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Abstract
Nanograined (grain size 10 nm) ZnO ﬁlms with various Co contents (0–52 at.% Co) were synthesized by a novel liquid ceramics
method. The solubility limit for Co was determined at 550 °C. The lattice parameter c of the ZnO-based solid solution with würzite structure ceases to grow at 33 at.% Co. The peaks of the second phase (Co2O3 or with cubic lattice) become visible in the X-ray diﬀraction
spectra at 40 at.% Co. The same second phase appears in the bulk ZnO already at 2 at.% Co [Bates CH, White WB, Roy R. J Inorg Nucl
Chem 1966;28:397]. A few years ago it was predicted theoretically that ZnO could become ferromagnetic at room temperature and above
by doping with Co and other transition metals. Recently published papers on the structure and magnetic behaviour of Co-doped ZnO
allowed us to obtain the size dependence of Co solubility in ZnO for the polycrystals and small single-crystalline particles. The overall Co
solubility drastically increases with decreasing grain size. The quantitative estimation leads to the conclusion that, close to the bulk solubility limit, the thickness of a Co-enriched layer is several monolayers in grain boundaries and at least two monolayers in the free
surfaces.
Ó 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
Keywords: Grain boundaries; Surfaces; Solubility; Phase diagrams; Zinc oxide

1. Introduction
In two-component and multicomponent alloys, by
increasing the content of an alloying component, c, a solubility limit is reached at a certain concentration, cs. Above
cs, the second phase appears in the bulk. By further increasing c, only the amount of the second phase increases, but
the concentration in the ﬁrst phase remains equal to cs.
The volume solubility limit cs increases with increasing
temperature. The easiest way to measure cs is to follow
the change of the lattice spacing in the solid solution, for
example with the help of X-ray diﬀraction (XRD). The lat*
Corresponding author. Address: Max-Planck-Institut für Metallforschung, Heisenbergstrasse 3, 70569 Stuttgart, Germany. Tel.: +7
9166768673; fax: +7 4992382326.
E-mail address: straumal@issp.ac.ru (B.B. Straumal).

tice spacing continuously changes (it can either increase or
decrease) with increasing c up to cs. At c > cs the lattice
spacing remains unchanged, and the diﬀraction peaks of
the second phase appear in the XRD spectrum.
If the alloy contains surfaces and interfaces enriched by
a second component, the total concentration of this second
component, ct, will be higher than its concentration in the
bulk solid solution, cv. The diﬀerence between ct and cv
increases with an increasing speciﬁc area of surfaces and
interfaces (i.e., with decreasing grain size). If the grain size
is small enough, the diﬀerence between ct and cv can
become measurable. This is due to the fact that XRD registers the diﬀraction only from the bulk phases. The component located in the thin surface or interface layers
remains invisible for XRD. The XRD peaks appear only
in the case when the coherent-scattering region is large
enough (grain size around 5 nm or larger). At the same
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time, XRD allows one to measure the grain size using the
angle dependence of the peak width.
McLean proposed that the apparent solubility limit, csa,
in ﬁne-grained materials will be higher than the volume solubility limit cs [1]. He calculated this diﬀerence for the Fe–
C system with grain sizes of 1 and 10 lm for the case of
simple Langmuir-like grain boundary segregation [1].
There are many indications in the literature that csa > cs
in micro- and nanograined materials [2–7]. However, the
consistent XRD measurements of solubility shift csa–cs
with grain size d are very time consuming and, to the best
of our knowledge, have never been conducted before. ZnO
oﬀers a good possibility for such an investigation. ZnO is
widely used as a transparent conducting oxide in the semiconductor thin ﬁlm technology, as a material for varistors
(doped with Bi2O3) and for gas sensors. Moreover, it is a
promising material for future spintronics as a possible ferromagnetic semiconductor. Ferromagnetic semiconductors
could allow seamless electrical manipulations of magnetic
states and magnetic modiﬁcation of electric signals. In
2000 Dietl et al. predicted theoretically that ZnO doped
by small amounts of ‘‘magnetic” impurities such as Mn
or Co would possess ferromagnetic properties [8]. This
work triggered a boom in experimental work, and more
than 1200 papers devoted to dilute magnetic semiconductors have since been published. Unfortunately, ferromagnetism in diluted doped ZnO is far from understood. The
presence or absence of ferromagnetism in doped ZnO critically depends on the synthesis method. However, these
studies allow the dependence of csa–cs on the grain (particle) size d to be calculated.
Therefore, the goal of this work is threefold: (i) to measure the solubility shift csa–cs in nanograined ZnO manufactured by a novel liquid ceramics method; (ii) to
analyze the csa–cs dependence on the grain size over a
broad interval of d using the published data on ZnO; (iii)
to compare the inﬂuence of Co-enrichment in surfaces
and interfaces (i.e., grain boundaries, GBs) on the shift
csa–cs at the same grain (particle) size d.
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scope at an accelerating voltage of 400 kV. TEM was used
to investigate the crystal structure of the ﬁlm, especially at
the interface, and to look for possible Co clusters. TEM
was also used to measure the grain size in pure and doped
ZnO ﬁlms. XRD data were obtained on a Siemens diﬀractometer (with Fe Ka radiation) with a graphite monochromator and line-position-sensitive gas ﬂow detector.
Calculation of the grain size, d, was done using the angle
dependence of the peak broadening [9]. The grain size in
all studied samples was 10 ± 2 nm.
3. Results and discussion
Fig. 1a shows a bright-ﬁeld high-resolution electron
micrograph of the nanograined ZnO thin ﬁlm. The electron
diﬀraction pattern is shown in Fig. 1b. The deposited ZnO
ﬁlm is dense, non-porous, nanograined, uniform and nontextured. The grain size in this ﬁlm is about 10 nm. In
Fig. 2 two XRD spectra are shown: for pure ZnO (bottom)
and ZnO doped with 40 at.% Co. Only würzite lines are visible in the pure ZnO ﬁlm. The cubic Co2O3 phase appears
additionally in the ZnO–40 at.% Co sample. In Fig. 3 the
dependence of the lattice parameter c in the Co-doped
ZnO ﬁlms on the Co concentration is shown. The error
bars in Fig. 2 are deﬁned by the angular error for the peak
positions in XRD spectra. The lattice spacing linearly
increases up to 33 at.% Co. Above 33 at.% Co, the second
phase Co2O3 with cubic structure appears and the lattice
spacing in the würzite ZnO phase ceases to increase. This

