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SnO,—ZnO thin films consisting of nanoscale crystallites were obtained on glass and silicon substrates by solid-phase low-temperature
pyrolysis. The synthesized materials were studied by XRD and SEM methods, electrophysical and optical properties were evaluated,
as well as the band gap was calculated. It was shown that regardless of the phase composition all films were optically transparent
in the visible range (310-1000 nm). The nanocrystallites’ minimum size, the highest activation energy of the conductivity and the
smallest band gap calculated for indirect transitions were shown for a thin film 50Sn0O,—50Zn0O. It was assumed that the band gap
decreasing might be attributed to the existence of surface electric fields with a strength higher than 4 x 10° V/em.
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1. Introduction

Nanoscale semiconductor films are used in almost all areas
of modern industry."> Since films based on zinc oxide and
tin (IV) oxide are optically transparent, stable and non-toxic,?
they are promising materials for gas sensors,* solar cells and
photocells,’~7 photocatalysts,® etc.

Zinc oxide and tin dioxide are of great scientific interest
using jointly due to the different synergetic effects.”!0 The
high stability of both pure zinc and tin oxide materials and
composites based on them, as well as the conduction band
formed by spherical symmetric s-orbitals of both metals,
cause the occurrence of unique optical, electrophysical and
other properties.®!! The synthesis of composite materials
based on zinc'? and tin (IV) oxides'? in order to study the
gas-sensitive properties is also particularly promising. In this
case, the surface conductivity can change due to the barrier
value at the two phase’s interface, which occurs due to the
Zn0O/Sn0O, heterojunctions. If the metals exist in the reduced
form, Schottky barriers can also be formed.!# The presence of
heterojunctions and Schottky barriers can lead to improved
gas-sensitive properties.!%13

The properties of the obtained nanomaterials are
affected by the synthesis conditions, among which the most
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significant is the concentration of modifying additives and
temperature treatment. Zinc oxide films doped with tin in
small concentrations (0, 5, and 7 at.%), formed by reactive
magnetron sputtering without intentional substrate heating
or cooling retain a wurtzite-type crystal structure and have
similar optical properties to pure zinc oxide. However, films
doped with high concentrations of tin (more than 15 at.%)
have an amorphous structure'¢; film’s transparency changed
insignificantly.

Thin films of ZnO-SnO, were deposited on glass sub-
strates'” by the flash evaporation technique and annealed in
a vacuum at 450°C. It was found that the tin concentration
increasing (Zn:Sn = 100:0; 90:10; 70:30; 50:50) leads to the
changing of hexagonal wurtzite crystal structure (Zn:Sn =
100:0; 90:10) to the Zn,SnO, cubic (Zn:Sn = 70:30) and also
to the particle size increasing. The material (Zn:Sn = 50:50)
had a polycrystalline cubic structure of Zn,SnO,. For ZnO-
SnO, films synthesized by spray pyrolysis technique and cal-
cined at 500°C, an increase in the Sn** concentration from
50% to 75% leads to the transmission coefficient increasing
from 0.7 to 0.95 within the visible range (400-800 nm) due to
the film thickness and structural defects decreasing.'®!° When
the tin concentration increases, also the band gap increasing

This is an Open Access article published by World Scientific Publishing Company. It is distributed under the terms of the Creative Commons Attribution 4.0
(CC BY) License which permits use, distribution and reproduction in any medium, provided the original work is properly cited.

2160008-1


https://dx.doi.org/10.1142/S2010135X21600080
https://dx.doi.org/10.1142/S2010135X21600080

E. M. Bayan et al.

was found. For material with composition Zn:Sn = 50:50, the
minimum band gap of 3.6 eV was marked.

For composite film materials based on SnO, doped with
Zn*" synthesized by spray pyrolysis, the highest transpar-
ency was achieved when small concentrations of zinc oxide
(Zn:Sn = 20:80) were used.2’ When Zn/Sn ratio was close
to 1, the crystallization process was blocked, which leads to
the creation of the defective structure.

