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PbySn¢1 — xS (0.05 < x < 0.20) thin films with the thickness of 2 um were deposited on glass substrates using hot
wall vacuum deposition method at the vacuum pressure of 5 x 10~ Pa, wall temperature of 600°C, substrate
temperature of 300°C and subsequently annealed at 450 °C in vacuum at 5 x 10~* Pa. The microstructure and
optical properties of the as-deposited and annealed films were examined in relation to the film composition.
The explanations of lattice parameter deviations from the bulk crystals for both as-deposited and annealed
Pb.Sn(; — xS thin films are discussed. The PbySn(; — x)S thin films exhibit a preferred orientation around the

ﬁﬂg{ﬁulﬁde [111] direction. The annealing decreases the film microstrain values and increases the grain size and the degree
Thin films of preferred orientation. Thermal probe measurements showed the sulfur-deficient films to be p-type and the
Microstructure sulfur-rich films to be n-type. The PbySn(; — xS films exhibit direct allowed transitions with energy band gap
Optical properties Eg(q) increasing with the increase of Pb mole fraction. The Eg4) values for as-deposited films range from 0.95 to

Electrical properties 0.98 eV and for annealed films they variy from 0.90 to 0.94 eV.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The AVBY! chalcogenide semiconductors rise interest for optoelec-
tronics and photovoltaics due to their high optical absorption coefficient
in the visible and near infra-red (IR) range. In recent papers, tin sulfide
SnS is discussed as an alternative light-absorbing material for thin-film
solar cells [4,31,32]. The A'VBY! semiconductor lead sulfide (PbS) is effi-
ciently used in industrial IR receivers for a long time.

In the PbS-SnS quasi-binary system the solid solutions of PbySn; — xS
are determined for 0 <x < 0.5 and for 0.9 < x < 1[21,38]. The SnS-rich so-
lutions crystallize at temperatures <600 °C in the «-SnS (S.G. Pbnm) GeS
type. The PbS rich phases corresponding to the subsolidus region exhibit a
cubic phase related to PbS (S.G. Fm-3m, NaCl type). Additionally, the min-
eral teallite with a fixed composition of x = 0.5 (PbgsSngsS) displays an
orthorhombic structure with the lattice parameters a = 4.269 A, b =
11.430 A, c = 4.086 A [18,21]. This corresponds to the a-SnS structure
with the lattice parameters a = 4330 A, b = 11.195 A, c = 3.978 A [21].
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Different methods for SnS thin film deposition have been developed
including co-evaporation [8], sulfurization [26], electron beam evapora-
tion [35], spray-pyrolysis [7], thermal vacuum evaporation [10], hot
wall deposition [2-6,32,41]. The optical investigations showed that
those SnS thin films energy band gap values change in a wide range
from 1.07 to 1.7 eV, strongly depending on the microstructure including
crystal structure defects, grain size, side phases, etc. [2,3,5-8,10,26,35,
41]. Theoretical energy band structure calculations lead to the different
values depending on the calculation method. Thus, in [14] the energy
band gap is calculated for direct transitions to be 1.8 eV, but in [25] it
is 1.16 eV.

Although SnS is well-studied, Pbg 5Sng 5S and PbsSn(; — xS series are
not investigated in detail. The theoretically calculated energy band gap
values for PbgsSng sS are 0.64 eV [33] and 1.1 eV [34]. Experimental
measurements of Pby sSng sS optical energy band gap reveal Egq) =
1.65 eV for direct transitions and Eg(;) = 0.96 eV for indirect transitions
[37]. For PbySn(y — x)S, with x increasing from 0.25 to 0.45, Eg(q) in-
creased from 1.25 to 1.31 eV and Eg(;) decreased from 1.06 to 0.96
[22]. However, the authors of [22] pointed out that there might be errors
in the band gap determination due to the extremely low linear parts of
the absorption spectra. To our knowledge, there are no reports on the
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optical behavior of PbySn(; — x)S with x < 0.20. Therefore, basic optical
characteristics of PbySn(; — x)S over the whole mole fraction range
have to be determined.

Applicability of such materials for photosensitive device structures
(including In/PbySn¢; — xS Schottky barriers) based on PbySn¢; — xS
thin films was reported in [15]. A notable feature of Pb,Sn(y — xS is
that its most important physical and morphology characteristics can
be controlled by varying the chemical composition. Additionally,
nano-structured thin films with non-trivial morphology (nano-whis-
kers etc.) [20,39] may lead to a wide field of the Pb,Sn¢; — xS thin
films practical applications.

