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Abstract Lead sulfide (PbS) thin films were deposited by
CVD method to examine the effects of anionic and cationic
dopants on optical and electrical properties for photovoltaic
applications. XRD diffractograms verified the formation
of cubic phase of multicrystalline PbS thin films. FESEM
images showed surface morphologies in nano-dimen-
sions (rods and flowers). UV-Vis—NIR spectrum revealed
absorbance in the visible and NIR regions for all sam-
ples, in which dopants decreased the intensity of absorb-
ance. Se as an anionic dopant for PbS thin films increased
electrical resistance, acceptor concentrations, and crystal-
lite defects, and decreased flat-band voltage and depletion
width. Finally, photovoltaic measurements indicated that
Zn-doped PbS thin film, as a photovoltaic cell, exhibited
higher conversion efficiency and external quantum effi-
ciency (EQE).

1 Introduction

At present, humanity faces a global energy problem due
to inescapable depletion of fossil fuels and the increasing
energy demand required to support the current models of
economic growth. Moreover, utilization of fossil fuels leads
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to prevalence of infection problems, which is of great sig-
nificance today. Among a number of alternative resources,
renewable energies are rapidly becoming the leading solu-
tion to meet the growing needs of power sources. However,
with respect to the renewable energy sources, solar energy
is considered as the most promising one. Every day the sun
shines on the earth, thus providing around 3 x 102* J of
green energy per year [1]. This amount of energy is equal
to 4.9 x 1074 barrels of crude oil.

Solar cells can be easily installed anywhere and can pro-
duce electrical energy. For example, they can easily pro-
vide the electric power of telecommunication towers that
are installed in the desert and arduous areas. The present
solar cells are mainly made up of semiconductor materials.
Hence, conducting any research addressing the properties
of semiconductors used in solar cells plays a prominent role
to shed more light on the issue. Due to near-optimal energy
band gap and high optical absorption coefficient, PbS can
be considered as an amazing preferred material that has
recently received great attention as a potential material to
be used in photovoltaic cells (PVCs) [2—4].

Previous studies revealed that metallic elements of peri-
odic table could improve the electrical properties of semi-
conductors by increasing the carrier concentration and
mobility and decreasing electrical resistance as optoelec-
tronic applications [5-9]. The reason behind the mentioned
observation can be related to the fact that metals created
donor levels in the electronic band structures of semicon-
ductors, which could lead to the improvement of their elec-
trical conductivity and optical efficiency. Moreover, energy
band gap engineering can be performed by doping, so that
proper band gap addressing specific goals can be obtained.

Literature review provides a study addressing Se-doped
PbS nanostructures, which was conducted by the present
research group. The mentioned study revealed that un- and
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Se-doped PbS thin films were deposited by physical vapor
deposition (PVD) on silicon substrates [10]. The obtained
results with respect to morphology of nanostructures
showed that Se as a dopant increased the size of structures.
However, more reports considering Zn-doped PbS have
been provided in the literature. The present research group
also examined the effect of Zn atoms on optical properties
by PVD method. The optical measurements showed that Zn
dopants blue shifted the emission bands and absorbance of
optical energy band gap of PbS due to substitution of Pb
atoms. Chen et al. [11] synthesized and investigated the
effect of Zn impurities on the electrochemical adsorption
of butyl xanthate on a galena (alternative name of PbS) sur-
face by chemical precipitation. Phase purity of the samples
was examined by XRD analysis and the face-centered cubic
(FCC) structure was presented for all samples. Adsorption
characterizations indicated that Zn did not improve the
adsorption of butyl xanthate on the galena surface. Touati
et al. [12] synthesized un- and Zn-doped PbS thin films on
glass substrates using the chemical bath deposition (CBD)
method and investigated their structural and electrical prop-
erties. XRD results revealed that Zn impurities decreased
crystallite size and increased micro-strain of thin films.
Electrical studies indicated the decrease of carrier con-
centrations and Hall mobility of Zn-doped thin films. The
mentioned decrease was attributed to the increases of grain
boundaries by Zn atoms. He et al. [13] developed a micelle-
assisted wet chemistry route for incorporation of Zn atoms
in PbS quantum dots (QDs) under microwave irradiation.
They dissected the formation mechanism of un- and Zn-
doped PbS QDs in this method. Their studies indicated
that Burstein—-Moss effect was responsible for blue shift of
absorption edge following Zn doping.

