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Structural, optical and electrical study of nanocrystalline
SnSe thin films: effect of pH
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Abstract. Nanocrystalline tin selenide (SnSe) thin film form has been synthesized by chemical bath deposition technique.
The thin film is deposited on glass substrates in an aqueous alkaline medium using sodium selenosulphate as Se? ion
source. The comparison of structural, optical and electrical properties of SnSe thin films at different pH of the solution has
been studied. Structural and morphological characterization is done by X-ray diffraction (XRD). The films were
polycrystalline with peaks corresponding to the orthorhombic phase. The grain size increases with increase of pH. The
microstructural parameters like strain and dislocation density were also calculated and compared at different pH. The
optical band gap of nanocrystalline SnSe thin films at different pH has been measured using UV — VIS absorbance

spectroscopy and steady state and transient photoconductivity has been discussed in electrical properties.
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1. Introduction

A"BY' semiconductors were widely investigated, as
potential candidates for optoelectronic applications [1],
particularly for photovoltaic cells [2]. The material in this
class, especially tin selenide (SnSe) has been studied in the
form of both single crystal [3] and thin films [3-5]. Tin
selenide (SnSe) has been used as memory switching
devices, infrared electronic devices, light emitting devices
(LED) and holographic recording systems [6-9]. It could
also be used in photo-electrochemical cells, decreasing the
photo corrosion reaction [7]. Tin selenide exists as a
layered compound with an orthorhombic crystal structure.
Different methods of preparation have been described in
the literature: chemical bath deposition [4], atomic layer
deposition [8], thermal evaporation [10-11], vacuum
evaporation [12] and solvothermal routes [3]. Chemical
bath deposition is the cheapest known technique for
preparation of powder and thin films. It is a slow process,
which facilitates a better orientation of the crystallites with
an improved grain structure. Depending on the deposition
condition, the film growth can take place by ion-ion
condensation or by adsorption of colloidal particles
(cluster by cluster) from the solution onto substrates.
Many of these films proved to be of comparable quality
with those produced by other sophisticated and expensive
methods. Present paper give comparison of morphological,
optical and electrical study of the tin selenide thin films
obtained at different pH of the solution by a simple
chemical route.

2. Experimental detail

Tin selenide thin films were deposited onto cleaned,
spectroscopic grade glass substrates. All chemicals used
were of AR grade. To synthesize nanocrystalline SnSe we
have employed the chemical bath deposition (CBD)
technique using tin chloride and sodium selenosulphate as
precursors of Sn®* and Se®” ions in the reaction system. To
prepare sodium selenosulphate solution, 15 g of sodium
sulfite in 200 ml water was refluxed with 5 g of selenium
for almost 10 hours at 75°C. The mixture remained under
constant  stirring throughout the reflux process.
Selenosulphate is produced according to the following
reaction:

NaQSO3+SC—>NaQSGSOS (1)

