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Thin films and nanorods of Snj_PbyS (0.00 < x < 0.45) with orthorhombic crystal structure and c-axis
oriented perpendicular to the substrate surface were grown by hot wall vacuum deposition (HWVD) method.
The nanorods grew via a self consuming vapor-liquid-solid (VLS) mechanism by means of Sn-droplets onto
the surface of an underlying thin film. The former one consists of stacked blocks with their c-axis always
parallel to the growth direction. However, each block is alternately rotated around the [001] against its
underlying and subsequent one. As revealed by composition analysis, there is no composition gradient
across or within the nanorods and the underlying film. The rods were about 500 nm high and 250 nm
in diameter. The droplet at the top of rods consists of Sn with small trace of Pb and S. The density of
rods, arranged like a lawn, depends on the metal ratio and substrate temperature. The as-grown Snj;_PbyS
samples showed p-type electrical conductivity. Increasing the lead atom concentration results in a decreased
Seebeck coeflicient and lower conductivity.
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1. Introduction

Novel inexpensive materials with high photovoltaic efficiencies are needed for thin
film solar cells, replacing most extensively studied materials as CdTe and Cu(In,Ga)Se,.
Recently, a considerable effort has been invested to gain a better and deeper understanding
of physical properties of the lead tin chalcogenide semiconductors because of their potential
application in electrical and photonic devices [1-4]. The most interesting candidates are
(Sn,Pb)S mixed crystals. SnS has an orthorhombic structure and consists of double layers
weakly bound to each other, while PbS has a cubic structure. The crystal structures of SnS—
PbS bulk materials have been examined and linear relationships between cell parameters
a, b and ¢ and composition have been established [5-7]. Both PbS (optical band gap of
0.4 eV) and SnS (optical band gap of 1.1-1.7 V) semiconductors are promising materials in
photovoltaic, infrared detection and other optoelectronic devices. To evaluate these materials
for such applications, their microstructure, optical, electrical properties should be thoroughly
understood. In addition, lead and tin containing sulfides in photovoltaic structures would
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decrease the production costs of solar cells, because the materials involved are cost effective,
abundant in nature, and somewhat less-toxic.

A few techniques have been applied for the preparation of Sny_,Pb,S thin films. The
first report was by Thangaraju and co-workers [8], who prepared PbSnS, films by a spray
pyrolysis method. Unuchak et al. deposited PbSnS, thin film by thermal evaporation [4].
The preliminary structural and optical characteristics have been reported.

New approaches and various techniques must be developed to control the deposi-
tion of photoactive materials with minimum density of defects, so that carrier generation,
transport, and collection are optimized. Shape and size of nanostructures have considerable
influence on physical properties of such semiconductors especially for the phonons due to the
lattice part of the thermal conductivity for which nanorods constitute an important class
of corresponding 1D nanostructures [9-11]. At the same time, bicontinuous morphology is
necessary to decrease the distance needed for excitons to diffuse to interfaces and to allow
charges to efficiently diffuse to electrode interfaces. Nanorods constitute an important class
of 1D nanostructure and can also act as active components in devices. Previously, much
effort has been made to develop novel methods for fabrication of nanostructured chalco-
genide semiconductors [12]. Among these technologies, the vapor-liquid-solid (VLS) method
seems to be the most successful for generating nanocrystalline nanowires with relatively large
quantities [13,14].

In our continuing effort to prepare the SnS—PbS semiconductor films, we have used
a hot wall vacuum deposition (HWVD) method. Among the various thin films deposition
techniques, HWVD has become a popular and reliable synthesis for films preparation [15-21].
This deposition technology yields high quality thin films with smooth surfaces grown under
conditions very close to a quasi thermal equilibrium. The high quality of the electrical and
optical properties thin films of the different II-VI materials produced by this method didn’t
require additional post-growth heat treatments [22,23].

Here, we report on the preparation of Sn;_,Pb,S thin films and nanorods by the
hot wall vacuum deposition of bulk materials onto glass substrates using different synthetic
parameters. Microstructure and electrical properties of the as deposited materials are also

described.

2. Experimental details

The polycrystalline Sny_(Pb,S (0.00 < x < 0.45) ingots used as targets were syn-
thesized by reaction of Sn, S of high purity 99.999% and natural galena (PbS) containing
0.04 at.% Ag and Sb, 0.06 at.% Cu, 0.07 at.% Zn, and 0.08 at.% Au in silica ampoules. Mix-
tures of constituent elements in stoichiometric proportions (with an accuracy of 5x1077 kg)
were sealed into evacuated ampoules at the pressure of 1073 Torr. The evacuated tube was
then placed into an electric furnace and kept at 730 K for 7 days and after that at 970 K for
10 days. In order to avoid explosions due to the sulfur vapor pressure, the tube was heated
slowly (300 K/h). The tubes were cooled gradually, with a cooling rate of about 295 K /h to
room temperature in order to obtain polycrystalline Sn;_Pb,S compounds.

