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Abstract: PbS thin films were grown on glass and GaSe crystal substrates by chemical bath deposition and their
structural, morphological, optical, and electrical properties were investigated. PbS films grew in cubic structure with
lattice constants equal to 5.9315 A and 5.9362 A for films grown on glass and GaSe crystal, respectively. The band gaps
of the PbS films were determined to be 1.60 eV. The long wavelength tails of absorption spectra showed exponential
dependence on the incident photon energy according to the Urbach—Martiensen model. Electrical properties of PbS
films were investigated by the van der Pauw method, which showed that PbS films were p and n type depending on
the temperature. At low temperatures, the p-type conductivities of PbS thin films grown on glass and GaSe substrates
were found to be due to the ionization of acceptor centers with energies of 94.50 meV and 36.50 meV, respectively, while
at higher temperatures the n-type conductivities were found to be determined by the ionization of donor centers with
energies of 226.50 meV and 310 meV, respectively. The sheet charge carrier concentration and mobility of PbS film

grown on GaSe substrate were, in general, higher than those of films grown on glass substrate.

Key words: PbS thin films, chemical bath deposition, optical properties, electrical properties

1. Introduction

Lead sulfide (PbS) bulk crystal with a direct narrow band gap of 0.41 eV has been widely used in near-IR
detectors [1]. PbS thin films have applications in different fields such as IR detectors [1], display devices [2],
Pb*2 ion-selective sensors [3], and solar control coatings [4]. PbS thin films are also utilized in LEDs [5],
humidity and temperature sensors [6,7], and in optical switching [8] due to their third-order nonlinear optical
properties [9]. These properties are related to the growth conditions and characteristics of substrates. Among
several growth techniques such as electrodeposition, spray pyrolysis, and microwave heating, the chemical bath
deposition (CBD) technique is useful to grow PbS films at low temperatures [10-13]. CBD is relatively simple,
inexpensive, and appropriate for large area coating. Furthermore, good quality films can be grown by this
technique.

The characteristics of PbS thin films synthesized by CBD show strong dependence on the growth
conditions and methods [10-21]. PbS films grown by CBD have been found to consist of particles of different
sizes and hence of different band gaps [10]. The sizes of nanoparticles can be changed by varying the pH and
growth temperature in CBD, making this technique valuable in nanotechnology [10]. It was found that the
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optical band gap decreases with increasing pH and temperature of the chemical bath, while its values increase
with decreasing particle size [10]. The PbS particles deposited by CBD at room temperature using lead acetate
and thiourea were found to be 20 nm in size [14]. The structural and surface morphological investigation of PbS
films grown by hydrothermal method showed that the films consisted of crystalline nanoparticles of different
sizes and shapes [15-17]. Another method used to grow PbS films is the successive ionic layer adsorption and
reaction (SILAR) technique [18-21].

Because of the relatively large Bohr exciton radius, the band gap of PbS thin films can be tailored over a
wide range by reducing the particle size. This makes the quantum confinement effect important in these films
[22-26].

It would be interesting to see the substrate effect on the properties of PbS thin films since the main
focus has been on PbS films grown on glass substrates. For example, growth of PbS thin films on layered GaSe
crystals is expected to cause low density of states at the interface [27]. Different from nonlayered structures,
the Se atoms have no dangling bonds at the (0001) surface of layered GaSe crystals. The interlayer bonding
in these crystals is van der Waals. Hence, PbS films grown on GaSe layers and the Se atoms at the surface
are expected to bond via van der Waals interaction. The lattice parameters in these kinds of van der Waals
heterojunctions may allow the formation of different junctions depending on the compatibility of the bonding
natures in lattices [28-30]. In the present work, PbS films were grown on GaSe crystal substrate by CBD, and
the structural, morphological, optical, and electrical properties of the films were investigated. PbS films were

also grown on glass substrates under the same conditions and their properties were studied for comparison.