Unreacted selenium is filtered off and selenosulphate
solution is placed in air tight bottle. It is recommended to
make small volumes of selenosulphate stock solution to be
used within 3-4 days. To deposit SnSe at different pH,
sodium hydroxide (1M) solution in deionized water is
prepared. This solution is used to maintain alkaline media
of pH at three different values 11.0, 11.4 and 11.8. In three
different beakers, sodium hydroxide is added drop wise to
0.94g of tin chloride dissolved in 10 ml water to obtain an
alkaline media of pH 11.0, 11.4 and 11.8. Then 10 ml of
sodium selenosulphate solution is introduced into these
three different beakers and glass substrates are mounted
vertically in these beakers. The film growth was carried
out in all the beakers at temperatures 45°C, A dark brown
precipitate gradually fills the baths and turns black after 20
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min. During deposition period the beakers was kept
undisturbed for a time period of 2.5 hours. The as-
deposited SnSe films are specularly reflective and black in
appearance when observed under white light. The
deposited films were tested for adhesion by subjecting it to
a steady stream of distilled water. Diffraction patterns of
intensity versus 20 were recorded with a XPERT-PRO
diffraction, using a monochromatic X-ray beam having
Cu Kay radiation with A = 1.54060 A (40 mA, 45 kV). A
continuous scan mode was used to collect 26 data from
20° to 80°. The microstructure of the samples were studied
by using a scanning electron microscope (JSM 6610LV)
operating at 15KV.The absorption spectra were recorded
using double beam spectrophotometer [SPECORD-250] in
the transmission range 200-800 nm for both samples. The
electrical measurements of these thin films are carried out
in a specially designed metallic sample holder where heat
filtered white light of intensity 8450 Ix (200W tungsten
lamp) is shone through a transparent glass window. A
vacuum of about 10 mbar was maintained throughout
these measurements. Light intensity was measured using a
digital luxmeter. Planar geometry of the films (length
~0.74 cm; electrode gap ~ 1mm) is used for the electrical
measurements. Al electrodes are used for the electrical
contacts because Al metal does not diffuse inside the
material. These contacts are made by diffusion technique.
The dark- and photocurrent was noted using a digital
picoammeter

3. Result and discussion

3.1 Structural study
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Fig. 1. XRD pattern of SnSe thin films deposited at [a]
pH =11.0, [b] pH =11.4 and [c] pH =11.8.

Fig. 1 represents the diffraction pattern of SnSe thin
films forms deposited at different pH values (11.0, 11.4
and 11.8) of the bath. The observed d values of thin films

form at different values of pH are in good agreement with
the standard values for the orthorhombic structure of SnSe
[4, 6, 9]. The Structural parameters of SnSe thin films
deposited at different pH have been listed in table 1.
Comparing the d-values with standard values indicates that
[111] is the preferred orientation in these samples. The
diffusion background and broad peak appearing at low
angles are due to the amorphous glass substrate.
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Fig. 2. Plots between (fcosd)/A and (sind)/Afor SnSe thin
films deposited at [a] pH =11.0, [b] pH =11.4 and [c]
pH =11.8.

Information about strain and particle size are obtained
from the full width at half maximum (FWHM) of the
diffraction peaks. The FWHM (p) can be expressed as a
linear combination of the contributions from the strain (&)
and particle size (L) as in relation [13]:
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The reciprocal of intercept on the (Bcosf)/A axis gives
the average particle size. Fig. 2 represents the plots of
(Bcosh)/ A vs. (sin O)/4 for SnSe thin films at different pH
values (11.0, 11.4 and 11.8) which are straight lines. The
slope of these plots give the amount of residual strain,
Stress and strain are almost always present in all thin films
deposited at different pH. In the majority of cases, these
stresses are residual stresses introduced into the system
during deposition or subsequent processing. In our case
the particle size and strain calculated from fig. 2 are listed
in table 1.The crystallite size increases with increase of pH
values from 11 to 11.8 which shows the improvement in
crystallinity. At higher pH (in alkaline solution), generally
selenosulphate decomposition is faster [14]. It results in
faster rate of reaction and increases particle size. The
negative value of residual strain for the films deposited at
different pH indicates the compressive strain. If the film
deposited is free from impurities, the compressive strain is
generated at the thin film substrate interface, when the
very small crystallites are bonded to substrate, due to
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surface tension. The strain decreases with increase in pH
of the solution (shown in table 1).

The dislocation density 6 defined as the length of
dislocation lines per unit volume of the crystal can be
evaluated from the particle size D by the relation [15]:

5=1/D? (3)

The minimum value of dislocation density are
observed for the films with the highest pH value as shown
in Table 1 which means the degree of imperfection is
minimum in the films with highest pH value ( pH = 11.8).