2. Materials and methods
The Co-doped ZnO thin ﬁlms were deposited on the Al
foils by a novel liquid ceramics method. The substrates
were dip-coated with a mixture of liquid organic acids
and metallic ions, and dried at 150 °C. The deposited layers
were then oxidized in air at 550 °C. The resulting ﬁlms were
greenish and transparent. The ﬁlm thickness was determined by the electron-probe microanalysis (EPMA) and
edge-on transmission electron microscopy (TEM) and measured between 50 and 200 nm. The Co content in ﬁlms was
between 0 and 52 at.%. The Zn and Co content in doped
oxides was measured by atomic absorption spectroscopy
in a Perkin-Elmer spectrometer and by EPMA in a Tescan
Vega TS5130 MM microscope equipped with an Oxford
Instruments LINK energy-dispersive spectrometer. TEM
investigations were carried out on a JEM-4000FX micro-

Fig. 1. Dark-ﬁeld TEM micrograph of the nanograined ZnO thin ﬁlm
deposited by the liquid ceramics technology, with the electron diﬀraction
pattern as an insert. No texture is visible. Reﬂexions from the Al substrate
are also present.
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Fig. 2. XRD spectra for pure ZnO (bottom) and ZnO doped by 40 at.%
CoO. Only würzite lines are visible in the pure ZnO ﬁlm. The cubic Co2O3
phase appears additionally in the ZnO–40 at.% CoO sample.

Fig. 4. Solubility limit of Co in ZnO polycrystals with grain sizes above
1000 nm [10–28]. Solid symbols correspond to the single-phase samples.
Open symbols correspond to the two-phase samples. Filled stars correspond to the solubility limit. Rings correspond to the samples obtained by
hydrothermal growth, growth from the melt, high-temperature and highpressure synthesis of bulk crystals, and Co diﬀusion from the vapour into
ZnO single crystals [10–13]; down-triangles, Co ion implantation into ZnO
single-crystalline substrate [14]; up-triangles, chemical vapour transport
[15,16]; squares, sintering of conventional powders [17–24]; left-triangles,
co-precipitation [25]; hexagons, dual-beam pulsed laser deposition [26–28].

Fig. 3. Dependence of lattice parameter c in Co-doped ZnO ﬁlms on the
Co concentration.

means that the solubility limit csa in the Co-doped ZnO
thin ﬁlms with a grain size 10 nm is 33 at.% Co at
550 °C. The solubility limit in the bulk cs is about 2 at.%
Co at 550 °C [10].
In order to ﬁnd ferromagnetism in doped ZnO, it is
important to ensure that it does not contain any particles
from the second phase which could inﬂuence the sample’s
magnetic properties. This means that in each published
work the data on the dopant concentration are presented,
and presence or absence of a second phase is noted. Usually, the presence or absence of a second phase is controlled
by XRD. Measurable X-ray peaks appear in the diﬀraction
spectra when the amount of a second phase is about 1–2%.
TEM or Raman spectroscopy allows one to detect a second
phase at lower content than XRD. However, such data are
almost absent in the papers devoted to the magnetic behaviour of ZnO. Therefore, we used only XRD data for the
construction of plots presented in Figs. 4–8. The majority
of published works allowed us to estimate the grain or particle size and to assign the data to a certain temperature,