2. Experimental details

PbS thin films were deposited onto glass substrate and GaSe crystal substrate by CBD. GaSe substrate was
prepared by cleaving layers from the GaSe crystals grown by Bridgman’s method [31,32] with a razor blade.
The thicknesses of the 1 cm X 3 cm substrates were in the 100-500 pm range. No chemical process was applied
to these naturally mirror-faced GaSe crystals prior to the growth process. On the other hand, glass substrates
were chemically cleaned prior to the growth process. The chemical baths were prepared with 5 mL of 0.5 M
lead acetate (Pb(CH3COO)3.3H20) and 6 mL of 1 M thiourea ((NH32)2 CS). Sodium hydroxide (NaOH: 5 mL,
2 M) and triethanolamine (N(CHy;CH2OH)3: 2 mL, 1 M) were used to adjust the pH of the solution and as
the complexing agent, respectively. The chemically cleaned glass substrate and GaSe substrate were immersed
vertically into chemical solutions. Immersing processes were carried out for 120 min at 27 °C.

The structure of the films grown on both substrates was analyzed by X-ray diffraction (XRD) using
Cu K, radiation (A = 1.5405 A) The surface morphologies of the films were probed using a JEOL 440
model scanning electron microscope (SEM). Elemental analysis was carried out by energy dispersive analysis
of X-rays (EDAX). The optical absorbance spectra were recorded using a PG Instruments T60 UV/VIS
spectrophotometer. The electrical properties of the films were measured by the van der Pauw method using
a Lakeshore Hall effect measurement system (HMS). Ohmic behavior of the contacts was confirmed by the

current-voltage characteristics.

3. Results and discussion

The SEM image and EDAX analysis of the PbS film grown on glass substrate are given in Figure 1. EDAX
analysis revealed that the Pb:S atomic ratio is close to one, while the SEM image shows that the surface of the
films is like dendrites.
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Figure 1. EDAX spectra and SEM image of PbS film grown on glass substrate.

The XRD spectra of PbS films grown on glass and GaSe substrates at room temperature are given in
Figures 2a and b. The XRD spectrum of bulk GaSe crystal is also included in Figure 2b for comparison. The
analysis showed that the PbS films grown on both glass and GaSe crystal substrates have fcc structures with
lattice constants, a, equal to 5.9315 A and 5.9362 A, respectively, and belonging to the Fm-3m space group.
The crystallite sizes of PbS thin films were determined using the Scherrer equation:

kX

~ Beos’

where L is the crystallite size; k is the shape factor taken as 0.9; A is the X-ray wavelength used (0.15418 nm);
B is the full width at half maximum (FWHM) of the diffraction peaks corresponding to (111), (200), (220),
and (311) crystal planes, and 6 is the diffraction angle of the line under consideration [14,33]. The crystallite
size of PbS film grown on glass substrate was determined to be 20-100 nm, while the crystallite size of PbS
film grown on GaSe substrate was shown to be much larger, 136-919 nm. A similar result was observed in our
previous study of CBD grown MnS films [34].
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Figure 2. The XRD spectra of PbS films grown on a) glass substrate, b) GaSe crystal substrate.

The crystal structure of PbS films grown by CBD seems to be independent of the substrates used. PbS
films grown on both glass and GaSe substrates were found to have a fcc structure that is the same as the bulk
PbS structure. At the beginning of this study, it was expected that the PbS films deposited on layered GaSe
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crystal would form a van der Waals heterojunction by repeating one of the polytypes of GaSe. There are 4
polytypes of GaSe and the lattice parameters of these polytypes are presented in the Table [35]. Clearly the
lattice parameters and the space group of the PbS film grown on GaSe substrate are different from the lattice
parameters of any of the polytypes of GaSe crystal. The reason for this may be the formation of a prelayer of
sulfur atoms on which cubic PbS grows as in GaAs [36]. The Pb-S bond in PbS and the Se-Ga-Ga-Se bond
in GaSe are much stronger than the van der Waals bond between layers; thus PbS thin films grow with a cubic
structure rather than a hexagonal structure. Hence, only the quasi van der Waals junction (QvdWJ) can form

at the PbS—GaSe intersection. A similar result was obtained for MnS films grown on GaSe [34].

Table. The lattice parameters of different polytypes of GaSe [35].

