used.

Same proposed technique is applicable for deep lithography based on 365 nm UV light with
high scattering to improve shape of small feature in results of geometrical optical laws
perturbation at use light self-focusing in materials. If to make nanocomposite system with
self-writing effects and place it as a topcoat, we will obtain self-writing subwavelength
artificial waveguide that will guide the light to small subwavelength spot on photoresist
surface. So to make it it's necessary to develop special material with self-writing effects.

Light self-focusing and self-organization effects at UV curing of acrylate based
nanocomposites were investigated previously [20].

There are a few effects:
1. Self-focusing of the light in material with positive refractive index change at photopolymerization

Effect of light self-focusing in optical material having proprieties of positive change of
refractive index (RI) at light action is widely investigated recently. For example, in cited
work the results of light self-focusing and self-written waveguide preparation process
obtained on glass light sensitive materials are summarized [21].

Our experiments show important influence of well known oxygen inhibition action on
reinforcement of self-focusing light in photopolymer. Oxygen inhibition action to acrylate
photopolymerization described previously [18].

2. Short distance nanoparticles transportation

Effect of light induced nanoparticles redistribution in nanocomposite is a new effect
discovered recently. It takes place at photopolymeric nanocomposite irradiation by periodic
light distribution, for example by lattice made by interference of two laser beams.

The first time these processes were found by Tomita and co-workers in 2005 on organic—
inorganic nanocomposite photopolymer system in which inorganic nanoparticles with a
larger refractive index differs from photopolymerized monomers are dispersed in uncured
monomers [15].
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Explanation of effects was made in the work [17]. We use these effects to improve
distribution of photopolymer at its curing in light spot. Next show results obtained at
microstructure writing by projection lithography.

Self-writing and self-focusing effects discussed above are applicable for diminishing
polymerized area initially corresponding to light distribution in objective spot as well as
to overcome geometric distribution of the light in focus. The main effect is light self-
focusing that can be reinforced by oxygen inhibition [22, 23] and nanoparticles
redistribution at photopolymerization. Figure 16 shows proposed application of self-
writing processes in projection photolithography: using nanocomposite with self-writing
effects overcoated on photoresist to improve light distribution in the spot on the
photoresist surface.

Diffraction
limited spot

Figure 16. Model of light redistribution behind of lens spot in result of self-writing processes.1 - UV
light beam, 2- nanocomposite, 3- Tip self-writing, 4- photoresist. Polymerized small one micron sized
cylinder with vertical borders made by this process (insert).
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Two monomer compositions (with and without nanoparticles) were used. In Figure 17 are
represented polymer microstructures obtained in case of 2-carboxyethyl acrylate and bisphenol
A glycerolate composition (without nanoparticles). Relation between dimensions/structure
shape and exposition is observed. In this experiment was used projection of spot expected
diameter 1, 2, 4, 6 um. Composition without nanoparticles doesn’t allow to obtain structures
with all expected diameters. All cylinders based on this composition were at least 3-4 um
diameter; in case of 1 um expected spot size formation of elements didn’t take place.

Elements form tends to the cone that corresponds to energy distribution in spot.

Figure 17. Structures obtained from photopolymer without nanoparticles: a — diameter 3 um (spot size
2 um); b —diameter 4 um (spot size 4 um); c —diameter 6.5 um (spot size 6 um)

In contrast with this series, experiments with nanocomposite gave different results — we
made structures with expected diameters 1 um and obtained diameter less than 1 um with
form near to cylinder Figure 18.

Figure 18. 2 um-height structures obtained from nanocomposite: a — diameter 0.7 um (spot size 1,5
um), b — diameter 0.6 um (spot size 1,5 um)

Figure 18 shows that use of nanocomposite give formation of subwavelenght elements
formed with geometric optics law violation (formation of self-writing cylinder smaller in
comparison to spot size two times). In fact used lens should form cone 20 degrees, but in
result of nanocomposite self-organization it is form cylinders with vertical borders and size
two time less than calculated one, that confirm our guess-work on self-organization effects
in nanocomposite.
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5. Conclusion

Nanocomposite UV-curable material having set of self-writing proprieties such as: light self-
focusing and light induced nanoparticles redistribution were development. The sorption of
water vapor, Brinell hardness, optical transmission, refractive index and light scattering of
film polymer ZnO -nanocomposites were studied. Composites are transparent in the visible
area at high concentrations of ZnO nanoparticles (14 wt. %). With the introduction of 14 wt
% ZnO refractive index increases by 0.045. With the introduction of 10 wt. % ZnO the
sorption decreases by five times. Hardness, until a maximum concentration of nanoparticles
12 wt. % ZnO does not exceed the hardness of the pure polymer, while light scattering is not
increased. Nonmonotonic changes in the properties, the AFM data and the IR spectra were
explained the ability of nanoparticles to act as centers of polymerization and to form a
granular structure in the nanocomposite

Nanocomposite material is applicable for subwavelength optical projection lithography and
holography. Experiment on optical projection writing made at use of 0,2 aperture lens
shows diminution of polymerized element smaller in comparison to spot size two times
and transformation of initial conical light distribution to cylindrical one in result of self-
organization processes in nanocomposite material. Holographic proprieties of material
show high diffraction efficiency. Light induced nanoparticles distributions were
investigated by different methods. AFM show redistribution of nanoparticles in dark areas.
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1. Introduction

Cellulose, one of the world’s most abundant, natural and renewable biopolymer resources,
is widely present in various forms of biomasses, such as trees, plants, tunicate and bacteria.
Cellulose molecule consists of (-1, 4-D-linked glucose chains with molecular formula of
(CeH100s)n (n ranging from 10,000 to 15,000) through an acetal oxygen covalently bonding
C1 of one glucose ring and C4 of the adjoining ring (OSullivan, 1997; Samir et al., 2005). In
plant cell walls, approximately 36 individual cellulose molecule chains connect with each
other through hydrogen bonding to form larger units known as elementary fibrils, which
are packed into larger microfibrils with 5-50 nm in diameter and several micrometers in
length. These microfibrils have disordered (amorphous) regions and highly ordered
(crystalline) regions. In the crystalline regions, cellulose chains are closely packed together
by a strong and highly intricate intra- and intermolecular hydrogen-bond network (Figure
1), while the amorphous domains are regularly distributed along the microfibrils. When
lignocellulosic biomass are subjected to pure mechanical shearing, and a combination of
chemical, mechanical and/or enzymatic treatment (Beck-Candanedo et al., 2005; Bondeson et
al., 2006; Filson et al., 2009), the amorphous regions of cellulose microfibrils are selectively
hydrolyzed under certain conditions because they are more susceptible to be attacked in
contrast to crystalline domains. Consequently, these microfibrils break down into shorter
crystalline parts with high crystalline degree, which are generally referred to as cellulose
nanocrystals (CNCs) (Habibi et al., 2010). CNCs are also named as microcrystals, whiskers,
nanoparticles, microcrystallites, nanofibers, or nanofibrils in the liturautes, all of which are
called “cellulose nanocrystals” in this review.

During the past decade, CNCs have attracted considerable attention attributed to their
unique features. First, CNCs have nanoscale dimensions and excellent mechanical
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properties. The theoretical value of Young’s modulus along the chain axis for perfect native
CNCs is estimated to be 167.5 GPa, which is even theoretically stronger than steel and
similar to Kevlar (Tashiro & Kobayashi, 1991), while elastic modulus of native CNCs from
cotton and tunicate reach up to 105 and 143 GPa, respectively (Rusli & Eichhorn, 2008;
Sturcova et al., 2005). Due to an abundance of hydroxyl groups existed on surface of CNCs,
reactive CNCs can be modified with various chemical groups to accomplish expected
surface modification, such as esterification, etherification, oxidation, silylation, or polymer
grafting, which could successfully functionalize the CNCs and facilitate the incorporation and
dispersion of CNCs into different polymer matrices (Habibi et al., 2010). Therefore, CNCs are
considered as one of the ideal nano-reinforcements for polymer matrices (including water-
soluble and water-insoluble polymer systems) and have already been incorporated into many
polymer matrices to produce reinforced composites (Cao et al.,, 2011; Kvien et al.,, 2005). In
addition, high aspect ratio, low density, low energy consumption, inherent renewability,
biodegradability and biocompatibility are also the advantages of environmentally-friendly
CNCs (Siro & Plackett, 2010). Because of the growing interest in the bioconversion of
renewable lignocellulosic biomass and unsurpassed quintessential physical and chemical
properties of CNCs mentioned above, substantial academic and industrial interests have been
directed toward the potential applications of CNCs in polymer-based nanocomposites for
various fields, such as high performance materials, electronics, catalysis, biomedical, and
energy (Duran et al., 2011; Mangalam et al., 2009).
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Figure 1. Scheme of interaction between cellulose molecular chains within the crystalline region of
cellulose microfibrils .

Many different approaches to fabricate polymer/CNCs nanocomposites have been reported
(Eichhorn, 2011; Habibi et al., 2010; Moon et al., 2011), and most researches focused on
conventional film materials (Peng et al., 2011). Recently, several non-conventional routes of
producing polymer/CNCs nanocomposites have been reported, and some of the most
exciting developments have been CNC-filled nanocomposite hydrogels (Capadona et al.,
2009; Capadona et al., 2008; Shanmuganathan et al., 2010; Zhou et al., 2011b; Zhou et al.,
2011c) and electrospun nanofibers (Lu et al., 2009; Martinez-Sanz et al., 2011; Medeiros et al.,
2008; Park et al., 2007; Peresin et al., 2010b; Rojas et al., 2009; Xiang et al., 2009; Zhou et al.,
2011a; Zoppe et al., 2009). These approaches could help expand novel applications of natural
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biomass nanocrystals in tissue engineering scaffolds, drug delivery, electronic components
and devices.

This review is aim at presenting a summary on recent development of cellulose nanocrystals
applied in advanced polymer-based nanocomposites using the novel fabrication strategies
for targeting nanocomposite hydrogels and electrospun fibers. Specific attentions will be
given to highlight opportunities of above-mentioned nanocomposites for future research.

2. Nanocomposite polymer hydrogels

The nanocomposite polymer hydrogels (NPHs), referred to cross-linked polymer networks
swollen with water in the presence of nanoparticles or nanostructures, are new generation
materials that can be used in a wide variety of applications including stimuli-responsive
sensors and actuators, microfluidics, catalysis, separation devices, pharmaceutical, and
biomedical devices (Schexnailder & Schmidt, 2009). The most potential use of NPHs is for
novel biomaterials in tissue engineering, drug delivery, and hyperthermia treatment
because they, in comparison with conventional hydrogels, can provide improved properties
such as increased mechanical strength and ability for remote controlling (Samantha A.
Meenach, 2009). Because of the excellent dispersion of CNCs in water (Liang et al., 2007), the
fabrication, molding, and application of hydrogels containing CNCs without modification
have many advantages compared with other nanofillers such as polymer and metal
nanoparticles (Saravanan et al., 2007; Wu et al., 2009). Moreover, CNCs possessed the long-
term biocompatibility and controlled biodegradability, which is beneficial to further develop
applications of NPHs used as biomaterials.

Nakayama et al (2004) for the first time reported cellulose-polymer nanocomposite
hydrogels composed of bacterial cellulose (BC) and gelatin. Bacterial cellulose is
biosynthesized by microorganisms, and displays unique properties, including high
mechanical strength, high water absorption capacity, high crystallinity, and an ultra-fine
and highly pure fiber (10-100 nm) network structure (Vandamme et al., 1998). By immersing
BC gel in aqueous gelatin solution followed by cross-linking with N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride, high mechanical strength double-
network (DN) nanocomposite hydrogels were prepared. The compressive fracture strength
and elastic modulus of the obtained BC-gelatin DN hydrogel are several orders of magnitude
higher than those of pure gelation gel, almost equivalent to those of articular cartilage. In
addition, this double network nanocomposite hydrogels exhibits not only a mechanical
strength as high as several megapascals but also a low frictional coefficient of the order of 10-2.
Buyanov et al (2010) have fabricated high strength composite bacterial cellulose-
polyacrylamide (BC-PAM) nanocomposite hydrogels by synthesizeing PAM networks inside
BC matrices. These hydrogels not only exhibit superior mechanical properties (compression
strength of up to 10 MPa) and withstanding long-term cyclic stresses (up to 2000-6000 cycles)
without substantial reduction of mechanical properties, but also show anisotropic behavior on
both swelling and deformation. The above-mentioned reports mainly focused on the research
used BC as the first nano-network, resulting in its high loading in nanocomposites. However,
BC is of the high cost (about 100 times more than that of plant cellulose (Bochek, 2008)) with
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the relatively low production capacity, likely limiting its potential application in hydrogels for
widespread uses. Cellulose nanocrytals or nanofibers isolated from plants have lower cost and
higher price-performance ratio than BC, and their size can be facilely adjusted to meet the
requirement of hydrogels properties for the various applications.

By employing rod-shaped CNCs (about 10 nm in diameter and 120 nm in length) as the
reinforcement nanofiller and in situ free-radical polymerizing/cross-linking acrylamide, we
have successfully fabricated PAM-CNC nanocomposite hydrogels (Zhou et al., 2011b).
During the gelation reaction of nanocomposite hydrogels, CNCs can accelerate the
formation of hydrogels and then increased the effective crosslink density of hydrogels through
the grafting copolymerization of monomer acrylamide on the surface of CNCs. Compared to
the pure PAM hydrogels, the obtained nanocomposite hydrogels at a low loading level (6.7
wt%) of CNCs exhibited a dramatic enhancement in the shear storage modulus (4.6-fold) and
the compression strength (2.5-fold). Hence, CNCs are not only a reinforcing agent for
hydrogels, but also act as a multifunctional cross-linker for gelation. A possible mechanism for
forming NPHs was proposed, as shown in Figure 2. Moreover, CNCs with smaller dimension
and aspect ratios could help promote the sol-gel transition and facilitate the formation of
nework of PAM-CNC nanocomposite hydrogels (Zhou et al., 2011c).

Spagnol et al (2012a) synthesized superabsorbent nanocomposite hydrogels based on
poly(acrylamide-co-acrylate) (PAM-AA) and CNCs by free-radical aqueous
copolymerization, and focused on the investigation of pH-responsiveness and cation-
sensitivity character of NPHs. Swelling capacity and swelling-deswelling behavior of PAM-
AA/CNC nanocompoiste hydrogel exhibited high pH-sensitivity and reversible pH-
responsiveness properties. Furthermore, the swelling measurement in different salt
solutions showed that the swelling capacity of NPHs in MgCl2 and CaClz solutions are much
lower than that in NaCl and KCl solutions and distillated water. The swelling-deswelling
process of NPHs was alternatively carried out between sodium and calcium solutions,
suggesting a swelling-deswelling pulsatile behavior. It was reported that the pH and salt
responsive behavior also occurred in superabsorbent nancomposite hydrogels based on
CNCs and chitosan-graft-poly(acrylic acid) copolymer (Spagnol et al., 2012b).
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Figure 2. Scheme of the gelation mechanisms of PAM-CNC nanocomposite hydrogels. Reprinted with
permission from (Zhou et al., 2011b) Copyright 2011 Elsevier.



Recent Development in Applications of Cellulose Nanocrystals
for Advanced Polymer-Based Nanocomposites by Novel Fabrication Strategies

PAM and its derivative hydrogels have been of great interest for developing applications in
tissue engineering because of their non-toxic and biologically inertness, capability for
preserving their shape and mechanical strength, and convenient adjustability of mechanical,
chemical and biophysical properties (Zhou & Wu, 2011; Zhou et al., 2011d). Recently, we
investigated the proliferations of dental follicle stem cells on PAM hydrogel and PAM/CNC
nanocomposite hydrogel by alamarBlue® assay. As shown in Figure 3, the cell proliferations
on PAM-CNC nanocomposite hydrogels were significantly higher than on the PAM
hydrogels at days of 7 and 10, indicating that CNCs could help accelerate the proliferation of
stem cells likely because the embedded nanocrystals formed an extracellular matrix-like
microstructure in the hydrogel to promote cell-matrix interactions by providing more
binding sites for cell adhesion and proliferation. This suggests that CNCs reinforced
nanocomposite hydrogel systems showed improved cell biocompatibility and are suitable
substrates used as cell carriers and traditional bone-defect repair and bone tissue
engineering.

L7 days
B3 10 days

TaTeTe

3
%
bote!

%,
K
S

X2
o,

s
(X2
K2

X2

KK
XX
Q.'.Q‘:.

Reduction (%)
.,

KKK

X X KA
Pogetes
tesetetele

o

*
Sedetateledetetodetelels!

S0 00 000 0 00000
1000090000000, 0,0 O 00

KX

22

0..'06.000.00000

o %

KX HEX

ot (0D
..‘.000‘00..0000.

SR
&
X
K
oo
%S

(X

¥
250

%
%

%
2R

K
fa%e%s
%
%

555

55

X

o

Control PAM PAM-CNC-9.3%

Figure 3. Reduction in expression of dental follicle stem cells for pure PAM hydrogels and PAM-CNC
nanocomposite hydrogels with 9.3 wt% of CNCs at 7 and 10 days.

Aouada et al (2011) reported a simple, fast, and low cost strategy for the synthesis of
nanocomposites by directly immerseing dry polyacrylamide-methylcellulose (PAM-MC)
hydrogels into CNC aqueous suspensions. The CNCs were effectively anchored into the
hydrogel network to provoke the increase in rigidity of the hydrogel networks and the
decrease in pore sizes and the formation of three dimensional well-oriented pores. The
incorporation of CNCs improved the crystallinity, and the mechanical and structural
network properties of nanocomposite hydrogels without negatively impacting their thermal
and hydrophilic properties. The value of the maximum compressive stress increased to 4.4
kPa for nanocomposite hydrogels from 2.1 kPa for pure PAM-MC hydrogels. Because of
their biodegradability and biocompatibility, these reinforced nanocomposite hydrogels are
promising materials for different technological applications, especially in agricultural
applications, such as a carrier vehicle for agrochemical controlled release, such as pesticides
(Aouada et al., 2010) and nutrients (Bortolin et al., 2012).
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3. Electrospun nanocomposite fibers

Electrospinning is a highly versatile technique to generate continuous 1D polymeric fibers
with diameters ranging from several micrometers down to 100 nanometers or less through a
high voltage charged polymer solutions or melts (Reneker & Yarin, 2008). Electrospun
nanofibrous materials possess a variety of interesting characteristics such as small
dimension, large specific surface area, wide-range porosity, unique physicochemical
property, and excellent flexibility for chemical/physical surface functionalization. Hence,
electrospun nanofibrous materials not only are being used in research laboratories but also
are increasingly applied in industry (Greiner & Wendorff, 2007). Their application includes,
but is not limited to, optoelectronics, sensors, catalysis, filtration, energy-related materials
and medicine. Electrospun polymeric nanofibers, however, are not sufficiently strong for
many applications because of low molecular chain orientation along the fiber long-axis
resulting from low stretching forces in the process of fiber formation (Ayutsede et al., 2006).
During the past several years, a large number of studies have been conducted to improve
mechanical properties of electrospun polymeric nanofibers. Incorporating nanoparticles into
polymer matrices is one technique that has been developed and used as one of the most
effective methods for reinforcing electrospun nanofibers (Hou et al., 2005; Lu et al., 2009). As
one of the strongest and stiffest natural biopolymers, CNCs have been successfully used as
highly effective reinforcing nanofillers for improving mechanical properties of various
electrospun polymer matrices, as summarized in Table 1. Moreover, research effort has been
focused on increased dispersion of CNCs in the matrix, improved alignment of CNCs along
the fiber length, tailored CNC-matrix interfacial properties (Moon et al., 2011). According to
the origination of polymer (i.e. synthetic and natural polymer), this section will concentrate
on the processing of electrospun nanocomposite fibers and the effect of CNCs on their
mechanical properties.

3.1. CNCs reinforced synthetic polymer

Due to the excellent dispersion property of CNCs in water, the first report of electrospun
nanocomposite fibers was to electrospin water-soluble PEO and CNCs from BC. Highly
crystalline rod-like CNCs with a high aspect ratio and specific area (420 + 190 nm in length
and 11 + 4 nm in width) were incorporated into the electrospun PEO fibers with a diameter
of less than 1 pm. Well-embedded CNCs were aligned and partially clustered inside the
fibers. Compared with the electrospun PEO fibrous mats, the tensile modulus, tensile
strength and elongation of electrospun nanocomposite fibrous mats containing 0.4 wt% of
CNCs were increased by 193.9%, 72.3% and 233.3%, respectively, indicating that the
existence of CNCs effectively improved the mechanical properties of the electrospun mats.

The dispersion of CNCs in electrospun fibers could be improved by tailoring the
geometrical dimensions (length, L, and width, w) of CNCs, which can be controlled by
adjusting the source of the cellulosic material and the conditions of fabrication. Recently,
wood-based CNCs with a diameter of 10 + 3 nm and a length of 112 + 26 nm were processed
into electrospun PEO fibers (Zhou et al., 2011a). Figure 4 shows that rod-shaped CNCs
without obvious aggregation are well-dispersed in the as-spun nanofibers. Decreasing
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aspect ratio can facilitate a better dispersion of CNCs within polymer matrix. When the
CNC content was increased from 0 to 20 wt %, Emx and ¢ of nanocomposite fibrous mats
increased from 15.2 to 38.3 MPa and from 2.50 to 7.01 MPa, respectively, whereas ¢»
decreased markedly from 200 to 106 %. In addition, improving dispersion of CNCs within
the fibers could also be achieved by adopting some pre-treatment and processing methods

on electrospinning solution, such as sonication (Martinez-Sanz et al., 2011).

