ISSN 1027-4510, Journal of Surface Investigation: X-ray, Synchrotron and Neutron Techniques, 2023, Vol. 17, No. 3, pp. 620—624. © Pleiades Publishing, Ltd., 2023.

Investigation of Electronic and Atomic Structure and Transport
Properties of Black Phosphorus Single Crystals

S. V. Chekmazov* *, A. A. Zagitova“, A. M. Ionov“, S. G. Protasova“, V. N. Zverev“, A. A. Mazilkin®,
V. 1. Kulakov“, and S. 1. Bozhko* **
4[nstitute of Solid State Physics, Russian Academy of Sciences, Chernogolovka, 142432 Russia
*e-mail: chekmazov@issp.ac.ru
**e-mail: bozhko@issp.ac.ru
Received October 15, 2022; revised December 21, 2022; accepted December 21, 2022

Abstract—The electronic and atomic structure and transport properties of black phosphorus single crystals
prepared by high-pressure and gas-transport methods were studied by X-ray photoelectron spectroscopy and
scanning probe microscopy (STM, AFM). The atomic resolution of the single crystal surface was obtained
by scanning tunneling microscopy. After exposure of the clean surface under ambient conditions, the features
in X-ray photoelectron spectroscopy spectra corresponding to the oxidized form of phosphorus were
observed and detected using atomic force microscopy. Using low-temperature transport measurements,
impurity activation energies were determined and negative magnetoresistance was detected.
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INTRODUCTION

Recently, in condensed-matter physics, greater
attention has been paid to systems with reduced
dimensionality. Among two-dimensional materials
monoatomic layers of elements have also been studied
and black phosphorus (bP) single crystal, the allo-
tropic modification of phosphorus [1—3], has been
proposed as a promising material.

In the bP crystal, atomic layers are bonded by weak
van der Waals forces. The atomic layers of bP have a
“corrugated” structure in contrast to graphene. The
lattice belongs to orthorhombic syngony with an inter-
layer gap of about 5.3 A. In the bP monolayer, two
types of bonds are presented: a short bond of 2.224 A
connects the nearest P atoms in one plane, a longer
bond of 2.244 A connects the upper and lower atoms
of the layer [4].

The anisotropic structure of bP determines its
anisotropic physical properties and distinguishes it
among two-dimensional materials. The first experi-
ments were carried out on polycrystalline samples. bP
was determined to be a p-type direct-band semicon-
ductor with a band gap of 0.33-0.35 eV [5-8].
According to theoretical calculations [9—11], the min-
imum of the conduction band and the maximum of
the valence band (VB) are located at the Z-point of the

Brillouin zone. With a decrease in the number of lay-
ers, the width of the gap at the 7-point increases and
for phosphorene, reaches 1.5—2 eV [12]. The bP
remains a direct-gap semiconductor, which distin-
guishes it from metal dichalcogenides, where the gap
becomes indirect with a decreasing number of layers.

The first methods of obtaining bP crystals did not
allow the synthesis of large single crystals [13—15].
The method of gas-transport reaction [16—18] pro-
duced single crystals, but the results vary depending on
the synthesis conditions, and the growth mechanisms
have not been fully revealed yet. Therefore, one of the
goals of the work was to prepare large bP single crys-
tals. The morphology, atomic and electronic structure
of the crystal surface, and low-temperature electrical
conductivity and magnetoresistance of the samples
were studied.

RESULTS AND DISCUSSION

Single crystals were obtained by two methods. In
the high-pressure method, red phosphorus was placed
in the pyrophylitic ampoule of a high-pressure con-
tainer, the synthesis was carried out at pressure P =
1.1 GPa and temperature 7'= 860°C. In the gas-trans-
port reaction method, red phosphorus, AuSn and Snl,
were placed in a 10-cm-long quartz ampoule at p =
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Fig. 1. STM image of the bP (100) surface (insets: profiles along the lines (a), FFT of the STM image (reflexes are indicated in A),

unit cell image), STS spectra taken at four different points (b).

10~2 Torr and kept at temperature 7 = 590°C. The
temperature gradient along the ampoule was 10—20°C
and single crystals grew up at the colder end of the
ampoule for 5 days. The bP crystal had an orthorhom-
bic crystal structure with space group Cmca, a = 4.37 A,
b=3.31A, c=1047 A, the X-ray data confirmed
crystallinity of the samples. Crystals with dimensions
of 10 x 20 wm? were obtained by the high-pressure
method, those obtained using the gas-transport reac-
tion method were of 1 mm X 100 um. The crystal
growth during the gas-transport reaction occurred
along the Y direction.

The investigation of the surface was carried out by
STM in ultrahigh vacuum (pressure was 10~'° Torr)
and by AFM in the air. The sample was split by a sticky
tape in vacuum of 108 Torr. The STM image of the
bP(100) surface acquired at U, =+ 0.6 V, [, = 100 pA
is presented in Fig. la. The atomic resolution was
obtained at 7= 300 K. The Fourier transform of the
STM image shows the presence of a long-range order.
The lattice parameters @ = 4.66 A and b = 2.75 A
obtained from the Fourier analysis are close to those
obtained from the X-ray diffraction analysis.

Figure 1b shows the tunnel spectra recorded at four
points of the sample (7= 300 K). The band gap esti-
mated from the spectra is 0.3—0.35 eV is in accordance
with [3, 5].

The elemental composition and electronic struc-
ture of the P(100) were investigated by XPS (AIK,-
radiation A, = 1486.6 V). The XPS spectrum of the bP
surface is shown in Fig. 2a. The core level spectra of P
2s and P 2p characteristic of pure phosphorus were
observed (Fig. 2¢). No impurities were found on the
bP surface after the synthesis.

