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The eﬀect of Gallium (Ga) doping on CdS thin ﬁlm properties and the performance of the corresponding Cu
(InGa)Se2/CdS heterojunction solar cell has been investigated. The CdS thin ﬁlms were deposited using a conventional chemical bath deposition (CBD) process. For a source of Ga dopant, a gallium nitrate (Ga(NO3)3)
aqueous solution with Ga concentration from 5×10−4 to 2×10−3 M has been used. Ga doping was carried out
by adding gallium nitrate aqueous solution directly to the main CBD solution that contained all the other reactants (i.e., Cd2+, S2−, and NH3). It was found that Ga doping is eﬀective for improving the optical transmittance of CdS ﬁlms and, thus, increasing the photoelectric current density of the ﬁlms and the short-circuit
current density (JSC) of CIGS cells. With the use of a Ga-doped CdS buﬀer layer, the photovoltaic performance of
CIGS cells was improved, primarily because of enhanced JSC and ﬁll factor.

1. Introduction
The highest electrical conversion eﬃciency of a Cu(InGa)Se2
(CIGS)-based thin-ﬁlm solar cell hit 22.6% at Air Mass 1.5G conditions
(ZSW, 2016) [1]. In a typical structure of a CIGS solar cell, a buﬀer
layer, such as CdS, ZnS, Zn(S, O, OH), or In2S3 [2], is known to be an
essential component for high solar cell eﬃciency. The chemical bath
deposition (CBD) technique has been widely used for the deposition of
high quality buﬀer layers (e.g., CdS and ZnS) for CIGS solar cells because of the several advantages it oﬀers, such as simplicity, low process
temperature, convenient atmospheric pressure, and low cost for mass
production [3]. During CBD of CdS, Cd2+ and S2− ions participate in
the formation of CdS in an alkaline bath, and a complexing agent
controls the release rate of Cd2+ ions to prevent an abrupt reaction.
Cadmium sulfate (CdSO4) has been widely used as a cadmium source,
but other cadmium sources, such as cadmium acetate (Cd(CH3COO)2)
and cadmium chloride (CdCl2), can be used as well. Our research group
has recently investigated the eﬀect of diﬀerent cadmium sources on the
properties of CBD-CdS ﬁlms and the corresponding CIGS solar cells [4],
and we concluded that cadmium chloride aﬀorded the lowest deposition rate but the best cell performance among the three cadmium salts.
The bandgap (~2.4 eV) of CdS lies between those of CIGS and
transparent conductive oxides (e.g., ZnO and ITO). One issue in CBDgrown CdS ﬁlms is their high electrical resistivity, which has been
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reported to be in the range of 108–1010 Ω·cm [5–7]. Doping is one of the
possible approaches to reduce the resistivity of CBD-grown CdS ﬁlms.
Previously, it was also reported that doping CBD-CdS with group I, III
and VII elements, including sodium [8], potassium [8], copper [9],
aluminum [10], indium [10] and chlorine [11], and was very eﬀective
in improving the electrical properties of CdS ﬁlms. In addition, Ga has
been used for doping CdS, successfully increasing the carrier concentration and mobility and reducing the resistivity [12]. Cai et al.
reported that the Ga-doped CdS nanowires were synthesized by the
thermal evaporation of the CdS/Ga/Ga2O3 mixed powders and their
conductivities were increased by almost nine orders of magnitude [13].
Yang et al. demonstrated the photocatalytic activity of interstitial Gadoped CdS powders prepared by solvothermal method was enhanced by
114% compared to that of pure CdS [14].
In this study, CdS ﬁlms were doped with Ga ions by adding Ga
aqueous solutions with diﬀerent Ga concentrations to the main CBD
solution. Then, the eﬀect of gallium doping on CdS thin-ﬁlm properties
and corresponding CIGS/CdS-heterojunction solar-cell performance
was investigated.
2. Experimental
All reagents used in this experiment were purchased from Sigma
Aldrich and were used as received without further puriﬁcation. The
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Fig. 1. Cross–sectional and surface scanning electron microscopy images of Mo–glass/CdS and Mo-glass/CdS:Ga samples with diﬀerent Ga concentrations: (a) Pure
CdS, (b) [Ga] = 5×10−4 M, (c) [Ga] = 1×10−3 M, and (d) [Ga] = 2×10−3 M, where [Ga] is the Ga concentration in a gallium nitrate aqueous solution.