Matrix CNC origin and size ~ ¢ene Enax o &b Reference
wt% %Increase %lIncrease %Increase

PEO Bacteria, 11 +4nmin 0-0.4 +193.9 +72.3 +233.3 (Park et al., 2007)
w, 420 +190 nm in L

PAA Cotton 0-20 +3441.1 +1455.2 -735 (Lu & Hsieh,

+7633.90  +5658.6° -99.9¢ 2009)

PEO MCC, 103 nminw, 0-20 +152.0 +180.4 -47.0 (Zhou et al.,
112+26 nmin L +392.1b +240.8° -37.5P 2011a)

PEO Cotton, 5-10nm inw, 0-20 +190.5 +377.5 -33.5 (Zhou et al.,
40-100 nm in L 2012b)

PEO Tunicate, ~ 20 nm in w, 0-15 +98.8¢ — — (Changsarn et
~2pminL al., 2011)

PVA Ramie, 3-10nm inw, 0-15 +270.9¢ — —_ (Peresin et al.,
100-250 nm in L 2010b)

PCL Ramie, 3-10nm inw, 0-7.5 +64.3 +37.2 +49.0 (Zoppe et al,,
100-250 nm in L + ~40¢ — — 2009)

PS Paper, 10-20 nm inw, 0-9 +~60° — — (Rojas et al.,
200 nmin L 2009)

PMMA Bacteria, 15-20nmin  0-20 — — — (Olsson et al.,
w, 0.3-8 pmin L 2010)

PMMA Wood, ~17 nm in w, 0-41 + 174 — — (Dong et al.,
190-660 nm in L 2012)

PLA MCC,92+3nminw, 0-10 +37.0 +30.2 -14 (Xiang et al.,
124 +35nmin L 2009)

EVOH Bacteria, lower than 30 0-8 — — — (Martinez-Sanz
nm in w etal., 2011)

PLA Cotton 0-125 — +161.9 — (Ramirez, 2010)

Silk Bark, 25-40 nm in w, 04 +300.3 +208.0 -55.6 (Huang et al,,
400-500 nm in L 2011)

* tensile properties of crosslinked nanocomposite fibrous mats; b, tensile properties of heterogeneous nanocomposite
fibrous mats; <, Dynamic mechanical analysis (DMA) storage modulus of nanocomposite fibrous mats; ¢, nano-DMA

storage modulus of individual nanocomposite fiber.

w, width of CNCs; L, length of CNCs; ¢enc loading range of CNCs in composites; Enar, max Young’s modulus of
nanocomposite mats; g, max tensile stress at yield for nanocomposite mats with Eua; &5, elongation at break for

nanocomposite mats with Eumax.
Acronyms: PEO, poly(ethylene oxide); PVA, poly(vinyl alcohol); PAA, poly(acrylic acid); PCL, poly(e-caprolactone);
PLA, poly(lactic acid); PS, polystyrene; EVOH, Ethylene-vinyl alcohol copolymer; PMMA, poly(methyl methacrylate);

Table 1. Summary of the experimental results of the reviewed publications involving origin and size of
CNCs, and mechanical properties of electrospun nanocomposite fibers/mats.
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Figure 4. TEM micrographs of PEO/CNC nanocomposite fibers with 20 wt% CNC loading electrospun
from 5 wt% (a) and 7 wt% (b) solutions. (arrows pointing to typical secondary nanofibers). Reprinted
with permission from (Zhou et al., 2011a) Copyright 2011 American Chemical Society.

For the hydrophobic polymer systems, CNCs should firstly be well-dispersed in organic
solvent (such as DMF, N,N’-dimethylformamide; THF, tetrahydrofuran) before
electrospinning because solution-based processing of nanocomposite nanofibers require
good dispersability of both CNCs and polymer in one common solvent. Direct
ultrasonication of freeze-dried CNCs is a facile method to prepare electrospinning solution
(Xiang et al., 2009), and the redispersion of CNCs could be improved by conducting surface
modification on CNCs (Zoppe et al., 2009) and adding additves. Rojas et al (2009) obtained
fibers with smooth surface using solely THF as a solvent to electrospin PS containing
surfactant-dispersed CNCs. The addition of non-ionic surfactant to the PS-CNC suspensions
improved their stability, minimized (or prevented) the presence of beads in the resulting
fibers, and promoted the nano-reinforcement of CNCs on PS fibers. However, the directly
re-dispersed CNCs cannot form stable suspension at high loading leverls because the
hydrophilic nature of cellulose and the strong hydrogen bonding interactions between
CNCs. Olsson et al (2010) reported a two-step solvent exchange method to replace the water
of CNC suspension by acetone, followed by further replacement through DMF/THF solvent
in the same manner. A high degree of dispersion of CNCs was obtained for a variety of
CNC contents and the aggregation of CNCs up to 7 wt% was greatly suppressed because
CNCs were aligned and rapidly sealed inside PMMA matrix during the continuous
formation of electrospun fibers. Moreover, the direct solvent exchange from water to organic
solvent conducted by vacuum rotary evaporation was also used to disperse CNCs (Dong et
al.,, 2012; Zoppe et al., 2009) .

The alignment of CNCs along the fiber is also an important factor to determine the axial
strength of electrospun nanocomposite fibers reinforced with CNCs. Considering CNCs can
be aligned under the high electrostatic fields (Habibi et al., 2008), the electrospinning
process could facilitate alignment of CNCs along the fiber long-axis. Usually, the alignment
of CNCs was observed by scanning electron microscope (SEM) (Dong et al., 2012; Olsson et
al., 2010) and TEM (Changsarn et al., 2011; Lu & Hsieh, 2009; Park et al., 2007; Zhou et al.,
2011a). Figure 4 presents typical TEM pictures of CNC aligned parallel inside/along the
longitudal axis of nanocomposite fibers. Interestingly, Figure 4b shows that CNCs
dispensed in electrospun fibers had radial anisotropy or a skin-core morphology, in which
CNCs in the core are oriented more randomly, while ones in the skin have a higher degree
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of orientation. Dong et al (2012) investigated the orientation of CNCs embedded in
electrospun PMMA/CNC fiber by solvent-etching PMMA from nanocomposite fibers with
drops of THF, and discovered highly aligned CNCs along the fiber axis, as shown in Figure
5. Besides the high electrostatic fields, the high alignment of CNCs along the polymer fiber
could also be attributed to the shear forces in the liquid jet and the orientation of polymer
chains during electrospinning process, and the nanoscale confinement effect (Chen et al.,
2009).

500 nm

Figure 5. SEM of (a) alignment of PMMA/CNC fibers with 33 wt% of CNCs and (b) alignment of CNCs
along fiber long-axis revealed by solvent etching. Reprinted with permission from (Dong et al., 2012)
Copyright 2012 Elsevier.

It is well known that the improved interface between nanofillers with polymer matrix is
beneficial to the mechanical properties of polymer-based nanocomposites (Zhang et al., 2010;
Zhou et al.,, 2012a; Zhou et al., 2008b; Zhou et al., 2008c). For hydrophilic polymers, the
hydrogen bonding between CNCs and polymer matrix play a very important role in
determining polymer-CNC interaction. Peresin et al (Peresin et al., 2010b) reported CNC-
reinforced nanocomposite fibers produced via electrospinning of poly(vinyl alcohol) (PVA)
with two different concentrations of acetyl groups. The hydrogen bonding between PVA and
CNCs was confirmed by observing the band between 3550 and 3200 cm™ in Fourier transform
infrared spectra (FTIR). The higher the hydrolysis degree of PVA (i. e. more -OH group in
PVA chain), the stronger the PVA-CNC interaction, which was also observed by FTIR spectra.
To confirm the effect of the hydrogen bonding, DMA in tensile mode was used for mechanical
analysis. The storage modulus of nanocomposite fibrous mats showed a steady increase with
increased CNC content from 0 to 15% loading. The storage modulus was 15.45 MPa for pure
PVA mats and rose to 57.30 MPa at 15 wt% CNC loading. It was concluded that the observed
strength enhancement in CNC-loaded PVA mats mainly is related to the reinforcing effect of
the dispersed CNCs through the percolation network held by hydrogen bonds.

In addition to strong hydrogen bonding, covalent bonding also provides a means for
enhancing polymer-nanofiller interface to achieve optimal composite properties (Zhou et al.,
2008a). To produce greater reinforcing effect from CNCs in electrospun nanocomposite fibers,
Lu & Hsieh (2009) fabricated electrospun PAA-CNC nanocomposite fibers. The interfacial
interactions between CNCs and PAA could be further improved by heat-induced esterification
between the CNC surface hydroxyls and PAA carboxyl groups, which produce covalent
crosslinks at the PAA-CNC interfaces, render the nanocomposite fibrous mats insoluble in
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water, and make mats to be more thermally stable and far more superior tensile properties.
The Young’s modulus and tensile strength of mats were significantly improved with increased
CNC loadings in the nanocomposite fibers by up to 35-fold and 16-fold, respectively, with 20
wt% CNC loading, as shown in Figure 6. It is more impressive that the crosslinked
nanocomposite fibrous mats with 20 wt% CNC exhibited 77-fold increase in modulus and 58-
fold increase in strength, respectively. Moreover, the synergies of polymer crosslinking
network and CNC's reinforcement could also improve the mechanical properties of
nanocomposite fibrous mats. Recently, we reported UV-initiated crosslinking of PEO
nanofibers in the presence of CNCs, which was performed with pentaerythritol triacrylate as
both photo-initiator and crosslinker (Zhou et al., 2012b). With increased CNC content up to
10 wt%, the maximum tensile stress and Young's modulus of the crosslinked PEO/CNC
composite fibrous mats increased by 377.5 and 190.5% than those of uncrosslinked PEO mats,
and 76.5 and 127.4% than those of crosslinked PEO mats, respectively.
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Figure 6. Stress-strain curves of electrospun PAA/CNC nanocomposite fibrous mats at different CNC
loadings. * represents crosslinked samples. Reprinted with permission from (Lu & Hsieh, 2009)
Copyright 2009 IOP Publishing.

Due to the fact that the electrospun mats are non-woven fabrics, their mechanical properties
are influenced by several factors including composition, morphology and structure of
individual fiber, the interaction between fibers, orientation of fibers, and porosity of mats.
An nano-indentation study was performed on single sub-micron PMMA/CNC fibers in the
transverse direction to explore the reinforcement of CNCs on single nanocomposite fibers,
which showed a modest increase in the mechanical properties with increasing CNC content,
about 17% improvement in nano-DMA storage modulus with the loading of 17 wt% CNCs
(Dong et al., 2012). In addition to the reinforceing effect of CNCs on fibers, it was also found
that the addition of CNCs could reduce electrospun fiber diameters and improved fiber
uniformity attributed to the enhanced electric conductivity of electrospinning solutions in
the presence of CNCs. This tends to increase the mechanical properties of mats because
smaller fiber diameters yield higher overall relative bonded areas between fibers by
increasing its surface area, bonding density, and distribution of bonds (Olsson et al., 2010;
Peresin et al., 2010b; Zhou et al., 2011a). Moreover, the orientation of nanocomposite fibers
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within mats also influence greatly on the mechanical properties of mats (Wang et al., 2011).
Alignment of electrospun nanocomposite fibers reinforced with CNCs has been achieved by
many techniques, including by running the fibers over a hollow spool with high rotation
(Olsson et al., 2010), an aluminium frame with openings (Changsarn et al., 2011), a rotating
mandrel covered with aluminium foil (Dong et al., 2012). Figure 5a shows the morphology of
one-dimensional aligned fibers of PMMA/CNC. Furthermore, the more sufficient contact and
stronger bonding between fibers could also lead to the improvement in mechanical properties
of fibrous mats. It was found that humidity treatments on the PVA/CNC nanocomposite
fibrous mats induced significant enhancement of strength as a result of the increased contact
area and enhanced adhesion between the fibers (Peresin et al., 2010a). The heterogeneous
fibrous mats composed of rigid—flexible bimodal PEO/CNC nanocomposite fibers was
demonstrated to be higher in mechanical properties than their homogeneous counterparts
(Zhou et al., 2011a). The reinforced mechanism was illustrated by morphology observation of
the tensile process, as shown in Figure 7. With increased strain, the tensile stress of unaligned
electrospun fibrous mats increased sharply at the beginning, and then increased slowly over
a relatively long period of strain followed by the final rupture (Gomez-Tejedor et al., 2011).
At the beginning of tensile process, the mats were stretched in a macroscopic view and most
fibers in mats hardly moved attributed to the cohesion between fibers, which could
determine Young’s modulus of mats. When most fibers in mats reached the tightened form,
yield of mats appeared, at which the interaction points among fibers were broken. With
further increase of tensile strain, the fibers in mats were drawn out to highly align along the
tensile direction. However, the rupture of individual fibers one by one did not influence the
tensile properties of the whole mats, resulting in a large elongation at break for electrospun
mats. At the maximum tensile stress level, most fibers were necked and broken, leading to
the final rupture of mats.

Maximum stress

Strain (%)

Figure 7. Morphology observation of the tensile process on PEO/CNC nanocomposite fibrous mats
with 20 wt% CNC loading electrospun from 7 wt% solutions. Reprinted with permission from (Zhou et
al., 2011a) Copyright 2011 American Chemical Society
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3.2. CNCs reinforced natural polymer

With increasing environmental consciousness about petroleum-based polymer materials,
development of fully biodegradable, eco-friendly, and sustainable, bio-based
nanocomposites have attracted more and more attention both in the academic and industrial
fields (Kim & Netravali, 2010; Oksman et al., 2006). The so-called “green” composites are
derived from natural resources including plant or animal origin (Khalil et al., 2012). Some
researchers have successfully used CNCs as highly effective reinforcing nanofillers to
fabricate electrospun bio-nanocomposite fibers from various biopolymers such as PLA (Li,
2010; Ramirez, 2010; Xiang et al., 2009), cellulose and its derivative (Herrera Vargas, 2010;
Magalhaes et al., 2009), silk (Huang et al., 2011), and lignin (Ago et al., 2012).

PLA is such typical bio-based aliphatic polyester produced by polymerization of lactic acid,
which is originated from renewable natural resources such as corn, starch, and molasses.
The electrospun PLA/CNC nanocomposite fibers were widely reported because PLA
possessed excellent physical properties of transparency, high elastic modulus, and high
melting temperature. Xiang el al (2009) incorporated CNCs into electrospun PLA fibers, and
found that Young’s modulus and strength of obtained nanocomposite mats with 1 wt%
loading of CNCs were improved by approximately 37 and 30 %, respectively. Besides the
reinforcement of CNCs on PLA fibers, Ramirez (2010) also investigated the
cytocompatibility of the PLA/CNC nanocomposite fibrous mats used as scaffold. After one
week of cell culture, confocal microscopy indicated that the cells grown on the PLA/CNC
nanocomposite mats were confluent and very well aligned along the fibers while cells
cultured on pure PLA mats were not as confluent as in the developed nanocomposite mats.
This demonstrates the feasibility of the PLA/CNC nanocomposite fibrous mats as a potential
scaffold for bone tissue engineering.

Magalhaes et al (2009) reported a electrospun fully-cellulosic core-in-shell nanocomposite
fibers consisting of regenerated cellulose (type II and amorphous) in the shell and CNCs in
the core, which were fabricated by the co-electrospinning technique. Wood-based cellulose
was dissolved in N-methyl morpholine oxide at 120 °C and diluted with dimethyl
sulphoxide, and used in an external concentric capillary needle as the sheath (shell) solution.
At the same time, a CNC suspension obtained by the sulphuric acid hydrolysis of sisal
bleached and cotton fibers was used as the core liquid in the internal concentric capillary
needle. It was found that the formation of individual fiber could be promoted by precisely
controlling the voltage and flow rate to decrease the shell-to-core volume ratio. The novel
core-in-shell nanocomposite fibers also showed better mechanical properties than the pure
electrospun cellulose II fibers.

4. Conclusion and perspectives for the future

In the review, recent development on applications of cellulose nanocrystals in
nanocomposites fabricated by two novel strategies, i.e., gelation and electrospinning is
presented. It is shown that CNCs have a distinct advantage for improving mechanical
properties of both nanocomposite hydrogels and electrospun nanocomposite fibers/mats.
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The obviously reinforced effect of CNCs could help facilitate the potential applications of
CNC-filled nanocompsite as advanced function materials.

CNCs reinforced hydrogels have been reported widely, and their properties, mainly
mechanical properties, have been investigated. With the increased requirement for the
multifunctional properties, nanocomposite hydrogels from CNCs and other stimuli-
responsive polymer would be further developed. Various nanocomposite hydrogels
reinforced with CNCs can be designed to become fast temperature, pH, and salt sensitive
for controllable drug delivery system. Futhermore, using CNCs to reinforce natural
polymer-based hydrogels could endow many favorable properties such as hydrophilicity,
biodegradability, biocompatibility, low cost, and non-toxicity, resulting in applications of
nanocomposite hydrogels in tissue engineering.

For the electrospun nanocomposite fibers containing CNCs, most studies focus on their
fabrication, morphology, mechanical and thermal properties. There are still several major
challenges for the further development of CNC-reinforced nanocomposites fibers. These
include surface modification and homogeneous dispersion of CNCs, interface and
alignment characterization of CNCs within individual electrospun nanocomposite fiber,
analytical model for mechanics of single nanocomposite fiber, and assembly and effect of
nanocomposite fibers within mats. More importantly, it is very worthwhile to exploit the
functional characteristics and properties of CNC-filled nanocompsite fibers/mats to create
new and specific applications such as energy-related materials, sensor, barrier films, and
tissue engineering scaffolds.
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1. Introduction

In terms of continuous miniaturization of electronic devices nanotechnology is a ray of hope for
semiconductor industries due to peculiar properties of nano-materials that changes significantly
the efficiency of the devices. Research in nanoscale materials get started because of the unique
properties that are obtain at this scale, by changing the shape or size of these materials. At
nanoscale, the behavior of materials drastically get changed and hence their properties.
Particularly in semiconductors, it results due to the motion of electron to a length scale that is
equal or smaller to the length scale of the electron Bohr radius that is generally a few
nanometers. Continuous efforts are being made to explore the new physical properties of
materials and to engineer them to fit for various technological applications. Scientific
community has paid much attention to study various aspects of variety of nanostructured
materials like; fullerenes, nanotubes (NT), nanoribbons (NR), nanowires (NW) and most
recently, the nanocrystals (NCs). As the name indicates, NCs are the structures exhibiting
crystalline structure but with one, two or all the three dimensions within the range of 1-100 nm.
NCs enjoys advancement of crystalline periodicity at nano regime (10° m) and often possesses
new properties, most of the time reverse from those of the equivalent bulk materials due to their
large surface to volume ratio, quantum size effect, and confinement effects [1-3]. Quantum
confinement effect is the main phenomena that often been observed in NC, which deals with
the spatial inclusion of the electronic charge carriers within the NC. The quantum size effect is
analogous to the well known quantum mechanical problem i.e when a particle is place in a box,
where the energy partition between the levels raises as the dimensions of the box reduces. Due
to the same, we can observe an increment in the energy band gap of the semiconductor as the
size of the crystal reduces. Nanostructuration is not confined to human imagination only; in fact
it’s an important choice of nature. The word nanotechnology is not new for the nature, where it
has been realized for over billions of years which can be for instance in clays, circumstellar,
dusts or many biological systems too. One of the most interesting examples of nature inspired
nanotechnology is the water proof leaves of lotus owing to which a lotus can sustain in water
for a very long time. Recently, it has been verified that lotus leaves has a special coating of
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nanoparticles which behaves as water repellant, this water repellant property has motivated
number of researchers to perform research in this area and some of them even succeeded to
manufacture hydrophobic coatings [4]. Interaction at the nanoscale are usually governed by the
fact that the characteristic nano-length becomes comparable with other critical lengths of the
system as mean free paths, scattering or coherence lengths. At the same time, confinement
translates into a reorganization of the electronic density of states towards more distinct states.
These two consequences of nanostructuration and their combination lead to the so called
quantum related effects which determines most of the peculiar properties of nano-materials. A
major corollary of nano confinement is the elevated ratio of the number of surface to volume
atoms, which becomes another key point for the understanding of these extraordinary
properties. In small NCs the ratio of the number of surface to the total number of atoms is less
than one, for which it scales as ~1/(Particle diameter)® and exactly one in nanotubes or
fullerenes, whereas in bulk crystal it goes to 10 or less.

NCs are very tiny crystals that results when a single crystal experience a solid to solid phase
transition. Generally, NCs can be prepared by a huge number of atoms presented on the
surface and no interior defects, unlike bulk materials. We all know that under the
application of pressure abrupt change in the arrangement of the atoms i.e. structural
transformation from one phase to another has been observed in crystals. The understanding
of pressure-induced phase transition in various nanomaterials plays an important role in
probing the properties of new materials. The consequences of finite crystal size on the
structural phase transition and bulk modulus as well as compressibility has widely been
demonstrated to get better understanding towards the stability, electronic, mechanical as
well as other properties of nano-materials. Difference in surface energies of the two crystal
phases is mainly responsible for the change in transition pressure in case of nano-materials.
In fact the general rule states that smaller the size of the crystal, higher the transition
pressure has been verified by several systems [5,6]. A report shows that NC shape can be
easily observed using transmission electron microscopy at atmospheric pressure [7].

2. Applications

The enormous potential of exploring the new sciences and technology at nanoscale, may
impact on industrial productivity, realized all over the world to develop the new materials
for variety of newer applications. NCs possess variety of applications in the field of
electronics, opto-electronics and photonics, and also several biological (medical) treatments
following are the few important applications of semiconductor NCs.

