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Abstract

The current work investigates the impact of annealing temperature on the optoelectronic properties of SnO, thin films
grown by chemical bath deposition (CBD) method. The as-grown SnO, films, on p-Si substrate, are annealed at 200 °C and
400 °C for 10 min in Ar ambient for investigating the impact of such annealing on the performance of SnO,/p-Si
heterojunction solar cells. The growth of a uniform SnO, film on Si surface has been confirmed from SEM studies and the
chemical composition and optical properties of the as-grown and annealed films are investigated in detail by employing
XRD and ellipsometric measurements. Absorption coefficient of the samples is observed to vary in the range of 24 x 10° —
60 x 10°/m, at its band gap (3.0 eV). The current—voltage characteristics under both dark and illuminated conditions
suggest superior voltaic performance of the 200 °C annealed SnO, film. The short-circuit current density, open-circuit
voltage and fill-factor are obtained to be 0.45 mA/cm?, 5.41 mA/cm? and 0.4 V, 0.34 V and 13%, 8% respectively for as-
grown and 200 °C annealed samples. The maximum power conservation efficiency (1) of 4.9% is obtained for the 200 °C

annealed sample. Thus, the study indicates the potential of CBD-grown SnO, film for photovoltaic applications.

1 Introduction

The metal-oxide semiconductors such as zinc oxide (ZnO),
tin oxide (SnO,), copper oxide (CuO), indium oxide
(InyO3), tungsten trioxide (WOj3) and titanium dioxide
(TiO,) are gaining significant research interests in the
domain of electronics and opto-electronics for their unique
and tunable material, chemical, electrical and optical
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properties. Moreover, the low-cost, non-toxicity and natu-
ral abundance have been emerged to be the governing
factors for the design and development of thin film or
nanostructure based metal-oxide devices for several
applications including photovoltaics (Yu et al. 2016; Block
and Schmiicker 2016; Comini et al. 2002; Baby and
Ramaprabhu 2012; Pérez-Tomas et al. 2017).

Among various metal-oxides, SnO, has gained signifi-
cant research and commercial interest owning to its
promising electro-optical properties, excellent chemical
and physical stability. Stannum (Sn) is a post-transition
metal with variable oxidation states 2 and 4, and therefore
can form two type of oxides, stannous oxide (SnO) and
stannic oxide (SnO,). The nature of SnO, can be either n-
or p-type semiconductor, depending upon its oxygen
defects (Bendjedidi et al. 2015; Bae et al. 2017). Its rela-
tively higher electron mobility (106 cm®/V s with a carrier
density of 3.0 x 10"%/cm?) (Mun et al. 2015), low sheet
resistance, superior light transmittance (Tripathy et al.
2013), low chemical and photo-catalytic reactivity (Liu
et al. 2016) and easy synthesis technique at room temper-
ature (Tazikeh et al. 2014) are useful for developing dif-
ferent semiconductor devices. Also, the high band gap of
SnO, in the range of 3.0-3.7 eV (Xiong et al. 2018) makes
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it potentially a superior material for window layer in solar
cells (Xiong et al. 2018; Zhou et al. 2018).

Several methods such as atomic layer deposition (ALD)
(Cheng et al. 2012), sputtering (Leng et al. 2012), thermal
evaporation (Patel et al. 2013), sol-gel (Dong et al. 2015)
and spray pyrolysis (Jadsadapattarakul et al. 2008) have
been attempted to grow crystalline SnO, thin films. How-
ever, all of these processes are either expensive with
complex fabrication procedures or time consuming. In
contrast, chemical bath deposition (CBD) is reported to be
a controlled precipitation technique with low economical
budget, simplicity and capable of large area deposition
(Sultana et al. 2018). It is also possible to optimize the film
morphology, thickness, grain size and crystalline quality of
the grown films by precisely controlling the growth
parameters and also by post-growth annealing of the grown
film (Pawar et al. 2011; Mane and Lokhande 2000).

In the current work, such cost effective, low temperature
(< 100 °C) CBD method is employed to grow SnO, thin
films on Si-substrate and the impact of annealing on its
morphological, optical and electrical characteristics is
investigated. Surface morphology and crystallographic
orientations of the SnO, thin films are explored by Field
Emission Scanning Electron Microscopy (FESEM) and
X-ray diffraction measurements respectively. The optical
parameters including absorption coefficient (o) and optical
band gap (E,) have been determined by Spectroscopic
ellipsometry (SE) measurements. Opto-electronic perfor-
mance of the SnO,/p-Si heterojunction diode is investi-
gated by measuring its current-voltage (I-V)
characteristics in both dark and illuminated conditions.
Further, the potential of such device for photovoltaic
applications is studied by extracting the values of open
circuit photo-generated voltage (V,), short circuit current
density (Jg.), fill-factor (FF) and power conversion effi-
ciency (n) for both the as-grown and annealed samples
from the relevant electrical measurements.