The recent developments of PbS thin films in solar cell
applications were carried out by many research groups.
For example, Brennan et al. [14] deposited PbS QDs thin
films by atomic layer deposition (ALD) method. They used
an Al,Oj; barrier layer in cell structure for increasing pho-
tovoltaic efficiency. They reported that the improvement
in power conversion of PbS thin films as a photovoltaic
device is related to the blocking of recombination at the
interface of barrier layer and electron transporter—absorber
layers. Sagadevan and Sundaram [14] used spin coating
method that is very simple and cost effective for deposi-
tion of PbS thin films on SiO, substrates. Electrical studies
showed that both the dielectric constant and dielectric loss
of PbS thin films decrease with the increasing frequency.
Moreno-Garcia et al. [15] deposited PbS thin films using
lead nitrate, thiourea, and proper surfactants using sequen-
tial chemical deposition as a solar cell. They utilized the
Bi,S; absorber layer for moderating solar cell structures
in order to obtain the higher power conversion efficiency.
Their measurements showed that the Bi,S; layer has lower
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optical energy band gap and this can help the solar cell
device to absorb photons that have higher energy and lower
wavelengths. Saikia and Phukan [16] used the CBD deposi-
tion method and CdS absorber layer for fabrication of PbS-
based solar cell. CdS has higher optical band gap energy
and is a good absorber layer for moderating PbS-based
solar cells. They obtained the efficiency of 1.668% with a
total error of 0.047% for this structure.

To the best of our knowledge, examination of photovol-
taic properties of PbS thin films using modified chemical
vapor deposition methods has not been reported yet. Hence,
the aim of the present study was to investigate and present
the effects of Se and Zn dopants on optical, electrical, and
photovoltaic properties of PbS thin films.

2 Experimental section
2.1 Synthesis

Deposition details are generally similar to those presented
in our previous study [17]. In the present study, high-purity
lead (Pb) sheets with 1 x2 cm? dimensions and a thickness
of 2 mm were used as substrates. Pb sheets were polished
by soft sandpaper and then ultrasonically cleaned in ace-
tone and ethanol for 10 min in each solvent. High-purity
sulfur (Sg) powder as a source material, and selenium (Se)
and zinc (Zn) powders (all Merck) as dopant source mate-
rials were used. For all three samples, the substrates were
positioned on the right side of the furnace in an alumina
boat at 330°C. For the first time, on the other side of fur-
nace only sulfur powder (0.2 g) was positioned in an alu-
mina boat at 185 °C to synthesize un-doped PbS thin films.
In the subsequent second and third attempts for synthesis
of Se- and Zn-doped PbS thin films, Se powder (0.02 g)
at 220°C and Zn powder (0.02 g) at 500°C were used
together with Sg powder, respectively. In all attempts, the
center of horizontal furnace was kept at 500 °C for 1 h. Fur-
thermore, with the application of a rotary vacuum pump,
a 25 Torr pressure was maintained inside the tube furnace
during sulfuration of the Pb sheets. Moreover, a mixed car-
rier gas [Ar (90%), H, (10%), 60 sccm] was injected into
the horizontal tube furnace in all attempts from the begin-
ning to the end of deposition process.

2.2 Characterizations

To ensure the formation of PbS phase, the XRD analysis
was carried out using a Siefert ID 3003 system, which had
a Cu anode with k,=1.5406 A. To investigate the surface
morphologies, a field emission scanning electron micro-
scope (FESEM) was used by Hitachi S4160 systems. The
elemental contents of the samples were measured using
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energy-dispersive X-ray spectroscopy (EDX, Quanta
200 F). The absorption spectra of PbS thin films were
recorded at room temperature by a Varian Cary 500
UV-Vis—NIR spectrophotometer in the wavelength range
of 400-1200 nm. Photoluminescence (PL) spectra were
also recorded at room temperature with a UniRAM system,
which had a He—Cd laser with an excitation wavelength of
325 nm and a power of 30 mW.

2.3 Device fabrications and characterizations

Photovoltaic device fabrication was performed simi-
lar to that reported in previous studies addressing PbTe
nanostructures [18]. C—V and Mott—Schottky plots were
recorded by a LCR meter (LCR-8000G Series-GW
Instek) with a frequency of 1 kHz in the voltage range of
10-600 mV. The solar cell measurement was carried out
under 100 mW/cm? (1.5 Air Mass) illumination by a solar
simulator (Solar cell simulator IIIS-200+, Nanosat Co.,
Iran). A 100 W xenon lamp served as a light source, and
the intensity of light was calibrated using a standard sili-
con solar cell. The effective surface of the samples exposed
to the light was 0.25 cm®. To measure and plot I-V, J-V,
and external quantum efficiency (EQE) graphs, a Keithley
source meter 2400 was used.