Fig. 5. Solubility limit of Co in ZnO polycrystals with grain sizes between
100 and 1000 nm [14,26–47] Solid symbols correspond to the single-phase
samples. Open symbols correspond to the two-phase samples. Filled stars
correspond to the solubility limit. Squares correspond to the samples
obtained by the sintering of ﬁne powders [29–32]; up-triangles, vapourization–condensation method [33]; pentagons, magnetron sputtering [34–
37]; diamonds, sol–gel method [37–41]; right-triangles, electrodeposition
[42,43]; down-triangles, Co ion implantation into ZnO single-crystalline
substrate [14]; hexagons, single and DBPLD [26–28,44–47].

either that of a synthesis or of a ﬁnal thermal treatment.
The published data encompass grain (particle) sizes d from
10 mm to 10 nm and temperatures from 300 to 1500 K.
This gave us the unique chance to construct the csa(T)
dependences for a broad interval of d and to compare the
inﬂuence of internal boundaries and surfaces. The biggest
data arrays exist for Co- and Mn-doped ZnO. In this work
we will analyze the Co-doped ZnO.
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Fig. 6. Solubility limit of Co in ZnO polycrystals with grain sizes between
20 and 100 nm [29,36,37,48,30,49–109]. Solid symbols correspond to the
single-phase samples. Open symbols correspond to the two-phase samples.
Filled stars correspond to the solubility limit. Squares correspond to the
samples obtained by the full or partial sintering of the very ﬁne powders
and partial sintering of nanowires [29,48,30,49–65]; left-triangles, autocombustion method [66]; up-triangles, vapourization–condensation
method [33]; pentagons, magnetron sputtering [36,37,67–76] and ion
beam sputtering [77]; down-triangles, ion implantation [78–80]; diamonds,
sol–gel method [84–90]; left-triangles, chemical vapour deposition [91–93];
hexagons, pulsed laser deposition [46,94–109] and molecular beam epitaxy
[81–83]. Crosses correspond to the experiments where TEM investigations
were performed; GBs are visible in TEM micrographs and GB Co-rich
phases are absent [29,46,70,73–75,83,94–96,103].

Fig. 7. Solubility limit of Co in ZnO polycrystals with grain sizes below
20 nm [26–28,35,49,60,62,68,71,73,74,76,85,86,91,92,97,105,110–126]. Solid
symbols correspond to the single-phase samples. Open symbols correspond to the two-phase samples. Filled stars correspond to the solubility
limit. Squares correspond to the samples obtained by the sintering of
the very ﬁne powders and partial sintering of nanowires [49,60,62,97,
110–112,114]; left-triangles, solution combustion method [113]; pentagons,
magnetron sputtering [35,68,71,73,74,76,115–121] and ion beam sputtering [122,123]; diamonds, sol–gel method [85,86]; up-triangles, chemical
vapour deposition [91,92]; hexagons, pulsed laser deposition [26–
28,105,124–126]; right-triangles, liquid ceramics method. Crosses correspond to the experiments where TEM investigations were performed; GBs
are visible in TEM micrographs and GB Co-rich phases are absent
[105,117,120,123].

6249

Fig. 8. Solubility limit of Co in ZnO powders with various particle sizes
[10–12,15–18,32,19,127–132]. Solid symbols correspond to the singlephase samples. Open symbols correspond to the two-phase samples. Filled
stars correspond to the solubility limit.