2.1. Nanocrystals LEDs

In the last two decades very basic and more efficient white light-emitting diodes (LEDs) have
been formed by replacing phosphors (a colour converter) with CdSe based NCs that are
integrated directly into the p-n junction [8]. CdSe NCs/nanorods emit linearly polarized light
along the crystallites axis and the degree of polarization depends upon the surface to volume
ratio of the NCs [9]. A hydride structure comprises of single layer of CdSe NCs accumulate at
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the top of an InGaN/GaN quantum well (QW) has been utilized as LED which provides ~10%
color conversion efficiency. An inverted LED design is shown in Fig. 1(a),where an InGaN QW
grow on the top of a thick p-doped GaN barrier and complete the structure with a thin n-type
GaN cap layer (normally a QW is grown on top of the n-type layer). Electrical contacts have
been deposited by electron beam evaporation using an inter-digitated mask that comprised of
several different device-mesa and contact geometries, as shown in Fig.1(b) [10].

(a)

3 nm InGaN QW

10 nm undoped GaN

Pd/Au

- =
thick p-type GaN

Figure 1. (a) Schematic of the nonradiative energy transfer (ET) LED structure. (b) Contact geometry of
real device Ref.[10]

The conjugated polymers and InAs based NCs have been utilized to produce near infrared
LEDs, where the emission can be tuned from the range of 1 to 1.3um that efficiently covers the
short-wavelength telecommunications [11]. Semiconductor NCs when excited electrically
using GaN injection layer can be used as color selectable chromophores, shows high emission
efficiencies with excellent photo stability and chemical flexibility. In a report by Mueller et al.
[12] multicolour LEDs have been demonstrated where semiconductors NCs are integrated into
a p-n junction made by GaN injection layers. Si NCs LEDs have been fabricated using ion
implantation and observed the enhancement in LEDs optical output power (~20 nW), with
typical power efficiencies ranging from 1 to 10% [13]. Light emitting transistors integrated
with individual CdSe NCs shows occurrence of Coulomb blockade at low bias voltage and
low temperature, which signifies that electrons pass through the NC by single electron
tunneling. Fig.2(a), shows a single nanorod contacted by two Au electrodes with about ~30 nm
separation. The representative current-voltage and electroluminescence (EL) data collected
from a device “D1” is illustrated in Fig.2(b). A nonlinear increase in current (I) at high bias
voltage (V) clearly reveals that the device exhibits a low-bias conductance gap. Once V reaches
a threshold (Vi) the device starts emitting light as shown by EL intensity measurement [14].

2.2. Nanocrystal memories

Floating gate structure is firstly invented by Sze and Kahnd in 1967, which was used to
construct flash memories [15] (Fig.3a). In 1995, IBM proposed first discrete NC memory and in
early 2000’s scientists have considered NCs as the capable candidate that can solve the current
scaling problem (Fig.3b). The metal-oxide-semiconductor (MOS) memory structures based on
Si NCs have potential applications in flash memory, reason being Si NCs are implanted as
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charge storage nodes in an oxide layer between the control gate and tunneling layer that
reduces the difficulty of charge loss which can generally seen in conventional flash memories.
Si NC provides faster write/remove speeds, small injection oxides, little operating voltages and
better stamina [16]. Literature confirms that the information is stored in the NCs by injecting
charges, due to which a transistor needs much voltage for turning it ON, known as program
operation illustrated in Fig.3(c). If we apply read voltage (Vread) to the gate between the
program and erase operations to read the corresponding drain current (Is) then we obtain the
memory status given by values 0 and 1 [17]. Generally the quantum dot/NCs flash memories
have used Si NCs as a substitute to floating gate layer, however many results demonstrates the
superiority of Ge based NC memories over those based on Si, because Ge NCs provides large
nonvolatile charge conservation time because of their small band gap.

(s/s10%) Ausuajul

Figure 2. (a) SEM image (false color) of CdSe nanorod transistor. The inset shows a TEM image of the
CdSe nanorods (scale bar is 50nm) (b) Current (black) and concurrently calculated EL intensity (red)
plotted against bias voltage obtained from device. Inset illustrates the transistor model, with source (S)
and drain (D) electrodes connecting the nanorod with a back gate is shown [Ref.14].

Floating G

ate

o Drain Current

“1" status “0" status
discharged charged
“*60000 % -

3 Gate voltage
Vread

©

Figure 3. (a) Floating gate non volatile memory structure. (b) NC non volatile memory structure. (c)
Program and erase mode of the NC memory device Ref.[17].
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NCs may work as memory cells, where the conventional poly-silicon floating gate is
replaced by an array of Si NCs, as the single cell and cell array of 1 Mb and 10 k have been
realized by using a conventional 0.15 um FLASH technology [18,19]. Ge NCs have been
fabricated by pulsed laser deposition for their use in floating gate memory, such memories
shows excellent charge preservation characteristic. [20].

2.3. Nanocrystal photocharge generators

The PbSe NCs represent a fascinating system due to the easiness of knowing the quantum
modulated optical nature in the infrared range with a Bohr exciton radius of PbSe around 46
nm, where the quantum confinement effect come into view at comparatively large particle
size. As we know that PbSe bulk crystal has rocksalt type phase and a direct band gap
semiconductor (Eg = 0.28 eV) whereas the PbSe NC show well defined band-edge excitonic
transition, tuned from 0.9 to 2.0 eV [21], leads to an efficient photocharge generators for
communicating the IR wavelengths [22]. Highly efficient photo-detectors based on
composites of the semiconducting polymer and PbSe NCs have been prepared and the outer
quantum efficiency in these devices is larger than one [23]. Ge NCs photo-detector possesses
powerful optical absorption and its photocurrent response has been measured within the
wavelength range of 1.3 to1.55 ym with a low dark current of 61.4 nA along with a a
photocurrent responsivity of 56 mA/W at the 5 V reverse bias [24].

2.4. Nanocrystal solar cells

An InAs/GaAs quantum dot solar cell has been synthesized and observed superior
photocurrent without reduction of open circuit voltage compared to a solar cell without
quantum dots. These solar cells have a light absorption range, which is extended up to 1.3
um and confirms a trade-off between open circuit voltage and quantum dot ground state
energy [25]. An ultrathin solar cell composed of CdSe and CdTe NCs of size 40nm shows 3%
power conversion efficiency and the device remain stable in air [26] (Fig.4).

- *,_;gi‘,- _-\__ﬂ . o — o S
Figure 4. Transmission electron micrographs of (A) CdSe and (B) CdTe NCs (C) Spin-cast film of
colloidal NCs imaged by scanning electron micrography is uniform and without defect; the film edge of

this ~100 nm film is shown for difference with the Si substrate Ref[26].
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An induce electric field is large enough when two different molecules attached to a single
NC and the field significantly changes the electronic as well as optoelectronic properties of
the NC. By the help of mixed ligand, induced electric field significantly increases the
efficiency of charge generation in CdSe NC solar cells, which enhanced the complete cell
efficiency [27]. Si NC have quantum confinement property and so it can be used as
photovoltaic materials since its ability to collect the photo-generated current through
efficient electronic transport and for the development of Si NC based solar cells the exciton
dissociation is a recent challenge [28].

2.5. Nanocrystals in health

Enzymes, membranes, nucleic acids, etc. are the elementary functional units made up of
complex nanoscale particles in biological systems. In the era days of miniaturization where
metals, semiconductors and magnets through which we construct optical and electrical
sensors, can now be prepared on the scale of individual biological macromolecules that will
have large impact on forthcoming medical treatments. In drug delivery and clinical
applications, nanotechnology is one of the key factors for modern drug therapy. Due to the
simplicity in preparation and general utility NCs are the new carrier-free colloidal drugs
delivery systems having a particle size of 100-1000 nm, these NCs have been thought of as a
practical drug delivery approach to develop the poorly soluble drugs. Literature shows that
the number of drugs coming directly from synthesis is nowadays poorly soluble and the drugs
which are very less soluble in water combine very poorly with bioavailability. If we do not get
any way to improve drug solubility then it will be very difficult to get absorbed from the
gastrointestinal zone in the bloodstream and then to reach at the proper site for required action
[29,30]. Recently intense research is being made on the colloidal quantum dots due to their
stable light emitting nature, which can be broadly tuned by varying the size of the NC. Lots of
efforts have been devoted in last two years on the development of large range of methods for
bio conjugating colloidal NCs [31] because of their diverse applications such as in vivo
imaging [32], cell tracking [33], DNA detection [34] etc. While studying the optical properties
of NCs, it has been noticed that NCs fluorescence wavelength sturdily depends on their size as
a result of which NCs photo bleach property get reduced. These NCs are fascinating
fluorescence probes for various types of labelling research like cellular structures labeling,
tracking the path and absorption of NCs by living cells [35].

3. Synthesis & characterization

In general the performance of the material depend on its properties whereas the properties
depend on the crystal geometry, constituents, defects and interfaces that are definitely
prohibited by thermodynamics and kinetics of the fabrication process. In 1980’s when the
first theoretical explanation was proposed for colloidal spherical NCs by Brus [36], together
with advances in the synthetic procedures [37] lead to a rapid increase in research in the
field of nano sized materials. Following are the popular methods developed for the
fabrication and characterizations of NCs:
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Solution-phase methods are being used for preparing CdS NCs with a wide variety of
morphologies, starting with oleylamine as capping agent and by varying the reaction
conditions [38]. Low temperature inverse micelle solvo-thermal route method has been
used to synthesis large amount of single crystalline Ge NCs and X-ray diffraction
measurement illustrates that these NCs are composed of pure cubic Ge structure. The size
and morphology of the NCs are observed by transmission electron microscopy (TEM). In
Fig.5(a) a TEM image of Ge NCs is illustrated and Fig.5(b) shows selected area electron
area diffraction (SAED) sample for the NC of 25 nm size and displays the typical spot
pattern of a single crystal domain and also the lattice planes of Ge with [111] hexagonal
symmetry. High resolution TEM (HRTEM) images of high quality Ge NCs are shown in
Fig. 5(c) and (d) [39].

Figure 5. (a) As-prepared Ge NCs TEM image, (b) SAED sample of Ge NC with 25nm size; HRTEM
images of spherical (c) and triangular(d) Ge NCs Ref.[39]

Few non-hydrolytic methods have also been developed for the synthesis of ZnO NCs with
controlled size, shape and surface-defect at low temperature. But such methods need very
cautious control of conditions and carefully engineered precursor.

Direct liquid phase precipitation is a new process proposed recently for NC fabrications,
however slight hard from the previous complex fabrication methods in superficial and
efficient way (at room temperature). This process produced perfect ZnO NCs of different
diameter (5 to 12 nm) and of various shapes [40].

Benzene thermal method at low temperature and low pressure (0.12-0.14 MPa) has been
used for the synthesis of AIN NCs. Owing to the catalytic effect of AIN nanocrystals, ~8%
benzene was converted at 150°C into several polymers, like cyclohexylbenzene [41].
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Sol-gel technique can be used for the fabrication of amorphous or crystalline materials from
a liquid phase at low temperature. This technique employed for the production of laser
dyes, enzymes, nano sized semiconductors and metal nanoparticles. AIP NCs embedded in
silica glasses have been prepared by sol gel process, where the preparation of gels take place
by the complex solution hydrolysis and after about 10hours heating in an air atmosphere to
form gel glass, again get heated in the presence of H2N2 gas and react with Al(III), finally a
cubic AIP crystallites are produced [42]. Similar technique has been used in producing InAs
and InP microcrystallites embedded in SiO: gel glasses [43,44]. GaAs NCs have been
synthesized by an electrochemical route method from the acidic solutions of metallic
gallium and arsenic oxide [45]. The growth of 1D nanostructures have traditionally been
associated with such highly technological processes/analysis tools as vapor deposition,
lithography, thermally assisted electromigration method [46], annealing process [47],
scanning tunneling microscope (STM), atomic force microscope (AFM) [48]. By using size
selective precipitation techniques, cadmium chalcogenide NCs have been successfully
obtained [49]. The most common semiconductor materials grown by precipitation technique
are CdTe, CdSe, CdS, and ZnS of which CdTe has special technological importance because
it is the only known II-VI material that can form conventional p-n junctions [50]. For the
synthesis of III-V compound semiconductors on the semiconductor substrate variety of
methods have been developed starting from metaorganic chemical vapour phase epitaxy
(MOVPE), molecular beam epitaxy (MBE) [51], various inorganic techniques [52], porous
glass [53] to photo chemical vapour deposition [54].

In chemical vapour deposition (CVD), the vaporized precursors are introduced into a CVD
reactor and adsorbed onto a substance held at high temperature. These adsorbed molecules
will either thermally crumble or react with other gases to form crystals. The CVD process
has been organised in three steps (i) mass transport of reactants to the growth surface
through a boundary layer by diffusion (ii) chemical reactions on the growth surface, and (iii)
removal of the gas-phase reaction by products from the growth surface. NCs have been
characterized by X-ray diffraction, scanning transmission electron microscopy (STEM),
optical absorption spectroscopy and fluorescence spectroscopy.

Keeping in view of all the techniques discussed for the synthesis and characterization of
NCs we can state that in current scenario it has been easier task to fabricate a NC of desired
morphology.

4. Properties
4.1. Structural properties

The structural properties of nanocrystals have been performed using various experimental as
well as theoretical approaches. In general, a structural property means the analysis of stability
of the crystal structure and then the evaluation of ground state parameters such as bond
length, bond angle, lattice parameter etc. For example a periodic cluster approach with an
atomistic pair potential has been employed to simulate AIN NC and predictes that the NCs
displays graphitic-like layers and non-buckled wurtzite structure. The variation of surface



Semiconductor Nanocrystals

tension, c/a ratio, and equation of state for AIN NC with respect to both the pressure and size
has also been examined. The study also reveals that the bulk modulus of the wurtzite phase of
NC is smaller (although decreasing with size) than its bulk counterpart [55]. Recently,
Franceschetti [56] has analyzed the structural and electronic properties of PbSe NCs with
different radius. Fig.6 shows the optimized structures of PbSe NCs in PbuSes, PbiwSeiso and
Pb24Se240 form and both Pb and Se atoms have rocksalt structure. The Pb-Se bond lengths and
bond angles are appreciably distorted contrast to that of its bulk counterpart as represented in
Fig.7. In fact, Fig.7 clearly shows the deviation of bond length of the Pb-Se with respect to the
distance of the bonds from the center of the NC and the bond lengths of Pb-Se NCs are in close
match with its bulk crystal bond length (3.103 A). The average Pb-Se bond length of the NC in
the ground state is smaller than the bulk crystal bond length and decreases with the size. The
formula for calculating formation energy of NC (PbSe) can be given as

ABEp =Eyc —~NEp 1)

where the calculated total energy for NC is Enc with calculated bulk crystal total energy Ebui
and total number of Pb and Se atoms are represented by N for NC.

Figure 6. Three different sizes optimized geometries of PbSe NCs. The dark circles indicate Pb atoms
and the light circles for Se atoms [56].

Srivastava et al. have also investigated the structural properties of various bulk as well as
NCs such as AlAs [57,58], AlSb [59] and AIN [60]. The structural properties of bulk AlAs in
zincblende (B3), wurtzite (B4), NiAs (B8), CsCl (B2) and NaCl (B1) type phases have been
analyzed through first principle density functional theory (DFT) approach. Using local
density approximation ( LDA) with Perdew-Zunger (PZ) type parameterization the
equilibrium lattice constant (a) of original B3 type phase of bulk AlAs is calculated as 5.64 A
and also from GGA-PBE (5.72 A) and GGArevPBE (5.77 A). The stability analysis of bulk
AlAs in B8 type phase, corresponds to the c/a ratio of 1.59 A, where the equilibrium lattice
constants a and ¢ are 3.72 A and 591 A, respectively [57]. Similar approach has been used for
analyzing the structural stability of AlAs NCs in B3, B4, B2 and B1 type phases at ~0.9 nm,
where the lattice parameters for all the four stable phases of AlAs NCs [58] such as B3, B4,
B1 and B2 are 5.761, 4.283, 5.350 and 3.207 A, respectively. The total energy values for the B3,
B4, B1 and B2 type phases of AlAs NCs are —468.52, —468.46, -467.84 and —467.77 eV,
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respectively. Fig.8 shows the variation of energy with respect to volume for B3 and B1 type
phase of AlAs NCs. The calculated lowest total energy confirms that the B3 phase as the
most stable one at lower pressure and the Bl type phase can be considered as the high
pressure phase. On comparison with bulk AlAs, stability trend of the low pressure phases

n and Applications

are same in bulk and nano-dimension but the high pressure phases are different.
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Figure 7. The variation of all Pb-Se bonds as a function of distance of the bond from the geometric
centre of the NC. The dash lines shows the computed bulk Pb-Se bond length Ref.[56].

Energy (eV)

- Bl

10 1520 25 30 35 40 45 50 55 60 65 70 75 80 85

Volume (A%)

Figure 8. Energy as a function of volume for AlAs nanocrystals Ref.[58].

The stability of AISb nanocrystal of ~1 nm size has also been analyzed in B3, B1 and B2 type
phases theoretically. The article reports that computed lattice constant (6.235 A) for bulk
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AlSb in B3 type phase is in close match with its experimental as well as other theoretical
counterparts. However the computed lattice constants of B3, B1 and B2 type phase of AISb
NCs are 5.33 A, 5.92 A and 3.57 A respectively. The findings conclude that B3 type phase is
most stable with lowest total energy and highest binding energy [59]. In an another report
by Tyagi et al. ab-initio pseudopotential approach has been used for calculating the lattice
constants of 1-D AIN NC in B3, Bl and B2 type phase as 4.58 A, 448 A and 2.98 A
respectively [60]. Besides these theoretical works few experimental work has also been
performed as zinc-blende GaP NCs have been synthesized by three different methods and it
has been found that NCs transferred irreversibly into four new phases of GaP NCs with
different lattice constants (5.8872, 5.5493 and 7.0339 A) and the largest one is about 1.3 times
of the reported data, which has been characterized by X-ray diffraction and transmission
electron microscopy [61].

4.2. Electronic properties

Electronic structures in nano regimes are extremely enviable for the future potential
electronic devices. On the other hand, nano structures are still a challenge, where different
experimental as well as theoretical approaches have been employed to understand the
variation of electronic structures of NCs as a function of its size. The study of quantum
confinement phenomena in semiconductor NCs is the subject of intense research which in
fact determines their electronic behavior. A theoretical approach effective mass
approximation (EMA) [62] is employed firstly to understand quantum confinement effects
on the electronic band gap as a function of size of NCs. The confining potential for the
electron and hole are assumed infinite in most of the EMA calculations. In EMA approach,
the wave function of both electron as well as hole get vanishes at and beyond the surface of
the NCs without any tunneling. To date numerous theoretical methods have been
developed such as first-principles [63], semiempirical pseudopotential [64] and tight binding
(TB) method [65] to see the effect of size on the electronic band structure of various NCs.
The TB method has received great attention because of its realistic description of structural
and dielectric properties in terms of chemical bonds and ease of handling large systems. For
the description of hole wave function the effective bond orbital model and EMA calculations
are used for of electron wave function by Einevoll [66], and Nair and his coworkers [67]. To
see the effect of NC size on the electronic band structures various pseudopotential and TB
calculations have been performed. UV-visible absorption spectroscopy tool has been utilized
to study the variation of band gap as a function of NC size. There are reports on the
individual shifting of highest occupied molecular orbital of the valence band and the lowest
unoccupied molecular orbital of the conduction band region with NC size, using various
methods of energy spectroscopy e.g. X-ray absorption and photoemission [68]. Another
semi empirical pseudopotential method has been employed to calculate the electronic
structures of Si, CdSe [69] and InP [70] nanocrystals. An appreciable progress has been
observed in the accuracy and the results of the electronic band structure calculations of NCs
while using TB and pseudopotential approaches. In comparison to EMA, the reason behind
the popularity of TB might be low computational effort, basic picture of atomic orbitals and
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hopping interactions for a predefined range. The ab-initio electronic band structure
computation may lead to perceptive TB scheme and show accuracy because it use physical
and real basis set. In 1989 Lippens and Lannoo [71] have used semi-empirical TB approach
with sp’s” orbital basis to compute the variation in the energy gap of semiconductor NCs as
a function of size and the results so obtained are in good agreement with the EMA potential,
however the sp’" TB model have a tendency to underestimate the energy gap. This model
cannot reproduced the lowest lying conduction band, however the electron-hole interaction
improves the nearest neighbor sp®" model by the inclusion of spin-orbit coupling. In a study
on InP [72] NCs where the sp3d® orbital basis is used for the anion and the sp® basis for the
cation with the next nearest neighbor interactions, gives good agreement with the
experimental values. In sp*d® orbital basis addition of the next nearest neighbor interactions
for the anion gives correct explanation of the electronic band structure of semiconductors in
its bulk as well as NCs [73]. Diaz et al.[74] have studied the electronic structure and optical
spectra of GaAs NCs for a wide range of sizes by using both sp’" and sp®’d®> nearest-
neighbor TB models and found that the enclosure of d orbitals into a minimal basis set is
essential for a good explanation of the lowest lying states of electron, particularly in the well
confined system. Franceschetti [56] has analyzed the electronic properties of PbSe NCs
within the radius range of 8.4-14.8 A. Wannier function approach has been employed to
study the band gap dependence on the different shapes (spherical, cubical, and tetrahedral)
of CdS NCs and the report suggests that energy gap depends on the number of atoms
present in the NC and not on their arrangements. Fig.9 shows the variation of energy gap
variation as a function of the number of unit cells in the NC of different shapes, indicates
that the energy gap slightly depends on the arrangements of the atoms in the NC [75].
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Figure 9. Dependence of band gaps on the number of Cd atoms for various shapes NC. Ref.[75].