2 Details of CBD growth method

For the growth of SnO, film on p-silicon
(Si) (100) substrate, the Si wafers were first cleaned by
RCA-I and RCA-II steps and then the native oxide was
removed by dipping in 20% HF solution. In the synthesis
process, tin chloride dihydrate (SnCl,-2H,0) is used as
the source of Sn’*" in the CBD solution and HMTA
solution is used as a precursor. The bath solution was
prepared by dissolving 1.128 g of SnCl,-2H,0 in 50 ml
DI water for 50 ml solution with 0.1 M strength. The
solution was stirred at 180 rotations per minute (r.p.m) for
5 min. In a separate beaker, 0.1 M HMTA is added in
50 ml DI water and stirred for 5 min. These two solutions
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are then mixed together and stirred for 5 min at 180 rpm.
The cleaned Si substrates are then placed on a Teflon
holder and immersed into the solution which is under
constant stirring. The beaker containing the solution is
then placed on the hot plate with constant stirring and
heated from room temperature to 90 °C and the growth is
performed for 2 h. The post-deposition cleaning of such
samples has been carried out by rinsing in DI water to
remove the residual solutes and impurities and finally
dried by blowing nitrogen (N,) gas.

During the growth of SnO, film, HMTA in the solution
bath works as a complexing agent and it primarily activates
the reaction by releasing metal ions. The hydroxide ions
are provided by the solvent (i.e. water). The sequential
reaction mechanism for the growth of SnO, film by CBD
method is summarized as the following:

e Establishment of equilibrium between the water and
complexing reagent (HMTA):

(CH,)(N, + 6H,0 = 6HCHO + 4NHj (1)

e Formation of positively charged Ammonium and neg-
atively charged hydroxyl ion:

NH; + H,O = NH*" + OH"- (2)

e Hydrolysis of the source (SnCl,) and formation of metal
ionic complexes:

SnCl, - 2H,0 = Sn(OH),+ 2HCI (3)
HCl= H' + CI- (4)
e Formation/growth of solid film on the substrate:

Sn(OH),+ NH; + OH + H' 4+ CI”
— Sn03°" + NH,Cl + H,0 (5)

The grown SnO, film is broken into three pieces for
investigating the impact of annealing on SnO, films. One
of the samples is kept unprocessed and the rest two are
thermally annealed in Argon (Ar) environment in a fur-
nace for 10 min at 200 °C and 400 °C respectively. For
having appropriate electrical contact and to measure the
electrical characterization of the SnO,/p-Si heterojunction
diodes, an ITO layer of ~ 50 nm thickness is deposited
on the top and Al is deposited for back contact. The
device area is measured to be 1.26 x 107’ m?. Consid-
ering the band gaps of p-Si and SnO, to be 1.12 eV and
3.0 eV respectively, the values of conduction-band offset
(AE,) and valence-band offset (AE,) are calculated to be
0.7 eV and 2.58 eV respectively. The schematic of the
fabricated device and relevant band diagram is shown in
Fig. 1a, b.
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Fig. 1 a Schematic of the
fabricated SnO,/p-Si (a)
heterojunctions devices;
b relevant band diagram

(b) Vacuum level

 Xsi =4.05 eV

p-Silicon
Al

Xsnoz= 475 eV !
AEc=0.7 eV

Eg (sn02) = 3.0e EE(SU=1'12 ev

AEv =2.58 eV

3 Results and discussion

3.1 Structural and material characterizations
of SnO, thin film grown on p-Si substrate

Surface morphology of the as-grown, 200 °C and 400 °C
annealed samples is investigated by using field-emission
scanning electron microscope (ZEISS Auriga). The rele-
vant micrographs are shown in Fig. 2a—c; respectively,
which confirm the formation of a uniform film on the Si
surface.