In Fig. 4 the solubility limit (solvus) of Co in ZnO polycrystals is drawn using the data on polycrystals with a grain
size above 1000 nm [10–28]. (The errors in Fig. 4, as well as
in Figs. 5–8 are below the scale of the markers.) These samples were obtained by hydrothermal growth [10], growth of
Co-doped ZnO single crystals from the melt [11], high-temperature and high-pressure synthesis of bulk crystals [12],
Co diﬀusion from the vapour into ZnO single crystals
[13], Co ion implantation into ZnO single-crystalline substrate [14], chemical vapour transport [15,16], sintering of
conventional powders [17–24], co-precipitation [25], and
dual-beam pulsed laser deposition (PLD) [26–28]. Full
symbols correspond to the single-phase samples. Open
symbols correspond to the samples where the second phase
Co2O3 was observed by XRD. Stars correspond to the solubility limit determined in the literature by the method similar to that used by us in Fig. 3. The experimental error of
the synthesis or annealing temperature is usually below
±10 °C and the error of determination of Co concentration
in ZnO is usually below ±0.1 at.%. Therefore, the error
bars are not visible on the scale of the Figs. 4–8. The solubility of Co in ZnO reaches about 20 at.% at 1200 °C and
falls below 2 at.% at 550 °C. This line corresponds to the
solubility in the bulk of ZnO; the number of Co atoms segregated in grain boundaries is negligible.
Using the hydrothermal technique the oxide mixtures of
known compositions were sealed together with a small
amount of NaOH in water as a mineralizer in gold tubes
and heated in a hydrothermal pressure vessel at 108 Pa
and temperatures between 570 and 800 °C [10]. The grain
size of doped ZnO was above 5 lm. High-temperature
(900–1100 °C) and high-pressure (6 GPa) annealing of the
original ZnO + Co + Co3O4 mixture in the sealed gold
capsule without any mineralizer allowed large Co-doped
ZnO bulk polycrystals to be manufactured [12]. In the
vapour-phase diﬀusion method Co atoms were introduced
into the few large (of the order of millimeters) ZnO single
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crystals in a conventional tube furnace in ﬂowing O2 gas at
1050 °C for about 100 h. Co3O4 vapour was used as the
source material which was evaporated from Co3O4 powder
(melting point 900 °C) [13]. In the ion-implantation
method the commercial ZnO single-crystal substrates
(0.5 mm thick) were implanted with Co with an energy of
100 keV and a ﬂuence up to 1017 ions cm 2 [14]. The chemical vapour transport method allows some millimeter-scale
Co-doped bulk ZnO single crystals to be manufactured
[15,16]. By sintering of conventional powders, the ZnO
and CoO powders with grain size between 1 and 20 lm
were mixed together, pressed into pellets and annealed at
temperatures between 600 and 1400 °C [17–24]. In the coprecipitation technique, the Zn1 xCoxO powders were prepared by the decomposition of an oxalate precursor in
which Co and Zn ions are already mixed [25]. The resulting
powders with sizes above 1 lm were annealed at 900 °C
[25]. In the dual-beam pulsed laser deposition (DBPLD),
the laser beam was split into two beams and irradiated
two separate targets of ZnO and Co. The two targets were
ablated separately, and the Co-doped ZnO is thus formed
by the growth of thin ﬁlm on the single-crystal sapphire
substrate from the ﬂuxes coming from the two targets.
The substrate temperature was between 600 and 800 °C.
Usually DBPLD leads to the formation of rather ﬁnegrained polycrystals; however, the grain size can be above
1000 nm with high Co concentrations [26–28].
In Fig. 5 the solubility limit (solvus) of Co in ZnO polycrystals is drawn using the data on polycrystals with grain
size between 100 and 1000 nm [14,26–47]. These samples
were obtained by sintering ﬁne powders [29–32], vapourization–condensation method [33], magnetron sputtering [34–
37], sol–gel method [37–41], electrodeposition [42,43], Co
ion implantation into ZnO single-crystalline substrate
[14], single- and dual-beam PLD [26–28,44–47]. The solubility of Co in ZnO reaches about 16 at.% at 800 °C and
falls below 2 at.% at room temperature. Co solubility in
polycrystals with grain sizes between 100 and 1000 nm is
much higher than in the coarse-grained samples (Fig. 4).
For example, it is two times higher at 800 °C and about
four times higher at 550 °C.
Fine powders were chemically synthesized from various
aqueous solutions, dried and sintered (without compaction) at temperatures between 150 and 900 °C[29,30].
TEM micrographs published in Refs. [29,30] permitted us
to estimate the ratio between the GB area and the free surface area as being between 10% and 50%. Fine powders
may also be produced by the ball milling of commercially
available Co and Zn oxides which were compacted before
sintering [31,32]. In this case the portion of GBs reaches
nearly 100%. Reactive magnetron co-sputtering was used
for the growth of Co-doped ZnO thin ﬁlms on the Si/
SiO2 substrates using Zn and CoFe metal targets [34]. A
mixed plasma of Ar and O2 was used for sputtering, and
the substrate temperature was 600 °C. The composition
of the ﬁlm was controlled by the sputtering ratio of each
target. The ﬁlms contain poreless elongated columnar