Recently we reported an effective control of the SnS thin film micro-
structure by thermal [6] and plasma [41] procedures. In this paper we
present the study of thermal treatment influence onto the microstruc-
ture and optical properties of PbySn; — S thin films with
0.05 < x < 0.20 obtained by a hot wall vacuum deposition method
(HWVD).

2. Experimental details

Corning 7059 glass plates used as substrates were chemically
cleaned with 96% ethanol, rinsed with distilled water and dried by
compressed air before the sulfide deposition. The Pb,Sn(; — xS thin
films were deposited on the substrates using HWVD method [23] at
the vacuum pressure of 5 x 10~* Pa, wall temperature of 600°C
and substrate temperature of 300°C. The film growth rate under
these conditions was around 100 nm/min. In order to obtain the
films with 2 pm thickness the deposition time was restricted to
20 min. Powdered polycrystalline PbsSn(; _ x)S obtained by fusing
99.999% pure lead, tin and sulfur in the desired ratio were used as
precursors. The distance between the source and the substrate was
12 cm. The films were annealed for 1 h at 450 °C in vacuum at
5 x 10~ % Pa. These conditions are also applied for the thermal treat-
ment of SnS thin films [6].

The crystal structure and phase composition of the PbySn(; — x)S
thin films were studied by X-ray diffraction (XRD) in the Bragg-
Brentano geometry using a Siemens D-5000 diffractometer with
CuK, (N = 1.5418 A) radiation. Silicon wafer was used as a reference.
The observed phases were determined by comparing the d-spacings
with the Joint Committee on Powder Diffraction Standard (JCPDS)
and Open Crystallography Database data files. Rietveld analysis
[29], implemented in the “Material Analysis Using Diffraction
(MAUD)” software package [24] was used for the lattice and other
structural parameters refinement. March-Dollase model [13,27,42]
was used to have regard to the preferred orientation in the Rietveld
analysis. Chemical composition of the films was checked by energy
dispersive X-ray microanalysis (EDX) using AN 10000 spectrometer.
The voltage used for accelerating the electron beam in EDX measure-
ments was 15 kV. Surface morphology of the deposited material was
investigated by scanning electron microscopy (SEM) using JEOL
6400 and LEO1455VP microscopes. Optical characteristics of the
films were derived from the transmission spectra measured in the
range of 400-2500 nm using Specord PC 210 UV-VIS spectrometer
with a resolution of 1 nm. The temperature coefficient of thermo-
electric power (Seebeck coefficient) and the conduction type were
determined by the thermoprobe method. The electrical resistivity
was determined by the van der Pauw method at room temperature
(T = 300 K).

3. Results and discussion

A typical EDX spectrum of the Pb,Sn(; — S thin film is presented in
Fig.1. The obtained films do not contain any extrinsic elements that
could be found by EDX. Typical elemental compositions of the films
are presented in Table 1.

- S Sn
Ka, |Pb Lay
Kaof May/

Intensity, arb. units

Fig. 1. Typical EDX spectrum of Pb,Sn(; _ S thin film.

The Pb mole fraction x and stoichiometry deviation factor 6 in
PbSn(1 — x)S(1 + 5) were calculated from atomic ratios using the follow-
ing equations:

_ o(Pb)
~ ©(Pb) + @(Sn) (M)
. e®

0= o(Pb) + »(Sn) 1, @)

where ®(Pb), ®(Sn), ®(S) are atomic percents of Pb, Sn and S,
respectively.

The calculations showed the obtained films to exhibit x value of
0.05 < x < 0.20, which is in agreement with the starting composition
of the evaporated polycrystals. The 6 values vary from minus 0.19 to
plus 0.18. Those deviations may be caused by the high vapor pressure
of sulfur [40] at the substrate temperature used in this work. The EDX
analysis of the as-deposited and annealed films showed that annealing
under conditions mentioned above does not lead to any changes in
the film composition for both sulfur-rich and sulfur-poor films.

The XRD pattern of PbySn(; — xS film (Fig. 2) shows the presence of
orthorhombic structure of a-SnS (S.G. Pbnim, GeS type). XRD patterns of
sulfur-poor films (& < 0) contain only a-SnS reflections, while patterns
of sulfur-rich films (6 > 0) in some cases contain additional reflections
of phases with hexagonal SnS, (S.G. P65 mc) and orthorhombic Sn,S3
(S.G. Pnam). Besides SnS, Sn,Ss, SnS,, PbS and PbSnS,, such phase as
PbSnS; with Sn,S; orthorhombic structure can be formed in the ternary
Pb-Sn-S system [1]. The PbSnS; forms from PbS and SnS, at 600 °C [1],
that corresponds to the wall temperature applied in the HWVD method
in this work. Given that, the observed phase with Sn,Ss structure may
be assigned to PbSnSs.