The main feature of the hot wall deposition system is the heated linear quartz tube
of 1.2x1072 m diameter, which served to enclose and direct the vapor from the source to
the substrate. The quartz tube and substrates were heated independently. The quartz tube
was charged with Sn;_ Pb,S powder and the films were deposited by keeping the quartz tube
temperatures around 870 K. Glass plates were chemically cleaned, rinsed with distilled water
before deposition. Substrate temperature was varied from 520 to 680 K. The substrate was
held at a distance of about 107* m above the open end of the quartz tube acting almost
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as a lid closing the tube with the help of a substrate holder heater. The pressure in the
chamber was about 10~° Torr during evaporation. Chromel-alumel thermocouples were
used to measure the temperatures of quartz tube and the substrate.

The crystal structure of the SniPb,S in both powder and thin film forms were
investigated by X-ray diffraction (XRD) using a Siemens D-5000 diffractometer with Cuk,
(A= 1.5418 A) radiation. Silicon powder suspended in acetone and covering the samples was
used as a standard. The 20-range for the diffractometer was set from 10 to 100° with a step
size of 0.038°. The observed phases were determined by comparing the d-spacing with the
Joint Committee on Powder Diffraction Standard (JCPDS) data files. Surface morphology
and cross-section of the films were investigated with scanning electron microscope (SEM)
(Hitachi S-806). The elemental composition of the obtained films was determined from
energy dispersive X-ray (EDX) data, using Scanning electron microscope Stereoscan-360
with EDX spectrometer AN 10000 with an accuracy of about 2 %. The depth profiling
was done by Auger electron spectroscopy (AES) using a Perkin Elmer Physical Electronics
model 590 with simultaneous sputter etching. The nature of the crystalline surface was
also analyzed using atomic force microscopy (AFM, Model: NT-206) and the grain size
was evaluated. The TEM examinations have been performed by means of a Philips CM-
200 STEM operating at 200 kV accelerating voltage and equipped with a calibrated EDX
system. The cross-sections needed for TEM were prepared by mechanical grinding, dimpling
and Ar+ ion milling using a Gatan PIPS machine.

Electrical conductivity measurements were made by using a dc two-probe configura-
tion in a special cryostat. The temperature range of investigation was extended from 150-
420 K. All measurements were carried out under vacuum condition of about 5x10~* Torr.
The “Leit-C” paste was used as ohmic contact. The ohmic nature of the contacts was checked
by recording the current—voltage characteristics.

3. Results and discussion

The physical properties of Sny_Pb,S thin films are influenced by the elemental com-
position and substrate temperature. The characteristics of layers were studied by appropriate
techniques and are discussed in the following section. The as-deposited films were pinhole
free and strongly adherent to the surface of the substrate. Sn;_ Pb,S layers appeared grey
in color; the valuated thickness varied from 2.0 to 4.0 pm.

The influence of substrate temperature and Pb content on the phase formation and
crystalline structure of the Sny_Pb,S structures were characterized by XRD measurements.
Teallite pattern (PDF # 44-1437) was used as reference for qualitative analysis of the sam-
ples. The structures obtained were single phase in nature and had an orthorhombic crystal
structure. All films showed strong orientation along [001] axes with strong 004 peak [24].
A linear relationship between the lattice parameters and the composition of Sny_PbyS thin
films were established. These relationships, calculated mathematically by least-squares anal-
ysis, are:

a=4.333—0,0745 - 2(A), b=3,977+0,1435-2(A), c¢= 11,219 +0,4402 - z(A).

The value of the a parameter gradually decreases with increasing Pb content in films,
while value of the b and ¢ parameters increase and agree with data of previously synthesized
herzenbergite-teallite bulk minerals [6]. The change of lattice parameters with substrate
temperature is marginal. SEM examinations (Fig. 1) of the as-grown structures showed
that the nanorods lawn was formed onto a thin film interlayer (about 1500 nm thick) on the
glass substrate.