Stability of the bP surface under various conditions
was studied by XPS. The XPS spectra of a clean sur-
face, obtained after ion etching and aged under atmo-
spheric conditions for a period from several hours to
100 days, were taken. In the spectrum of an as-grown
sample there is a spin-orbit doublet of P 2p,, and
P 2p;,, with binding energies (BE) of 131.1 and
130.2 eV (Fig. 2¢), characteristic of pure phosphorus.

Surface exposure in the air leads to a doublet shift
towards higher BE by 0.25 €V, the spin-orbit splitting
has not changed, that agrees with [19]. Moreover, an
additional peak corresponding to the oxide form of
phosphorus, presumably P,Os, was detected at 135 eV.
Also, nanoislands about 5 nm in height and 50 nm in
width (Fig. 2d) were found by AFM after exposure of
the surface in the air for several days. According to
[20], the nanoislands, represent oxidized sections of
the phosphorus surface.

Using XPS, the VB structure was studied. Figure 2b
demonstrates the VB spectra for a pure and oxidized
surface of bP crystals. In the spectrum of the pure bP
surface, features are presented at BE of 2.8, 5, 6.5, 11,
and 14 eV. The spectrum of a sample maintained
under atmospheric conditions demonstrated that
peaks with BE of 2.8, 5, and 6.5 eV corresponding to
bP are suppressed, and features in the range of 5—12 eV
appear related to the phosphorus oxidized form.

To justify the experimental data, calculation of the
density of states (DOS) was carried out using density
functional method (DFT) (the lower curve in Fig. 2b).
Crystal structure and DOS were investigated using
Vienna Ab-initio Simulation Package software. The
unit cell contains a vacuum gap of 15 A, designed to
reduce the influence of neighboring stacks on each
other, allowing us to simulate the structure of thin
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Fig. 2. XPS spectrum of the bP(100) synthesized by high-pressure method after etching (a). VB spectra and calculated DOS (b).
P 2p states spectra after etching and exposure under atmospheric conditions for 100 days (c). AFM image of the oxidized bP sur-

face (inset: profiles along the lines) (d).

films. The lattice parameters of bP obtained after geo-
metric optimization (e =4.46 A, b=3.34 A, c=10.71 A)
are close to the experimental data. For calculation of
the electronic structure, the optPBE-vdW functional,
E_orf = 520 eV and a 12 x 12 x 10 Monkhorst-Pack
sampling grid were used. The main contribution to the
DOS in the range from 8 to 16 €V is made by 3s states, and
in the range of 1—8 eV it is made by 3p states. The results
obtained qualitatively are consistent with [9—11].

For transport measurements, larger single crystals
obtained by the gas-transport method were used. The
electrical resistance measurements of samples 1 and 2
were carried out with direct current by a four-contact
method, the electrical conductivity and magnetoresis-
tance of sample 3 were measured with alternating cur-
rent. The current direction coincided with the Y direc-
tion. Figure 3a shows the temperature dependence of
the crystal resistance in a range 4.2—300 K.

The temperature range below 300 K corresponds to
the impurity conductivity, and the resistance increases

exponentially with an increasing temperature. The
activation energy of the impurities, calculated from the
temperature dependence of the resistance, was 10, 16
and 7 meV for samples 1, 2 and 3, respectively, which
agrees with [8]. Figure 3b shows the temperature
dependence of the electrical conductivity of sample 3
from 1.5 to 10 K.

The temperature dependence of the electrical con-
ductivity of sample 3 is linear in a logarithmic scale,
which is characteristic of the weak localization regime
in the two-dimensional case. The results are in an
agreement with [21], where two-dimensional contri-
bution to the conductivity is observed.

Weak localization was detected by its destruction in
a magnetic field due to a gradual decrease in the inter-
ference corrections to the resistivity. Figure 3c shows
magnetoresistance measurements at 7 = 0.5 K in a
magnetic field of up to 8 T. The direction of the cur-
rent coincided with the Y direction, the magnetic field
was applied perpendicular to the layer planes along Z
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Fig. 3. Temperature dependences of the resistance/conductivity (a/b) of the samples. Dependence of the magnetoresistance of
the sample 3 on an applied magnetic field (black—the magnetic field increases, blue—the magnetic field decreases) (inset: SEM
image of the sample with Pt electrical leads for a standard four-point technique measurement) (c).

direction. Note that magnetoresistance reaches its
minimum at B,,;, = 0.95 T. At greater fields, a com-
plete destruction of weak localization apparently takes
place, and the resistance increases with the field. The
electron mean free path calculated from B,;, was
about 260 A. The maximum of the negative magneto-
resistance was 1.8% at a field of 0.95 T.

CONCLUSIONS

The conditions for synthesis of bP crystals have
been optimized, and single crystals have been obtained
by high-pressure and gas-transport methods. The
electronic structure has been studied by XPS, and the
experimental data have been confirmed by DFT simula-
tions. The atomic resolution of the crystal surface has been
obtained by STM. The band gap estimation (0.3—0.35eV)
for bP has been made from the STS spectra. The oxi-
dized islands detected by AFM indicate oxidation of
the bP surface exposed in the air.

From the linear nature of the electrical conductiv-
ity dependence on temperature in the logarithmic
scale below 10 K and the presence of negative magne-
toresistance at 0.5 K in magnetic fields from 0 to 0.95 T,
it is assumed that a weak localization effect is observed
in the two-dimensional case under these conditions.
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