measured using ﬁeld emission scanning electron microscopy (FE−SEM:
Hitachi S−4800). X-ray photoelectron spectroscopy (XPS: ESCALAB
250, Thermo Fisher Scientiﬁc) has been used to analyze the chemical
composition of CdS:Ga ﬁlms using monochromatized Al Kα X-rays
(hν = 1486.6 eV). Inductively coupled plasma mass spectrometry (ICPMS: Agilent 7900) technique was used to estimate the Ga doping concentrations. The photovoltaic performance of the completed devices
was evaluated by measuring the illuminated current density-voltage (JV) characteristics under an AM 1.5 one-sun condition using a PEC−L12
Solar Simulator (Peccell Technologies, Inc.). The external quantum efﬁciency (QE) was measured using the PEC−S20 (Jasco) at 25 °C.
A potentiostat (VersaSTAT 3, Princeton Research, USA) was used to
perform the linear sweep voltammetry (LSV) and electrochemical impedance spectroscopy (EIS) of the photoelectrodes to investigate the
photocurrent response of pure CdS and CdS:Ga ﬁlms. These photoelectrodes were prepared using the FTO/CdS electrode cell with an
electrolyte (0.2-M Na2SO4 aq. solution). The ones that serve as the
working electrodes are the FTO/CdS and FTO/CdS:Ga. The reference
and counter electrodes were Ag/AgCl (3.0-M KCl) and Pt gauge, respectively. A tungsten lamp was used as a visible light source. Further
detailed description of the potentiostat system and procedure can be
found elsewhere [15].

CIGS ﬁlms were prepared by two-step metal sputtering followed by a
selenization process. The CdS ﬁlms were then deposited using a conventional CBD method employing 0.04-M thiourea ((NH2)2CS) and
0.0036-M cadmium sulfate (CdSO4) as sources for sulfur and cadmium
ions, respectively. For a source of Ga dopant, Gallium nitrate (Ga
(NO3)3) was dissolved in 10 ml of deionized water; Ga concentration
was varied from 0 to 2×10−3 M. Ga doping was carried out by adding
the gallium nitrate aqueous solution (10 ml) directly to the main CBD
solution (500 ml) that contained all the other reactants (i.e., Cd2+, S2−,
and NH3). Further detailed description of our chemical-bath deposition
system and operation procedure can be found in our previous report
[4]. The two-dip deposition procedure, with a deposition time of 10 min
per dip under the same conditions, was employed to obtain the relatively thick (~120 nm) CdS ﬁlms necessary for characterization; approximately 70 nm-thick CdS ﬁlms were deposited for CIGS cell fabrication. In addition, all the CBD parameters were kept constant except
for the variation in Ga concentration.
During a single batch of CBD deposition, four diﬀerent substrates,
each 2.5 cm × 2.5 cm, were used. A ﬂuorine-doped tin-oxide glass
(FTO-glass) substrate was used to deposit samples for optical and
electrical analysis because it has excellent surface quality and FTO can
be used as an electrode for electrical analysis. For thickness determination of the CBD-grown CdS ﬁlms, a Mo-coated glass (Mo-glass) substrate was used since the boundary between Mo and CdS layer was
clearly identiﬁed in microscopic images. Also, Mo-glass was used for
crystallographic analysis of CdS with the use of Mo peak as an internal
standard. A bare soda-lime glass (SLG) substrate was also used to make
samples for crystallographic analysis with no aﬀection by other crystalline phases. Finally, a glass/Mo/CIGS/CdS sample was used for CIGS
device fabrication, where CIGS was formed by selenization of sputtered
Cu-Ga-In precursor. Device fabrication was completed by adding i-ZnO/
ZnO:Al transparent conducting layers by radio-frequency sputtering
followed by deposition of a Ni:Al grid by e-beam evaporation yielding a
cell structure of glass/Mo/CIGS/CdS(:Ga)/i-ZnO/ZnO:Al/Ni:Al.
The pure CdS and Ga-doped CdS (CdS:Ga) ﬁlms prepared by CBD
were characterized by several techniques. The crystallographic structure was analyzed using X-ray diﬀraction (XRD: PANalytical X'Pert PRO
MPD) with Cu-Kα1 radiation (λ = 1.54056 Å). The optical transmittance and reﬂectance were analyzed using a Cary 5000 (Varian) doublebeam UV/VIS spectrometer employing non-polarized light at normal
incidence in the wavelength range of 350 to 1300 nm at room temperature. In addition, the surface morphology and thickness were