Polytype [ a (A) | ¢ (A)
e—GaSe | 3.755 | 15.95
B—GaSe | 2.75 15.94
v—GaSe | 3.74 23.86
0—GaSe | 3.75 31.989

The optical absorption spectra of PbS thin films grown on glass and GaSe substrates are shown in Figure 3.
Absorption varies with incident photon energy as (ahv)? ~ (hv), indicating that PbS films have a direct
optical band gap. Band gap energies were obtained by the extrapolation of the linear regions on the energy
axis of the absorption curves to intercept the energy axis. The calculated band gap energies of PbS films grown
on glass and GaSe substrates are found to be of 1.60 eV and 1.59 eV, respectively. The analysis of the long
wavelength tail of the absorption spectra at 1.2 eV indicates that the tail varies exponentially with photon
energy according to the Urbach-Martiensen model, o = ag exp [(hv — Eg)/Ey], where Ey is the Urbach
energy. The Urbach energies calculated from the fits for PbS films grown on glass and GaSe substrates were
found to be approximately 1.06 eV. These higher values of Urbach energies are indicative of lattice defects and
disorders in PbS films [37,38].
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Figure 3. Optical absorption spectra of PbS films grown on a) glass substrate, b) GaSe crystal substrate.

The sheet charge carrier densities, sheet mobilities and sheet resistivities of PbS films grown on glass
and GaSe substrates were measured between 120 and 290 K by the van der Pauw method. The results are

given in Figures 4—6. As seen from these figures, PbS films grown on both substrates show p-type character
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at low temperatures and n-type character at high temperatures. In the p-type region, the sheet charge carrier
density was found to be 1.4 x 10°-9 x 107 cm =2 for the PbS film grown on glass substrate, while it was
4.5 x 108-2 x 10®% cm 2 for the PbS film grown on GaSe substrate (Figure 4). Similar behavior is observed
in the temperature dependence of mobility. At this region the mobilities of PbS films grown on glass and
GaSe substrates were found to be 35-278 ¢cm? /Vs and 92-154 cm? /Vs, respectively (Figure 5). At the low
temperature region, the conductivity of PbS films is due to the holes excited from the acceptor levels with
ionization energies of 94.50 meV and 36.50 meV for the films grown on glass and GaSe substrates, respectively
(Figure 6). In the n-type region, sheet charge carrier concentrations and mobilities were found to be 9.7 X
107-6.9 x 108 cm =2 and 2 x 1085 x 10% cm~2 and 28-397 cm? /Vs and 772-2487 cm? /Vs for the PbS
films grown on glass and GaSe substrates, respectively. The conductivity in this region is due to excitation of
electrons from the donor centers with ionization energies of 226.50 meV and 310 meV for films grown on glass
and GaSe substrates, respectively (Figure 6). In general, it is seen that the sheet charge carrier concentration

and mobility of PbS film grown on GaSe substrate are higher than those grown on glass substrate.
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Figure 4. Temperature dependences of sheet carrier densities of PbS thin films grown on a) glass substrate, b) GaSe

crystal substrate.
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Figure 5. Temperature dependences of mobilities of PbS thin films grown on a) glass substrate, b) GaSe crystal

substrate.
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Figure 6. Temperature dependences of sheet resistivities of PbS thin films grown on a) glass substrate, b) GaSe crystal

substrate.

4. Conclusions

The structure, surface morphology, optical absorption, and electrical properties of PbS films grown on glass
substrate and on GaSe crystalline substrate by CBD were studied. The crystal structure of PbS films grown
on both substrates is fcc, indicating that quasi van der Waals heterojunctions were formed at the GaSe-PbS
interface. The band gap energies of PbS films grown on glass and GaSe substrates were found to be 1.60 eV
and 1.59 eV, respectively. PbS films showed p- and n-type characters, depending on the temperature. At low
temperatures, the p-type conductivity was determined by the acceptor centers while at high temperatures it
was determined by the donor centers. In general, the sheet charge carrier concentration and mobility of PbS
film grown on GaSe substrate were higher than those grown on glass substrate. The long wavelength tails of

absorption spectra of PbS thin films grown on both glass and GaSe crystalline substrates showed exponential

dependence with photon energy.
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