grains with a grain diameter of about 100 nm. Films can
also be sputtered from a single-compound ZnCoO target
[35–37].
In Ref. [37] the Co-doped ZnO thin ﬁlms were prepared
by a sol–gel coating route using Zn(CH3COO)2H2O and
Co(CH3COO)2H2O as starting precursors and a 9:1 mixture of 2-methoxyethanol and ethanolamine as a solvent.
The sol–gel-coated ﬁlms were ﬁnally heat-treated at
600 °C for 10 min in a reduced oxygen pressure at 1 Pa
by rapid thermal annealing. The ﬁlms contain grains about
100 nm in size. The sol–gel method was also used in Refs.
[38–41]. The densely arranged nanowires with multiple
contacts (GBs) can be grown with the aid of electrodeposition [42,43]. For example, the nanowires with diameters of
100–200 nm and about 2 mm in length were grown from
the aqueous solution containing zinc nitrate hydrate and
cobalt nitrate hydrate at 90 °C. A negative potential of
0.8 V relative to a gold reference electrode was applied
to a silicon substrate [42]. In Ref. [33] the Co-doped ZnO
was melted inside a glass balloon by using solar heating
power focused on the sample by means of a curved focusing mirror, vapourized and then condensed. This vapourization–condensation method yielded a few micrometerlong wires and tetrapodes with diameters slightly above
100 nm [33]. Multiple contacts (GBs) between individual
wires are present in such samples, and they are visible in
TEM and scanning electron microscopy (SEM)
micrographs.
In Fig. 6 the solubility limit (solvus) of Co in ZnO polycrystals is drawn using the data on polycrystals with grain
size between 20 and 100 nm [29,36,37,46,48,30,49–109].
These samples were obtained by full or partial sintering
of very ﬁne powders [29,48,30,49–58], partial sintering of
nanowires [59–65], autocombustion method [66], vapourization–condensation method [33], magnetron sputtering
[36,37,67–76], ion beam sputtering [77], ion implantation
[78–80], molecular beam epitaxy [81–83], sol–gel method
[84–90], chemical vapour deposition (CVD) [91–93] and
PLD [46,94–109]. The crosses correspond to the experiments where TEM investigations were performed; GBs
are visible in TEM micrographs and GB Co-rich phases
are absent [29,46,70,73–75,83,94–96,103]. The solubility
of Co in ZnO drastically increased in comparison with
Fig. 3. It reached about 25 at.% at 700 °C and remained
above 12 at.% at room temperature.
Nanowires and nanorods were grown from various solutions [59–65]. For example, in Ref. [59] the nanowires were
synthesized by the thermal decomposition of zinc acetate
and cobalt(II) acetate in reﬂuxing trioctylamine. During
the growth and following heat treatment, single-crystalline
nanowires and nanorods grow together, forming GBs. The
(usually low) amount of GBs can be estimated from SEM
and TEM micrographs. In the autocombustion method
[66] the Zn and Co powders were mixed with fuel, where
glycine (2 mole of glycine per mole of metal ion) or a mixture of glycine and dextrose (2 mole of glycine + 1 mole of
dextrose) were used as fuel. The combustion of a metal–
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fuel mixture made it possible to produce the ﬁne powders
of the Co-doped zinc oxide with partially sintered 20–
45 nm grains. Ion beam sputtering is similar to the double-target magnetron sputtering [77]. Two targets containing Zn and Co were simultaneously or alternately sputtered
by the ion beam. The layers deposited on the single-crystalline sapphire substrates were then annealed in various
atmospheres at 250 °C.
Variants of CVD (PIMOCVD—pulse-injection, oxygen
plasma assisted metal organic CVD, or ultrasonic-assisted
CVD) are simple soft processes which permit ﬁlm growth
from either organic or inorganic precursors [91–93]. Deposition can be carried out in the absence of a vacuum. During the PIMOCVD process [92] small droplets of a
monoglyme solvent with Zn(tmhd)2 and Co(tmhd)3
(tmhd = 2,2,6,6-tetramethyl-3,5-heptanedionate)
were
sequentially pulsed into a hot evaporation chamber. This
evaporation chamber was heated to a temperature that is
high enough to rapidly evaporate the injected solution
but low enough to avoid precursor decomposition. An
Ar:O2 1:1 carrier gas was subsequently used to transport
small amounts of evaporated precursor to the deposition
chamber, in which thermal decomposition and thin ﬁlm
growth occurred. The substrate temperature during deposition was 550 °C. After the deposition, the samples were
slowly cooled to room temperature in an oxygen pressure
of 1 atm and dense nanocrystalline textured ﬁlms were
formed [91–93].
In Fig. 7 the solubility limit (solvus) of Co in ZnO polycrystals is drawn using the data on polycrystals with grain
size below 20 nm [26–28,35,49,60,62,68,71,73,74,76,85,86,
91,92,97,105,110–126]. These samples were obtained by