If the molar ratio Zn:Sn increases up to 5:1 for materials
synthesized by the sol-gel method and annealed at 500°C, a
decrease in the film transparency (up to 55%) in the wave-
length range 400-800 nm was observed. For materials with
the Zn:Sn ratio equal to 1:1, this value was 81%.2! The band
gap energy was close to the energy of pure ZnO (3.21 eV).

Different structural transitions are noted,?? when the
annealing temperature increases: zinc—tin oxide films formed
by the sol-gel method retained the spinel structure Zn,SnO,
up to 700°C; up to 800°C, the perovskite form of zinc
stannate ZnSnO; was recorded. For all synthesized mate-
rials, regardless of their composition, a high transparency
(80-96%) in the visible wavelength range was shown. The
materials band gap at the annealing temperature 500-800 °C
was 3.6 eV for the Zn,SnO, and 3.7-3.9 eV for the ZnSnO,
phase, which consists of the calculated theoretical values.

During the study of ZnO-SnO, films synthesized by the
sol-gel method, the authors showed the properties depen-
dence on the number of deposited layers, films thickness and
the annealing temperature. When the annealing temperature
increases up to 600 °C, the optical transparency of double-layer
films with a thickness of 110 nm reached the best value — 93%.
As the film thickness increases from 110 to 270 nm, the band
gap decreases from 3.85 to 3.1 eV. With the annealing tempera-
ture increasing from 400 °C to 700 °C, the band gap decreases
from 3.6 to 3.15 eV, which consists of the previous results.?>2*

The highest transparency was shown for thin ZnO-SnO,
films synthesized by the sol-gel method and calcined at
450°C.» An increase in the calcination temperature from
450°C to 550°C leads to a decrease in the band gap for
the material Zn:Sn = 60:40 (3.19 eV). The highest value
(3.28 eV) was shown for materials Zn:Sn=70:30 and Zn:Sn=
60:40, calcined at 450°C.

It was shown that due to the structural lattice disorder,?%?’
there is a decrease of both the band gap and the transparency
in the visible wavelength range (420-800 nm).

Previous studies?® have also shown that ZnO thin films can
be obtained by our group via a new method of low-tempera-
ture solid-phase pyrolysis. Structural analysis showed that
obtained films were polycrystalline with wurtzite structure.
The films consist of nanocrystallites (the average particle
size is about 10-20 nm) which are evenly distributed over the
substrate surface and the film thickness. This method allows
to obtain homogeneous nanocrystalline films with controlled
thickness by the number of applied layers. Also, low-tempera-
ture solid-phase pyrolysis is more cost-effective than others,
such as hydrothermal synthesis and magnetron sputtering,
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because it does not involve expensive equipment using. In
addition, ZnO-SnO, nanocomposite films with a sufficient
degree of crystallinity were obtained by this method.?® At the
same time, the optical properties of these materials have not
been sufficiently studied.

Thus, the aim of this work is a more comprehensive study
of the optical and electrophysical properties of composite
film materials based on zinc oxide and tin dioxide synthe-
sized by solid-phase low-temperature pyrolysis.

2. Experimental
2.1. Materials

For the SnO,—ZnO thin films synthesis zinc acetate dihy-
drate (Zn(CH;COO),-2H,0), tin (IV) chloride pentahydrate
(SnCl,-5H,0), acetone, 1,4-dioxane, distilled water and
organic acid were used. All chemicals used were of analytical
grade or of the highest purity available, were purchased from
“ECROS”, Russia. The film materials were obtained on glass
and silicon substrates.