3. Results and discussion
The morphology and thickness of Mo-glass/CdS and Mo-glass/
CdS:Ga ﬁlms prepared by two-dip CBD at 80 °C with a total deposition
time of 20 min were compared by surface and cross-sectional SEM
images shown in Fig. 1. It was conﬁrmed that the thickness of pure CdS
and that of CdS:Ga ﬁlms were similar to each other and found to be
around 120 nm. In addition, there was no noticeable diﬀerence in their
surface morphology, which is uniform and smooth. We conclude that
Ga-doping with concentrations used in this study does not aﬀect the
growth rate and morphology of CdS ﬁlms.
As shown in Fig. 2, the XRD patterns of pure CdS and CdS:Ga ﬁlms
measured by grazing incidence XRD (GI–XRD) using CuKα1 radiation
with an incident angle of ω = 0.5° revealed that all CdS ﬁlms showed a
polycrystalline cubic structure with a (111)-plane preferred orientation
[16]. Apparently, the relative intensities of all CdS characteristic peaks,
(111), (220), and (311), were similar for pure CdS and CdS:Ga ﬁlms
except for a slight broadening of the CdS (111) peak with Ga concentration. The crystal size was estimated by Debye–Scherrer's formula
208
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Fig. 2. Grazing incidence X-ray diﬀraction patterns (ω = 0.5°) of pure CdS and
CdS:Ga with diﬀerent Ga concentrations, where [Ga] is the Ga concentration in
a gallium nitrate aqueous solution.

Fig. 3. Crystal size of CdS estimated by Scherrer's formula and lattice strain
with respect to Ga concentration, where [Ga] is the Ga concentration in a
gallium nitrate aqueous solution.

[17] using the full-width-at-half-maximum (FWHM, β) of the most intense CdS (111) peaks. We note that the instrument function of the
system used in this analysis was measured to be 0.25° ( ± 0.05) at the
given conditions. Also, the lattice strain (ε) was calculated by ε = β/
(4×tanθ) [17]. As seen in Fig. 3, the crystal size decreased as Ga
concentration increased while the lattice strain changed in the opposite
direction. Decreased crystal size and increased lattice strain with
doping concentration has also been reported elsewhere [14, 18, 19].
For example, Pal et al. [19] reported that Eu-doped TiO2 showed an
increase in lattice strain and decrease in crystal size with increased
Eu+3 concentration. They concluded that the lattice distortion caused
by the incorporation of Eu+3 ions into the TiO2 periodic crystal lattice
produced strain, altering the lattice periodicity and causing a decrease
of crystal symmetry.

Fig. 4. X-ray photoelectron spectroscopy high-resolution scans for (a) Cd 3p
and (b) S 2p and survey scans of of pure CdS and CdS:Ga ﬁlms.