The lattice parameter a, b and c is determined for the
orthorhombic structure by using the following expression:

1 R: i it
———+b—2+— (@)

d et L

Table 1. Various structural and optical parameters of SnSe thin films deposited at different pH of the solution.

pH [D(nm) |[Strain (lin® m®) i} Lattice Parameters E,
(lines/ m3) a(A% b(A% c(A°) (eV)
11.0 | 11.38 -1.99X10° 7.72 X 10 10.90 | 4.58 | 3.78 2.25
11.4 | 1414 | -1.14X107° 5.00 X 10 10.95 | 4.64 | 3.71 2.04
11.8 | 1754 | -5.90X107° 3.25 X 10 10.95 | 4.42 | 3.90 1.82
where h, k, and | are the Miller indices of the lattice plane. 020 oo
The lattice spacing (d) is calculated from the Bragg’s
formula [16]:
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Fig. 3. SEM micrograph of SnSe thin film at pH =11.4.

The SEM micrograph of film at pH =11.4 have been
taken which shows a distribution of particles covers the
surface of the substrate completely. No pin holes or cracks
could be observed in the film.
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Fig. 4. Absorbance spectra of SnSe thin films at [a] pH=
11.0 [b] pH =11.4 and [c] pH = 11.8.

3.2 Optical study

Fig. 4 represents the absorption spectra of SnSe thin
films at different pH. From the absorption data, nearly at
the fundamental absorption edge, the values of absorption
coefficient (a), are calculated in the region of strong
absorption using the relation:

4

o= 2.303 (6)

The fundamental absorption, which corresponds to the
transition from valence band to conduction band, can be
used to determine the band gap of the material.
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Fig.5. The plots of (ahv)? vs. hv for SnSe thin films at [a]
pH=11.0 [b] pH =11.4 and [c] pH = 11.8.

The relation between « and the incident photon energy
(hv) can be written as [17]:

o Alhv-E,) "
hv

where A is a constant, Eg is the band gap of the material
and the exponent n depends on the type of transition.

The n may have values 1/2, 2, 3/2 and 3
corresponding to the allowed direct, allowed indirect,
forbidden direct and forbidden indirect transitions,
respectively. The value of band gap Eg is calculated by
extrapolating the straight line portion of (ahv)"™ vs. hv
graph to hv axis taking n = 1/2 (0.5). Fig. 5 show the plots
of (ahv)? vs. hv for SnSe films deposited at three different
pH. The value of Eg at different pH is inserted in Table 1.
Clearly, the observed values of Eg are higher than the
value of bulk optical gap of SnSe (1.68 eV)[18] due to
quantum confinement in the SnSe nanocrystallites. The
optical band gap decreases from 2.0 eV to 1.5 eV with the
increase in pH of the solution as given in table 1. and blue
shift in the fundamental edge has been observed. The
optical band gap decreases because the particle size
increases with increase of pH of the solution.
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Fig .6. Plot of logogVvs. (1000/T) of SnSe films deposited
at [a]JpH = 11.0 [b] pH =11.4 and [c] pH =11.8.

3.3 Electrical properties
3.3.1 Steady state photoconductivity

Fig. 6 and Fig. 7 shows the temperature dependence
of dark conductivity (c4) and photo conductivity (cp,) for
SnSe thin films at different pH. The electrical conductivity
shows typical Arrhenius type of activation

u = e (- i_;] (8)

where A€ is the activation energy for conduction and K is
the Boltzmann’s constant. Fig. 6 and Fig. 7 shows the
variation of o4 and oy, against 1000/T for SnSe thin films
deposited at different pH. The plots of In o4 vs. 1000/T
and In oy, vs. 1000/T are straight lines in the measured
temperature range. This implies that the conduction in
SnSe thin films is an activated process having single
activation energy. The activation energies(Agy and Aggy
for dc conduction have been calculated from the slopes of
In 64 vs 1000/T and In oy vs. 1000/T curves. The values of
G, Oph, AEq and A€y, are listed in Table 2. The values of o4
and o, at room temperature increases as the pH of SnSe
thin films increases from 11.0 to11.8. The increase in
conductivity with the increase in pH of Sn?* ion is due to
the increase in particle size of SnSe nanocrystals. The
effect of size on electrical conductivity of nanostructures is
based on the following mechanisms: surface scattering,
quantized conduction, Coulomb charging and tunneling,
widening and discrete band gap and change of
microstructure.
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Fig. 7. Plot of logap, vs. (1000/T) of SnSe films deposited
at [a]pH = 11.0 [b] pH =11.4 and [c] pH =11.8.