Structural and microstructural properties of PbySn(; — xS thin films
including lattice parameters, microstrain and grain size obtained form
room temperature XRD measurements for different chemical composi-
tions are presented in Table 1. The dependence of Pb,Sn(; — S lattice

Table 1
Composition of the Pb,Sn; — xS thin films.

Elemental composition, at.%

Pb Sn S X, arb. units 5, arb. units Molar composition
2.80 52.35 44.85 0.05 —0.19 Pbg.05SN0.9550.81
6.90 39.00 54.10 0.15 0.18 Pbg.155N0.8551.18
10.20 41.80 48.00 0.20 —0.08 Pbg20SN0.80S0.92
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Fig. 2. Typical XRD pattern of Pb,Sn(; — S thin film.

parameters on Pb mole fraction x in the range from 0 to 0.5 is described
by the following equations [21]:

a=42077 +0.1218(1—x), 3)
b = 11.6657—0.4706(1—x), (4)
¢ = 4.19360—0.2155(1—x), (5)

Comparing to the bulk crystal lattice parameters [21], the a parame-
ter of the PbySn(; — S thin films is significantly lower and the b and ¢
parameters of the thin films are higher than that of the bulk crystals.
These lattice deviations from the bulk material are typical for both as-
deposited and annealed Pb,Sn¢; — xS thin films. However, thermal
treatment at 450 °C leads to the decrease of all three lattice parameters,
which is in contradistinction to the substrate temperature of 300 °C.
This may be due to the removal of microstresses primarily produced
during the film growth. The same effect of annealing was observed for
the lattice parameters of the SnS thin films [6]. However, it can be no-
ticed that the deviations of b and c lattice parameters from the bulk
data decrease after annealing, while the deviation of the a parameter in-
creases (Table 2).

The microstrain € and grain size D values were calculated using
MAUD software [24] based on models from [9]. The annealing results
in the decreased € values and increased D as expected, because the in-
crease of grain size relates to a favorable reduction of surface energy
due to minimization of specific surface area. However, in [11] the

Table 2
Structural parameters for PbySn(; — xS thin films (in this work) and crystals (taken from
[21]) of different compositions.

Lattice parameters, A
(error =+ 0.002 A)

Composition and type a b c €% D, nm
«a-SnS crystals 4330 11.195 3978 - -
PboosSnposSos1  As-deposited 4.293 11.251 4.017 0.17+£0.01 92 +5
Annealed 4287 11232 4015 0134001 175413
Crystals 4322 11222 3994 - -
Pbo15SnpgsS1.1s  As-deposited 4.287 11.340 4.037 0.16 +0.01 80 + 10
Annealed 4277 11.309 4.013 0.10£0.04 100+ 10
Crystals 4311 11.266 4.010 - -
Pbo20SnpgoSog2 As-deposited 4.266 11.329 3.998 0.20 +0.02 391 + 13
Annealed 4260 11.315 4.000 0.15+£0.05 31745
Crystals 4305 11.289 4.021 - -
PbgsSng5S crystals 4269 11430 4.086 - -

opposite tendency was reported, namely, the grain size decreased
after the thermal treatment.

The degree of preferred orientation, varying from 0% for randomly
oriented powder to 100% for a single crystal, was estimated from the
value of the March-Dollase model parameter r by the following equa-
tion [42]:

) ) (-1} 12
0 100/0[ 1) } ®)

The Pb,Sn(; — x)S thin films exhibited a preferred orientation with
mn = 41% in the [111] direction independent on film composition.
Close values for the degree of preferred orientation were observed for
SnS films [6] deposited by HWVD in conditions similar to those that
we used in this study. The thermal treatment does not significantly af-
fect the degree of preferred orientation and leads to its minimal increase
in the range of 1-2%, that might be due to the surface energy minimiza-
tion effect mentioned above.