sintering very ﬁne powders [49,110–112], solution combustion method [113], partial sintering of nanowires [60,62,97,
112,114], magnetron sputtering [35,68,71,73,74,76,115–
121], ion beam sputtering [122,123], sol–gel method
[85,86], CVD [91,92] and PLD [26–28,105,124–126]. The
data obtained in this work for samples with d = 10 nm
(liquid ceramics method, Fig. 3) are also present at
550 °C. As in Fig. 6, crosses correspond to the experiments
where TEM investigations were performed; GBs are visible
in TEM micrographs and GB Co-rich phases are absent
[105,117,120,123]. The solubility of Co in ZnO drastically
increased in comparison with Fig. 6 where it reached about
40 at.% at 500 °C and remained above 22 at.% at room
temperature.
In Fig. 8 the solubility limit (solvus) of Co in ZnO single
crystals is drawn using the data on powder samples with different particle sizes [10–12,15–18,32,19,127–132]. The data
are much scarcer in comparison with polycrystals (Figs. 1–
4). The single crystals, particles, rods, wires, etc., without
GBs were obtained by growing Co-doped ZnO single crystals from the melt [11], conventional milling [10,17–19], ball
milling of micro- and nanopowders [32,54,57,111,127],
mechanical alloying [56], thermal decomposition of aqueous
and organic acetate solutions [128,129], chemical vapour
transport [15,16], vapourization–condensation method in a
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solar reactor [130], direct hydrothermal synthesis [131],
high-temperature and high-pressure synthesis [12] and sol–
gel synthesis [132]. The solubility lines (1) for the particle size
above 1000 nm, (2) between 20 and 100 nm and (3) for particles with a size of 6 nm are shown in Fig. 8. The solubility
limit (solvus) for the large crystals (particles and/or grains
larger than 1000 nm) is the same as in Fig. 4. It can be seen
that decreasing the particle size also increases the solubility
of Co in ZnO. However, in this case csa shifts to the right
much weaker than in Figs. 5–7 (poreless polycrystals). This
diﬀerence demonstrates that GBs in ZnO can accumulate
much more Co atoms than free surfaces.
Based on the knowledge that Co solubilities depend on
grain and particle size (Figs. 4–8), it is possible to estimate
the maximum Co segregation in ZnO GBs and free surfaces. Let us calculate ﬁrst the area to volume ratio for
the grains and particles. If we suppose that grains and particles are spheres with diameter D, the surface for each particle is pD2 and the GB area for each grain is pD2/2 (since
each GB is shared between two neighbouring grains). The
volume for spherical grains and particles is the same,
namely pD3/6. Thus the area to volume ratio, A, for the
free surfaces of spherical particles is AFS = 3/D and for
GBs of spherical grains AGB = 3/2D. One of the earliest
studies of grain shape was made by Lord Kelvin [133].
He showed that the optimal space-ﬁlling grain shape, with
a minimal surface area and surface tension, is a polyhedron
known as a tetrakaidecahedron, which has 14 faces, 24 corners and 36 edges. A tetrakaidecahedron is an octahedron
truncated by a cube. For the Kelvin tetrakaidecahedron the
ratio of surface area to that of a sphere of the same volume
is 1.099 [134]. Thus the area to volume ratio for grains is
AGB = 1.65/D. If one monolayer (ML) of Co covers ZnO
free surfaces or GBs, their input, cFS or cGB, in the full concentration can be calculated as the product of AFS or AGB
and the thickness, d, of a surface or GB layer. d can be estimated as the cube root of the unit cell volume. The unit cell
volume for ZnO containing a small amount of Co is about
47  10 3 nm 3 according to our measurements. Thus
d = 0. 36 nm 1. Therefore, for the one ML, cFS =
dAFS = 1.08/D and cGB = dAGB = 0.59/D.
In Fig. 9 the input of Co accumulated in GBs and surfaces in total concentration is shown for diﬀerent grain size.
cFS and cGB values for 1 ML are shown by thin and thick
straight lines, respectively. On the log–log scale these lines
have a slope of 0.5. The solubility limit of Co in the single-crystalline or coarse-grained ZnO at 500 and 600 °C is 2
and 2.5 at.% Co, respectively (Fig. 4). If we subtract these
values from the solubility limit of Co in the ﬁne-grained
ZnO (Figs. 5–8), we obtain the input of GB, cGB, or free
surface segregation, cFS, into total Co solubility in the
ZnO polycrystals. The cGB values are shown in Fig. 9 by
full circles (500 °C) and full hexagons (600 °C). It is easy
to see that the experimental cGB values are almost one
order of magnitude higher than the calculated values for
1 ML. Moreover, the slope of the lines for GB input is
slightly lower than 0.5. It means that the GB input in the
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Fig. 9. Size dependence of the input of GB or surface segregation of Co
into full Co content.