Using first-principle DFT approach Srivastava et al. have analyzed the electronic properties
of various bulk/NCs such as AIN, AlSb, AlAs [57-60] etc. in their different structural phases.
The detailed discussion of the electronic structures of 1-D AIN NC in its various possible
phases like zinc blende (B3), NaCl (B1) and CsCl (B2) is as follows. The band structure of B3
type phase of AIN NC as shown in Fig.10(a) has a band gap of about 1.6eV at I' point,
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defends the semiconducting nature. Fig.10(b) shows the band structure plot for Bl type
phase of AIN NC, clearly depicts a band gap of around 1.5eV at I point however the B2 type
phase is purely metallic in nature. The band gaps of all the AIN 1-D NCs are quite smaller as
compared to bulk crystal, which contradicts to the quantum size effect where usually
enhancement in the band gaps has been observed. This abnormal AIN band gaps is due to
the surface effects. The surface states related with the tri coordinated N and Al atoms at
lateral facets in NC creates new energy levels at valence band edges as well as conduction
band edges that directly narrows the band gaps relative to their bulk counterparts.
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Figure 10. (a-b) Electronic Band structure of AIN NC in B3 and B1 type phase Ref.[60].

The density of states for the most stable B3 type phase of AIN NC has also been analyzed in
the energy range of -5.0 to 5.0 eV shown in Fig. 11, with three visible distinct peaks, where a
highest peak appears in the valence band region near -2.3eV and satisfies the band structure
plot by showing the unavailability of peaks at the Fermi level.
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Figure 11. Density of states of AIN NC in different structural B3 phase Ref.[60].

4.3. Optical properties

It is well known that the band gaps of different semiconductors such as II-nitrides, II-VI
group, IV group elements can be tuned by varying the composition in their alloys which
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make these systems prominent for various the applications like in optoelectronic devices, to
use them for a spectral range starting from deep infrared to distant ultraviolet region.
Quantum confinement has a great impact on the optical properties of semiconductor NCs.
The phenomena of absorption and emission in the semiconductors are governed by their
fundamental direct band gap. The increment in the energy band gap and strengthening of
the oscillations with decrease in size of NCs has been revealed by spectroscopic studies. Due
to the advancements in the synthesis, characterization and size selections of direct band
structures of III-V and II-VI semiconductors, the spectroscopic studies of quantum
confinement effects in these systems become much easier. The potential candidature of
semiconductor NCs as light absorbers in solar-cell devices of third generation, has attracted
number of researchers. For example PbSe, PbS, CdSe, PbTe, InAs and Si NCs shows much
efficient multiple-exciton generation i.e. the chance of producing multiple electron-hole
pairs from a single, high-energy photon, which thus increased the solar cell power [76]. For
the solar energy conversion the semiconductor NCs requires a good match between the NC
absorption spectrum and the solar spectrum. Keeping in mind that the quantum
confinement effect tends to open up the energy band gap, the narrow band gap
semiconductor NCs such as Ge, InAs, group-III antimonides and lead chalcogenides [77] are
the potential candidates for the solar cell applications. Due to indirect band gap bulk Si is a
poor light emitting material. In Si the excited electron-hole pairs have very wide radiative
lifetime (ms), hence opposing non-radiative recombination rule and cause most of the
excited electron-hole pairs to recombine non-radiatively. Si NCs formed by aerosol
technique or by thermal precipitation of Si atoms rooted in SiO2 layers, give strong visible
and near infrared photoluminescence (PL), similar characteristics as in porous Si [78].
Optical properties of isolated Si NCs of ~4 nm size have been analysed with spectroscopic
ellipsometry in the photon energy range of 1.1-5.0 eV. Si NCs reveals a major reduction in
the dielectric functions and optical constants and whereas shows a large blue shift (~0.6 eV)
in the absorption spectrum. The dielectric function and optical constants of the Si NC are
shown in Fig. 12 and 13, where overall spectral features of Si NC are similar to bulk Si.
Nevertheless, the Si NC shows a remarkable drop in the optical constants and dielectric
function in contrast to bulk Si. It is well recognized that decrease in the static dielectric
constant becomes significant as the size of the structure approaches to the nano regime [79].

Photoluminescence (PL) properties of GaAs NCs in SiO: matrices formed by sequential ion
implantation and thermal annealing, have been studied and observe broad PL due to GaAs
NCs appears in the red spectral region, where the spectral shape of the red PL band
depends on the hydrogen concentration in the sample. These GaAs NCs in SiO: film with
low defects density will be used as the material for the future excitonic devices [80]. The
blinking (or ON-OFF) behavior has been observed in single CdSe NC PL, which gets
attributed to an intermittent photo ionization and subsequent neutralization of the NC [81].
The optical properties are related to the edge transition of the electronic band gaps in a
semiconductor. Hence it is necessary to study the size dependence of the electronic band
gap and the related exciton energy in semiconductor NCs. Few earlier experiments found
that the lack of a large overlap between absorption and emission spectra in CdSe NC can
improve the efficiency of light-emitting diodes (LEDs) due to the reduction in re-absorption
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[82]. Photovoltaic response has been investigated in PbSe NCs of various sizes and
conjugated polymers. The devices composed with these NCs shows good diode
characteristics and sizable photovoltaic response in a spectral range from the ultraviolet to
infrared [83]. A very interesting observation about the NCs is that their band gap can be
tuned over a large energy range simply via synthetic control over the size of the NCs [84].
NC having absorption onset in the near to mid infrared (IR) will also strongly absorb solar
photons of higher energy. Generation of multiexcitons in PbSe NCs from a single photon
absorption event is observed to take place in picosecond and occurs with up to 100%
efficiency depending upon the excess energy of the absorbed photon. Thermodynamic
conversion efficiency in solar cells is found to be 43.9% in concentrated solar lighting. The
computed percentage depends upon the hypothesis that the absorption of an individual
photon with energy above a semiconductor band gap results in formation of a single exciton
and the photon energy which is more than the energy band gap get lost by electron-phonon
interactions. Numerous techniques have existed to raise the power exchange efficiency of
solar cells together with the improvement of multi-junction cells, intermediate band devices,
hot electron extraction and carrier multiplication [85,86]. In Siss and Siss cores passivated
with oxide shows lowering of energy band gap by 2.4 eV and 1.5 eV. The oxide and
hydrogen passivated NCs are optically forbidden indirect band gap and optically allowed
direct band gap transitions respectively. However the highest occupied molecular orbitals
and lowest unoccupied molecular orbitals are delocalized in both cases. Theoretical
prediction get confirmed through the experimental observation that hydrogen passivated Si
NCs emit blue light whereas oxide passivated Si NCs emit yellow-red light [87].
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Figure 13. Refractive index (n) and extinction coefficient (k) of the Si NC and bulk Si as function of
wavelength Ref.[79].

4.4. Mechanical properties

Mechanical properties of nano-materials are mainly focused on their constitutive response as
well as on the fundamental physical mechanisms. Numbers of characteristics of mechanical
behavior are presented to-date, like young modulus, shear modulus, bulk modulus, elastic
constants and compressive strength etc. However literature shows that particularly in
semiconducting NCs, these properties are yet not very much exploited; a very few reports are
available on the bulk modulus of NCs which actually tells about the hardness of the material
and inversely shows the compressibility of the same structure. The first-principles calculations
using the LDA as exchange correlation functional, the variation in the bulk modulus of silicon
nanocrystal have been investigated. On decreasing the size of the NC an enhancement in the
bulk modulus has been observed [88]. In case of CdSe NCs structural transformation has been
studied using high pressure X-ray diffraction and also calculates the bulk modulus (Bo),
defined as the reciprocal of the volume compressibility, as +74 GPa for rock salt phase of NCs
and in close match with others report data for CdSe bulk and NCs. However due to the
overlap of the numerous wurtzite diffraction peaks the exact value of Bo has not achieved [89].
Another example is GaN where its bulk and NCs have been studied using X-ray diffraction
and calculated bulk moduli are reported as 187 and 319 GPa for the wurtzite phase of bulk and
NCs respectively, although the respective NaCl phases are found to have very similar bulk
moduli 208 and 206 GPa [90]. A in-situ high-pressure study observes semiconductor to metal
phase transitions in ZnS materials with average grain sizes of 10 um and 11 nm. Bulk modulus
and its pressure derivative (Bo'), of B3 phase has been estimated from the Birch-Murnaghan
equation of state in a pressure range from 0 to 9 GPa as Bo = 72+7 GPa and Bo' = 9+3 for 11 nm
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ZnS and Bo = 68+3 GPa and Bo' = 7+1 for 10 pm ZnS NCs [91]. Another example is X-ray
diffraction study of pressure-induced phase transformations in ZnO nanorods shows that the
reduction of the particle size for ZnO crystallites leads to a significant increase of the bulk
modulus and the pressure range of the coexistence of the wurtzite and rocksalt phases suggest
that hardness of ZnO nanorods is higher than its bulk counterpart [92]. Raman study of
nanocrystalline ZnO with different average crystalline sizes, predicts that the average elastic
modulus of nanocrystalline ZnO shows a non-monotonic variation with crystalline size,
suggests that the non-monotonic behavior is due to interplay between the elastic properties of
the individual grains and those of the intergranular region [93]. A study on AIN NCs
/nanowires reveals that the wurtzite structure of AIN NCs and nanowires have the Bo ~215.8
GPa and ~208.8 GPa, respectively, however the Boof rocksalt phase of AIN NCs and nanowires
are ~312.6 GPa, and 324.9 GPa, respectively. This shows that the decrease of particle size can
appreciably lead to an increase of the Bo [94].

4.5. Magnetic properties

Scientists divides the information technology into two parts one to exploits the degree of
freedom of electronic charge in semiconductors to advances the information and other in
magnetic materials where the spin degree of freedom is used to preserve the information. Spin
of the charge carriers plays a slight role on semiconductor devices since most of the well
known semiconductor devices are based on non-magnetic Si and GaAs which shows very less
effect of spin. In contrast the superior spin related features have been acknowledged in
magnetic semiconductors and diluted magnetic semiconductors (DMS) because of the
coexistence of both magnetic and semiconductor properties. Nano magneto electronics is a
newly developed field, where the two degrees of freedom, the charge and spin of the carriers,
are utilized simultaneously to create new spintronics devices. Mn?* or Co?* the transition metal
ions are the important dopants as they act as optically active impurities and localized spins in
semiconductors and responsible for the optical and magnetic functionalities. Magnetic circular
dichroism (MCD) spectroscopy of Mn doped and ZnS coated CdS NCs gives the electronic
structures of Mn impurities and calculate the amount of Mn composition in NCs. Fig.14 shows
the temperature dependence of the Zeeman splitting (AE-) of 0.2, 2, and 10 mol % Mn doped
CdS NCs, where the MCD peak signal is allotted to Zeeman splitting of the lowest exciton. The
study reveals that MCD signal directly depends on the Zeeman splitting and the first
derivative of the absorption spectrum, though the Zeeman splitting is smaller than the
bandwidth of the lowest exciton absorption [95].

Magnetic ion doped semiconductors are called diluted magnetic semiconductors (DMSs) [96]
and these DMSs are expected to be a key material for spintronics devices due to their spin-
dependent effects [97]. According to the literature not much report are available on the
magnetic properties of semiconductor NCs. However, Magnetic properties of ZnS and ZnO
NCs doped with various concentrations of a transition metals have been analyzed. Over a
wide range of dopant concentrations without changing the size (1.6 and 4.7 nm) of the NC, the
study clearly reveals the magnetic properties of such doped systems, remaining paramagnetic
down to the lowest temperature, can give precise information concerning the dopant level in
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such samples [98,99]. ZnO NC with Co doping and without capping agent shows
ferromagnetic and paramagnetic behavior, respectively. Co intra d-d transition raises in
ferromagnetic NCs which may be because of the profound bound states at the NCs surface.
Fig. 15 shows the variation of magnetization as a function of magnetic field for Co doped ZnO
NCs and in case of washed NCs (also called as-prepared) the magnetization is directly
proportional to the applied magnetic field lacking hysteresis, which shows paramagnetic
behavior. However the ferromagnetic nature with hysteresis has been seen in the O capped
NCs sample. As the high magnetic field increases the paramagnetic behavior is also predicted,
which indicates that paramagnetic and ferromagnetic NCs coexist in these samples [100].
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Figure 14. (a) Dependence of the Zeeman splitting energy on Temperature of CdS NCs doped with 0.2,
2, and 10 mol % Mn ions. The inset shows the magnetic field dependence of the MCD signal intensity in
2mol % Mn doped CdS NCs Ref.[95].
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Mn doped GaN NCs with the average diameters ranging from 4-18 nm has been prepared
at low temperature and reveals that the NCs exhibit ferromagnetism with magnetization
and Curie temperature values increasing with the concentration of Mn and particle size
[101]. The magnetic properties of hydrogenated Si NCs doped with pairs of Mn atoms were
investigated using spin density functional theory, where the two sites occupied by Mn,
shows strong dependence of obtained formation energies and total magnetic moments. Pairs
at sites with the same character tend to ferromagnetic spin arrangements, significantly
influenced by their noncollinearity [102]. As a theoretical understanding one Ab-initio
pseudopotentials approach has been employed to investigate the electronic and magnetic
properties of Mn doped Ge, GaAs, and ZnSe NCs. To predict that the ferromagnetic and
half-metallicity trends found in the bulk are preserved in the NCs. Due to localization of Mn
states, they are less affected by quantum confinement. As a result in NCs, the Mn-related
impurity states become much deeper in the gap with decreasing size [103].

4.6. Structural phase transition

The effects of crystal size on the stability of NC is of considerable interest because for
utilizing a material in several applications, information about crystal structure at that
particular temperature and pressure is must. In nano-materials the reduction in the size of
the crystal changes its entire properties; this may be because of the change in the lattice
parameters for a given phase and also due to pressure effects. If we assume a spherical NC,
then pressure applied by the surface on the core of the NC will lead to the relaxation of the
first atomic planes and therefore to an increase or a decrease in the lattice parameter. This
effect is well seen in semiconductors, due to the adsorption state of the surface and surface
itself reconstructs themselves to minimize the number of dangling bonds, which produces
more stresses in the upper layers. Observation shows that in NC, these stresses will also
contribute to the surface pressure and to the reduction or extension of atomic bonds. One
obvious question arises that how will the relative stability of different possible solid
structures change for NCs with respect to bulk materials? One way to answer this question
is to use the pressure to force nanostructured materials to get convert it from one solid
structure to another. It has been known classically that when pressure is applied the
structure of the solid changes and hence its density as well as volume, that leads to the
overlapping of the electron shells and structural phase transformation may take place. In
III-V compound semiconductors the zinc blende to rocksalt phase transition are generally
expected and intermediate phase NiAs are also seen sometimes and further the structure
stabilized in a high pressure CsCl phase. The efforts on the high pressure behavior of NC
starts from the year 1994 by S. H. Tolbert and A. P. Alivisatos [104] as both are the pioneer
workers in the field of high pressure structural transformation in NCs. They discussed the
stability of CdSe NCs in wurtzite and rocksalt phases and observed the phase transition in
the range of 3.6 to 4.9 GPa for crystallites radius ranging from 21 to 10 A. There are also
some reports on the high pressure behaviour of Si and CdS NCs, shows that the smaller the
crystallite higher the transition pressure, which has been explained by them in terms of
surface energy differences between the phases involved [105,106]. Qadri et al. [107]
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reported that the effect of reduced grain size in PbS NCs elevates the transition pressure,
while the compressibility increases with decreasing grain size. An enhancement of
transition pressure has been observed in ZnO NCs [108], ZnS [5] and PbS [6] in comparison
to its bulk counterpart. In an another report the pressure induced I-II transition has been
studied for nanocrystalline Ge of size 13, 49 and 100 nm using synchrotron x-ray
diffraction, where the bulk modulus and the transition pressure increases with decrease in
particle size for both Ge-I and Ge-II, but the percentage volume collapse at the transition
remains constant [109]. The hexagonal AIN nanocrystals have a particle size of ~10 nm (Fig.
16) shows wurtzite to rocksalt phase transition at around 14.5 GPa, which is significantly
lower than the transition pressure of 22.9 GPa observed for the bulk AIN by using the same
technique. Fig.17 clearly illustrates that at the phase transition pressure of 14.5 GPa the
high-pressure rocksalt phase is about 20.5% denser than the hexagonal wurtzite phase
[110].

Figure 16. TEM image of AIN NCs Ref.[110].
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Figure 17. Equation of state plot and the relative volumetric variation of AIN upon the phase transition
at 14.5 GPa.

Wen et al. [111] have studied the pressure induced phase transition in CdSe and ZnO NCs
and found that the transition pressure increases as the nanocrystals size reduces. A pressure
induced first-order structural phase transition from wurtzite to rocksalt type structure has
been observed in GaN NCs at around 48.8 GPa using x-ray diffraction technique [112].
Theoretically [58] the structural stability and high pressure behavior of A1As NCs has been
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analysed in various phases such as wurtzite (B4), zincblende (B3), CsCl (B2) and NaCl (B1),
and observes the structural transformations from B3—B1 at around 8.9 GPa, B3—B2 at 7.12
GPa and from B3—B4 at 3.88 GPa, which is probably being the first report. The calculated
values of transition pressures for AlAs NCs are lower in comparison to its bulk counterpart
[57, 113,114]. The amount of volume collapse at the transition pressure has also been
analyzed and the computed volume collapse for B3—B4, B3—B2 and B3—BI transitions are
found to be 5.8%, 3.5% and 1.5% respectively as illustrated in Fig.18.
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Figure 18. Relative volume as a function transition pressure for AIAs NCs Ref.[58].

Similar approach has been employed to investigate the structural stability of ~Inm sized
AlSb NC [58] in its B3, B1 and B2 type phases under high compression and confirms that the
B3 type phase is the most stable amongst the other considered phases, further under
compression, the original B3 type phase of AISb NC transforms to Bl type phase at a
pressure of about 8.9 GPa, which is comparatively larger than that of bulk crystal. This
discussion concludes that the transition pressure strictly depends on the size of the NC and
may vary accordingly.

5. Conclusion

In this chapter we have described four topics; first, we have explained the fundamentals
behind the peculiar properties of semiconductor NCs, the factors that makes them different
from their bulk counterparts. Second, recent applications of NCs in electronic,
optoelectronics, photonics as well as in medicines have been discussed. Third, we referred
the present synthesis and characterization techniques for these tiny crystals, discussed
various recent methods of controlled synthesis on growth and size of NCs. Fourth, we have
remarked on the various properties of semiconductor NCs such as structural, electronic,
optical, mechanical, magnetic properties of NCs with a detailed description of the structural
transformations of semiconductor NCs under the application of pressure. We believe that
the discussion on semiconductor NCs with recent results and ideas will be certainly be
helpful, especially to variety of scientific community like physicists, chemists, and biologists,
nano researchers/scientists for the advancements of science and technology, and its
exploitation in variety of applications.
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1. Introduction

Semiconductor nanocrystals (NCs), also referred to as semiconductor quantum dots (QDs),
which are small compared to the bulk exciton radius have unique properties associated with
the spatial confinement of the electronic excitations. These semiconductor QDs have discrete
electronic states, in contrast to the bulk band structure, with an effective band gap blue
shifted from that of the bulk. Due to their unique properties, QDs have been of great interest
for fundamental research and industrial development in recent years [1-2]. The size-
dependent optical properties of QDs have been actively studied during the pass decade. The
synthesis and subsequent functionality of QDs for a variety of applications include
photostable luminescent biological labels [3-8], light harvesters in photovoltaic devices [9-
15] and as the emissive material in light-emitting devices (LEDs) [16-23]. They are also
characterized by large surface to volume ratios. Unlike quantum wells and wires,
experimental studies suggest that the surfaces of QDs may play a crucial role in their
electronic and optical properties. However, these semiconductor QDs with large surface to
volume ratios are metastable species in comparison to the corresponding bulk crystal and
must be kinetically stabilized. The most common method to maintain their stability is by
chemically attaching a monolayer of organic molecules to the atoms on the surfaces of QDs.
These organic molecules are often called surfactants, capping groups, or ligands. In addition
to the protection function, this monolayer of ligands on the surfaces of QDs provides the
necessary chemical accessibility for the QDs by varying the terminal groups of the ligands
pointing to the outside environment. For example, the QDs covered with hydrophobic
ligands cannot be used directly in applications that require aqueous solubility or an effective
charge transport property.
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For both the protection and solubility function, the photoluminescence quantum yield (PL-
QY) is another crucial factor for semiconductor QDs. The QDs have a large fraction of
surface atoms because of their small volume; therefore, several inhomogeneous defect
points occur on the large surface area. The processes that determine the luminescence QYs
in semiconductor QDs have been investigated for several years. In this topic, the surface
chemistry plays a crucial role in the manipulation of semiconductor QDs because it
determines the dispersion interactions of the QDs in the medium, and high quantum yields
and long term photostability can be achieved only through an improved understanding of
surface recombination processes. Therefore, proper passivation of the surfaces of QDs is
necessary to achieve a high PL-QY.