It is also clear from Table 2 that there is increase in

the value of activation energy (A€) with the increase in the

pH. The similar type of results has been reported by some

workers [19].



134 Deep Shikha, J. K. Sharma, Jeewan Sharma

3.3.2 Transient photoconductivity

Fig. 8 shows the rise and decay curves of I, for SnSe
thin films at different pH of the solution. Iy, rises to a
steady state value and a peak is observed in rise curves of
SnSe films deposited at different pH of the solution.
During decay, the photocurrent does not reach zero for a
long time after the incident light is switched off. A
persistent photocurrent is observed in all the cases. This
type of photoconductive decay has also been reported in
various other semiconductors [20-21]. In the present case,
the non-exponential decay of photoconductivity is
observed.

The values of 14 at different times have been
calculated using equation

_ LL d.}r.p,]_l

Sl P ©)
for SnSe thin films deposited at different pH of the
solution from the slopes (at different times) of decay
curves of Fig.8. The decay times observed for n-SnSe thin
films, deposited at different pH, are found to be time
dependent. The value of 7z increases with time, which
confirms the non-exponential decay of photocurrent. Fig. 9
shows the plots of In T3 vs. In t for all samples at intensity

8450 Lux. The extrapolation of the curves at t = 0, give the
values of the decay life time [22] and are found to be

1.88, 2.59 and 2.72 seconds for films deposited at pH of
the solution 11.0, 11.4 and 11.8. Clearly, the carrier life
time increases with increasing pH of the solution (size).
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Fig. 8. The rise and decay curves of Iph for SnSe thin
films at [a] pH =11.0, [b] pH =11.4 and [c] pH =11.8.

The straight lines in Fig. 9, obey a power law of the
form t™, with N = d(Inzz/Int) and the values of N are found
to be 0.565, 0.342 and 0.447 at pH of the solution 11.0,
11.4 and 11.8 respectively.

Table 2. Variation of various electrical parameters for SnSe thin films deposited at different pH values of the solution.

pH G4 A&y Gph A£ph Gph/ G4 lan(t:O)
(Q'cm™ V) | (Q'em™) (eV) (sec)
11.0 | 2.05X10°° 1.02 4.87X10° 0.93 2.37 1.88
11.4 | 6.32X10° 0.86 1.92x10° | 1.08 3.04 2.59
11.8 | 1.81X10° 1.21 4.38X10° 0.67 2.43 2.72
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Fig. 9. Plot of 4 vs. In t for SnSe thin films deposited at
different pH [a] 11.0, [b] 11.4 and [c] 11.8.

4. Conclusions

Comparison of observed d-values with the standard
values confirms orthorhombic structure of SnSe with [111]
as preferred orientation in these samples. The average
crystallite size for these samples has been calculated and
increases from 11.38 nm to 17.54 nm with increase of the
pH value of the solution from 11.0 to 11.8. The
microstructural parameters i.e dislocation density and
strain decreases with increase of particle size(or increase
of pH) which means that the degree of imperfection is
minimum in the films with highest pH value. The band
gap decreases from 2.25 eV to 1.82 eV with the increase in
pH and blue shift in the fundamental edge has been
observed. For steady state conductivity, the values of dark
conductivity(cg and photoconductivity(cyry at different pH
are calculated and increases with increase of pH of the
solution. In transient conductivity, in the rise and decay
curves, the value of decay life time 7z increases with time,
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which confirms the non-exponential decay of photocurrent
and the carrier life time increases with increasing pH of
the solution.
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