3 Results and discussion

Phase and crystalline studies of the deposited films were
carried out using XRD (Fig. 1a). For all samples, XRD pat-
terns verified the formation of cubic PbS structures accord-
ing to the standard card of bulk PbS (JCPDS Card No.
05-0592) [19]. With respect to un- and Zn-doped films, Pb
peaks were observed in the XRD patterns. Moreover, the
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presented XRD patterns verified the formation of multic-
rystalline PbS thin films on Pb substrates. Dopants shifted
XRD pattern peak to the lower (Se) and higher (Zn) posi-
tions (Fig. 1b). This shift was associated with the dopant
atom incorporation (substitution and/or interstitial) in the
crystal lattice of PbS thin films in doped samples, and the
lower and higher shifts observed in the peak position were
dependent on the effective ionic radius of dopant atoms.

FESEM images at high magnification were obtained to
analyze the evolution of surface morphology of PbS thin
films. Figure 2 presents FESEM images and EDS spectra of
PbS thin films. As presented in the figure for un-doped film
(Fig. 2a), there are rod-like and small spherical morpholo-
gies with the average diameters of 23+5 and 58 +5 nm,
respectively. By adding Se and Zn dopants (Fig. 2c, e),
flower-like morphologies with the average diameters of
412+5 and 142+5 nm for Se- and Zn-doped PbS thin
films were observed, respectively. Hence, it can be claimed
that PbS thin films were grown with nano-dimensional sur-
face morphologies, i.e., nano-rods and nano-flowers. Usu-
ally, anion and cation concentrations can be considered as
the most significant factors to obtain different morpholo-
gies in metal chalcogenide nanostructures [20]. Moreover,
EDS spectra confirmed the presence of dopant atoms in the
doped thin films. According to the thermodynamics pro-
cess for PbS thin film formation using CVD method, the
excess of sulfur can be favorable to improve and suppress
the formation of oxide impurities such as PbO [21]. So it
seems that sulfur excess can be caused by faster and better
vapor-liquid—solid (VLS) process, is a desirable phenom-
enon that happening.

With respect to the estimated optical band gap energy
of PbS thin films, UV-Vis-NIR spectra of the sam-
ples were recorded (Fig. 3). This spectrum showed an
absorption edge of about 650-750 nm for all samples.
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Fig.1 a XRD patterns and b peak shifting in XRD pattern of PbS thin films
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Fig. 2 FESEM images and EDS spectra of a, b un-doped, ¢, d Se-, and e, f Zn-doped PbS thin films

Intensity of absorbance decreased for PbS thin films by
adding dopants. Tauc plot can be considered as a well-
recognized and graphical method for estimation of optical
energy band gaps of semiconductor materials, which uses
Kubelka—Monck model [22]. Figure 4 shows Tauc plots of
un-, Se-, and Zn-doped PbS thin films, respectively. Optical
energy band gaps of PbS thin films decreased, i.e., red shift
in the absorbance edge, by adding Se, and increased, i.e.,
blue shift in the absorbance edge, by adding Zn dopants.
The red shift for Se-doped and blue shift for Zn-doped
PbS nanostructures were observed and reported in our pre-
vious study [10] and by He et al. [13], respectively. These
shifts are due to the partial formation phase of PbSe (Se-
doped PbS) and ZnS (Zn-doped PbS), which have lower
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and higher optical energy gaps in comparison with PbS,
respectively. The mentioned point can be expressed in
terms of the following equations:

Eg (PbSe,S;_,) = (1 —x) X Eg (PbS) + x x Eg (PbSe)
ey

Eg (Pb,_yZn,S) = (1 —x) x Eg (PbS) + x X Eg (Zn$).
2
To conduct more investigations about the optical proper-
ties of PbS thin films and to study the effects of dopants, PL
spectra were examined (Fig. 5). PL spectra of all samples

showed three main band emissions. For the un-doped sam-
ple, the first band emission observed in the green regions
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Fig. 3 Absorbance spectra of un-, Se-, and Zn-doped PbS thin films

of visible wavelengths can be attributed to excitonic tran-
sitions, which might have been originated from the tran-
sition of increased S vacancy donors to recombine with
interstitial S acceptors in the valence band [23]. The sec-
ond band emission located in the red region was attributed
to the small size of agglomerated particles, which was an
evidence for the growth of PbS thin films with nano-dimen-
sional surface [24]. Finally, the third band emission located
in the near-infrared (NIR) region was attributed to the band
edge emission of PbS thin films, which was in accordance
with the absorption spectra of PbS thin films.