QDs of II-VI semiconductors have been extensively studied during the past two decades [24-
30]. To date, the light-emitting core part of most QDs is cadmium selenide (CdSe), which can
be prepared under mild conditions using well-known precursors. However, CdSe QDs have
a spectral limitation at emission wavelengths shorter than 490 nm. To achieve high quantum
efficiency in the blue region, cadmium sulfide (CdS) is a suitable candidate that can be
prepared under mild conditions. Because the bulk CdS has an energy band gap of
approximately 2.5 eV, it is easier to enable CdS QDs to emit blue light than the same sized
CdSe. In connection with the improvement of the emission efficiency of CdSe and CdS QDs,
several studies focused on the capping ligands introduced to the surfaces of CdS and CdSe
QDs to study the variation of PL-QY [31-35]. In general, the usual method for surface
modification of CdS QDs is to cap the synthesized CdS QDs with thiolate ligands during the
growth period [36]. Uchihara et al. investigated the pH dependent photostability of
thioglycerol-capped CdS (TG-CdS) and mercaptoacetate-capped CdS (MA-CdS) in colloidal
solutions under stationary irradiation [37]. Because of the various charge properties of TG
and MA, the carboxyl group of MA is neutralized by the addition of proton in the lower pH
region, and the photostability decreases by lowering the pH of the solutions for MA-CdS;
however, the photostability of TG-CdS are slightly influenced by the pH of the solution.
Thangadurai et al. used 1.4-dithiothreitol (DTT), 2-mercaptoethanol (ME), cysteine (Cys),
methionine (Meth), and glutathione (GSH) as ligands to cap the surfaces of CdS QDs to
study the photo-initiated surface degradation [33]. It is noteworthy that the band edge
emission of DDT capped CdS shifted to a higher energy, and this shift was in conformity
with the lowest grain size. In addition, the intensity of the broadband related to the surface
defect states of CdS QDs exhibited a reduced trend compared to the other samples. The
surface coating with suitable thiol molecules can yield a lower grain size in the cubic phase
and obtain excellent fluorescence properties with efficient quenching of the surface traps.

In contrast to the photochemical stability of thiol capped-CdS QDs, the photochemical
instability of CdSe QDs capped with thiol molecules was reported by Peng et al. [34]. Based
on their research, they proposed that the photochemical instability of CdSe QDs capped
with thiol molecules included three distinguishable processes, as follows: (1) the
photocatalytic oxidation of the thiol molecules on the surfaces of CdSe QDs; (2) the
photooxidation of CdSe QDs; and (3) the precipitation of CdSe QDs. Thiols are the most
widely used ligands for stabilizing semiconductors [38-39]. However, the stability of the
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thiol-stabilized CdSe QDs is not satisfactory because of the photooxidation of the QDs-
ligand complex using CdSe QDs as the photocatalysts. It is difficult to reproducibly apply
chemical and biochemical procedures to these QDs because of their unstable nature. In
addition to the use of thiol molecules to cap the surfaces of CdSe QDs, most researchers
used various amines as ligands to modify the optical properties of CdSe QDs [40-44].
Talapin et al. synthesized CdSe QDs in a three-component hexadecylamine (HDA)-
trioctylphosphine oxide (TOPO)-trioctylphosphine (TOP) mixture [35]. The room
temperature PL-QY of as-synthesized CdSe QDs without adding HDA was in the range of
10-25%. However, the PL-QY of CdSe QDs can be improved substantially by surface
passivation with HDA molecules. This indicates that PL efficiency losses are caused by
insufficient passivation of the surface traps. Murray et al. examined the effect of the surface
modification of CdSe QDs on the optical properties [45]. They interpreted the substantial
increase in PL intensity following the addition of HDA molecules as the elimination of
nonradiative decay pathways. Similar results were reported by Bullen and Mulvaney with
primary, secondary, and tertiary amine [41].

Two types of alkylamine (n-butylamine (n-BA) and n-hexylamine (n-HA)) and oleic acid
(OA) were used to modify the surfaces of the CdS and CdSe nanocrystals. To understand
the changes of optical properties of un-modified QDs and surface modified QDs, PL spectra
and PL-QY were used to characterize the emission peak position and emission efficiency
after surface modification of these ligands for CdSe and CdS QDs. The PL decay kinetics for
these ligand capped-QDs systems were followed by time-resolved photoluminescence
(TRPL), and the spectra were analyzed in regard to a biexponential model to identify two
lifetime values, that is, shorter-lifetime (ts) and longer-lifetime (tr). The detailed mechanism
was studied by density function theory (DFT) simulation to demonstrate the binding energy
and charge analyses of CdS or CdSe QDs with n-BA, n-HA, and OA.

2. The surface modification of CdS and CdSe QDs via organic ligands

The capping of CdS and CdSe QDs consisting of semiconductor cores surrounded by
organic ligands has attracted considerable interest for applications in materials science and
nanotechnology [46-48]. Although these studies enabled syntheses of stable capping
semiconductor QDs with various sizes, shapes, and compositions, few studies have been
conducted on the surface structures and properties of capping ligands. Information
regarding the nature and chemical properties of the binding between QDs and their ligands
is limited. However, compared to atoms on the flat surface of bulk substrates, the binding
abilities of atoms on curved surfaces may be affected by their diverse structural
environments and size-dependent electron configuration. In this study, the synthesis of CdS
and CdSe QDs was conducted in a noncoordinating solvent using 1-ODE. The CdO (0.16
mmol) was mixed with 0.7 mmol OA and 4.8 g of 1-ODE in a 25 mL three-neck flask. The
mixture was heated to 300 °C under Ar flow for 30 min, and subsequently injected with Se
stock solution (0.1 mmol of S or Se powder dissolved in 0.62 mmol of TBP and 1 g of ODE).
The solution mixture was cooled, and the nanocrystals were allowed to grow at 260 °C to
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reach the desired size, as determined by UV-visible absorption. To monitor the growth of
QDs, a small amount of the sample (approximately 0.2 mL) was obtained through a syringe
and diluted to exhibit an optical density between 0.1 and 0.2 by the addition of anhydrous
toluene. The resulting CdS and CdSe QDs were suspended in toluene, and the unreacted
starting materials and side products were removed by extraction and precipitation
procedures. Size sorting was not performed in any of the samples. An aliquot of CdS or
CdSe QDs solution was diluted with toluene to yield an optical density of approximately 0.1
at a wavelength of 350 nm (the excitation wavelength of PL). A 3 mL portion of the
nanocrystals solution was mixed with various capping molecules at a fixed concentration of
5 mM for surface modification. The solution mixture was stirred in the dark at room
temperature for 1 h. The CdS and CdSe QDs were subsequently precipitated with methanol
and re-dispersed in toluene for characterization of the change of PL quantum yield by
UV/vis absorption and photoluminescence spectroscopy.

Figure 1 shows the transmission electron microscopic (TEM) images of the as-grown CdSe
and CdS QDs synthesized by the non-coordinate method. It shows that the material has a
uniform size distribution and regular shape with 5 nm and formed close-packed arrays.

Figure 1. Transmission electron microscopic images of samples of (a) CdSe QDs; (b) CdS QDs.

The absorption and PL spectra of the CdSe QDs varying with growth time are shown in
Figure 2. The luminescence spectra from these CdSe QDs are symmetric and narrow.
However, the PL quantum yields decreased in conjunction with the growth time to 5%, as
shown in Figure 2(c). The absorption and PL spectra of CdS QDs recorded for samples
grown at various times are shown in Figure 3. The PL-QY increased rapidly in conjunction
with the growth time initially and reached a steady value of approximately 60% after 200 s.
The increasing PL-QY with crystal growth for CdS QDs exhibited contrasting behavior to
several other QDs, such as CdSe, which exhibited a decreasing PL QY with crystal growth
time [49]. A characteristic peak for CdS QDs was not observed in the UV and PL spectra in
the initial 60 s after S precursor injection to the Cd? solution. The UV absorption spectrum
and the narrow emission peak with full-width at half maximum (approximately 21 nm)
were observed after 60 s reaction. This behavior can be attributed to the slow growth of CdS
QDs in the initial period, and their size was too small in this time domain for identification
by the spectroscopy of UV-visible absorption and PL emission. Therefore, because of the
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slow growth process in the formation of CdS QDs, high quality QDs with large quantities of
radiative surface-states with low nonradiative surface quenching defects can be obtained
with the increase in PL-QY in conjunction with the growth time.
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Figure 2. Temporal evolution of (a) UV-vis; (b) PL spectra and (c) PL quantum yield of a growth
reaction of CdSe QDs.

70
3 | (b) —60s (c) l}
s — 1205 60 o Ie)
[ — 1805
2 — 300s 50
K —— 5005 o]
-— N =
3 = £ a0
= £ =
g 5 q
Q = 30 o
> o
=
[}
2 20
@
£
= 10
|
o
o ‘ . , .
320 340 360 380 400 420 440 460 480 500 350 400 450 500 550 500 o] 100 200 300 400 500
Wavelength (nm) Wavelength(nm) Sample (sec)

Figure 3. Temporal evolution of (a) UV-visible spectra; (b) PL spectra and (c) PL quantum yield of a
growth reaction of CdS QDs.

Based on these observations, the control of the surface, probably a reconstructed surface of
QDs, may be crucial for controlling and improving their PL properties. To understand the
changes in the optical properties of the CdSe and CdS QDs upon modification by the
capping ligands, n-BA, n-HA ,and OA were added to a solution of as-grown CdSe and CdS
QDs solution, and the PL and the UV/vis spectra were recorded before and after the
addition. The PL spectra and the quantum yields of the CdSe QDs modified by n-BA, n-HA,
and OA are shown in Figure 4. As shown in Fig. 4, the positions of the luminescence
emission peaks of the ligand-modified CdSe QDs shifted to lower wavelengths for the three
capping molecules compared to the as-grown CdSe QDs. Moreover, Figure 4(b) shows that
the PL quantum yield increased to 45% and 61% for the amines n-BA and n-HA capping
CdSe QDs, respectively, whereas OA capping of CdSe QDs exhibited a decrease to 5%. For
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ligand capping of CdS QDs, the PL spectra and the QYs of the CdS QDs modified by n-BA,
n-HA, and OA are shown in Figure 5. As shown in Figure 5(a), the PL intensity was
decreased substantially by the additives in the entire wavelength region, whereas the PL
spectral maximum occurred at the same wavelength for all systems. Figure 5(b) shows that
the PL QY of CdS QDs decreased from 60% to 6% and 3% for n-BA and n-HA, respectively,
whereas OA exhibited a decrease to 2%. Compared to the case of CdSe QDs, the three
organic additives in this study exhibited contrasting behavior for the CdS QDs system.
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Figure 4. (a) Room temperature PL spectra of as-grown, n-BA, n-HA and OA modified CdSe QDs; (b)
The corresponding PL quantum yield variety of CdSe QDs after capping ligand modification.
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Figure 5. (a) Room temperature PL spectra of as-grown, n-BA, n-HA and OA capping molecule
modified CdS QDs; (b) PL quantum yield of CdS QDs versus capping ligands.

Generally, it is believed that the capping ligands effectively passivate the surface states and
suppress the non-radiative recombination at surface vacancies, leading to enhanced PL
quantum yield. However, among the three capping agents in the case of CdSe QDs, the OA
ligand exhibited contrasting behavior. In addition, the three ligands were used to quench
the emission properties of CdS QDs. Generally, the relaxation process of QDs is radiative
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recombination. Otherwise, competing radiation-less relaxation processes are used, including
carrier trapping at QD defects, charge transfer between QDs and ligand-based orbitals, and
inter-QDs energy transfer. The observations in this study clearly indicate that the
passivation effect of the capping ligands for CdSe and CdS QDs are more complex,
indicating the requirement for a careful examination of the photo-induced charge transfer
between CdSe QDs and the capping ligands.

To resolve the various behaviors of CdS QDs, time-resolved photoluminescence (TRPL) was
used to probe the decay kinetics of the exciton emission of bare QDs and ligand capping
QDs by n-BA, n-HA, and OA molecules. Because of the high sensitivity of TRPL for
ensemble and single particle PL analysis, it is often used to determine the transient
population of one or more radiative excited states [50].

3. The study of time resolved photoluminescence technique on surface
modification of CdS and CdSe QDs.

For TRPL analysis, this study used a system with a single picosecond diode laser driver with
a 375cnm laser head (integrated collimator and TE cooler for temperature stabilization was
integrated by Protrustech Co., Ltd). An Andor iDus CCD with 1024 x 128 pixels was used to
obtain the PL signal and the Pico Quant PMT Detector head with 200-820 nm and <250 ps
IRF was integrated to obtain the TRPL signal. A theoretical model with multi-exponential
analysis is often used to determine the lifetime of QDs by PL decay data. Typically, the
feature of the decay of the PL intensity for QDs is a universal occurrence of a biexponential
time distribution in the radiative lifetime, as shown in the following equation,

I(t)=Age ™™ +A eVt (1)

where 1s and v represent the shorter lifetime and longer lifetime, respectively, and Ai (i=S,
L) is the amplitude of the components at t = 0. The shorter lifetime is on a time scale of
several nanoseconds, and the longer lifetime is on a time scale of tens of nanoseconds. The
shorter lifetime is generally attributed to the intrinsic recombination of initially populated
internal core states; however, the possible origin of the longer lifetime remains relatively
uncertain [51-53]. Recently, Xiao et al. reported that the longer lifetime component in the PL
decay is caused by the radiative recombination of electrons and holes on the surface
involving surface-localized states [53]. For QDs with high PL-QY, the amplitude AL with
longer lifetime dominants the total PL. In other words, electrons and holes have an
increased probability to be presented on the surfaces of QDs with high QY to contribute to
this surface-related emission with a longer lifetime.

The representative PL decay curves recorded for the bare CdSe and CdS QDs and their
surfaces treated by n-HA, n-BA, and OA molecules are shown in Figure 6. All of the decay
curves were fitted to the biexponential equation (1). The resulting decay time constants (ti),
their fraction contribution (Yi), average decay lifetimes (<T> , calculated from (2)), the values
of the goodness-of-fit parameter (32), and the quantum yield () are listed in Table 1 for each
system. The criteria for an acceptable fit have been justified in the previous article [54].
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Figure 6. PL decay spectra for (a) bare CdSe QDs and surface modified by n-BA, n-HA and OA; (b) bare

CdS QDs and surface modified by n-BA, n-HA and OA.

Sample ID  YS (%) 1S (ns) YL (%) L (ns) <> (ns) x2 QY (%)
CdSe 62 2.93 38 16.99 13.90 0.968 13
CdSe-BA 44 2.69 56 22.87 21.16 0.931 44
CdSe-HA 36 2.50 64 28.52 27.30 1.021 61
CdSe-OA 89 0.64 11 10.76 7.47 0.926 6
Cds 43 227 57 22.60 21.18 0.988 60
CdS-BA 63 0.90 37 16.61 15.30 0.977 6.2
CdS-HA 75 0.88 25 18.78 16.61 0.961 3.2
CdS-OA 93 0.07 7 12.46 11.60 1.035 2.2

aPL decay was analyzed using biexponential model described by |(t) = Aseit/ s 4 ALeit/ " and the fraction

contribution was calculated by Y, =

A
— x100% .
A

Table 1. Fitted PL decay lifetime components.2

As shown in Table 1, for bare CdSe and CdS QDs, ts equals to 2.93 ns and 2.27 ns, and 1.
equals to 16.99 ns and 22.60 ns. The value of ts for the short lifetime constant is consistent

with the theoretical value of approximately 3 ns, which was calculated by considering the
screening of the radiating field inside the QD [55]. Moreover, for the bare CdS QD samples
with 60% QY, the amplitude of AL with a longer lifetime accounts for nearly 57% of the total

PL. Similar results were observed in the capping ligands for modified CdSe QDs. This larger

share of the longer lifetime component is a clear indication of major surface-related emission
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caused by the radiative recombination of charge carriers involving surface states. Although
it is difficult to identify the real origin for such radiative recombination through surface state
centers in this stage, it may result from the net residual charges on atoms of CdSe and CdS
QDs caused by the bonding of Cd-Se and Cd-S and the nearest neighboring atoms in the
crystal lattice.

4. The investigation of density function theory (DFT) on capping CdS
and CdSe QDs.

Here, we proposed to use the density function theory (DFT) calculations result to provide
atomistic information on the adsorption energy and charge transfer of small QDs capped by
different types of ligands. Theoretical modeling could provide valuable insight in atomic
scale. Unfortunately, efforts in this field have been rather limited due to the high
computational cost and uncertainty related to the chemical composition and morphology of
the nanocrystals. Early theoretical studies of QDs simulated the surface by assuming an
infinite potential barrier around the QDs. [56]. More sophisticated models of capping QDs
have represented the QD core through the bulk atoms using semiempirical tight-binding
[57] and pseudopotential [58] approaches, while the passivating molecules have been
modeled through either single oxygen atoms or simplified model potentials [59]. Any
realistic model, however, has to explicitly describe bonding between the QD and the
ligands, which is lacking from the approaches mentioned above. First-principle quantum-
chemical methods, such as density functional theory (DFT), are able to provide this
information with a reasonable level of accuracy. Unfortunately, DFT is numerically
expensive. Therefore, most DFT calculations simulate the core atoms of QDs on the basis of
bulk structures, while dangling bonds on the surface are artificially terminated wit
covalently bonded hydrogen atoms [60-61]. Only a few reports have focused the specifics of
the adsorption energies and charge transfer of small cluster of QD interacting with ligand
molecule. [46, 62]

The experimentally studied QDs retained the original crystal structure in the core. Figure 7
shows the construction of CdSe from a zinc blended lattice with bulk Cd-Se bond lengths.
The analogous construction of CdSe clusters from the bulk semiconductor has been used in
theoretical studies. [46, 63-65]. In addition to the uncapped (“bare”) CdSe and CdS, we
simulated clusters with ligands attached to the surface of the QDs. The selected capping
groups, that is, n-butylamine (1-BA), n-hexylamine (n-HA), and oleic acid (OA) were used
as ligands for the QDs. Thus, our simulations allowed us to study the interaction between
ligand binding to Cd atoms, and the effects of these differences on the adsorption energy
and optical response of the ligand capping of CdSe and CdS QDs.

In the previous studies have shown computationally that the dominant binding interaction
occur between N atoms of the ligand and Cd atoms on the QD surface. We start our
modeling with constructing three systems, CdsSes, CdsSesHA, CdsSesBA, CdaSesOA, CdsSs,
CdsSsHA, CdsSsBA, CdsSsOA, and CdSe(111) slab (see Figure 8 (b) and (c)). The ligands were
attached to the most chemically active surface atoms (all 2-coordinated Cd atoms on the
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cluster surface) as described the previous studies [49, 66]. Recent experiments have shown
that such small “magic”-size QDs with diameter than ~2nm demonstrate great stability, the
controllable size and shape, and reproducible optical properties, including an efficient blue-
light emission [64]. The CdssSess “magic” structure with diameter of 1.3 nm has been
experimentally shown to be very stable [64], while it is the smallest cluster that supports a
crystalline-like core-shell.

Figure 7. The (a) TEM image of a sample of CdSe QDs; (b) Snapshot of CdSe 5 x 5 supercell; (c) unit cell
of CdSe lattice.
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Figure 8. (a) The supercell of QD. (b) A finite cluster is used to model the surface (in the cluster
approach) (c) A well-defined, finite vacuum space is used to model the surface (in the slab approach).

Two systems were applied in this work. To save computation resources, the CdsMs (M = Se
and S) cluster is a reliable model for quantum-chemical studies of physical chemistry
properties of CdSe and CdS QDs. The system requires reasonable computational efforts for
atomistic modeling based on DFT, even when it is passivated with multiple ligands. A cluster
model was used to simulate the interaction between the ligand and QD. This cluster was cut
from the CdSe supercell optimized by DFT. Figure 9 shows the cluster model, in which the
formula of the cluster is CdsSes and the nitrogen atoms are bonded on the Cd atoms.
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Figure 9. The optimized geometry of (a) CdSe cluster, (b) CdSe with n-BA, (c) CdSe with n-HA, and (d)
CdSe with OA ligand.

4.1. CdSe

As the CdSe nanostructures were modified by the capping ligands, the capping effect of n-
HA, n-BA, and OA was derived in regard to the binding energy (Ev) of capping molecules
on a CdSe cluster and the residual surface charge on the capping molecules and the CdSe
with the help of ab initio simulations. In the DFT calculation, amine and carboxylic acid
were considered the main functional groups in obtaining the E» on CdSe. To simplify the
simulations, we used a CdsSes cluster to model the functional groups (Figure 9). During the
simulations, the capping molecules were assumed to adsorb and attach on the CdSe cluster,
and the binding energies of n-BA, n-HA, and OA ligands were computed using DFT
simulations of an isolated cluster with a single ligand molecule. Representative snapshots
for each of the capping ligands adsorbed on an isolated CdSe cluster are shown in Figure
9(b)-(d). The binding energy, Ei, was defined as the sum of interactions between the capping
molecule and cluster atoms, and was derived as Ep = Etotat — Ecise — Ecapp, Where Etotal, Ecase and
Ewpy are the total energy of the system, cluster energy, and capping molecule energy,
respectively. The negative sign of Ev corresponds to the energy gain of the system because
of ligand adsorption.

Table 2 lists the E» values calculated for the three capping ligands. We verified that the main
contribution to the Ev resulted from the interactions of the CdSe with the capping ligands
through the charges on the CdSe and the ligand functional groups. The negatively charged
atoms of amines adsorbed on the CdSe cluster without changing the surface structure
substantially. The n-BA and n-HA adsorbed exclusively through its nitrogen atom with Ev
values of —0.99 and -0.93 eV for CdSe-BA and CdSe-HA, respectively. Conversely, OA
yielded an E» of —0.21 eV for a CdSe cluster-OA combined with the conjugated bond (C=C)
of the alkyl chain adsorbed on CdSe. Our attempts for a CdSe cluster-OA combined with
carboxyl function group adsorbed on CdSe resulted in high energy and an unstable
configuration with continuously varying distance between the reactive centers. This
occurred because, according to the well-known hard and soft acids and bases theory [67],
the Cd?" and Se? soft ions cannot interact with hard -COOH of OA, as suggested by Chen et
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al. [68]. The charge analysis showed that the charge transfer between OA and CdSe was

small.
CdSe CdS
ligand Ev (eV) ligand Ev (eV)
(n-BA)CsNH: -0.93 (n-BA)CsNH: -0.71
(n-HA)CsNH2 -0.99 (n-HA)CsNH2 -0.84
OA -0.21 OA -0.13

Table 2. Binding Energies (Eb) of different ligands on CdSe and CdS QD

Puzder et al. obtained ca. 0.91 eV from DFT calculations for trimethylamine on a (CdSe)is
NC [46]. Similar values (0.89-1.02 eV) have been reported in the DFT study of amines at a
CdSe surface [69]. Our results for organic amines are in good agreement with these values.
It must be noted that the more negative the E» value the stronger is the adsorption. Indeed,
in the simulation work, the more negative E» value was used as optimum to represent the
adsorption strength of the functional group on a given cluster, when several other possible
configurations for the adsorption on the CdSe cluster existed. Now, concerning the three
capping ligands, the higher negative E; values for the amine derivatives clearly indicate a
stronger adsorption of these compounds on CdSe than the OA acid ligand with a lesser
negative Eb.