Fig. 2 FESEM images of the
CBD grown SnO, thin films for
the: a as-grown; b 200 °C
annealed; and ¢ 400 °C
annealed samples

EHT = 5.00kv

WD= 67 mm

Signal A= SE2
Mag= 1081 KX

To investigate the crystallographic orientations of the
grown samples, the X-ray diffraction measurements (PAN
analytical X’Pert PRO XRD system) are performed and are
plotted in Fig. 3. All the samples exhibit diffraction peaks
that confirm the formation of rutile tetragonal structure
(Chen et al. 2003) of SnO, thin film as verified by JCPDS
card no. 77-0452. The XRD data reveal a strong diffraction
peak (at 20 = 61.80°) corresponding to the (310) plane
along with a peak (at 20 = 37.7°) corresponding to the
200) plane (Wongsaprom et al. 2014). It is an apparent
from XRD data that with the increase of annealing tem-
perature, the intensities of diffraction peaks increase and its

Date 4 Apr 2019 e
Time 1122543

EHT=10.00kV
WD=100mm

Date :16 Feb 2018
Time :18:05:05

Signal A= SE2
Mag= 1061KX

WD= 97mm

Date 23 Feb 2018
Time :1426:08

Signal A= SE2
Mag= 867KX

EHT = 500 kv
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Fig. 3 Comparative plots of XRD patterns for the as-grown, 200 °C
and 400 °C annealed samples

FWHM decreases. Such variation in diffraction peaks
suggests an improvement of crystalline quality of the as-
grown SnO, films upon annealing (Rasheed and Algaw
2016). The high intensity crystalline peaks at 61.8° and
37.7° for 200 °C annealed sample reveal the formation
of (310) and (200) crystalline phase of SnO,. However,
the relative decrease in peak intensity of the 400 °C
annealed sample indicates a deterioration of crystalline
quality. The atoms at the surface of the as-grown film are
energetically less stable and hence are loosely bound with
the surface molecules. As the sample is annealed, the
loosely bound atoms of the film surface tend to detach from
the surface. This may be attributed to the fact that ther-
modynamically the system tries to lower its overall energy
upon annealing, leading to an increase in concentration of
free molecules at the surface of the sample. With increase
in annealing temperature, the density of such free mole-
cules increases. With time, these free molecules supersat-
urate and finally condense on the surface to form larger
particles. Hence, the increase of grain size in 200 °C
annealing temperature, indicates the coalescences of crys-
tal particles. The average crystallite size is calculated by
using Scherrer formula given as [25.26],

D = 0.94/(Bcosb) (6)

where A is the wavelength of X-ray radiation used and B is
the full-width-at-half-maximum (FWHM) of the peaks at
the diffracting angle, 6. The micro-strain (g) of the grown
samples is calculated by using the formula given as,

& = (fcosh)/4 (7)

The parameters extracted from X-ray diffraction patterns
are summarized in Table 1. The lattice strain is measured
to decrease with the increase of crystallite size and it
becomes 7 x 10™* for (310) plane of the 200 °C annealed
sample having a maximum grain size of ~ 97 nm. This
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may be due to the decrease of lattice mismatch between the
grains upon annealing.

3.2 Optical characterization of SnO,/p-Si
heterojunction diodes

To investigate the impact of annealing temperature on
optical properties of the CBD grown SnO, films, spectro-
scopic ellipsometric (SE) measurement has been performed
in the wavelength range of 250-800 nm. The plots of rel-
ative amplitude change (\r) and phase change (A) of the as-
grown and annealed samples are shown in Fig. 4a—c,
respectively. Moreover, to extract the optical constants
including absorption coefficient (Tompkins and Hilfiker
2015) and band gap of such films, the results are simulated
to fit the experimental data and the relevant model structure
has been considered to be air/SnO,/Si. The optical con-
stants of air and the wavelength of incident light have been
considered to remain constant in the fitting process. The
modelled values of \y and A for both the as-grown and
annealed samples are also plotted in Fig. 4.

It is apparent from such plots that the best-fit data match
well with the measured data, thereby, suggesting the model
to be extensive over a wide range of wavelength. The band-
gap of the as-grown and annealed samples has been found
from Tauc’s relationship (Viezbicke et al. 2015) as shown
in Fig. 5a. The energy band-gap value is found to be
3.0 eV for the as-grown, 200 °C and 400 °C annealed
samples (Baco et al. 2012; Igwe and Ugwu 2010). The
variation of absorption coefficient (measured from SE data)
and grain size (measured from XRD data) with annealing
temperature is plotted in Fig. 5b. The absorption coeffi-
cient is observed to increase with annealing temperature
and is maximum for the 200 °C annealed sample. The
nature of variation is similar to the grain size of the dom-
inant [310] plane as obtained from XRD results.