3.1. Morphology

Fig. 3 shows typical SEM images of the PbySn(; — xS film surface for
the as-deposited and annealed films of different composition. So, the
film surface morphology strongly depends on the lead mole fraction x.
For Pb-poor films, petal-like crystallites with an average size of
10 nm x 200 nm x 900 nm were observed and the longest extension
of each crystallite aligns mainly vertically to the substrate. The same sur-
face morphology was previously observed for SnS films obtained by a
number of methods [3,4,16,17,30,32]. As the Pb mole fraction increases,
the crystallites form a compact layer. The most compact morphology re-
lates to the films with Pb mole fraction of x = 0.20 (Fig. 4e, f). According
to these results, the annealing has a minimal impact on PbySn; — xS
surface morphology in the range of compositions mentioned above.
The morphology of Pb-poor films was minimally affected by annealing.
Films with a molar fraction of x > 0.15 showed that the annealing leads
to a rounding of crystallite faces, which can be associated with the melt-
ing, diffusion and re-evaporation processes occurring during annealing.

3.2. Electrical and optical properties
According to the thermal probe measurements, the sulfur deficient

(6 = —0.19) films are p-type and the sulfur rich (6 = +0.18) films
are n-type regardless of the annealing and lead concentration. This



776 S.A. Bashkirov et al. / Thin Solid Films 616 (2016) 773-779

Fig. 3. SEM images as-deposited (a, ¢, e) and annealed (b, d, f) Pb,Sn; — 4)S thin film surfaces of different composition: a, b — Pbo05Sng.9550.81; €, d = Pbg.155n0,8551.18; €, f = Pbg 20SN0.80S0.92.

interesting inversion was previously observed by Devika et al. for SnS
thin films obtained by thermal evaporation [12] and by us for metal
rich p-type SnS thin films obtained by hot wall vacuum deposition [2,
5]. Generally, sulfur rich metal chalcogenide films are expected to be
p-type and sulfur-deficient films are suggested to be n-type. The ob-
served p-type of metal-rich SnS and Pb,Sn(; — xS films may be originat-
ed from inhomogeneity of the material, including sulfur-rich thin layer
at the film surface reported in [5]. However, the complete explanation
of the SnS and Pb,Sn(; — xS thin films conductivity type dependence
on the preparation conditions requires further research.

Thermal probe measurements showed that the electrical resistance
of the films does not depend on the lead concentration, stoichiometry
and the conductivity type. However, the annealing causes resistance
to decrease by almost an order of magnitude from 920 to 180 -cm,
while Seebeck coefficient increases from 15 to 150 pV-K~ . Decrease
of the resistivity accompanied by an increase of the Seebeck coefficient
after heat treatment was previously observed for SnS films in [6]. In [4]
for SnS-based solar cells we noted the high series resistance values of
the elements due to high SnS resistance, which lowers the efficiency
of photoelectrical conversion. The decrease of Pb,Sn(; _ xS resistance
after heat treatment, thus, indicates the feasibility of using this type of
treatment for the preparation of Pb,Sn(; — x)S-based solar cells of in-
creased efficiency.

The typical transmittance (T) and reflectance (R) spectra of the
PbySn(; — xS films are shown in Figs. 4 and 5. No change was observed

in R spectra of the annealed films comparing to the as-deposited, and a
very little change was found in T spectra for sulfur-deficient films. How-
ever, sulfur-rich films demonstrate significant decrease in T after the an-
nealing. Relatively low T and R values (T + R < 70% at N\ = 2500 nm)
indicate the presence of various losses in the region before the funda-
mental absorption edge, including light scattering and absorption driv-
en by mechanisms non-connected with inter-band processes (lattice
polarization, ionization of defect levels and bands etc.). The major rea-
son of low T + R in the mentioned region must be the light scattering
due to the high surface roughness and pronounced polycrystalline na-
ture of the films with crystallite size comparable to the light wave-
length. Obviously, to effectively use the Pb,Sn; — xS films in PV-
devices, the scattering losses should be reduced.

The complete equations for T and R as functions of complex refrac-
tion indexes of a film and a substrate n; + ik and n, + i ko, respectively,
film thickness d, non-absorbing media refraction index ny and incident
light wavelength \ were given by Heavens [19] and, in more compact
form, by Tomlin [36]. For high-absorptive films this equations reduce
to the following [36]:

16ngng <Tl]2 + klz)

- ((nl + 1) + (kg + k2)2> ((no )+ kﬁ)

exp (_ 4n)lf1 d) ™
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Fig. 4. Transmittance spectra of Pb,Sn¢; — S thin films: a - Pbg osSno.gsSe.s1, b -
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R = ( 0 1)2 12 (8)
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Taken ng = 1 for air, k, = 0 and n, = 1.5 + (4.5-10% nm?) N2 for
glass substrate, the system of Eqs. (7) and (8) can be solved numerically
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Fig. 5. Reflectance spectra of PbSn;; — S thin films: a - PbgosSnggsSosi, b -
PDbo.15SN0.8551.18, € = PDo.20SN0.80S0.92-

to achieve n, and k; for each N\ and then to calculate the absorption co-
efficient o by the Eq. (9).

