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Abstract: In this study, lead sulfide (PbS) films were grown on Fluorine-doped Tin
Oxide (FTO) glass substrate by thermal evaporation in a horizontal furnace to
investigate carrier gas effect on structural, morphological, elemental, optical, electrical
and photovoltaic properties of PbS. X-ray diffraction (XRD) patterns confirmed the
formation of cubic polycrystalline PbS particles for all samples. The results showed that
using Ar+H, as a carrier gas increased crystallite size of the film. Field emission
scanning electron microscopy (FESEM) images showed nano-dimension surface
morphologies and revealed that using carrier gas can make the obtained films and their
surface porosities more uniform and regular. Also, the elemental analysis demonstrates
that using mixed carrier gas provides a better stoichiometry for PbS film. Optical and
electrical evaluations indicated improvements in absorption intensity and electrical
conductivity of the PbS film when using the mixed carrier gas. Finally, the deposited
films were characterized as solar cells and their quality parameters (QP) were extracted
and presented. The obtained results illustrate the improvement in QPs of PbS solar cell
when using mixed carrier gas.
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1. INTRODUCTION

Today, the role of semiconducting materials is not hidden in the top and
efficient technologies. This role has become more important, especially in cases
related to serious human problems such as the issues of global pollution and the
application of clean and renewable energies [1-4]. In this respect,
semiconducting solar cells have gained much popularity among researchers.
Usually, semiconductor materials that are used as absorber layers of solar cells
have energy band gaps in the range of 1.20 to 2.50 eV [5, 6]. This range of band
gap energy is selected because solar rays have the highest intensity in this range
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(in term of wavelength) [7]. Lead sulfide (PbS) is a compound semiconductor
with an energy band gap that falls in this range. Therefore, it is suitable to use
PbS in the fabrication of solar cells. So far, many studies have been reported on
using different growth and deposition methods to produce PbS films for solar
cells and explore various PbS parameters to enhance the quality of the
fabricated films [8-11]. In this regard, our research group has reported two
studies about the effect of carrier gas on physical properties of PbS
nanostructures deposited by physical vapor deposition (PVD) and chemical
vapor deposition (CVD) methods [12, 13]. In the first study, the obtained PbS
films showed star- and flower-like surface morphologies with micron- and
nano-sized dimensions that could be named PbS mesostructures. X-ray
diffraction (XRD) and Raman structural studies indicated that hydrogen gas
stream could improve the crystalline quality of PbS film. Furthermore, optical
characterization of the PbS films revealed that their optical band gaps are in the
infrared (IR) region and hydrogen gas causes a blue shift in their optical band
gaps. Therefore, these mesostructures were used for the fabrication of IR
detectors. A PbS film with star-shaped morphology can be useful for working
with high-speed IR detectors.

In the second study, PbS films were deposited on Pb substrates by CDV
method. The Pb sheets used in this research work had two roles: (i) a substrate
and (ii) lead (Pb) precursor material. The sulfur powder was used as the sulfur
source material. Field emission scanning electron microscopy (FESEM) images
showed that hydrogen gas reacting with sulfur, plays a significant role in
obtaining different morphologies of PbS nanostructures. The UV-Vis-NIR and
PL characterizations exhibited a blue shift in absorption and emission band gap
of the PbS film by using hydrogen gas. Bierman et al. reported the CVD-based
synthesis of hyperbranched single-crystal PbS nanowires using PbCl, and S as
the precursors to study hydrogen carrier effect [14]. They found that flow rate
and duration of hydrogen co-flow in argon carrier gas have considerable
impacts on the morphology of the grown PbS particles during the CVD process,
from hyperbranched nanowires to micrometer-sized cubes. Moreover, they
suggested that elemental Pb, which had been reduced from the vapor by
hydrogen, might serve as a vapor-liquid-solid (VLS) catalyst for anisotropic
growth of PbS structures. To the best of our knowledge, no study has
investigated the influence of hydrogen gas on electrical and photovoltaic
properties of PbS films deposited by PVD method. So, in this study, PbS films
were deposited through PVD approach on conductive transparent oxide (TCO)
substrates and effects of hydrogen gas on structural, morphological, optical,
optoelectronic, and photovoltaic properties of the deposited PbS films were
investigated. The results show that hydrogen gas improves the efficiency of
solar cells fabricated by PbS films.
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2. EXPERIMENTAL