2.2. Preparation of materials

First, organic salts of tin and zinc were obtained from the
melt. The intermediates were then dissolved in dioxane to
produce materials with a molar ratio of Sn:Zn equal to 5:95,
1:1, 95:5. The resulting solution was applied three times by
pouring on pre-prepared and cleaned substrates, dried first
at room temperature, and then at 100 °C. The heat treatment
was carried out in a muffle furnace. The heating rate of the
furnace was 10 °C/min. Thermal exposure was carried out for
2 h at 550°C. The synthesis conditions were selected based
on the previous studies.?®3% After the heat treatment, the films
were gradually cooled to room temperature together with the
muffle furnace. Obtained thin films materials with Sn:Zn ratio
equal to 5:95, 1:1 and 95:5 will be named as material 5SnO,—
95Zn0, 50Sn0,-50Zn0O and 95Sn0O,—5ZnO0, respectively.

2.3. Characterization

X-ray diffraction analysis (XRD, ARLX’TRA diffractome-
ter, Thermo ARL on CuKa radiation) was used to study the
obtained materials. The phase composition analysis was per-
formed using the Crystallography Open Database (COD).
The quality of the films, the thickness and size of the nano-
crystallites in the volume and on the surface were controlled
by scanning electron microscopy (SEM, Nova Nanolab). The
software Image J and Digimizer are used to measure the par-
ticle diameter. The optical properties of film materials applied
on the glass substrates were studied using optical absorption
spectra obtained on a Varian Cary-100 spectrophotometer in
the wavelength range of 300-1100 nm.

The average particle size D was calculated using the
Scherrer equation: D = k-N(8-cos®), where ) is the
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wavelength of the copper X-ray radiation (1.5406 A), 3 is the
full width at the half maximum of the diffraction peak, 6 is
the diffraction angle, and k is the particle shape factor (for
spherical particles, k = 0.9).

To study the electrophysical properties, V-Ni metal con-
tacts with a thickness of 0.2—-0.3 microns were formed on top
of films by vacuum thermal deposition, the distance between
the contacts was 1 mm. It was measured using an automated
installation for determining the parameters of gas sensors at
the Center for Collective Use “Microsystem Technics and
Integral Sensors”.*° The error of measurements by the device,
taking into account temperature fluctuations within one mea-
surement, can be estimated at 0.1%.

The band gap energy was found according to absorption
edge analysis.’!

3. Results and Discussion
3.1. X-ray diffraction

The results of XRD analysis showed that all materials are
nanoscale (Fig. 1), have a crystal structure of the wurtzite
(material 5Sn0,-95Zn0) and cassiterite (material 95SnO,—
5Zn0). The X-ray pattern of the 50SnO,—50ZnO material
(curve 2) contains peaks characteristic of both the wurtzite
(COD ID 2300450%2) and cassiterite (COD ID 152141933)
structures, but the intensity is slightly lower than that for the
55n0,-95Zn0O and 95Sn0,-5Zn0O materials. Thus, it can be
concluded that the material 50Sn-ZnO is a mixture of two
phases and does not form a new compound. The ratio of the
crystalline and amorphous phases was calculated from the
XRD data. The material 5Sn0O,-95ZnO has a crystallization
(67%), which is confirmed by the highest peak intensity.

(110)
011)
020)
(111)
(121)

(

(120)
(002)
(130)
(221)
(112)
(022)
(231)

Intensity (a.u.)

20 (degree)

Fig. 1. XRD pattern of obtained materials calcined at 550°C:
5Sn0,-95ZnO0 (curve 1), 50SnO,—50ZnO (curve 2), 95Sn0,—5ZnO
(curve 3), ZnO (COD ID 2300450%?) and SnO, (COD ID 1521419%3).
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The 95Sn0,-5Zn0O material is characterized by the low-
est peak intensity compared to other materials, which may
indicate a greater amorphous component for materials based
on tin (IV) oxide, which is confirmed by the calculation
of the crystallinity degree (64%) and is in good agreement
with other studies.'®!'® The highest degree of crystallinity
was observed for the composite material 50SnO,-50ZnO
(77%), which may be caused by its polycrystalline struc-
ture. The calculation of the average particle sizes according
to the Scherer equation showed that the minimum particle
size (15 nm) is observed for the materials 5Sn0,-95Zn0 and
50Sn0,-50Zn0, the average particle size for the material
955n0,-5Zn0O is 18 nm.

