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Abstract: By the method of chemical vapor-gas deposition (CVD) SnO: layers have been grown at the temperature of
170-500°C on the surface of p-Si single crystals with the (111) direction; the wafers had a thickness of 500 um. A special
evaporator with a temperature of 80-120°C has been used to obtain saturated steam in a quasi-closed reactor. The grown n-
SnOz layers had a microcrystalline structure. Based on the analysis of X-ray diffraction and the dark current — voltage
characteristics, an energy-band diagram of the #n-SnO2/p-Si heterostructure is constructed.
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1 Introduction

Tin oxide (SnOz) is the semiconductors with a wide band
gap (3.6 ~ 3.9 eV) and is one of the important materials for
optoelectronic technology. Since SnO: layers are used in
various fields of technology and instrumentation, research
and improvement of their characteristics are still being
carried out [1]. For the synthesized SnO> films used varies
methods: magnetron sputtering, [2-6] pulsed laser
deposition (PLD), [7-10] ultrasonic sputtering methods [11,
12], sol-gel method [13] and etc. [14].

Increasing growth rate of SnO: films, will getting to
increase the layer thickness, also to decrease the series
resistance, but increased the efficiency of solar cells based
on SnO: films. This task has been performed in the
framework of the modernized SGD (steam-gas deposition)
method for growing polycrystalline SnO2 films [15, 16].

The SGD method allows growing polycrystalline SnO2
semiconductor films by the pyrolytic vapor decomposition
of tin compounds at substrate temperatures of 170-500°C
[15, 16]. Stream of carrier gas (Argon, Helium, etc.) is used
to deliver reagent vapors to the front of crystallization. In
this case, it is also necessary to control the partial pressure
of oxygen in the reactor. The film growth rate is in the
range of 0.5-1.0 pm/hour by this method. Since the

temperature of the carrier gas is significantly lower than the
temperature of the substrate, the vapor pressure of the
reagents is less than the maximum possible upon receipt of
sufficiently high-quality SnO: films. Only a small part of
the molecules reaches the crystallization front, the rest of
part is carried away by the carrier gas stream. The bulk of
unreacted components and reaction products are deposited
on other nodes of the growth equipment. This fact, which is
not important in laboratory experiments, becomes
important in the mass production of structures.

The conductivity of SnO2 films at room temperature can be
controlled both by doping with small donor and acceptor
impurities, and by introducing structural defects with a low
ionization energy of 30-140 meV (oxygen vacancies) [17].
A review of the properties of SnO: films obtained by
various methods, including thermal sputtering in vacuum,
magnetron sputtering of synthesized source targets,
chemical vapor-gas epitaxy using indium and tin acetates,
indium and tin chlorides, indium trimethines and other
reagents used in SnO> growth, is given in [18].

In the usual spray pyrolysis method, drops of the reagent
solution are supplied directly to the heated substrate, part of
the reagents, thermally decomposing, interacting with
oxygen, form oxide molecules on the surface of the
substrate. The undecided portion of the reactants and
reaction products are carried away by the carrier gas
stream. In our case, SnO2 - films were grown in a
laboratory setup, in a quasi-closed volume (there is no
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carrier gas flow), using a separate evaporator with a
temperature of 80-120°C, to create a saturated vapor-gas
phase in the reactor. This made it possible, on the one hand,
to reduce the consumption of reactants, and, on the other
hand, to increase the growth rate by 5-10 times [16]. In
Fig.1.a block diagram of the developed setup for producing
SnO: films is presented.

In this work, an n-type polycrystalline semiconductor SnO2
film was deposited by chemical vapor-gas deposition at a
substrate temperature of 260°C on a polished p-type single
crystal Si wafer. The vapor-gas phase is created by the
evaporator (4) located in the lower part of the installation;
the temperature of the evaporator is selected so that it does
not exceed the decomposition temperature of tin chloride
molecules.