The Bader charge analyses were carried out for CdSe, n-BA, n-HA, OA, CdSe-BA, CdSe-HA
and CdSe-OA to examine the variations in E» in terms of charge transfer between CdSe and
capping molecules , and the charge results are listed in Table 3. In CdSe-BA and CdSe-HA
systems, the charge of selenium was increased from 6.614 e (for the bare CdSe) to 6.696e and
6.700e, respectively. This is quite reasonable since the donation of charge of nitrogen atom
of capping molecules to Se would easily occur. On the other hand, in CdSe-OA system, the
charge of selenium atom was increased to 6.637 e lesser than that of selenium atom in CdSe-
BA and CdSe-HA systems.

The charges for Cd in CdSe-BA, CdSe-HA, and CdSe-OA exhibited a decrease from 11.404e
for a bare CdSe, indicating a net electron transfer from Cd atom to Se for the three capping
molecules. Cd has lower electronegativity (1.7) than that of nitrogen (3.0); therefore, greater
electron donation occurs to Se from the N atom of the capping molecules than that from Cd.
Although the amine molecules adsorb strongly with a facile electron donation from their “—
NH>” functional group to Se of CdSe nanocrystals (with higher E» values), the conjugated
bond (C=C) of OA forms weak bonding with CdSe and lowers the capping effect of the
molecule (with lower E» values). In addition, the OA molecule with linear carbon-carbon
structure can easily form a dense and stable cover layer on the surface of CdSe, thereby
preventing other molecules from approaching the CdSe QDs [68]. Moreover, the structure of
an OA molecule has large stereo-hindrance. All of these factors reduce the effective bonding
between the OA molecule and CdSe considerably. Therefore, this study demonstrated that
the improved charge transfer of amine-capped CdSe is mainly caused by the higher value of
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the Bader charge, implying a larger charge donation than OA, and the modification of CdSe
QD by molecular capping plays a vital role in improving the CdSe charge donation.

System | Charge(e) Charge difference(e) System | Charge(e) Charge difference(e)
CdSe c?ie:-iﬂgz; dS cjzél-i.z;y
BA N:7.787 BA N:7.787
HA N:7.801 HA N:7.801
OA 0:7.921 OA 0:7.921
Se: 6.696 | Se: 6.614-6.696 = -0.082 S:6.763 S: 6.723-6.763 = -0.040
CdSe-BA | Cd: 11.388 |Cd: 11.404-11.388 =+ 0.016| CdS-BA | Cd:11.194 | Cd: 11.227-11.194 =+ 0.033
N:7.561 N:7.787-7.561 = +0.226 N:7.764 N:7.787-7.764 = +0.023
Se: 6.700 Se: 6.614-6.700 = -0.086 S:6.775 Se: 6.723-6.775 = -0.052
CdSe-HA | Cd:11.375 |Cd: 11.404-11.375=+0.029 | CdS-HA | Cd: 11.207 | Cd: 11.227-11.207 = +0.020
N:7.561 N:7.801-7.561 = +0.24 N:7.791 N: 7.801-7.791 = +0.010
Se: 6.637 Se:6.614- 6.637 = -0.023 S: 6.727 S: 6.723- 6.727 = -0.004
CdSe-OA | Cd: 11.267 |Cd: 11.404- 11.267 =+0.137| CdS-OA | Cd:11.184 | Cd: 11.227- 11.184 = +0.043
0:7.906 0:7.921-7.906 = +0.015 0:7.900 0:7.921-7.900 = +0.021

Table 3. Charge transfer between CdSe and CdS and ligands

4.2. CdS

Surface modification of CdS nanostructures by the organics was treated in regard to the
adsorption of n-HA, n-BA, and OA, and the corresponding binding energy (Ev) of organic
molecules and the residual surface charge on the organic molecules and the CdS were
calculated with the help of ab initio simulations. Amine and carboxylic acid were considered
the main functional groups for adsorption. A sulfur-rich structure on the surface (Cd : S=1 : 1.3)
was identified through XPS analyses of the CdS QDs. To simplify the simulations, we
used a CdsSs cluster to model its interaction with the functional groups (Figure 10(a)).
During simulations, the organic molecules were assumed to adsorb and attach on the CdS
cluster, and the binding energies of n-BA, n-HA, and OA ligands were computed using
DFT simulations of an isolated cluster adjoined with a single ligand molecule.
Representative snapshots for each of the adsorbed molecules on an isolated CdS cluster
are shown in Figure 10(b)-(d). The binding energy, E» was defined as the sum of
interactions between the organic molecule and cluster atoms, and was derived as Ev = Etotal
— Ecis — Ecpp, where Etota, Ecis and Ecpp are the total energy of the system, cluster energy,
and organic molecule energy, respectively. The negative sign of E» corresponds to the
energy gain of the system caused by ligand adsorption.

The Ev values calculated for the three organic ligands are listed in Table 3. The main
contribution to E» resulted from the interactions of the CdS with the organic molecules
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through the charges on the CdS and the ligand functional groups. Negatively charged atoms
of amines adsorbed on the CdS cluster without changing the surface structure substantially.
The n-BA and n-HA adsorbed exclusively through its nitrogen atom. The adsorbed amines
on the CdS clusters produced binding energies of —0.71 and -0.84 eV for CdS-BA and CdS-
HA, respectively. Conversely, the E» of -0.13 eV was small for the CdS-OA system with the
conjugated bond (C=C) of the alkyl chain of OA adsorbed on CdS. Our attempts for a CdS
cluster—OA with carboxyl function group adsorbed on CdS resulted in a high energy and
unstable configuration with continuously varying distance between the reactive centers.
This occurred because, according to the well-known hard and soft acids and bases theory,
[67], the Cd? and S* soft ions cannot interact with hard -COOH of OA, as suggested by
Chen et al. [68]. The more negative the E» value, the stronger the adsorption. In the
simulation, the final adsorption configuration with a more negative E» value was selected as
the optimal configuration, and its Ev value represented the adsorption strength of the
functional group on a specified cluster when several other possible configurations for the
adsorption on the CdS cluster were available. Strongly adsorbed organic additives generally
exhibit higher binding energies of approximately —1.0 eV. Therefore, the binding energy values
obtained for the organics in this study indicate that the amines n-BA (-0.71 eV) and n-HA (-
0.84 eV) adsorbed moderately, whereas the carboxylic acid OA (-0.13 eV) adsorbed weakly on
CdS QDs. Weak adsorption of OA can also be expected, because the OA molecule with a linear
carbon-carbon structure can easily form a dense and stable cover layer on the surface of CdS,
as reported for CdSe[68], thereby preventing other molecules from approaching the CdS QDs.
Moreover, the structure of an OA molecule has a large stereo-hindrance. These factors reduce
the effective bonding between the OA molecule and CdS considerably.

Q (d)
jf

2

g

Figure 10. The optimized geometry of (a) CdS cluster; (b) CdS with n-BA; (c) CdS with n-HA, and (d)
CdS with OA ligand.

Bader charge analyses were performed for CdS, n-BA, n-HA, OA, CdS-BA, CdS-HA, and
CdS-OA to examine the variations in E» in regard to charge transfer between CdS and
organic molecules; the charge results are listed in Table 2. For example, in the typical CdS-
BA system, the negative charge on S increased from —6.723e (for the bare CdS) to -6.763e
(net negative charge gain —0.040e) upon BA adsorption, which was caused by the donation
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of electrons from the N atom of the amine to S, with a loss of negative charge on N from —
7.787e (for BA molecule) to —7.764e (net negative charge loss = +0.023e). Consistent with this
observation, the positive charge on Cd decreased from +11.227e (for the bare CdS) to
+11.194e (net positive charge loss = -0.033e), which indicates that an electron transfer
occurred from the N atom of the amine to the Cd of CdS. The residual charges on S and Cd
of CdS QDs were the main source of the radiative recombination surface state centers;
therefore, the changes in the residual charges on S and Cd of CdS clusters, which resulted
from organic molecular adsorption, can directly alter the quantity of these radiative surface
states on QDs. Thus, in the case of the typical CdS-BA system, the decreased positive charge
on Cd can downsize electron surface states, which reduces the surface-related emission, the
longer lifetime component, and eventually, the overall PL-QY. Conversely, the net gain of
negative charge on S, which can multiply hole surface states, predicts higher surface-related
emission with an increased longer lifetime component and higher overall PL-QY, which is in
contrast to the experimental observations, indicating that hole surface states-related
phenomena do not occur. This occurred because, although abundant quantities of
photoexcited holes were available on the organics-modified QDs surface, fewer electron
surface states and photoexcited electrons necessary for radiative electron-hole
recombination were available on the CdS QDs surface because of the decreased Cd atom
positive charge, thereby preventing such an increase of PL-QY.

The proposed mechanism can be extended to explain the behavior of the other amine, n-HA,
and the acid OA towards decreasing the longer lifetime component of photoexcited charges
and the PL-QY of CdS QDs. Notably, the acid OA caused more changes compared to the
amines, despite the fact that OA had low binding energy (-0.13 eV, Table 2), and weakly
adsorbed on the CdS in comparison to the amines. Table 3 shows that the positive charge
loss on Cd was the highest (-0.043e) by the OA molecule, compared to BA (-0.033e) and HA
(-0.020e). Consequently, more electron surface states can be reduced on the surface by OA,
and this trend of decreasing electron surface states is consistent with the decreasing longer
lifetime component and lower PL-QY by this ligand. This confirms that the net charge
transfer between the organic molecule and the CdS QDs is the crucial factor, rather than the
binding energy of the molecule, in effecting the carrier recombination dynamics by
controlling the radiative recombination surface state centers.

5. Conclusion

Based on the TRPL analysis and DFT computation, this study demonstrated that the amine
can be used as the capping ligands for CdSe QDs to enhance PL-QYs, whereas the amine
used as the capping ligands for CdS QDs can be used to PL-QYs. The PL-QYs of CdSe and
CdS QDs decreased considerably when using oleic acid as capping ligands. We propose that
the interactions between capping ligands and CdSe or CdS QDs may be attributed to NHz
group for amine molecules and -COOH group for fatty acid molecules. An improved
understanding of this interaction will facilitate the design of superior conjugates for CdSe
and CdS QDs for various applications.
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1. Introduction

The performance of materials in many of their uses in industries and scientific researches is
directly dependent on their crystal structure, which correlates to the chemical and physical
properties of the materials. And also, as the size of crystal particles decrease to nanometer
scale, nanocrystals exhibit some unexpected properties that are evidently different in
physics and chemistry from their bulk crystals and their cluster compounds as well.

One of the most important applications of nano-materials is as catalyst to be widely used in
petroleum and chemical industries, which has been a hot research area attracting high
attention from researchers around the world. A lot of nanomaterials that have shown highly
catalytic activity are nano-sized metal oxide crystals or doped metal oxide crystals. As well
known, the nature of semiconductor is one of major features for solid catalyst, especially for
solid photo-catalyst. The properties could exhibit or work as catalysts only when the metal
oxide bears crystal structure. Therefore, the crystallization of oxide or doped oxide is a key
step in the preparation of catalyst.

Nowadays the current processes of preparing metal oxide nanocrystal are mainly involved
in sol-gel method and some modified sol-gel methods. The products synthesized by the
methods, however, are metal hydroxides, which have to undergo a firing treatment (at over
350 °C) in order to have them crystallized and to be endowed with semiconductive and
catalytic properties. But, the formation of oxide crystals in the roasting process involves a
phase transition process, in which a new grain boundary forms and expands at high
temperature, leading to size increase of the particle obtained in solution synthesis or even to
a new matrix element phase from which the doping element is excluded. In addition, the
process of phase transformation in calcination is unfavourable for the preparation of
nuclear-shell structure of nano materials such as a magnetic nuclear coated with TiOz, SiO:2
or SnOy, resulting in tow-phase separation and a failure of coating on magnetic nuclear. For
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the synthesis of nano-crystalline metal oxides with alterable valence, the calcination in the
air causes the valence of metal to rise by oxidation and the original crystalline structure to
change. And also, on the surface of the directly synthesized metal oxide nanocrystals
without high-temperature burning there exists a large number of hydroxyl groups, which
are more conducive to water molecules, organic solvents, or organic compounds compatible
and to surface modification and functionalization of nanocrystals. See Section 4.4.

A modified sol-gel method, “precipitation-condensation with non-aqueous ion exchange (P-
CNAIE)”, associating with a drying method, “azeotropic drying of iso-amyl acetate (AD-
IAA)”, was put forward in 2005 (Zhang 2005), that is, in ethanol a strongly basic anion-resin
was used as an exchanger to remove by-product CI” and as a reactant to provide OH" for
hydrolysis. The high-purity metal hydroxide tends to dehydrate in an intermolecular
manner with the assistance of super water-absorbable ethanol to form crystal.

2. Method of synthesis

The solution chemistry method, usually referred to sol-gel method, is a significant process to
synthesize the precursors of many nanoscale metal oxides. The method is widely used for it
can achieve uniform doping of multi-elements no matter whether at atomic, molecular or
nanometer levels at the gelatination phase. Generally, sol-gel processes have associated
problems, such as difficulty in removing chlorine, and in accurate and repeated doping.

The new solution chemistry method proposed by us involves a precipitation-condensation
process, with non-aqueous ion exchange in ethanol used for the removal of chlorine and for
providing hydroxyl ion. (Zhang, 2005; Zhang et al., 2006, 2008; Yang et al. 2007).

2.1. The underlying principle of the hydrolysis method

The method involving P-CNAIE for removal of chlorine is based on a reaction that occurs in
low-polar solvents containing limited water under a slightly alkalinity condition. Generally,
as the soluble metal salts dissolved in water the solution become acidic and metal ions are
hydrolyzed. Such tendency is much stronger for high valence metal ions because the acidity
of high valence metal ions is stronger than that of low valence metal ions. This means the Ksp
of hydroxides of high valence metal ions are much smaller than that of low valence metal
ions. Different kind of metal ion or the metal ions with different valence state have different
Ksp, Momn, which results in a part precipitation of the metal ion with low Ksp, Mo in
aqueous solution. That a limited amount of water is added in the organic solvent will
control the hydrolysis degree of metal ions, and in this case, addition of a limited amount of
ammonia water instead can both control the hydrolysis degree and avoid part precipitation
of a metal ion as a doped nano- material is synthesized.

Here MCls is referred to as matrix metal chloride and NCIs as metal dopant. In the synthesis,
the hydrolysis takes place limitedly under the assistance of ammonia water in absolute
alcohol. The acidification is attributed to the HCI coming from MCls and NCls, being caused
by the first-order hydrolysis of MCls and NCls.
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MCl, + H,0 —»M(OH)Cl, + HCl (1)
NCl, + H,0 — N(OH)Cl, + HCl )

The product of the second-order hydrolysis of MCls and NClIs is generally a white
suspended precipitate. In an organic solvent, the polar product is precipitated much more
readily, and the size of the particles is smaller because of the solubility of polar compound
in organic solvent is much lower than that in water. (Wuhan U. 2000) The limited amount of
ammonia water controls the rate of hydrolysis and the pH of the solution to slightly
alkaline, preventing a part precipitation of either MCls or NCls:

MCl, + 2H,0 - M(OH), Cl, ¥ + 2HCl ©)

NCl, + 2H,0 - N(OH), Cl{ + 2HCI )

The third- and fourth-order hydrolysis of MCls and NCls is very weak. From the third-order
hydrolysis on, the pH of the solution is almost maintained at around 7 (if pH > 9, the
products might be (NH4)2MOs and (NHs)NO, instead of M(OH)+ and N(OH)s, for some
amphoteric elements). The third- and fourth-order hydrolysis is reversible.

M(OH), Cl, ¥ + 2H,0 =2 M(OH), { + 2HCI ()

N(OH), Cl{ + H,0e2 N(OH), ¥ + HCI (6)

To maintain reactions (5) and (6) and prevent the formation of (NH4)2MOs and (NH4)NOz,
chlorine has to be removed under neutral or slightly alkaline conditions. This is often
performed by repeatedly using a fresh neutral solvent to wash the precipitate. This process
consumes considerable amount of solvent and time. However, in the process of hydrolysis
using anion-exchange resin, because the affinity of the anion-exchange resin for Cl” is over
25 times (Luliang et al., 2000) that for OH", the resin readily exchanges ClI” and supplies OH"
for the hydrolysis.

Resin —OH™ + ClI'—Y% ,Resin— CI” + OH" @)

This speeds up the hydrolysis and shortens the duration of time for formation of hydroxides
of M(IV) and N(II).

The reaction for hydrolysis associates with anion resin can be written as

MCI, + 4Resin — OH—-22 5 4Resin — CI~ + M(OH), (Clusters) ¥ ®)
NCl, + 3Resin — OH"—2-2% 3Resin — CI” + N(OH), (Clusters) )

Instead of complete dispersion, the hydroxides of M(IV) and N(III) showed a tendency to
dehydrate, and formed condensates. (D’Souza et al., 2000) Starting from the second-order
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hydrolysis, when the monomer hydroxide has two condensable functional groups, f = 2,
more and more linear condensates are formed. From the third-order hydrolysis, the average

functionality of the monomer becomes more than two, f > 2. This allows cross-linking

between linear condensates, and also gelation.

2.2. The operation of the method

In an airtight flask containing 200 mL anion-exchange resin (say the DOWEX Monosphere
550A UPW(OH), Dow Chemical Company, Midland, MI), 100-200 mL alcohol, and 10-15
mL of ammonia water, 200-300 mL ethanol solution containing MCls (15-25%, w/v), or/and
NCls (desired%, w/v) are added dropwise with fast stirring. NHs gas was aerated in the
reaction solution to catalyze the hydrolysis. The reaction apparatus is shown as Fig. 1.

The reaction solution is held close to neutral, pH 6-8, by adjusting the speed of addition.
After the addition is complete, a solution containing a white suspended precipitate is
separated with resin through a glass-sand funnel or a 120 mesh stainless steel screen. The
filtrate reacts repeatedly with 50-100 mL fresh anion-exchange resin on a shaker, to continue
removal of chlorine and promote further hydrolysis for five or six times until the upper
solution does not become clear upon standing and ClI” in solution is not detected by More
Essay. The final chlorine-free (checked by AgNO:s solution) colloid solution is held idle on a
bench for ca. 48-72 h and separated into an upper lightly turbid solution and a lower dense
precipitate. The upper, lightly turbid solution is then removed and kept aside for final
recovery of all precipitate. Iso-amyl acetate (70-100 mL) is added to the lower dense
precipitate solution to make a co-boiling system. A dispersive fine powder is obtained by co-
distilling off water absorbed on the colloid and solvents, or azeotropic drying.

MCl, +NCly

NH;,
alcohol suluum@:/j] ﬂ f(:"ﬂ
oo L o1

|| ammonia

alcohol +ammonia -water

anion-exchange
resin

Figure 1. The glass apparatus for preparation of doped nanocrystal by hydrolysis of MCls and/or NCls.

All the exchanged ion-exchange resins are combined and repeatedly washed with fresh
solvent to collect any residual precipitate on the surface of the resin. The washed solvent is
applied to a short column of ion exchange to remove any remaining chlorine, and is then
combined with the upper lightly turbid solution. The resulting dried powder is then
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dispersed in the combined solution on a shaker, and a chlorine-free solution containing
powder is distilled to separate the solvent and leave behind the hydrolysis product, as a
high-dispersively fine powder.

2.3. The drying of nano-crystalline metal oxides

To coupling with the method “P-CNAIE”, a drying method of “azeotropic drying of iso-
amyl acetate (AD-IAA)” was presented in 2005 (Zhang, 2005; Yang et al., 2007)

Although the solution chemistry method is a significant process to synthesize many
nanoscale metal oxides, the drying methods plays a key role in the successful preparation of
nanoparticles. If the surface tension is not reduced (Sun & Berg, 2002) during the drying
process of precipitate colloids, the colloid particles will aggregate to form rigid gel pieces in
the end. It has been known that gels can be formed either through the condensation of
polymers or through the aggregation of particles (Diao et al., 2002). According to cluster—
cluster growth models, clusters stick together randomly with a certain probability upon
colliding (Brinker & Scherer, 1990). It is found that cluster—cluster growth resulting from
colliding may occur easily at the drying stage. Although dried gel bulks can be ground to
powder, the mechanical force cannot crush them into the powder as fine as the particles
synthesized. In addition, the ground powder displays structural features different from the
original colloid-precipitated particles. Thus, along with the synthesis process, the drying
process is critical in determining the dispersivity and size of the final dried products in the
solution chemistry process (Richards & Khaleel, 2001) .