total Co concentration increases with decreasing grain size.
The cFS points for free surfaces (full square and full diamond) lie much lower than the cGB values for GBs. This
means that free surfaces can accumulate much less Co in
comparison with GBs.
Fig. 9 undoubtedly indicates that the Co-enrichment of
GBs in ﬁne-grained ZnO cannot be reduced to the simple
single-layer GB segregation analyzed by McLean [1]. First,
for a given grain size, McLean-like models would predict
an almost constant level of segregation with increasing
temperature when following a solvus line. This is contrary
to the trends shown by the data presented in Figs. 4–7,
which demonstrate the drastically increasing apparent solubility with increasing temperature. Also, conventional
segregation cannot predict adsorbed layers that are about
10 ML thick. Most likely, the layers of a GB phase of a
ﬁnite thickness have to be considered which are not segregated layers in the conventional sense, nor are they conventional wetting ﬁlms of a second phase.
Such thin GB layers of constant thickness of few nanometers were ﬁrst observed and theoretically treated with the aid
of force-balance models in the pioneering works of David A.
Clarke on silicon nitride [135–138]. Later, nanometer-thick,
disordered ﬁlms of a nearly constant or ‘‘equilibrium” thickness have been frequently observed in GBs in ceramics [136–
148] and oxide/metal interfaces [149–153]. According to the
force-balance models, such ﬁnite thickness wetting ﬁlms
would only occur when there are attractive interactions
between the two interfaces that conﬁne the wetting ﬁlm; it
is again neither a conventional segregation nor a conventional wetting situation. Cannon and Esposito further
argued that the Clarke model is actually a high-temperature
colloidal theory [147]. The intergranular ﬁlms can alternatively be understood to be multilayer adsorbates at GBs
[154]. The GB ﬁlms of equilibrium thickness can be observed
by TEM (or by high-resolution electron microscopy,
HREM), but in any case they remain invisible to conventional XRD and, therefore, aﬀect the increase in the apparent
solubility with decreasing grain size.