-
/f

Fig.1: Block diagram of the setup for producing SnO: films
on various substrates in the temperature range 170-500°C: 1
-quartz reactor; 2 -tube for supplying the reagent solution to
the evaporator; 3 - substrate; 4 - evaporator; 5-
thermocouples to control the temperature of the substrate
and the evaporator [19]

The SnO: film served as a photo window for a Si-based
photovoltaic device, and also as a semiconductor layer that
forms space charge regions and built-in potentials in the
heterojunction. Since the electron affinity energy of SnO: is
approximately 4.5 eV and is lower than for p-Si [18]. The
SnOz frontal layer also serves as an antireflection coating
and as an electrical frontal collecting contact. The n-
SnO2/p-Si heterojunction photovoltaic device can convert
sunlight into electrical energy through a two-layer - two-
band structure: high-energy photons (hv> Eg (SnOz)) will
be absorbed in the SnO: layer, while low-energy photons
hv <Eg (SnOz), the visible and infrared spectral regions will
be absorbed in p-Si and converted into electrical energy.
The not absorbed spectral regions of sunlight reflected and
pass through the front SnO: layer.

2 Experimental Sections

2.1 Preparation of n-SnQOz/p-Si heterostructures

As mentioned above, for the n-SnO2/p-Si heterostructure
silicon with p-type conductivity (SDB-1) served as a
substrate. The thickness of the wafer used was 500 pm with
an (111) crystal orientation. The plate was pre-cleaned by
immersion in a 15% HF solution for two minutes to remove
the natural oxide layer.

Polycrystalline SnO:z films were deposited on a polished
single-crystal p-Si substrate using the developed technique
(Fig. 1), in a quasi-closed volume. To spray the SnCl4
solution a medical pipette was used. The solution used had
a concentration of 0.2 M and consisted of a mixture of
SnCls + 5H20. A mixture of SnCls + SH>O was supplied
from the tube (2) to the lower hot plate (4). SnCl4 vapors
are contained in a quasi closed volume, chemically
interacting with oxygen contained in air, according to
relation (1), form tin oxide SnO> [18].

SnCls+ O2 — SnO; + 2CL (1

The substrate (3) on a holder was kept at the appropriate
temperature.

The structure of the created n-SnOa2/p-Si heterojunction
presented in Fig. 2. An InGa alloy with a thickness of 1 pm
in the form of a grid was deposited on the surface of SnO2
layer to create an upper collecting electrode.

n-Sn0O-»
p-Si

2

Al ] ]

Fig.2: Design of n-SnO2/p-Si structural heterojunction.

The aluminum contact served as the lower collecting
electrode, which was 1 pum thick, was deposited on the back
of the silicon substrate by vacuum thermal evaporation of
Al The photoactive area of the device was 1 cm?.

The thickness of the SnO: films was measured using an
interference microscope. The microstructure of the films
was studied using a DRON-UMI (CuKa) X-ray
diffractometers. Absorption spectra were studied on a
SPECTRUM BX II IR Fourier spectrometer (Perkin
Elmer). Current-voltage (I-V) characteristics were studied
on a complex for measuring the -current-voltage
characteristics of Oriel Sol3A class AAA.
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Table 1 shows the main electrophysical parameters of the
synthesized transparently conducting layers of SnO2 films.

Tablel: Electrophysical parameters of transparently

conducting SnO; films.
Band |Conductivity | Electron Mobility
gap | (Ohm-cm)! | concentra- | (cm?V-is)
(eV) tion (cm™)

SnO; 3.6 5000 >10% 15

3 Experimental Results

3.1 Assessment of Crystalline Phase

In Figure 3 shows the X-ray diffraction pattern of
polycrystalline SnO> films grown, at the substrate
temperature of 220°C, deposited on the surface of polished
p-type silicon, investigated using a DRON-UMI1 X-ray
diffractometer (CuKa). The study showed that the obtained
SnOz films have a polycrystalline phase. X-ray diffraction
(XRD) peaks at 26.68°, 34.04°, 38.12°, 51.88° and 54.55°
corresponded to the SnO: phase from the (110), (101),
(200), (211) and (220) planes, respectively [18, 19]. The
peak (XRD) from the plane (101) in amplitude was the
strongest. This orientation corresponds to the tetragonal
phase of SnOa.. Accordingly, upon the deposition of the
SnOz film, a tetragonal rutile structure is formed. On the
other hand, in the X-ray diffraction pattern of
polycrystalline SnO:> films grown at a substrate temperature
of 220°C, no peaks associated with the tin monoxide phase
SnO were detected.
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Fig. 3: Diffraction patterns of SnO: films grown at the
substrate temperature of 220°C investigated using a
DRON-UMI1 X-ray diffractometer (CuKa).