3.2. SEM analysis

According to SEM data, the obtained film materials have a
uniform surface morphology. Nanocrystallites are evenly dis-
tributed over the film surface (Fig. 2).

The thickness of the film coating formed by 3-times
application of the precursor solution is about 200 nm
(Figs. 2(a), 2(c) and 2(e)). Despite the fact that the films
were formed during the deposition of three layers, no
boundaries were observed on their SEM images. This indi-
cates the possibility of the mixed zinc and tin (IV) oxides
films thickness controlling by layer-by-layer deposition in
the range 30-200 nm. By statistical SEM analysis, it was
shown that the sizes of metal oxide nanoparticles are in the
range from 4 to 32 nm (Figs. 2(b), 2(d) and 2(f)) in differ-
ent ratios depending on the material composition. For the
50Sn0,-50Zn0O thin film, the largest size distribution of
crystallites is noted, but about 50% of the crystallites have
a size of less than 12 nm, and the maximum number (37%)
of crystallites have sizes from 8 to 12 nm (Fig. 2(d)). For
the 5Sn0,-95Zn0O and 955n0,-5Zn0O thin films, the main
fraction is crystallites with sizes of 12—-16 nm — about 61%
in both cases. The number of crystallites with sizes less than
12 nm for the material 5Sn0,-95Zn0 is 25%, and for the
material 95Sn0,—5ZnO — 15%. The average crystallite
sizes determined by SEM studies were 13, 12, and 16 nm
for the 5Sn0,-95Zn0, 50Sn0O,-50Zn0O, and 955n0,-5Zn0O
thin films, respectively. Thus, using solid-phase low-tem-
perature pyrolysis, it is possible to form thin nanoscale films
of mixed zinc and tin (IV) oxides with particle sizes, on
average, from 8—16 nm.

3.3. Electrophysics

The analysis of the observed results showed that the gener-
ation of charge carriers as a result of thermal excitation is
of an activation nature, so, the dependence of the material
resistivity on the temperature is described by the Arrhenius
equation?':

pP= pO'exp(Ea/k. T)’
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Fig. 2. SEM images of surface and particle size distribution for materials calcined at 550 °C: 5Sn0,-95ZnO (a, b), 50SnO,-50Zn0O (c, d)
and 955n0,-5Zn0 (e, ).

where E, is the activation energy of the conductivity, k is temperature ranges in which a linear decrease in resistance
the Boltzmann constant, and p, is the pre-exponential factor is observed (approximately from 100-150 to 250-300°C).
(constant). Dependence of the activation energy on the Sn:Zn ratio for

The calculated activation energy (E,) of the conduc- SnO,—Zn0O thin films of adjustable thickness is shown in
tivity was estimated based on the Arrhenius equation, for ~ Table 1.
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Table 1. Characteristics of SnO,~ZnO films
solid-phase low-temperature pyrolysis.

obtained by

Material 55n0,-95ZnO  50Sn0,-50ZnO  95Sn0O,—5ZnO
E,.eV 0.94 1.24 1.07

E,, eV 3.32 3.78 3.90

E,, eV 3.11 2.98 3.23;3.50
D (XRD), nm 15 15 18

D (SEM), nm 13 12 16

Notes: E, — band gap for direct transitions.
E,, — band gap for indirect transitions.

1 01‘ =
2
10
10" 3
T 1
m 9
2 10”4
E
=
=4
o 105 o
10"
T ¥ T ¥ T ¥ T L5 T i T L
300 350 400 450 500 550 600
T(K)
Fig.3. Resistance (p) dependences on temperature of materials cal-

cined at 550 °C 5Sn0,-95ZnO0O (curve 1), 50Sn0,-50Zn0O (curve 2),
955n0,-5ZnO0O (curve 3).

Resistance (p) dependences on temperature for synthe-
sized materials is shown on Fig. 3.