3.3 Electrical characterization of the Sn0,/p-Si
heterojunction diodes

The electrical characterization of the SnO,/p-Si hetero-
junction diodes is performed by measuring its current den-
sity—voltage (J-V) characteristics under both the dark and
illuminated condition and the results are plotted in Fig. 6a.

The variation of photocurrent density with applied
voltage is highlighted in Fig. 6b. The comparative plots of
photocurrent and dark current for different annealing
temperatures are shown in Fig. 6¢c. The maximum photo-
current density of 5.41 mA/cm? with a photo-to-dark cur-
rent ratio of 3826.7 at zero bias has been obtained for the
200 °C annealed sample.

The plot of variation of short circuit current density and
open circuit voltage for different annealing temperatures
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Table 1 Summary of the
parameters extracted from
X-ray diffraction analysis

Fig. 4 Plot of Psi (\) and Delta
(A), for the a as-grown;

b 200 °C annealed; and

¢ 400 °C annealed samples, in
the wavelength range of
250-800 nm. Solid lines
correspond to the experimental
data and dotted lines correspond
to the simulated data

Fig. 5 a Tauc’s plot to
determine the energy band-gap
and; b dependence of absorption
coefficient and grain size with
annealing temperature variation

Sample Peak position (260) FWHM (20) Crystallite size (nm) Micro-strain
As-grown 61.8 [310] 0.20 48.37 15 x 107
37.7 [200] 0.22 39.85 28 x 1074
200 °C annealed 61.8 [310] 0.10 96.73 7 x 1074
37.7 [200] 0.20 43.86 25 x 1074
400 °C annealed 61.8 [310] 0.11 87.94 8 x 1074
37.6 [200] 0.12 73.0 15 x 107
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are shown in Fig. 6d. The maximum J of 5.41 mA/cm? is
obtained for the 200 °C annealed sample and the maximum
Vo of 0.4 V is obtained for the as-grown sample.

The variation of power conversion efficiency and fill-
factor with annealing temperature is shown in Fig. 6e

Annealing temperature (°C)

which suggests the 200 °C annealed film to be appropriate
for the best photovoltaic performance among all other
samples considered in the current work with an efficiency
of 4.9%. The comparative values of short-circuit current
density (Js.), open-circuit voltage (V,.), fill factor, Photo-
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Fig. 6 a Plots of J-V
characteristics under dark and
illuminated condition;

b highlighted photo current
density at 4th quadrant; ¢ photo
and dark current variation at
zero bias with annealing
temperature; d The variation of
short circuit current density (J,.)
and open circuit voltage (V)
with annealing temperature;

e Variation of power conversion
efficiency and fill-factor with
annealing temperature
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Annealing temperature (°C)

to-dark current ratio and power conversion efficiency (1))  optoelectronic properties of the grown SnO, thin films have
with annealing temperature of the SnO,/p-Si heterojunction ~ been systematically studied with annealing temperature. It
diode are summarized in Table 2. is observed that the annealing temperature has significant

4 Conclusion

impact on controlling the crystallite quality and size of
SnO, thin films. The largest crystallite size (~ 97 nm) has
been measured for 200 °C annealed film. The crystalline
nature and optical properties of the film are determined by

SnO, thin film has been grown on p-Si substrate by CBD ~ XRD and SE analysises. The band gap of the grown SnO,
method and annealed in argon (Ar) environment for 10 min thin film is obtained to be 3.0 eV and the SnO,,p-Si hetero-
at 200 and 400 °C. Morphology, crystalline quality and  junction shows a promising photo-to-dark current ratio of

Table 2 The comparative
values of short-circuit current
density (Js.), open-circuit
voltage (V,.), fill- factor, photo-
to-dark current ratio at zero bias
and power conversion efficiency
(n) with annealing temperature
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Sample/parameters As-grown 200 °C 400 °C
Ji. (mA/cm?) 0.45 541 3.31
Voo (V) 0.40 0.34 0.13
Fill-factor (%) 13 8 10
Photo-to-dark current ratio at zero bias 683.3 3826.7 530.6
Efficiency (%) 0.78 4.9 1.4
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3826.7. Solar cell parameters including short circuit cur-
rent, open circuit voltage and fill-factor (%) are measured
to be 5.41 mA/cm?, 0.34 V and 8, respectively, which
yields an energy conversion efficiency of 4.9% for the
200 °C annealed sample. Thus, annealing the CBD grown
thin film of SnO, at 200 °C under Ar environment has been
found to be a promising low-cost alternative technological
route for the development of solar cell with superior
performance.
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