The surface chemical states and elemental composition of pure CdS
and CdS:Ga ﬁlms was analyzed by using XPS and ICP-MS. Fig. 4(a)
showed the high resolution scans for Cd 3p peaks at the characteristic
binding energy (B.E.) of 618.45–618.46 eV (3p3/2) for Pure CdS and
209
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Table 1
The cell performance parameters of CIGS solar cells fabricated using pure CdS
and CdS:Ga buﬀer layers with diﬀerent Ga concentrations.
Ga concentration
(M)

[Ga]/([Ga] + [Cd])
by ICP-MS

JSC
(mA/cm2)

VOC
(V)

FF
(%)

Eﬃciency
(%)

Pure CdS
5×10−4
1×10−3
2×10−3

0.00
3.10 × 10−6
3.80 × 10−6
9.62 × 10−6

34.5
35.5
34.7
30.5

0.535
0.543
0.545
0.384

52.6
53.7
51.9
29.7

9.69
10.4
9.80
3.47

Bold ﬁgures stand for the one with the best cell eﬃciency.

Fig. 6. Estimation of optical band gap using (αhν)2 vs. energy(hν) plot for pure
CdS and CdS:Ga with diﬀerent Ga concentrations, where [Ga] is the Ga concentration in a gallium nitrate aqueous solution.

Fig. 7. Photocurrent measurements by linear sweep voltammetry for pure CdS
and CdS:Ga with diﬀerent Ga concentrations, where [Ga] is the Ga concentration in a gallium nitrate aqueous solution.

CdS:Ga ﬁlms, revealing that no peak shift was found between pure CdS
and CdS:Ga ﬁlms used in this study. Probably, Ga incorporation into
CdS ﬁlms was not enough to aﬀect chemical states. In addition,
Fig. 4(b) didn't show any peak shift for S 2p at the characteristic binding
energy of 161.95 eV (2p3/2). Unfortunately, Ga-related peaks were not
clearly detected in XPS survey scans in Fig. 4(c) presumably due to
detection limit, and thus the composition of Ga could not be estimated
by XPS. As summarized in Table 1, instead, the results of ICP-MS analysis conﬁrmed that the atomic ratio of [Ga]/([Ga] + [Cd]) monotonically increased with Ga concentration of aqueous solution, 5×10−4
M to 2×10−3 M. This result supported that Ga was successfully incorporated into CdS ﬁlms using CBD process. Also, from the XPS survey
scans of CdS:Ga in Fig. 4(c), Oxygen was always detected in the range of
12–24 at.% without showing any correlation between Ga doping concentration and Oxygen contents, but no nitrogen was detected.
The optical properties of the pure CdS and CdS:Ga ﬁlms were
measured using a UV/VIS spectrophotometer at a wavelength range

Fig. 5. (a) Transmittance and (b) absorbance spectra of pure CdS and CdS:Ga
with diﬀerent Ga concentrations, where [Ga] is the Ga concentration in a gallium nitrate aqueous solution.
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Fig. 8. Electrochemical impedance spectroscopy Nyquist plot for pure CdS and
CdS:Ga with diﬀerent Ga concentrations, where [Ga] is the Ga concentration in
a gallium nitrate aqueous solution.