3.2. Dark current-voltage characteristics

Dark current-voltage characteristics of the n-SnO2/p-Si
heterojunction are shown in Figure 4.
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Fig.4: Dark current-voltage characteristic of a SnO2/p-Si
heterojunction based on a polycrystalline SnOz layer.

The current-voltage characteristic of the n-SnO2/p-Si
heterojunction (Fig. 4) shows the rectification coefficient
(the ratio of the value of the magnitude of the forward
current to the reverse current at a certain value of the
electric voltage Jtor / Jrev), With the applied voltage V = 3
Volts, is 10. In the figure 5 shows the dark -V
characteristic of the n-SnO2/p-Si heterojunction constructed
on a double logarithm scale. It can be seen from the above
dependence that the I-V characteristic for both forward and
reverse directions is described by relation (2):

J=ATV" (g

The -V characteristic in the reverse direction from 1073
Volts to 1 Volt is determined by the linear dependence of
current on voltage, that is, Ohm's law (m = 1) is satisfied
[20]. From this section, we can determine the resistance of
the base region of the n-SnO2/p-Si heterojunction. In the
case of a reverse current direction, it is = 220 Ohm. In the
region of bias voltage V> 1.1 V, an injection region is
observed (m = 2) [21].
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Fig. 5: Dark I-V characteristic of the n-SnO2/p-Si
photoelectric heterojunction constructed on a double
logarithm scale
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The 1-V characteristic in the forward direction from 1073
Volts to 0.2 Volts is determined by the linear dependence
of the current on voltage, i.e., Ohm's law is fulfilled (m =1).
From this section, it is possible to determine the resistance
value of the quasineutral part of the n-SnO2/p-Si
heterojunction. In the case of the forward direction, it is
~80 Ohm. In the region of bias voltage V> 0.3 Volts, an
injection region is observed (m = 2). In the region of the
bias voltage V> 0.8 V, an injection region with a power
exponent m = 3 is observed. A change in the value of the
exponent (m) from 2 to 3 is explained by the inclusion of
recombination complexes in the generation — recombination
process [22].

3.3. Energy band diagram

Energy band diagram of the n-SnO2/p-Si structural

heterojunction are shown in Figure 6.
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Fig. 6: Energy band diagram of the n-SnO2/p-Si structural
heterojunction [14].

The electron affinity of the semiconductor SnO: layer is
¥sno2 = 4.53 eV [14] and it is lower than for p-Si ysi = 4.05
eV, which leads to the formation of a depletion region by
the main charge carriers at the interface of the n-SnO2/p-Si
layers and forms an integrated Barrier potential in the n-
SnOa/p-Si structure. At the boundary of the heterojunction
in the conduction and valence bands, a gap AE: and AEy is
formed due to the differ forbidden bands (Egsi, Egsno2) of
the contacting materials (n-SnOa2/p-Si).

The formation of the injection region in the reverse branch
of the I-V characteristic of the n-SnO2/p-Si structural
heterojunction (Figure 5) is explained by the fact that there
is a reverse biased barrier to the main barrier at the p-Si and
Al interface, since the work function of Al (ya1 = 4.2 eV)
[23] is less work function for p-Si (ysi + Egsi - Erpsi = 5.5
eV), as a result, the Al/p-Si Schottky barrier is formed. At
external voltage when the drop on the Al/p-Si barrier

becomes larger than on the n-SnO2/p-Si barrier, electron
injection will begin in the p-Si layer from the Al contact.

4 Conclusions

A thin transparent conductive film of tin oxide (SnO2) was
synthesized on the surface of a polished silicon wafer with
p-type conductivity by pyrolytic vapor decomposition of tin
chloride (SnClys) in a quasi-closed volume and a n-SnOa2/p-
Si heterojunction device was fabricated. The deposition of
the film was carried out at a substrate temperature of
220°C. The developed system for the deposition of
transparently conducting layers of metal oxides in a
quasiclosed volume is very cheap and convenient. SnO2
films have a polycrystalline structure. The n-SnOa2/p-Si
heterojunction device exhibits an obvious rectifying
characteristic. n-SnOa2/p-Si structure can be used to register
monochromatic radiation sources in the ultraviolet, visible,
and near infrared regions.
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