Band edge emissions in the PbS thin films were asso-
ciated with the transition of electrons from the conduc-
tion band edge to the holes trapped at interstitial Pb>* sites
[25]. The intensity of PL band emission in doped PbS thin
films was higher than that of un-doped films. It is probably
due to decreased surface traps, which highly enhanced the
intensity of band emission in PL spectra by elimination
of non-radiative relaxation of electron transition [23]. As
a result, the main conclusion with respect to the samples
of the present study is that Zn-doped PbS revealed more
defects. With regard to red and NIR band emissions, red
(higher wavelengths) and blue (lower wavelengths) shifts
were observed for Se- and Zn-doped PbS thin films, respec-
tively. The mentioned shifts are indicative of dopant effects
on PbS thin films and are mentioned in the previous section
(Egs. 1, 2).

Electrical properties of PbS thin films were investigated
by I-V and Mott—Schottky methods. Based on I-V plots
(Fig. 6), electrical resistance of PbS thin films increased
by Se and decreased by Zn dopants in dark and illumina-
tion conditions. The mentioned plots showed a good recti-
fication for all samples with the lowest turn-on voltage for
Zn-doped and the highest turn-on voltage for Se-doped PbS
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Fig. 4 Tauc plots for the estimation of optical band gap energy of a
un-, b Se-, and ¢ Zn-doped thin films

thin films. Capacitance—voltage and Mott—Schottky plots
were used to investigate more electrical parameters (Fig. 7).
Capacitance properties can be attributed to the existence
of depletion region and are characteristics of semiconduc-
tors in the case of applying a potential difference to them.
Se-doped PbS thin films had a higher capacitance value
because of higher electrical resistance and lower electrical
conductivity as presented in I~V plots.

Physical parameters obtained from the Mott—Schottky
plots (Fig. 7b) were based on the equations presented in
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Fig. S PL spectra of PbS thin films

our previous study [26] (Table 1). P-type conductivity
of all films was confirmed by the negative slope of these
plots [27, 28]. PbS thin films presented the maximum
acceptor concentration among the three samples created
by anionic (Se) dopants, which was typically dependent
on the metal vacancy in metal chalcogenides. To the best
of our knowledge, PbS, similar to other metal chalcoge-
nides such as SnS and PbSe, has intrinsic p-type conduc-
tivity because of Pb deficiency (metal deficiency) such as
Pb vacancy and/or interracial and excess in S interstitials
(chalcogenide interstitials) [29, 30]. Hence, it seems that
the Se-doped PbS thin film has higher crystalline defects.
Higher densities of states in the Se-doped PbS samples
and their electrical resistance, which are reflected in
the I-V plots, also confirm these characteristics for Se-
doped PbS thin films. Density of states in the valence
band exhibited decreases in Zn-doped PbS thin films.
The observed decreases in density of states by Zn (metal)
dopant for PbS measurements with the application of
Hall methods have been reported by Touati et al. [12].

Generally, metal dopants decrease the electrical resist-
ance and increase the electrical conductivity of PbS. Sev-
eral reasons have been attributed to the improvement of
electrical conductivity such as crystallite features and
interstitiality and/or substitutionality of metal (dopants)
atoms [7, 31-33]. However, in the present study, it seems
that the higher electrical resistance of Se-doped PbS thin
films is related to the high density of crystalline defects,
which act as trap levels and disturb the carrier transporta-
tion in the PbS thin films. The mentioned phenomena can
significantly enhance the concentration of carriers in the
conduction band of PbS thin films [34].
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Fig. 6 I-V characterizations of PbS thin films under a dark and b
illumination conditions

Figure 8 shows the solar cell characteristics (J-V curve)
of un-, Se-, and Zn-doped PbS thin films. Fill factor (FF)
and efficiency (1) of a solar cell can be calculated using the
following equations [35]:

FF = (Vmax X Imax)/(voc X ISC) (3)
n= (Voc X ]sc X FF)/Pin’ (4‘)
where V_,. and I, are the maximum voltage and cur-

rent, respectively, using which the maximum power was
obtained, V. is the open circuit voltage, I is the short
circuit current, and P;; is the power of incident light. The
FF, efficiency, and other quality parameters were calculated
(Table 2). The obtained results showed that the Zn-doped
PbS thin film had the highest efficiency and the lowest FF.
An FF value less than 0.6 indicates that recombination has
occurred in the solar cells, and electron—hole pairs have
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Fig. 8 J-V characteristics of PbS thin film-based solar cells of un-,
Se-, and Zn-doped thin films

recombined after the generation and are not transmitted
to the external circuit [36]. With respect to binary p-type
semiconductors such as PbS, FF value was affected by the
light absorption and effective hole carrier density of the
absorber [37]. The light absorption is strongly dependent
on the optical absorbance and band gap of the absorbers.
Hence, doping in this research presented as UV-Vis—NIR
spectrum also indicated decreases of optical absorbance
leading to the reduction of FF.

In contrast to FF, efficiency of PbS thin-film solar cells
increased by adding Zn dopants. The important points
required to be considered to improve PbS solar cell effi-
ciency are band alignment and density of defect states at
PbS/buffer interface, PbS bulk defects and formation of
secondary phases, short minority carrier lifetime and diffu-
sion length, PbS back contact, and solar cell configuration
[38]. In the present study, the observed lower efficiency and
higher series resistance of Se-doped PbS thin films can be
ascribed to the high density of defects in this sample, which
were verified by the presented /-V and Mott—Schottky char-
acteristics. Unlike the mentioned high efficiency and lower
series resistance of Zn-doped PbS thin film, the obtained
result suggests optimum substitution of Zn atoms in Pb
sites with minimum interstitials, which improved photo-
voltaic performances. Depletion width was affected by the
interplay between acceptor density and static relative per-
mittivity. Electron-hole pairs were efficiently generated,
moved, and separated in the depletion region. Hence, wider
depletion width provides higher output current density and
higher efficiency in the Zn-doped PbS-based solar cells
[39].

To confirm the obtained results addressing photovoltaic
characteristics, EQE spectrum of solar devices fabricated
for PbS thin films were recorded at various wavelengths
(Fig. 9). These spectra showed EQEs of about 58, 51, and
69% for un-, Se-, and Zn-doped PbS-based solar cells,
respectively. The solar cells used in this study revealed a
good EQE value in the visible and NIR regions of electro-
magnetic spectrum. The mentioned observation is in good
agreement with UV-Vis—NIR spectrum of the samples
presented in Fig. 4. Quantum efficiency is defined as the
ratio of the number of generation carriers that participated
in external current density of device to that of the incident
photons. Hence, EQE results also confirmed higher photo-
voltaic performance of Zn-doped PbS thin films in the pre-
sent study.

4 Conclusion
Optical, electrical, and photovoltaic properties of un-,

Se-, and Zn-doped PbS thin films, which were synthe-
sized by modified CVD methods, were provided in the
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Table 1 Physical parameters

Junction parameters/samples
obtained from Mott—Schottky P P

Un-doped PbS Se-doped PbS Zn-doped PbS

plot of PbS thin films

Carrier type p 14 P

Vi,: flat-band voltage (v) 0.35 0.26 0.39
N,: acceptor concentration (10™7/cm?) 6.25 10.10 3.91
V,,: built-in voltage (band bending) (v) 0.35 0.26 0.39
W: depletion width (um) 0.18 0.08 0.31
N,: density of states in the valence band 1.43 2.95 0.71

(10*1%cm?)
C,: depletion capacitance (uF/cm?) 0.16 0.35 9.06

Table 2 Quality parameters of PbS thin films as solar cells

Samples/parameters Voo (V) Joo (mA/cm?) Fill factor Efficiency (%) PCE (%) R (Q/cm?) Ry, (Q/cm?)
Un-doped PbS 0.52 1.93 0.29 0.29+0.015 5.02+0.251 194.71 308.47
Se-doped PbS 0.23 1.10 0.28 0.07+0.004 1.27+0.064 165.75 183.10
Zn-doped PbS 0.46 3.07 0.25 0.36+0.018 7.06+0.353 141.90 144.81
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