Details of the deposition method were reported in our previous works [15].
The differences are that Fluorine-doped Tin Oxide (FTO) glass is used as the
substrate here and substrate temperature for all samples was 430 °C. The FTO
substrates were cleaned and prepared for deposition according to the following
details. They were washed in an ultrasonication bath for 30 min, at each diluted
cleaning solution. The solutions included HCI, NaOH, and ethanol. Finally, the
substrates were annealed at 500 °C for 30 min. After annealing, the FTO
substrates were ready for deposition. The deposition process was carried out at
vacuum condition under different carrier gas (Ar and Ar+Hj) following in
horizontal furnace. Phase purity investigation of obtained films was carried out
by an X-ray diffractometer (XRD; Siefert ID 3003), morphological studies
using a field emission scanning electron microscope (FESEM; Hitachi S4160),
and elemental analysis of the samples was measured using energy dispersive X-
ray system (EDX; Quanta 200F). Optical properties of PbS films were
examined using a UV-Vis-NIR spectrometer (Varian Cary 500). For fabrication
of photovoltaic devices and electrical characterizations, a proper mask made of
a thin aluminum foil was prepared. Au electrodes with thicknesses of ~ 100 hm
were deposited on surfaces of the PbS films by a desk sputtering system.
Current-voltage (I-V) under darkness and illumination conditions and current
density-voltage (J-V) characterizations were recorded by a Keithley source-
meter 2400 under standard illumination of solar rays (100 mW cm?) while these
evaluations were carried out by a Solar cell simulator 111-200+, Nanosat Co.,
Iran. Thg effective area of each sample that was exposed to illumination equaled
0.25 cm~.

3. RESULTS AND DISCUSSION

Fig. 1 shows XRD patterns of the PbS films and indicates the formation of
polycrystalline cubic PbS according to the associated standard XRD card
(JCPDS Card No. 00-001-0880) [16]. In this figure, all diffraction peaks are
labeled by the relevant miller indices based on standard patterns. It can be
observed that using the mixed carrier gas has increased the intensity of the
diffraction peaks, suggesting the higher stoichiometry for this sample
(hydrogen-assisted). Crystallite size (D) and lattice constant (a) values of the
samples can be calculated from the following equations [17]. The obtained
results are presented in Table 1.

0544

- B Cos# (1)
L — R + E°+17
a2 a? (2)

In these equations, 4 is X-ray wavelength, g is full width at half maximum
(FWHM), @ is the position of the diffraction peak, d is the distance between the
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crystalline sheets, and h, k, and I are Miller indices. The obtained results (Table
1) imply that hydrogen flow decreases and increases crystallite sizes and lattice
constants of the PbS films, respectively. This result is in agreement with
previous works [13-15].
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Fig. 1. XRD patterns of PbS films.

TABLE 1. STRUCTURAL PARAMETERS OF PBS FILMS

Sample/Para  Crystallite size Lattice
meters (nm) constant (A)

Ar 29.36 5.92618

Ar+H, 25.83 5.92684

FESEM images and EDX spectra of the PbS samples are presented in Fig. 2.
The images illustrate that relatively uniform films were generated while using
hydrogen gas provided more regular and uniform porosities. According to the
scale of the images, dimensions of surface morphologies of the PbS films are in
the range of nanoparticles. Surface morphology of the sample deposited using
Ar carrier gas is a combination of particle and dendrite-like structures whereas
surface morphology of the sample deposited by employing the mixed carrier gas
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is uniform, particle-like, and with regular porosity. Measurements indicated that
using hydrogen gas decreases average diameters of the PbS nanostructures.
Furthermore, elemental analysis (EDX) confirmed the existence of Pb and S
elements in the films and demonstrated that hydrogen gas yields promoted Pb
atomic percentages. The EDX results are indicative of a better stoichiometry
and are consistent with the XRD results. With respect to these results, it can be
concluded that when the hydrogen carrier gas is used, the atmosphere inside the
employed furnace contains hydrogen atoms that are ready to react with sulfur
and H,S forms. This reaction decreases the density of ready sulfur atoms and, as
an outcome, more Pb atoms have the opportunity of participating in the reaction
for formation of PbS phase that causes the formation of PbS films with higher
quality.

Optical absorption and reflectance spectra of the PbS films are presented in
Fig. 3a. Maximum absorption is seen in ultra-violet (UV) and visible regions.
Clearly, the presence of hydrogen gas increased maximum absorption and
reflectance spectra. Also, absorption edges of the samples are in the red region
that is the point that the direction of coactivity absorption curve has changed. It
is noteworthy that photons with energies equal or higher than the absorption
edge energies absorbed by semiconductor films though only photons with
energies equal to absorption edge energy have the ability to generate electrical
pair carriers (electron/hole). In the energy of a photon is greater than the energy
of the absorption edge, then phonon will be generated.

Fig. 2. FESEM i mages and EDX spectra of PbS films deposned by a, b) Arand c, d)
Ar+H; carrier gas.
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To evaluate the optical energy band gaps of the PbS films, Tauc plot was
used. Tauc plot is founded on Kubelka-Munk model that describes the
relationships between absorption and optical energy band gaps of
semiconductors [18, 19].