Thin equilibrium GB or surface ﬁlms in the single-phase
area of a bulk phase diagram were ﬁrst considered by Cahn
[147]. He proposed the idea that the transition from incomplete to complete surface wetting is a phase transformation.
Later this idea was successfully applied to GBs, and old
data on GB wetting were also reconsidered from this point
of view [154–157]. GB wetting phase transformation proceeds at the temperature TwGB where GB energy rGB
becomes equal to the energy 2rSL of two solid–liquid interfaces. Above TwGB GB is substituted by a layer of the melt.
The tie-line of the GB wetting phase transition in the twophase area of a bulk phase diagram continues into the onephase area as a prewetting (or GB solidus) line. In the area
between GB solidus and bulk solidus, GB contains the thin
layer of a GB phase. The energy gain (rGB 2rSL) above
TwGB permits stabilization of such a thin layer of a GB
phase between the abutting crystals, which is metastable
in the bulk and becomes stable in the GB. The formation
of metastable phase layer of thickness l leads to the energy
loss lDg. The ﬁnite thickness l of the GB phase is deﬁned by
the equality of the energy gain (rGB 2rSL) and energy loss
lDg. In this simplest model, the prewetting GB layer of ﬁnite
thickness l suddenly appears by crossing the prewetting (GB
soludus) line cbt(T). Thickness l logarithmically diverges
close to the bulk solidus. This is due to the fact that the thickness of a wetting phase is thermodynamically inﬁnite in the
two-phase area. Physically, in the two-phase area, its thickness is deﬁned only by the amount of the wetting phase. Several ML thick liquid-like GB layers possessing high
diﬀusivity were observed in the Cu–Bi [158–162], Al–Zn
[163–165], Fe–Si–Zn [166–171] and W–Ni alloys [172,173].
The direct HREM evidence for thin GB ﬁlms and triple junction ‘‘pockets” has been recently obtained in metallic W–Ni
[172,173] and Al–Zn [164] alloys. GBs can also be ‘‘wetted”
by a second solid phase, and the reversible transition from
incomplete to complete solid phase wetting was observed
for the ﬁrst time in the Zn–Al system at a certain temperature
Tws [160]. Cahn’s ideas remain valid also in this case, and the
GB solvus line should exist in the single-phase area of the
bulk phase diagram, which starts at the point where the
GB wetting tie-line intersects.
Later, Cahn’s critical point wetting model was developed further and generalized [174–176]. In the simplest
approach, a sequence of three regions, namely submonolayer/monolayer adsorption, nanoscale interfacial ﬁlms/
multilayer adsorption, and ﬁnely complete wetting, can
occur in the bulk phase diagram with increasing concentration (activity) of a second component (dopant) [177]. Additional complexity comes from the possible occurrence of
GB roughening [163], GB layering [177], pseudo-partial
(or frustrated-complete) melting/wetting [178], ﬁrst-order
or continuous adsorption/wetting transitions [187] and
interfacial critical points [167,168]. It cannot be excluded
that in the nanograined ZnO–CoO polycrystals the situation is more complicated than the simple sequence monolayer adsorption ? interfacial ﬁlm ? macroscopically
thick complete wetting ﬁlm. Therefore, the ZnO–CoO sys-
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tem demands more detailed investigation. It cannot be
excluded that the GB ﬁlms and triple junction ‘‘pockets”
would be technologically applicable as those in the ZnO–
Bi2O3 polycrystals (used in varistors since the 1970s)
[139,140,178–186]. Another approach to the explanation
of GB ﬁlms (or so-called GB complexions) was developed
by Harper and coworkers for Al2O3-based ceramics
[188,189].
The additional increase in the GB input in the total Co
concentration with decreasing grain size (Fig. 9) may also
be an indication of the increasing input of GB triple joints.
It has been observed in the Al–Zn system that the triangle
of ‘‘pockets” of a prewetting phase in the GB triple joints
are thicker than the prewetting GB layers [166,167]. A similar
conclusion can also be drawn from the analysis of TEM
micrographs of some nanometer-thick GB layers and triple
joint ‘‘pockets” of amorphous phase in ceramics [136–
148,178–186].
The logarithmic divergence of the GB layer thickness predicted by the Cahn model may be the reason for the high
value of GB thickness obtained from Fig. 9. The lines in
Fig. 9 were calculated based on the apparent shift in the solubility. Therefore, the resulting GB thickness corresponds to
that at the solubility (solvus) line. Several consequences,
which will be experimentally tested by us in the future, follow
from this result. First, thin layers of a Co-rich GB phase are
present in the micro- and nanograined ZnO close to the solvus line. Second, the Co-rich bulk oxide must wet the ZnO
GBs in the two-phase area of the bulk phase diagram above
a certain temperature, Tws. Third, it is evident that at very
low Co concentrations, GBs in ZnO contain the conventional McLean-like segregation layers. Therefore, one can
expect to observe a jump-like transition from the conventional segregation to the GB layer of ﬁnite thickness at a certain bulk concentration, cbt, between 0 at.% Co and cs. This
is just the simplest expectation; in reality the situation could
be much more complex [177].
One can estimate the lower limit for cbt using the structural data obtained by TEM in the papers we used to construct the diagram in Figs. 3–7. The experimental works
where the GB structure is visible in TEM micrographs
are marked by crosses in Figs. 6 and 7 [29,46,70,73–
75,83,94–96,103,105,117,120,123]. No Co-rich GB layers
or phases were observed in these cases. It can be seen that
in all cases the Co concentration was rather low and far
away from solubility limit. Dashed lines in Figs. 6 and 7
denote the hypothetical position of GB solvus cbt(T) separating the area without Co-rich GB phases (TEM observations) from the area where the Co-rich GB phase can exist
(estimations in Fig. 9).
The nanometer-thick GB ﬁlms of a nearly constant or
‘‘equilibrium” thickness have been widely observed in ZnO
doped with Bi2O3 [139,140,178–186]. ZnO doped with Bi is
used in the manufacturing of varistors. Varistors exhibit
highly nonlinear current–voltage characteristics with a high
resistivity below a threshold electric ﬁeld, becoming conductive when this ﬁeld is exceeded. This phenomenon enables
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them to be used in current oversurge protection circuits
[190]. After liquid-phase sintering, such material consists of
ZnO grains separated by thin Bi2O3-rich GB layers. Interfaces between ZnO grains control the nonlinear current–
voltage characteristics. The presence of a few nanometerthick Bi-rich GB phases in ZnO is governed by the GB wetting phase transformation. It is interesting that along with
the simplest Cahn model of the transition from partially wetted GBs to completely wetted ones, a more complicated
situation was also observed in the ZnO–Bi2O3 system,
namely the transition from pseudo-partially wetted GBs to
the completely wetted ones [178]. In this case a thin GB layer
may exist in the equilibrium with thick Bi2O3 droplets having
nonzero contact angle in the GB plane. The most recent
study demonstrated that the real situation is even more complicated: the transition from pseudo-partially wetted GBs to
the completely wetted GBs is in fact inhibited by an attractive
van der Waals dispersion force in the ZnO–Bi2O3 system
[191]. The extensive number of published structural investigations [139,140,178–186] allowed us to construct the GB
lines in the ZnO–Bi2O3 bulk phase diagram [190] which corresponds with the diagram published in Ref. [192].
A few nanometer-thick Bi-rich layers were observed also
in the ZnO surfaces [192,193,178,194]. Their thickness was
close to that of GB layers [178]. The thickness of surface
ﬁlms was explained by the incomplete-partial (frustratedcomplete) surface wetting [194]. In case of the frustratedcomplete wetting, the thickness of a surﬁcial (or GB) ﬁlm
also increases with increasing dopant concentration (activity) and can reach a few MLs. However, it does not diverge
by approaching the solubility limit line like GB (or surface)
ﬁlms in the case of complete wetting and remains ﬁnite
[177,191,192]. In the case of Co-doped ZnO, the estimation
presented in Fig. 9 predicts lower Co capacity of free surfaces in comparison with GBs. This fact has to be carefully
investigated in future experiments. It may be an indication
of complete wetting in GBs and frustrated-complete wetting in surfaces. Recent observation of thin GB layers of
the Fe-rich phase in Fe-doped nanograined ZnO also
increases the chances of success in searching for Coenriched GB layers in ZnO [195]. Therefore, based on the
results obtained in this work one can expect to observe in
the future various interesting GB phases and phase transformations in Co-doped ZnO. Furthermore, the observed
shift of the solvus line in the Co-doped ZnO will also
explain the mysterious phenomenon of room-temperature
ferromagnetism in the broad-band transparent semiconductor ZnO.
4. Conclusions
1. The accumulation of Co in GBs and free surfaces drastically shifts the Co solubility limit in ZnO to higher Co
concentrations. For example, at 550 °C the total solubility in the bulk is below 2 at.% Co. However, it is about
40 at.% Co in the nanograined sample with a grain size
below 20 nm.
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2. A small grain size leads to a larger solubility shift when
compared with similarly small particle sizes. This means
that the Co accumulation ability of GBs is about 2–4
times higher than that of free surfaces.
3. Thus, the phase diagrams for the materials having a
grain size below 1000 nm have to be reinvestigated. An
especially drastic change in the phase diagrams can be
expected when the grain size is below 100 nm.
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