One can note that the value of the conductivity activation
energy affects the temperature at which the film resistivity
begins to decrease, as well as the value of the resistivity. At
a higher E,, the decrease in the value of p begins at a higher
temperature, and the value of p at high heating temperatures
is also proportional to the value of E,. One also can note that
there is a correlation between E, and the particle size cal-
culated from the XRD. The lower conductivity activation
energy is characterized by lower values of nanocrystallites’
size.

3.4. Optical properties

Regardless of the material composition, the transpar-
ency of all films is above 90% in the wavelength range
of 310-1000 nm. The maximum absorption coefficient
was observed for material 955n0,-5ZnO0O in the range of
290-300 nm (Fig. 4).
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Fig. 4. Optical absorption spectra of materials calcined at 550 °C:
5Sn0,-95Zn0O (curve 1), 50Sn0O,~50Zn0O (curve 2) and 95SnO,—
57Zn0 (curve 3).

From the optical absorption spectra, it is possible to cal-
culate the band gap E,, of semiconductor materials. Then, the
dependence of the absorption coefficient « on the wavelength
A will be determined by the following equation!:

a= AV - E)?,

where £ is the Planck constant, v is frequency of optical radi-
ation and A is constant.

At the same time, in complex semiconductors, which
include metal oxides, indirect transitions can occur.?! For
these materials, the dependence of the absorption coefficient
on the photon energy is more complex, which in general can
be described by the following function:

a2=f(hv), if AE, - E,<hv<AE,+E,

where E, is the photon energy, that is absorbed or emitted
during indirect transitions.

Extrapolating the smaller part of the dependence o =
f(hv) and (or) o!? = f (hv) to the zero X-axis allows to deter-
mine the value of the band gap for direct and indirect tran-
sitions. In this case, the dependences o'? = f (hv) can be
extrapolated by several straight lines. The line 1 corresponds
to the dependence o2, which intersects with the X-axis at the
point (AE, + E,). The line 2 characterizes the dependence o'
and intersects with the X-axis at the point (AE, — E,). The
length of the section between the specified points of lines and
X-axis intersection is equal to 2E,,. The point in the middle of
this section will be equal to E,.

The analysis of Tauc plot presented in Fig. 5 shows that
for SnO,—Zn0O films the band gap is determined by indirect
transitions. So, for film with composition 5Sn0,-95Zn0O,
the band gap is 3.32 eV (Fig. 5(a)) determined from the
dependence for direct transitions o = f (hv) and 3.11 eV
(Fig. 5(b)) determined from the dependence for indirect
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Fig.5. Determination of the band gap for materials calcined at 550 °C 5Sn0,-95ZnO (a, b), 50Sn0,-50ZnO (c, d), 95Sn0,-5Zn0O (e, f) for
direct (a), (c), (e) and indirect transitions (b), (d), (f).

transitions «'2 = f (hv). This difference is even greater transitions is 3.90 eV (Fig. 5(e)), and for indirect transitions,
for composite material 50Sn0,-50ZnO: E,, is 3.78 eV two can be distinguished — between straight lines 1 and 2
and 2.98 eV, respectively (Figs. 5(c) and 5(d)). For the and straight lines 2 and 3. In the first case, the band gap is
film 95Sn0,-5Zn0 the band gap determined from direct ~ 3.50 eV, and in the second 3.23 eV (Fig. 5(f)).
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It is known that the crystallites’ size affects the film’s
physical properties. For example, the optical band gap
measured in a thin SnO, film with a fine-grained structure
(11-19 nm) differs significantly from the band gap of SnO,
single crystals (3.54 eV) and is close to 3 eV.> The authors
explain this both as the non-stoichiometric composition of
the film and the presence of band tails caused by the high
defect concentration. Apparently, in films based on a mixture
of two oxides, there may be local regions in which there will
be different band gap, determined by different ZnO or SnO,
oxides. This is also indicated by the presence of a sufficiently
large absorption for energies below the band gap (the Urbach
tail), which can be calculated according to the Urbach rule.?

a= oy exp(E—E,)/E,,

where «, is constant, 1/E, is the Urbach slope, which char-
acterizes the steepness degree of the absorption coefficient
dependence; it depends on the material parameters.