792 V. F. Gremenok, V. A. Ivanov, et al.

.45

R »

p
|

¥
-

R

Fic. 1. SEM images of SnggoPbgosS nanorods grown onto under lying
thin film (a) top view, (b) cross sectional view

The average length and diameter of rods for the SnggsPbgosS sample are 500 nm
and 250 nm respectively. The underlying thin film is composed by single-crystalline blocks
with their orthorhombic 11.2 A axis (c-axis) always perpendicular to the substrate surface

(Fig. 2).
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F1Gc. 2. (a) TEM bright-field image of nanorods and block structured under-
lying thin film of Sng ¢2Pbg 0sS, (b) bragg-filtered experimental HRTEM image
of plane defects

The individual adjacent blocks, which differ in their azimuthal orientation, are ran-
domly directed. Therefore, the whole grown Sn;_,Pb,S displays polycrystalline behavior but
has a well-distinct (001) texture, which is in agreement with XRD results [24]. However,
between blocks that are stacked over each other to form columns there are well-defined
twist boundaries. The whiskers are formed either by thicker blocks (see Fig. 2,b) separated
by twist boundaries containing dislocations or they are composed of many extremely thin
lamellae with the same orientation relationship as the blocks but without dislocations. This
means that in the former case, plastic relaxation between stacked blocks took place. In the



Physical properties of hot wall deposited Sny_, Pb,S thin films 793

latter one, pseudomorphic intergrowth between stacked thin strained lamellae occurs, i.e.,
there is elastic relaxation without forming dislocations. As revealed by TEM-EDX analysis,
the average composition of the blocks and rods is the same without any composition gradient
across the whole Sny (Pb,S sample structure (Fig. 3). As seen from the Fig. 1 and Fig. 2
the droplets were formed at the tip of the rods. TEM-EDX experiments showed that these
droplets consist of Sn and about 0.6 at.% Pb and 1.2 at.% S.
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Fic. 3. Compositional distribution along SnggPbg 1S sample determined by
calibrated TEM-EDX. The points for quantitative TEM-EDX measurements
are indicated by 1 to 16

It was suggested that these droplets are liquid at growth temperature and act as
a solute for the sulfur and lead, and tin may also come from the vapor phase during the
growth process. Therefore, it is assumed the rods grew via a self-consuming vapor-liquid—
solid (VLS) mechanism [13-14].

The experiments confirm that the nanorod growth depends strongly on the lead con-
centration and substrate temperature. The lawn of nanorods with lead concentration ranging
from 4 at.% to 6 at.% was formed onto the underlying Sn;_,Pb,S thin film at substrate tem-
peratures of 570-590 K. Thin films containing ca. 8 at.% Pb grown on glass at temperatures
less then 540 K have few droplets on their surfaces only (Fig. 4).

At a substrate temperature of 600 K, the droplets required for VLS growth begin to
form (Fig. 4b) and at 630 K an array of whiskers 500 nm high and 250 nm in diameter can be
observed (Figs. 4c). However, at substrate temperatures of 670 K and higher, lawn-growth
could not be found even though some few droplets and single nanorods appeared. Thus,
it can be concluded that for higher Pb content, higher substrate temperatures are required
to produce nanorods. The as-grown Sn; Pb,S films showed p-type electrical conductiv-
ity, which is confirmed by the thermoelectric probe measurement. The Seebeck coefficient
and conductivity of the layers was in the range of a = 6-360 uV/K and 0 = 4.8x107°
~ 1.5x1072Qt.cm ™! respectively at room temperature, depending on concentration of the
lead in the films.

An increase of the Pb concentration leads to a decrease of the Seebeck coefficient
and decrease of conductivity [4]. If Na deriving from diffusion from the glass substrate is
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FiGc. 4. SEM images of SnggsPbg.16S thin film samples deposited at different
substrate temperature: (a) 540 K; (b) 600 K; (c¢) 630 K

incorporated within the thin film and nanorods, the electrical conductivity can be increased
up to 0 = 10> Q7 L.em™! and the Seebeck coefficient up to about 800 uV/K. First data
on structural and electrical characteristics of Sny_ Pb,S thin films grown by hot wall vac-
uum deposition method promise optimal conditions for application within photovoltaic and
thermoelectrical devices.

4. Conclusion

Sny_Pb,S films and nanorods were deposited by hot wall vacuum technique on glass
substrates at temperatures of 520-680 K. The nanorods and film it self are composed of well-
defined stacked blocks with orthorhombic crystal structure like a—SnS and show a preferential
orientation along [001] perpendicular to the substrate surface. There is no composition gra-
dient across the rods and the underlying thin film. Nanorod growth strongly depends on
the lead concentration and substrate temperature. Increasing the Pb content requires the
substrate temperature to be increased in order to realize whisker growth via VLS. Electrical
measurements showed that Sn;_Pb,S films were of p-type conductivity. The values of See-
beck coefficient and conductivity at room temperature depended on the lead concentration
were in the range of 6-360 'V /K and 4.8x107° — 1.5x1072Q " t-cm ™! respectively.
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