Note, that since these relations do not contain trigonometrically
terms responsible for interference, oscillations of calculated values
may occur if the film thickness is comparable to \. For the precise deter-
mination of the optical parameters the complete equations from [19]
should be used. However, the Eqgs. (7)-(9) may be considered as a
good approximation allowing to obtain adequate o spectra near the
fundamental absorption edge. Facing low reflectance, we obtained rela-
tively low values of n; ~1.8-2.0 for PbySn(; — S thin films with
0.05 <x<0.15 and ny up to 3.0 for x = 0.2.

The calculated o spectra are presented in Fig. 6. Generally, the spec-
tra demonstrate a continuous increase of ot at the spectral range of 0.4-
1.5 eV, maintaining a constant level of 3-4-10% cm™ ! at the range of
1.5-2 eV. This may be explained by the large film thickness leading to
T and R falling below the detection range.

Near the absorption edge (ahv)" ~ (hv — E,), where nis 2,2/3,1/2 or
1/3 for direct allowed, direct prohibited, indirect allowed and indirect
prohibited band transitions, respectively [28]. The absorption coeffi-
cient spectra in the (ahv)? = f(hv) coordinates are presented in Fig.
7. According to the spectral analysis, the Pb,Sn(; — xS films exhibit di-
rect allowed transitions with energy band gap Eg4) values of 0.95-
0.98 eV for as-deposited films and 0.90-0.94 eV - for annealed films, de-
pending on the film composition. The Ey4) values demonstrate minor
increase with the increase of Pb mole fraction. The tendency of Ey4) to
increase with the increase of Pb mole fraction x was previously observed
in [22] for x in the range from 0.25 to 0.45. However, in the current work
this tendency is much less than in [22]. The absorption spectra of the
sulfur-deficient films' contain interesting peculiarities in spectral
range of 1.2-1.5 eV, that may indicate the impurity or defect levels in

= as-deposited
e annealed

1 n 1 " 1 " 1 n 1 " 1 L 1

1

o, 10* cm

04 06 08 10 12 14 16 18 20
hv, eV

Fig. 6. Absorption coefficient spectra of Pb,Sn¢; — S films: a - Pbg 95Sn0.95S0.81, b -
PDbo.155M0,8551.18, € = Pbo.20SN0.80S0.92.
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Fig. 7. (ahv)? versus photon energy plots of PbySn(; — xS films: a - PbggsSnpesSe.s1, b -
Pbo.155M0.8551.18, € = PDo.20SN0.80S0.92.

the band structure of the material. The step-form absorption in the
mentioned spectral range was previously observed for SnS thin films
[6]. Thus, the optical behavior of SnS and Pb,Sn(; — S thin films near
the fundamental absorption edge requires further deep examination.

4. Conclusions

The influence of the annealing in vacuum on the microstructure
and optical properties of PbySn¢; — xS films obtained by HWVD
method is reported. It was shown that in the Pb mole fraction x
range from 0.05 to 0.20 the films consist of the orthorhombic
PbySn(; — x)S phase with a-SnS structure. The lattice parameter de-
viations from the bulk crystals for both as-deposited and annealed
Pb,Sn(1 — xS thin films were observed and the possible explanation
was discussed.

According to XRD data, the annealing leads to microstrain € decrease
and to grain size D increase that may be caused by the surface energy re-
duction due to minimization of the specific surface area. Pb,Sn¢; — xS
thin films in the whole examined composition range exhibited a pre-
ferred orientation in the [111] direction with a typical degree of 41%, in-
creasing after the annealing by 1-2%.

Thermal probe measurements showed that the sulfur deficient films
are p-type and the sulfur rich films are n-type. The film electrical resis-
tance of the films does not depend on the lead concentration, stoichiom-
etry and the conductivity type. The annealing causes the resistance to
decrease from 920 to 180 Q-cm, while Seebeck coefficient increases
from 15 to 150 uV-K~ 1.

The PbySn(; — xS films exhibit direct allowed transitions with ener-
gy band gap Eg(4) values from 0.95 to 0.98 eV for as-deposited films and

from 0.90 to 0.94 eV for annealed films increasing with the increase of
Pb mole fraction.
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