It was shown?3® that at room temperature, structural dis-
order due to grain boundaries and other structural defects
is the dominant contribution to the Urbach tail. At the same
time, the existence of different materials local regions will
lead to the appearance of heterojunctions and chaotically
directed electric fields, in which the Keldysh—Frantz effect
can occur.?

The calculation of the E|, value allows to estimate the
degree of disorderliness, as well as the presence of a sur-
face electric field. For the 5Sn0,-95Zn0O, 50Sn0,-50Zn0O
and 955n0,—5Zn0 thin films, the calculated value of E,
was 0.05, 2.95 and 0.22 eV, respectively. E, value for
5Sn0,-95Zn0 is only 5 times higher than 0.01 eV, which
is typical for these material types; in contrast, for materials
50Sn0,-50Zn0O and 95Sn0,—-5ZnO0 this excess is 295 and
22 times, respectively. Analysis of the crystallite sizes from
SEM images showed that the material 50SnO,-50ZnO is
the most structurally disordered material. At the same time,
the significantly different value of E, suggests the presence
of a surface electric field in this material. In particular, the
presence of a strong surface electric field is discussed in the
work.3” The authors used electrostatic force microscopy to
show that the charge is localized at the grain boundaries. The
existence of local bending zones at the grain boundaries of
Sn0O,—ZnO films was experimentally confirmed. The poten-
tial spread between neighboring grains could reach 40 mV.
At a distance between the grains of 1 nm or less, this gives
an electric field strength higher than 4 x 105 V/cm. At this
magnitude of intensity, the electric field-stimulated tunnel-
ing of charge carriers generated by optical radiation occurs,
which leads to a decrease in the band gap.3* As one can see,
in the 50Sn0,-50ZnO0O film, the Urbach tail is most notice-
able, which on the one hand may be a consequence of struc-
tural disorderliness, and on the other hand, the existence of
surface electric fields. This reduces the band gap to 2.98 eV
for indirect transitions, compared to 3.78 eV for E,; calcu-
lated from direct transitions.

J. Adv. Dielect. 11, 2160008 (2021)

In the film with the highest tin oxide concentration
(95Sn0,-5Zn0), the structural disorder estimated by the cal-
culated degree of crystallinity, is close to the film (5SnO,—
957n0), but the fluctuations of the surface electric field are
also large. This conclusion is drawn by the observed decrease
in the band gap due to indirect transitions to 3.23 eV and
3.5 eV compared to 3.9 eV calculated from direct transitions.

4. Conclusion

SnO,—ZnO film composite nanomaterials with high trans-
parency in the visible wavelength range were obtained by
low-temperature solid-phase pyrolysis. X-ray analysis showed
the existence of two oxide materials phases — in the form of
wurtzite and cassiterite. The average particle size of synthe-
sized composite materials was calculated, and the activation
energy of the conductivity is determined, which correlates
with each other and affects specific conductivity. Studies of
optical absorption spectra have shown that an absorption of
photons for all synthesized materials was observed not only
due to direct transitions, but also due to indirect transitions.
The band gap determined from the self-absorption at direct
transitions (E,;) showed a traditional increase from 3.32 to
3.90 eV with an increase in the amount of tin oxide from
5% to 95%. The intrinsic absorption at indirect transitions
resulted from the nanoscale structure of films with average
crystallite sizes from 8 to 16 nm. The band gap determined
from the intrinsic absorption at indirect transitions (E,,) for
all the synthesized materials was significantly smaller than
the band gap determined for direct transitions. A minimum
E,, value of 2.998 eV was observed for a 50SnO,-50ZnO
film, which has minimal nanocrystallite sizes. The existence
of a large number of heterojunctions between nanocrystal-
lites formed by different oxides suggests the presence of a
surface electric field with a strength higher than 4 x 105 V/
cm, which also affects the shift in optical absorption and a
decrease in the E,, value.
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