Several drying methods, such as supercritical drying (Boujday et al., 2004; Park et al., 2002),
freeze drying (Vidal et al., 2005; Shlyakhtin et al., 2000), microwave drying (Hwang et al.,
1997), and azeotropic distillation (Hu et al., 1998; Frazee & Harris, 2001; Luan et al., 1998)
have been developed to remove the trace of water adsorbed on the surface of colloid
particles in order to prevent or reduce aggregation caused by shrinkage of water films
between precipitated particles. The water film is formed by adsorbing water on the surface
as colloid particles contact. See Scheme 1. Supercritical, freeze, and microwave drying
methods reduce agglomerates by eliminating or reducing the surface tension of the water
films between colloids. Azeotropic distillation, however, removes the adsorbed water on the
surface as colloids disperse in an azeotropic solution, thereby preventing the formation of
water films between colloids and aggregation of particles. Some surfactants can prevent
colloids from aggregating, but they have a high boiling point and are adsorbed on the dried
powder so tightly that it is hard to be removed by the normal drying process.

H,0

Scheme 1. Particles come close up as water films between particles shrink at final drying stage.
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2.3.1. The effects of boiling point and molecular structures of azeotropic agent on the
dispersivity and fluffiness of the dried powder

We have ever presented our results from a series of azeotropic solvents such as alcohols,
ethers, and esters. It is found that the molecular structures of azeotropic agents have a
strong influence on the dispersivity and fluffiness of the dried products.

Experiments have demonstrated the existence of water on the surface of colloid particles by
the separated water phase below the organic solvent layer in the bottle collecting condensed
fluid at the azeotropic distillation stage. The water is introduced into the hydrolyzed
solution by the added ammonia water, and from the condensation reaction of hydrolysate
and the crystal water of metal chlorides. The surface-hydrated layer of particle confers the
polymer precipitate colloid with a stable dispersivity in the ethanol. During evaporation, the
ethanol is evaporated first and water molecules are left on the surface of the precipitate
particles. As colloid particles come together, surface-hydrated waters combine with each
other to form a water film between the particles. The film water, like capillary one, has
capillary forces that can cause water film to shrink and particles eventually to contact each
other and form hard brown agglomerates, for Sb-doped SnO:2 nano particles see Fig. 2(A).

Figure 2. Images of antimony-doped stannic nanocrystal that is dried directly by distilling ethanol off
(A) or dried by azeotropic distillation with 1,4-butanediol (B); ethylene glycol-monomethyl ether
(EGMMeE) (C); n-butanol (D); pentanol (E); iso-amyl alcohol (F); tetrachloroethylene (TCE) (G); n-butyl
ether (H); and n-butyl acetate (I). The scale of bar in pictures is 1.0 cm. (Zhang, 2005; Yang et al., 2007)

To remove the water molecules on the particles and keep the colloid particle dispersed,
some organic solvents in Table 1 are selected. The characterization of the dried samples in
Fig. 2 is summarized in Table 1. The number of symbol + stands for different grade color,
agglomerates, and hardness. It can be seen that when short-chain organic solvents with two
oxygen groups are used as azeotropic agents, the properties of the dried products (Fig. 2(B)
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and (C)) are similar to that without azeotropic treatment (Fig. 2(A)), meaning that they play
the same roles as water molecule, leading to semi-transparent xerogel pieces (Figs. 2(A) and
(B)). Here, the rigid gel is formed through the aggregation (Brinker & Scherer, 1990).

Even though the dense precipitate solution is shaken with TCE or n-BuE vigorously, once
shaking is stopped, the mixture immediately separates into a colloid precipitate phase and a
clear solvent phase, implying that the solvents with functional groups —Cl and —O- cannot
form stable H-bond with surface water molecules or surface -OH (see Table 1). When the
mixtures are dried under an infrared lamp, grinding can disperse wet agglomerates into
small particles and dried fine dust is obtained (see Fig. 2(H)), but the wet agglomerates
become hard dried agglomerates without grinding (see Fig. 2(G)). The sedimentation
experiments of colloid particles in other solvents have demonstrated that colloid particles
can disperse well in these organic solvents with -OH or/and -COO-, suggesting that there
are stable H-bonds between the functional groups and water molecules or -OH on the
surface of the colloid.

Molecular Characteristics of dried product

D. BP
Compounds (g/mL) °C Groups W Color Agglomerates Hardness
(no groups)
Ethanol 78 -OH 29.06 -+ -+ -+
1,4-Butanediol 1.016 235 2-OH 56.10 -+ -+ -+
EGMMeE 0964 124 -OH,-O- 43.09 4+ -+ 4+
TCE 1.622 122 4-Cl 24.02 +++ -+ -+
n-Butanol 0.810 117 -OH 57.11 +H+ +H+ +H+
n-Pentanol 0.815 138 -OH 71.14 +++ +++ ++
i-Amyl alcohol 132 -OH 71.14 ++ ++
n-Butyl acetate 0.881 126 —-COO- 84.16 + ++
n-Butyl ether 0.769 142 -O- 114.23 ++ + ++

a: Five plus indicates that colour is the deepest > agglomerates are the most > and hardness is the highest.

Table 1. Characters of products azeotropicly dried by different solvents 2.(Zhang. 2005)

The characteristics of the dried products prepared using n-pentanol, i-AmAl (i-Amyl
alcohol), or n-BuA as an azeotropic agent have some differences, which, it is assumed, result
from the differences in their molecular structures. Although compared with n-pentanol, i-
AmALl is a more effective azeotropic agent and the obtained dried product is fluffier.
However, the dried product treated by n-BuA is fluffier than that treated by i-AmAl. These
results indicate that the improvement of fluffiness results from the molecular steric
structure. n-BuA has the highest steric effect. Its two side chains stretch out and cover more
surface area of colloid particles to prevent the particles from contacting each other. All of
these suggested that the capacity of the azeotropic agent to remove water adsorbed on the
surface of the colloid depends not only on its boiling point but also on its ability to replace
the surface water molecules and indicated that the dispersivity and fluffiness of the dried
product are controlled by the steric effect of the azeotropic agent. In this case, an effective
azeotropic drying agent may be called an azeotropic dispersing agent.
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The trends of dispersivity and fluffiness of the dried products changing with the functional
groups and molecular structures of azeotropic solvents are shown in Fig. 3. Some empirical
rules for selecting an azeotropic agent are drawn as follows: (1) the solvent molecule should
contain at least one oxygen as the H-bond acceptor to form H bonds with the surface -OH of
the polymer particle; (2) the H-bond acceptor should locate in the middle of the alkane chain
rather than on the terminal so that the alkane can stretch out and cover more surface area;
and (3) solvents should have a higher boiling point (~140°C) to reduce the time of azeotropic
distillation and the residual amount of azeotropic agent.
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Figure 3. The variation of dispersivity and fluffiness of dried products with the groups and molecular
structures of azeotropic solvents. (Zhang. 2005)

2.3.2. Iso-amyl acetate as an azeotropic agent (Zhang, 2005; Yang et al., 2007)

The empirical rules and Fig. 3 guide us to find some other new organic azeotropic solvents
for both drying and dispersing. Except for 2-hexanol, the other three organic solvents in
Table 2 should have similar capacities of drying and dispersing colloid particles. The i-AmA
(iso-Amyl acetate) is chosen as azeotropic solvent for it is commercially available and cost-
effective among the three solvents. The behaviors of mixtures combining i-AmA with dense
precipitate solution are monitored and measured carefully. (Yang et al., 2007).

The analysis of specific surface area of dried product is conducted for further substantiating
the effects of i-AmA on the dispersivity. The adsorption isotherms are displayed in Fig. 4.
The BET nitrogen surface areas are obtained by applying the BET equation to a relative
pressure range of 0.05-0.3 on the adsorption isotherm. It can be seen that the BET surface
area increases from 234.75 to 286.43 m?/g as the azeotropic solvent changes from the often-
used n-butanol to i-AmA, and the dispersivity of the dried powder increases by 22%. Before
the adsorption measurement, the dried product, large pieces of dried agglomerates,
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obtained with n-butanol has to be ground. However, the dried product from i-AmA is a
highly dispersed powder such that it does not need further grinding, see the TEM images in
Fig. 8. The IR spectrum of the dried powder derived from i-AmA shows lower residual
organic compounds. XRD patterns and TEM images suggest a high mono-dispersivity of
dried powder. These findings indicate that i-AmA is a much better azeotropic agent than

other organic solvents.

Solvent Structure Group MMWt. b.p.(°C) D.(g/ml)
H H, [e]
Haﬁs/c’c\c/c\o/c\cm
iso-Amyl acetate Ha -COO- 98.19 143 0.88
Ha H, o
N
3
n-Amyl acetate He He -COO-  98.19 149 0.88
Hy Hy
HSC/C\C/C\CH/CHS
2-Hexanol Hz OH -OH 85.17 140 0.83
Hp Q Hp
S
Propyl butyrate He He -COO-  98.19 142 0.88

Table 2. Structures and physical properties of the selected organic solvents. (Zhang. 2005)

o
o
S

[ o
80
5 o—
) o—
< oo— /o
= 60 5007 L]
g 50° o—o°
=1 OO o-®
S o i
S 40 S
2 o
5 —e—n-Butanol
2 .
5 20 —O—iso-Amyl acetate
Z y
0 T T T T T
0.00 0.05 0.10 0.15 0.20 0.25

Relative pressure P /P

0.30

Figure 4. Nitrogen adsorption isotherms for dried Sb-doped SnO2 powder on the SA3100 made by

Becjman-Coulter co. USA. (Yang et al., 2007)
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3. The formation of crystal particle in the process of synthesis (Zhang,
2008)

3.1. Functions of anion-exchange resin

The anion-exchange resin accelerates the hydrolysis of metal chloride, which is quite
significant for the hydrolysis of the third- and fourth-order hydrolysis of MCls and NCls
because the hydrolysis is reversible. However, if the removal of chlorine from hydrolyzate is
carried out by washing with water or organic solvent, the hydrolysis will be a slow and a
long-term process. When the number of group —OH borne by an atom M or N is more than
two, condensation will take place between molecules by inter-molecularly dehydrating, or
even gelatination occurs. The gelatination has the polycondensate form, a space network
structure. The structure hinders the complete removal of fourth- or even third-order
chlorine from gel and, therefore, can not lead to the formation of crystal of metal oxide
because the remained chlorines block the condensation. See Scheme 2 A.

\ |
? ?
%O* l\‘/l %Cl %O*]\(I *O}
O ln o) n
I |
A B

Scheme 2. The condensation of hydrolysis product.

The anion-exchange resin has a much higher affinity for CI” than for OH’, if once bonding a
chloride ion to itself and a hydroxyl ion is given off to keep a constant concentration of OH".
Due to anion-exchange resin can remove CI” completely from solution, in this case, the
hydrolysis product is high purity, which is of great advantage for the condensation of metal
hydroxide to form crystal or assume a crystalline structure. See Scheme 2 B.

Another important function of ion-exchange resin is to crush masses of gel to nanoparticles
like small balls in the Ball Grinder as the removal of chlorine is carried out on a shaker. In
this way, the removal of chlorine from nanometer-sized particles is easy, fast, and efficient,
which provides the condensation and crystallization with metal hydroxides bearing high
purity. And also the function of the ion-exchange resin pellet analogous to that of ball
milling results in a synthesized product with a nano-meter size and a very narrow size
distribution.

Moreover, the removal of chlorine by ion-exchange resin instead of by repeated changing
fresh solvent is of great importance to be used for accurate and repeated doping and for
preparing nanocrystals with a narrow size distribution.

3.2. Functions of ethanol as solution medium

In the synthesis, the absolute ethanol is selected as a solution medium. Generally, metal
salts, especially high valence metal salts, hydrolyzes evidently when they are dissolved in
water, contributing to a acid reaction solution that cause part precipitation (segregation) of
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some metal salts as the doping is conducted. In addition, since a lot of metal salts have fast
hydrolytic reaction rate, the use of water as solvent leads to an uncontrollable hydrolysis
speed and a great deal of hydrolyzate settlement and agglomeration in a short time, which
increases the difficulty of complete removal of chlorine from solid precipitates. A limited
amount of water can control the hydrolytic rate under the ammonia as a controller of pH
and the strongly anion exchange resin as a donor of OH™.

The crystallization process in the solution synthesis of nanocrystal of metal oxide is
essentially an inter-molecular dehydration process of metal hydroxides. A large quantity of
water existing in the reaction system will definitely slow or even stop inter-molecularly
dehydrating of the hydroxides. Ethanol, as been well known, is born with a strongly
hygroscopic property and will pull water away from metal hydroxide to have it form oxide
crystal. The water as a carrier of OH™ between metal salt and ion-exchange resin, see
reaction formula (8) and (9), is limited, whereas a large excess of ethanol plays an important
role in promoting the crystallization by seizing water molecules from metal hydroxides,
especially the promotion effect of ethanol is highly effective as the hydrolysis product is
milled to nanometer size by ion-exchange resin balls on a shaker.

3.3. Behaviours of hydrolysis products and the crystal forming process in
synthesis

The hydrolysis of many metal salts using the method of “P-CNAIE“follows some regularity.
The stability of hydrolysis product colloid and the solution viscosity are related to the
remains of chlorine in the hydrolysis solution, as shown in Fig. 5 and 6, which show the
behaviours of the hydrolysate produced from SnCl: doped with SbCls and from ZnCl
doped with SbCls. The left ones in both figures are the settlement ratio of hydrolysate in 2 h
and right ones are the variation of the relative viscosity of solution containing hydrolysate.

We believed that the process of synthesizing nanocrystal undergoes three stages as shown in
Fig. 7. At the first stage the sol, or linear molecule, is formed since where the sol is just the
product of the first- and second-order hydrolysis of MCls and NCls, which corresponds to
the A to B in left figures of Fig. 5 and 6. The sol particles grow as the third- and fourth-order
hydrolysis of MCl: and NCls occurs and settle down at the bottom of the container at the
second stage, corresponding to the line CD in the left figures in Fig. 5 and 6. Whereafter, the
obtained precipitate is kept on reacting with ion-exchange resin to remove the remained
chlorine and the precipitate re-suspends in ethanol solution at the third stage, as line EF in
the left figures in Fig. 5 and 6. Here a further condensation takes place, leading to the
contraction inward of particles and formation of nanocrystal in their central core.

Fig. 7 indicates that when the surface of precipitates bears a same material or electric charge
(chlorine or water) precipitates become colloids suspending in solution. The phenomena are
more evident for high valence metal than low valence metal. But for the alkali rare metal
(such as Lanthanum) the hydrolyzate is unstable and readily settles down.

The variation of viscosity is evidence that substantiates the growth of sol in the synthesis of
nanocrystal. The increase of the relative viscosity, 1+, of reaction solution shows the increase
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of the internal friction of hydrolysate, thus indicative of the increase of polymerization
degree, or molecular weight, of hydrolysate. The successive ion exchanging does not add
the molecular weight but cause the hydrolysate condensate inwards and internal friction
decrease, contributing to relative viscosity drop. The inward condensation of particles
accompanied by the dehydration between linear polymers is the crystallization process of

colloid particles.
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4. Nanocrystal of stannic oxide doped with antimony

Nanocrystalline Sb-doped SnO:2 has many merits of stable chemical, mechanical, and optical
properties and environmental stabilities. The introduction of the Sb element in the tin oxide
lattice confers good conductivity to the materials and an extremely high potential of
evolving oxygen in water. Moreover, the nanocrystalline Sb-doped SnO: has the potential to
catalyze decomposition and oxidation for esters and alcohols. (Richards et al., 2001)

Binding energies of electrons and bandgaps between valence bands and conduction bands
of materials are two significant parameters determining the properties of materials. Both are
highly associated with the doping and the physical dimension of the material. The method
of “P-CNAIE” can be used for accurate doping and to synthesize nanocrystals with a
narrow size distribution because uniform and accurate doping at atomic or molecular levels
confers stable and reliable properties and size of nanocrystals is associated with different
quantum confinement effects (Yoffe 1993).

4.1. The synthesis

In an airtight flask containing 200 mL anion-exchange resin, 100 mL alcohol, and 10 mL of
ammonia water, 200 mL ethanol solution containing SnCls-5H20 (18.0%, w/v) and SbCls
(0.665%, w/v) are added dropwise with fast stirring. At the same time, NHs gas is aerated in
the reaction solution (see Fig. 1 and Zhang et al. 2006). The reaction solution is held close to
neutral by adjusting the speed of addition. After the addition is complete, a reaction solution
is separated with resin through a glass-sand funnel and reactes repeatedly with 80 mL fresh
anion-exchange resin on a shaker. The white precipitate gradually become light yellow
during shaking. The final chlorine-free colloid solution is held idle on a bench for ca. ~48 h
and separates into an upper lightly turbid solution and a lower dense precipitate. The upper
lightly turbid solution is removed and kept aside for final recovery of all precipitate and the
lower dense precipitate slurry is added ~80 mL of iso-amyl acetated to make a co-boiling
system. A light-yellow dispersive fine powder is obtained by co-distilling off water
absorbed on the colloid and solvents.

All the exchanged ion-exchange resins are combined and repeatedly washed with fresh
solvent to collect any residual precipitate on the surface of the resin. The washed solvent is
applied to a short column of ion exchange to remove any remaining chlorine, and is
combined with the upper lightly turbid solution, in which, then, the resulting dried powder
is dispersed on a shaker. In succession, the chlorine-free combined solution is distilled and
leave behind a fine light-yellow powder. In this way, all of the metal hydrolysate can be
recovered and an exact doping as experimenter desires is achieved.

4.2. The characterization of the structure

Fig. 8 shows TEM images and electron diffraction pattern of nano-meter sized material
synthesized by the method “(P-CNAIE)” associating with “(AD-IAA)”. The electro
diffraction pattern in Fig. 8 indicates that the obtained nanomaterial has a determinate
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crystal structure, which is also confirmed by the TEM image B, from which a layer lattice
structure can be distinctly identified.

In addition, XRD pattern in Fig. 8 illustrates the degree of crystallization and the size of
nano particle. Diffraction peaks and their position in the pattern indicate the nano material
is stannic oxide crystal, and broad and weak peaks suggest the size of the crystal is nano-
meter sized. The positions of peaks are consistent with that showed in the X-Ray Powder
Diffraction Standards of SnOz, PDF No. 41-1445 from Jade 5.0, see the red bar in Fig. 9. Fig.
10 is the TEM image of the finally fine powder treated at 650 °C for 3 h. It is quite obvious
that the treatment at high temperature increases the size of nanoparticle in comparison with
the size showed in Fig. 8A. Nevertheless, the dispresivity of both nanomaterials, unburned

and burned, is almost the same.

% 5nm
. =
Figure 8. The TEM photoes of Sb-doped SnO2 nanomaterial synthesized by method of P-CNAIE
associate with AD-TAA and the EDP picture (JEM-2010FEF, JEOL, Japan). (Zhang, 2005)
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Figure 9. X-ray diffraction of Sb-SnO2 nanomaterial synthesized by method of P-CNAIE associating
with AD-IAA.
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Figure 10. The fired Sb-SnO2 nanomaterial synthesized by method of P-CNAIE associate with AD-IAA
at 650°C. (Zhang et al., 2006)

4.3. The conductivity
4.3.1. Accuracy of doping

To achieve a stable and reproducable conductivity of Sb-doped SnOz, an accuracy of doping
is critical. By the method of “P-CNAIE”, it was observed that initial white precipitate
gradually became finial yellow dried powder. Whereas, without doping, hydrolysate of
pure stannic chloride from initial colloidal to finial dried powder is always white. These
implicate: the yellow color is caused by Sb doping into condensate of stannic oxide, or,
exactly, by Sb doping into crystal lattice of stannic oxide, because yellow is caused only by
crystal with variation of band gap but by cluster or hydrolysate with forbidden band.

Because of the intermolecular condensation of hydroxides, the fine powder has no fixed
chemical formula and, therefore, the total weight of the powder had to multiplied by a
conversion factor, ', which is a ratio of the conversion, associating with the crystallization,
of hydroxide into oxide, see Section 6, in order to calculate the content of Sb in an oxide
crystal. A fried antimony-doped stannic hydrolysate at >350 °C does not dissolve in acid or
basic solution and the method of fusing it with caustic soda results in serious errors, so the
fresh dried powder is dissolved in HCl solution to make a sample for AAS. Fig. 11 shows a
histogram of the content comparison of antimonies in powders and in reaction solutions
before hydrolysis. The figure shows a high similarity between samples before and after the
hydrolysis, within the molar fraction range of 0.040-0.075, and the highest relative error is
only 1.24% (see Fig. 12).

It is not clear what causes the larger errors in the low-molar fraction range for Sb. It may be
that the smaller low condensate of stannic hydroxide is more readily absorbed on the resin
and difficult to be washed off with solvent. Or possibly, when being placed in the AAS, the
sample was not atomized well, leading to an increase in the absorbing area of Sb and a high
light absorption.
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Figure 11. The comparison of Sb content in powders and in solutions before preparation reaction. The
contents of Sb were detected on an atomic absorption spectrometer.
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Figure 12. Relative errors in powder sample based on the content of solution before reacting.

Using anion-exchange resin to remove chlorine not only increased the recoverable yield but
also ensured the accuracy and the similarity of doping, since the removal of chlorine is
always carried out in the same solution. The only thing that needs to be replaced is the resin.
Although there might been a small amount of precipitate absorbed on the surface of the
resin, it can be washed off by shaking repeatedly with a fresh solvent and recovered by
distilling off solvent. The worst aspect of removing chlorine by solvent washing is that the
ratio of Sb to Sn is not fixed, whereas, in ion-exchange method, the proportion of Sb present
in the solution before the reaction and in the powder are identical.

4.3.2. Effect of doping on the conductivity

SnO2 is a semiconductor with a wide bandgap (Eg = 3.97 eV) and transforms into a
conductor after being doped with antimony (GrZeta et al., 2002). Our process provides a
method to vary the content of Sb accurately. The ordinate in Fig. 13 indicates the logarithmic
value of the resistivity of samples. There is an optimum ratio of Sb to Sn that gives the
lowest resistivity, ranging between 5.28 and 5.50 mol% Sb, or 5.41 and 5.63 wt% Sb.