(ahv)" = A(hv — E,) @)

where « is the absorption coefficient, h is Plank’s constant, v is frequency, A
is a constant, Eg4 refers to the optical energy band gap, and n is the characteristic
of the transition process. Based on the Tauc plot in Fig. 3b, an increase is seen
in the optical energy band gap using hydrogen gas. This observation can be
related to the decreased size of the PbS particles according to the surface
morphologies depicted in the FESEM images.

For electrical investigations of the PbS films, their current behaviors were
studied through applying electrical potential under darkness and illumination
condition. Fig. 4 shows the current-voltage (I-V) and V-log(l) curves of the PbS
films with non-linear behaviors, which suggests the Schottky nature of the
FTO/PbS/Au structures. During the experiments, when hydrogen gas was used
at both darkness and illumination states, the turning-on voltage of the device
was reduced. Under illumination condition, lower currents were measured for
all samples at the same voltages. Such current variations are ascribed to
cathodic currents and are characteristics of p-type semiconductors [20]. Also,
current comparison of the two samples, at the same states of darkness and/or
illumination and the same voltages, show higher electrical conductivity (lower
electrical resistivity) for the sample deposited under hydrogen gas flow. Based
on the literature review, it is seen that increased charge carrier concentration is
one of the main factors that enhance the electrical conductivity of similar
structures [21, 22].
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Fig. 3. a) Absorption and reflectance spectra and b) Tauc plot of PbS films.

Based on the linear part of the plots in Figs. 4c and 4d and Eg. 4, ideality factor
(n) of the junctions formed by the PbS films is calculated as follows [23].
I =1,(e?/™T —1) @)

where | is forward current, lo is reverse saturation current, e is Napier’s
constant, q is electrical charge, v is forward bias voltage, k is Boltzmann’s
constant, and T is temperature. Calculation of n can provide useful information
about recombination types in junctions. At darkness and illumination states, n
coefficients for the sample deposited under Ar flow were 0.88 and 0.66 and for
the sample deposited using Ar+H» stream n coefficients equaled to 0.54 and
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0.55, respectively. All obtained ideality factors are below unity, suggesting that
recombination is limited to minor charge carriers [24].
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Fig. 4. 1-V and logl-V characteristics of PbS films deposited by a, c) Ar and b, d) Ar+H,
carrier gas in dark and illumination conditions.

J-V curves of the PbS films under 1.5 Air Mass illumination, presented in
Fig. 5, were used to investigate their quality parameters in solar cell
applications. Solar cell parameters including open-circuit voltage (Voc), short-
circuit current (lsc), efficiency (n) fill factor (FF), and series and shunt resistance
were calculated through the following equations [25, 26] and summarized in

Table 2.
Vye ¥ Loy % FF

n= Pin %100 (5)
Vim % Iy

FF = ¥oe ® e (6)
dv

RSSZ (d'{ )f:D (7)

Rsh= (%)U: 0 (8)
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Fig. 5. Solar cell plot of PbS films deposited by different carrier gas.
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In these equations, Pi, is a power of incident solar rays and Vi and I, are
voltage and current characteristics of the points in the fourth quarter at
maximum Vi x In (Pm), respectively. The values reported in Table 2 indicate
that the efficiency of the solar cell fabricated by employing the PbS films
deposited using hydrogen gas is higher than the other sample. According to the
obtained results, the improved efficiency of the sample deposited using the
mixed carrier gas can be resulted from different factors; e.g., promoted
stoichiometry, higher absorption, and improved electrical conductivity.

TABLE 2
QUALITY PARAMETERS OF SOLAR CELL FABRICATED FROM THE PBS FILMS
\]sc T] (%) FF RSS RSh
Sample/Para Voo i pjem? Qlem?  (Qem?)
meters V) ) )
Ar 0.35 0.68 0.06 0.25 1072 315
Ar+H, 0.64 1.00 0.22 0.22 521 938




10 * Journal of Optoelectronical Nanostructures Spring 2019/ Vol. 4, No. 2

4. CONCLUSION

This study investigates carrier gas influences on optoelectronic properties of
PbS films as solar cells. XRD patterns and EDX spectra of the films indicated
that the presence of hydrogen gas during deposition of PbS film causes the
growth of PbS films that are associated with higher stoichiometry due to
decreased sulfur vapor density. Furthermore, it was demonstrated that using the
mixed carrier gas leads to the increased absorbance intensity and the optical
energy band gap of PbS film. Electrical evaluations outlined the p-type nature of
the PbS films and increased electrical conductivity by applying hydrogen gas
due to promoted charge carrier concentration. ldeality factors of all samples
were calculated to be less than unity, suggesting that recombination is limited to
minor charge carriers. Photovoltaic results exhibited promoted quality
parameters of the solar cell device fabricated using the PbS sample deposited
under hydrogen gas flow.
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