The variation of the resistivity of Sb-doped SnO2 can be explained by the semiconductor
fundamental theory. As the content of Sb increases and the density of the carrier and the
carrier mobility, p, increase, the room-temperature resistivity of the crystal decreases.
However, when the level of Sb is in excess of 5.50 mol%, as the carriers move in the



The Synthesis of Nano-Crystalline Metal Oxides by Solution Method

semiconductor, the ionized impurity scattering can no longer be neglected. The increase in
the number of scattering centers with addition of more antimony increases the amount of
ionized impurity scattering and correspondingly decreases the carrier mobilities, which in
turn increases the resistivity. Especially, the heavy doping will result in Burstein-Moss
effects, which cause the bandgap to become wider (Cao et al., 1998; Irvin, 1962).
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Figure 13. The variation of resistivity of Sb-doped SnO: with the content of Sb in it.
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Figure 14. The variation of resistivity of nanocrystal with different content of Sb fired at different
temperature.

Figure 14 shows the resistivity of Sb-doped SnO:2 as a function of temperature. Fine powders
with identical Sb content were fired at different temperatures; materials with different
resistivities were obtained (Castro & Aldao, 2000; Morikawa & Fujita, 2000).

It is proposed that the variation in resistivity with temperature is associated with oxidation
of Sb on the surface layer of the nanocrystal. The doping of Sb in a low-temperature regime
yields only Sb*, leading to p-type doping. However, Sb on the surface layer in a high-
temperature regime may yield Sb*%, leading to n-type doping. Crystals grown at high
temperatures are more perfect, so the resistivity of a crystal decreases. However, above
850°C, the number of Sb* ions on the surface layer increases, so the surface layer is
transformed into an n-type. Semiconductors do not conduct electricity when they are
connected in an n—-p-n connection. So with the temperature increases, the n-type layer
becomes thicker and the crystallites gradually transform into poorer conductors. Figure 14
also shows that more Sb*® is formed at lower temperatures when the content of Sb is higher.
Fig. 14 also indicates that the treatment at high temperature should be carefully adopted for
the metal oxide with changeable valence.
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4.4. Solid superacid of Sb-SnO: nanocrystal

Hino & Kobayashi indicated at first in 1979 that the acid strength of the SO#/ZrO: catalyst is
estimated to be Ho (Hammett indicator) > -14.52, one of the strongest solid superacids.
Sulfated zirconia (SO«*/ZrO2) is a typical solid superacid and exhibits a high catalytic
activity for the skeletal isomerization of saturated hydrocarbons, and other reactions (Arata,
1990, 1996). Sulfated tin oxide (SO4*/SnOz) is one of the candidates with the strongest acidity
on the surface. It has been reported that its acid strength is equal to that of SOs*/ZrO: at least
(Matsuhashi et al., 1989, 1990). Commonly, they have been prepared by the following
procedures to generate superacidity (Matsuhashi et al., 2001): (i) preparation of amorphous
metal oxide gels as precursors; (ii) treatment of the gels with sulfate ion by exposure to a
H2S0s solution or by impregnation with (NHs)25Os; (iii) calcination of the sulfated materials
at a high temperature in air.

The sulfated Sb-doped SnO: crystal is prepared in our study as follows. 2 g of Sb-doped
SnO:2 powder obtained in Section 4.1 is placed in a 50 mL plastic centrifuge tube containing
45 mL of methanol. After the powder is dispersed on a shaker, 3.0 mL of saturated
ammonium sulfate, equal to ~2 g of (NH4)2SO4, is added in methanol solution, and then the
tube continues to be shaken on a shaker violently since once the saturated solution is
dropped in methanol, very tiny (NHs)2SOs precipitate is separated in solution. After
centrifugation, precipitate, a mixture of Sb-doped SnO: and (NH4)2SOs, is washed in
anhydrous alcohol and centrifuged at 4000r/min. The final sediment is dried under an
infrared ray lamp and a dispersed powder is obtained.

DTA-TG curves in Fig. 15 exhibits the thermo-gravimetric turn point of Sb-doped SnO:
powder without mixing (NH4)2SO4 is 376°C. Differential scanning calorimetry pattern shows
the giving out heat peak is 341°C.

The relative acid strength of the powder was measured by the adsorption reaction of
indicator. The powder (ca. 0.5 g) is calcined at 613 K in air for 3 h and then placed in a glass
vacuum desiccator as the powder is hot. After the sample is pretreated in a vacuum for 2 h
and cooled down to room temperature, some cyclohexane solution containing 5% of
Hammett indicator is sucked in the vacuum desiccator. The desiccator is heated to 60 °C by
placing it in a constant water bath, which results in the powder exposing to indicator vapor.
The present powder sample is gradually colored by indicator and changes distinctly the
colorless basic form of p-nitrotoluene (pKa or Ho = -11.4), m-nitrotoluene (-12.0), m-
nitrochlorobenzene (-13.2), and 2,4-dinitrotoluene (-13.8) to the yellow conjugate acid form
and slightly yellow of 2,4-dinitrofluorobenzene (-14.5), that is to say, the acid strength of the
solid acid is estimated at least to be Ho = -14.5.

In the study, it is found that superficial hydroxyl on Sb-SnO:z nanoparticles is very important
for the sulfating roasting of Sb-SnO: nanocrystal. The fewer the number of superficial
hydroxyl exist, the fewer the sulfated groups exist on the surface of Sb-5SnO:2 nanocrystals.
Compared with curves 1 (Sb-SnO:z) and 8 (NH4)2SOs, curves 2 to 7 (Sb-SnO2 + (NH4)250s)
have an additional line segment from a to b. It is easy to understand that the line segment
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implies the generation of superficially sulfated groups. Curves 2 to 7 are thermogravimetric
curves of Sb-SnO:z nanocrystals that are pretreated at different temperature for 3 h and then
impregnated with a given amount of (NH4)250: before thermo-gravimetric analysis. It can
be seen that the higher the preprocessing temperatures is, the shorter the line segments from
a to b and the fewer the amount of sulfated group is. As the preprocessing temperature
increases, especially at or over 341 °C, the weight losses of Sb-SnO2 nanocrystals is heavier,
which is contributed by the dehydration between hydroxyls, leading to dwindling in the
number of superficial hydroxyls that are able to bond sulfate radicals and in the number of
superficially sulfated groups and to decreasing acid strength or catalytic activities.
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Figure 15. Thermogravimetric curves of Sb-SnO2, Sb-SnO: + (NH4)2SOs, and (NH4)250a.

Fig. 15 indicates that due to the generation of sulfated SnO, the binding of SOs?*- on the SnO:
endows the group with additional energy, so that to decompose or to volatilize the bonded
SO4%, an excessive energy has to be provided in order to overcome the bonding force.
Therefore line segments a to b appear in TG curves.
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Fig. 15 substantiates the advantage that nanocrystal synthesized by the solution method has
over the calcined nanocrystal in the surface modification of nanomaterials due to the
existence of superficial hydroxyls.

5. Nanocrystal of zinc oxide and zinc oxide doped antimony or
magnesium (Zhang et al., 2011, Liu et al., 2008)

Inorganic antimicrobial is a widely used as antibacterial material, which makes use of the
blocking effect of metal ions and metal oxide to disinfect and decontaminate. Silver, as an
inorganic antimicrobial, is widely known for its antibacterial properties against most of
bacteria species. However, metal oxides, with higher stability in physics and chemistry and
wide-spectrum and persistent antibacterial properties, show a high effective bactericidal
potency at common circumstance. In particular, nano-sized inorganic antimicrobial expands
the range of bactericidal application. Most inorganic antimicrobials are photocatalytic
material  such as semiconductor : TiOz, ZnO, Fe203, WOs and CdS etc. These materials can
act with water under irradiation to produce non-selective and highly active hydroxyl
radicals (‘OH) that can kill or inhibit proliferation of microbe (Linsebiglar, et al., 1995,
Stevenson, et al., 1997). Of them ZnO is an economic, resourceful, chemically stable and non-
toxic photocatalytic antibacterial. Due to the low thermal expansion and cold contraction
coefficients and highly chemical stability, zinc oxide is used in industrial and common living
ceramics and also added to coating and paints.

5.1. Synthesis of nanocrystal of doped zinc oxide

In a flask containing 400 mL ethanol solution of a desired ratio of molar concentrations of
ZnCl2 to SbCls or MgCl2 and 200 mL of anion exchange resin, 5 ~ 20 mL double-distilled
water are added dropwise under stirring. The reaction is then conducted on a shaker and
the solution containing suspended precipitate is separated with resin by a 120 mesh strainer.
The filtrate containing precipitate reacts repeatedly five or six times with 50 mL fresh anion-
exchange resin on a shaker until the upper solution does not become clear upon short
standing (~ 2 h). The final chlorine-free solution is held idle on a bench for ca. 48 h. The
upper lightly turbid solution is removed and kept aside. Iso-amyl acetate is added to the
lower dense precipitate slurry. After mixed on a shaker for 120 min the mixture is dried in a
glass distillation apparatus and a highly dispersive fine powder was obtained. All the
reacted ion-exchange resins are combined and repeatedly washed with fresh solvent. The
washed solvent is applied to a short column of ion exchange to remove any remaining
chlorine, and is then combined with the upper lightly turbid solution. The dried powder
from azeotropic distillation is dispersed in the combined solution on a shaker, and then
distilled off the solvent and leave behind the fine powder with exactly dopant content.

5.2. The crystal structure of zinc oxide

The nanoparticle of Sb-ZnO and Mg-ZnO synthesized by the method of P-CNAIE
associating with AD-IAA has a crystal structure even without calcining.
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But it is discovered from Figure 16 that, when the doping level is higher than 1/10 (mole
ratio), the crystal lattice of zinc oxide undergoes significant change. The XRD patterns of
doping ratio at 1.5 for Mg-doped and Sb-doped ZnO crystals and 1:10 for Sb-doped ZnO
indicate the formation of a new crystal phase. Moreover, Fig. 17, an enlarged figure, shows
that the new crystal phase caused by Sb doping is different from that by Mg doping in
crystal structure, which might be one of major causes that lead to a difference in
bacteriostatic potency between Mg-doped and Sb-doped ZnO nanocrystals. The Mg doping
contributed to 5 new XRD peaks appear at 17.0°, 22.4°, 25.5°, 28.6° and 38.3 °(20), while the
Sb doping brought on 3 new peaks at 17.0°, 24.6° and 38.3° (20). (See Fig. 17).
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Figure 16. XRD patterns of ZnO nanoparticle doped with Sb3* or Mg2?*. The up patterns is the X-ray
powder diffraction standards, PDF No. 36-1451, of ZnO from Jade 5.0.
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Figure 17. XRD patterns of ZnO nano-particle doped with Sb3* or Mg2* at heavy doping.

Variation of the structure of doped ZnO can be seen under an electron microscope. TMS
images indict such variation induced by doping Mg and Sb. Fig. 18A and E show non-doped
ZnO with a structure of typical columnar crystal and bigger size. In the case of doping, the
size of Sb-doped ZnO crystal evidently decreased with Sb content increasing, as Fig. 18B, C
and D show. It can be seen from Fig. 18C and D that besides many short columnar crystal a
great deal is grained crystal. However, as Mg is doped into ZnO, the crystal size does not
change a lot, but the crystalline form varies from six-rowed columnar to six-rowed lamellar.
The lamellar crystal appears in very small amount as doping level is low (see Fig. 18E,
indicted by arrow), and in a great amount as doping ratio reached to 1 : 5 (see Fig. 18F).
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The outer-shell valence electrons of zinc atoms are four (2s and 2d) and its ionic radius 0.60
A, the valence electrons of magnesium are two (2s) and ionic radius only 0.57 A, while that
of antimony are five (2s and 3p) and the ionic radius up to 0.74 A. Therefore, when the
doping is heavy, the effects of differences in the number of outer-shell electrons and in the
ionic radius on the variation in crystal form are more distinct, contributing to the
transformation of original six-rowed columnar crystals into new crystal form.

100nm

ko

Figure 18. TEM (JEM-2010 (HT), JEOL, Japan) images of doped and non-doped zinc oxides. A is a pure
Zn0O, B: Zn : Sb=1:15,C: Zn : Sb=1:10 and D: Zn : Sb = 1:5. The low group, E is a pure ZnO, F: Mg : Zn
=110 and G: Mg : Zn=1:5.

When element Mg(Il) is doped into matrix element Zn(Il), both of them have the same
valence and the same ratios of metal atom to oxygen atom, which will not cause any
hanging bonds within crystal, but the distortion of lettice resulted from the difference in
ionic radius between matrix and doping elements at heavy doping lead to the formation of
hanging bond and hence an enhancement of photo-catalysis of the doped crystal. Whereas
in the case of Sb doping, Sb(IIl) has one more oxygen atom aroud it than Zn(II), which
causes a hanging bond on Sb atom, or a unbonding valence electron. This unbonding
electron becomes a free electron within crystal lattice, resulting in the number of free
electron more than the number of positive hole and becoming a n-type semiconductor. As is
well known, ZnO crystal is a n-type semiconductor. Consequently, Sb-doping promotes the
semiconductor charactristic of ZnO, endowing it a more effective photo-catalysis. In
addition, the difference in ionic radius also assisted the distortion of crystal lettice, so the
variation of ZnO crystal as antimony dopes is more obvious than as magnium dopes.

A relevant doping, as at 1/10, is important for to maintain ZnO’s semiconductive nature as
well as its basic columnar structure. The main change is the particle size (Fig. 18C and the
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arrow pointed in F). Such doping provides the nanomaterial an enhanced semiconductive
characteristic and effective photo-catalysis. The formation of new crystal, as XRD peak at
17.0° shows, does not much help to increase the photo catalysis, or bactericidal potency
because, we supposed, the bactericidal potencies at doping ratio of over 1/5 are much lower
than these at doping ratio of 1/10. Maybe the new crystal is not a semiconductor and hence
can not produce hydroxyl free radical when it acts with water at irradiating.

5.3. The bactericidal properties

The bacteriostatic rate of Sb-doped ZnO nano powder is only 12% as the plats are incubated
in darkness. While check experiments of Sb-doped ZnO powder are carried out under
lighting, which leads to a bactericidal rate up to 93.4%, increasing by over 80%. The Mg-
doped ZnO powder improves its bacteriostatic rate from 9.8% without irradiating to 83.5%.
Fig. 19 shows that the doped materials have a much high antibacterial performance than
non-doped materials at both irradiating and darkness conditions. Among tested
nanomaterials, Sb-doped crystal presents the highest bactericidal potency, while the potency
from non-doped material is the lowest. Meanwhile, the irradiation enhances antibacterial
rate of all tested nano crystals. The light does play a vital role on the antibacterial behaviors
of tested nanomaterials, because of the limited antimicrobial properties in darkness. We
supposed that such antibacterial behaviors are due to the reactions between nanocrystal and
water molecule under visible-light irradiation to produce free radical. The antibacterial
behavior caused by irradiating disappears once the irradiation is removed. The limited
bactericidal potency under darkness might be caused by the limited amount of free radical
that is produced by powder absorbing environmental energy to act with water molecule.

Y irradiating .
I under darkness

bactericidal rate (%)

Figure 19. The lighting culture test of different nano ZnO powders on E. coli. Dark bars show the
incubation under non-irradiate and bias bars under irradiate. The doping ratio of Mg-doped ZnO and
Sb-doped ZnO are 1/10.

6. Calculation of crystallinity, X», of Nanocrystal synthesized by solution
method (Zhang et al., 2005, 2006, 2009)
Metal hydroxide can be burned at high temperature, and water loss has it transformed into

an oxidate. So the remained metal hydroxide that dose not condensate to form oxidate
crystal can be calculated by weighing water loss as the superficial metal hydroxide is
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burned. A simple and reliable method to determine the number of water molecules, a by-
product in the polycondensation of metal hydroxide into metal oxide crystal, is proposed in
order to calculate the average crystallinity of nanocrystal synthesized by solution method.
The number of water molecules can be determined by weighing the difference between
synthesized nanocrystals before and after burning. There is a close circle relationship (tin in
this calculation example), by which the average crystallinity can be calculated.

AW
Sn (OH), » | imperfect crystal of Sn[(OH),-xH,O]
crystallization
Y/ AW AW, .
ClJ[(3 tg n 2 ‘O\lﬁ\ﬁ\%
SnO, crystal

Scheme 3. The conversion relationship of monomer, polycondensate and crystal, and the cyclic
relationship of calculation of water molecule numbers.

AW, — AW,
No. of water molecules = AW = 2 1

H,0 M0

Here, Sn(OH): and SnO: have definite molecular weights and can be calculated or
experimentally determined. So the number of water molecules produced as condensation,
or crystallization, is given. Being divided by a parameter no, which is the number of tin
atom or monomer Sn(OH)s, the equation changes as follow and the no can be described as
Eq. (10),

(No. of water molecules) x MHzo ~ WSn(OH)4 ~ W polycondensate

n n n,

~ (No. of water molecules) x MHZO
n, = M

(10)

Sn(OH), ~ Mpolycondensate
Here Wholycondensate stands for Wimperfect crystal of sn[(OH)4-xH20] OF W sn[oH)a-sH20]. And the number of

end groups of the polycondensate molecules is given by

AW
No. of end hydroxyl groups of imperfect crystal =2 x 1

H,0
The extent of conversion, /, that is, polycondensate, or imperfect crystal converts into
perfect crystal of SnO2:
=W W = M M
r= SnOz/ polycondensate — Ny X SnO, /HO X Sn[(OH), -xH,0]

And so
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Mg, o, -x11,01 = Msno, /"' (11)

where W *polycondensate and W *sno2 are the masses of the imperfect crystal to be fired and of the
oxide formed after firing, respectively. The extent of theoretical conversion is:

WSno2 / WSn(OH)4 = MSno2 / MSn(OH)4 =R<7r

because the condensation results from intermolecular elimination of water and hence
Msnom)u > M snjonp-t20]. Substituting Eq. (11) for M snomy«tz0) in the expression Eq.(10), a
general expression is given as Eq. (12)

ng = (No. of water molecules) x MH20

MSno2 (12)

Sn(OH), — "

M

Once the number of water, or the number of condensation reactions, is given, the no can be
calculated using #’. The no will only be the function of . With 1" increases, the number of
initially presented monomer, no, should be less, meaning the degree of condensation
increase. For convenience’s sake, the number of condensation reactions, or No. of water
molecules, can be factitiously set on requirement of calculation accuracy, say 100, 1,000,
10,000 and so on. Its significance is that in each no of monomers, intermolecular
condensations occur by the elimination of a certain water molecules between monomers.
The definition of the no is the number of initially presented monomer or the total molar
number of metal elements.

For example: In the preparation of Sb-doped SnOz, W *snom) x = 0.9573 g, W *sn02=0.8836 g
and so 1’ is 0.9320. In addition, M sn©om:=186.71 » M sn02=150.71 > M m20=18.002. So the Eq.
(12) is written as follows when the No. of water molecules is set as 1,000.

ng = 18.002 X115%0;)1 — 768
186.71-—
0.9230

It indicates that 768 of hydroxides take place 1,000 condensation reactions by losing 1,000

water molecules. According to the definitions of the average degree of polymerization, Xn,
which here should be called as the average crystallinity, the expression is

X No. of units N,

" No. of polymers N

For linear condensation, including side-chain condensation, the average effective
functionality (i.e. the number of condensable functional groups) of every monomer is
supposed to be two, i.e. f=2, and the equation of Carothers can be directly used to

calculate the average degree of polymerization, Xn.
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p=(N, - N)/N0 = 1,000/r10

X, =1/(1-p)=n,/(n, —1,000) (13)

where p is the extent of reaction, and No and N are respectively the total numbers of
molecules initially and finally present, respectively. (No-N) = 1,000 (water molecules) and No
=no. For no=2000, Xn=2; no=1125, Xn=9 and no=1000, X, = . See the X, in Table 3. For
nonlinear condensation, products have a network structure, which, conceivably, might be a
planar network analogous to that of graphite, or a space network analogous to that of
diamond. Compared and analyzed a great number of typical structural units, values of Xn
in this case can be obtained using expressions,

N =2x1000/ (Xa f v Xn f)

- - — 2 - - 2
X =Ny /N =[Nof /| (Nof ~2x1000) | =[n f / (o f ~2x1000) (14)

where in? refers to the total number of functional groups before condensation, \/Z ? is
the number of unreacted groups remaining within the structure units after condensation,
and 2x1000 is the number of reacted groups. As no = 1000, in =4; no =750, in =9; no = 667,
Xn=16; and no =500, Xn = e.

r (%) nox1000 in(linear) t in(het—linear) 1 in(space—net) 1
80.72 oo Single Single Single
80.75 225025

80.8 94747

81 27695

82 6165

84 2651

84.80 2000 2

87.46 1250 5

88.28 1125 9

88.77 1063 17

89.14 1020 50

89.33 1000 oo 2 4
92.63 750 3 9
94.36 667 4 16
97.43 562 9 81
98.54 533 16 256
99.54 509 49 2401
100 500 o0 oo

t: Assuming only one kind of structural unit is yielded in the condensation.

Table 3. The Xn, crystallinity, corresponding with r’and no .
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n, x 1000 (parameter of condensation)
X, (average degree of polymerization)
(3]
!

-1 T T T T T T T T

T T 1
80 82 84 86 88 90 92 94 96 98 100 102

r' (conversion ratio)

Figure 20. In a given condensation reaction, the relation, denoted as a, between no and " according to

Eq. (12), and the relations, denoted as b, c and d, between in and r" according to Egs. (13) and (14),
respectively.
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