from 1300 to 350 nm. As shown in Fig. 5, both transmittance and absorbance spectra suggested that Ga doping should enhance the transmittance of ﬁlms. Similar behavior of improved transmittance was reported for Boron-doped CdS [20]. It could be assumed that CdS:Ga ﬁlms
may have less surface roughness than pure CdS, which reduced light
scattering and thus enhance transparency. Moon et al. also reported
that the increase in deposition temperature of Al:ZnO could reduce the
surface roughness and thus improve the transparency of the ﬁlm [21].
The optical energy band gap for direct transition was estimated by
the modiﬁed Kubelka-Munk function of (F(R)hν)2 ~ (αhν)2 ~ (hν-Eg)
(Fig. 6), where F(R) = (1-R)2/2R, R is the reﬂectance and α is an extinction coeﬃcient [22]. As shown in Fig. 6, the estimated optical band
gap values for pure CdS and CdS:Ga ﬁlms were similar to each other in
the range of 2.28 eV – 2.30 eV. Indeed, within this small range of band
gap, there was no clear correlation between band gap and Ga concentration.
The photoelectrochemical response of the pure CdS and CdS:Ga
ﬁlms was investigated by LSV and EIS measurement under visible light
irradiation. Fig. 7 shows that the average photocurrent density of
CdS:Ga ﬁlms was higher than that of pure CdS ﬁlm. Also, the photocurrent density increased with Ga doping contents (estimated by XPS)
but not with Ga solution concentration. We note that the results of
photocurrent density are consistent with those of the optical transmittance in Fig. 5. The EIS Nyquist plots of the real (Z′) and imaginary (Z′′)
parts of the impedance for the pure CdS and CdS:Ga ﬁlms shown in
Fig. 8 are displayed based on the capacitance and resistance components of the electrochemical cell. In general, the classical Nyquist plots
consist of one or more semicircular arcs with a certain diameter along
the Z′ axis. An electron-transfer process corresponds to a semicircular
arc observed in the high- and low-frequency regions where its diameter
indicates charge transfer resistance [15]. As shown in Fig. 8, the diameter of semicircular arc decreased with increased Ga concentration,
representing lower charge-transfer resistance and, thus, faster electron
transfer. Therefore, we conclude that Ga doping of CdS ﬁlms can enhance photocurrent density.
In order to investigate the eﬀect of Ga doping of the CdS buﬀer layer
on CIGS solar-cell performance, devices were fabricated using four
diﬀerent buﬀer layers, and the cell performance parameters are summarized in Table 1. Apparently, the electrical conversion eﬃciency of

Fig. 9. (a) external quantum eﬃciency and (b) current density – voltage plots of
the CIGS/CdS and CIGS/CdS:Ga solar cells.

solar cells was improved as Ga concentration in the bath increased from
0 to 5×10−4 M, mainly driven by increased short-circuit current
density (JSC) and ﬁll factor (FF). The increased JSC can be easily explained by the enhanced optical transmittance (Fig. 5) and photocurrent density (Figs. 7–8). It has been also reported that doping CdS
with Boron [20], Gallium [13], or Aluminum [10] could improve the
carrier concentration of the CdS. The increase in the carrier density of
CdS buﬀer layer is known to reduce the potential barrier at CIGS/CdS
and CdS/ZnO hetero-junctions, and improve the collection of photogenerated carriers, resulting in the enhanced JSC and conversion eﬃciency [23].
However, with further increase of the bath Ga concentration (e.g.,
5×10−4 M ➔ 1×10−3 M ➔ 2×10−3 M) the cell eﬃciency deteriorated with a particularly drastic degradation between 1×10−3 M and
2×10−3 M Ga concentration. Therefore, we conclude that the optimum
Ga concentration for the bath is between 0 and 5×10−4 M. Previously,
211
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Lee et al. [20] reported a similar observation on CdTe/CdS heterojunction solar cells using Boron(B)-doped CdS ﬁlms prepared by CBD
process with diﬀerent B concentrations. They reported that the use of
1 mol% B for doping CdS ﬁlms improved the cell performance parameters (e.g., JSC and FF), but 10 mol% B deteriorated the cell performance.
The current density – voltage characteristics and spectral response
of the CIGS cell shown in Fig. 9 is consistent with the variation of JSC
with Ga concentration, i.e., the highest JSC for 5×10−4 M Ga concentration and a drastic decrease for 2×10−3 M. In particular, the
external quantum eﬃciency of CIGS cell with CdS:Ga with 5×10−4 M
Ga concentration was enhanced over the entire wavelength range of
400–1000 nm compared to that of CIGS cell with pure CdS, which is
consistent with transmittance spectra in Fig. 5. The electrical conversion eﬃciency of CIGS cell fabricated using CdS:Ga with 5×10−4 M Ga
solution concentration (~ 3.10ppm Ga doping contents by ICP-MS) was
slightly improved from 9.69% to 10.4 % mainly by increased JSC and
FF.
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The eﬀect of Gallium doping on CdS thin ﬁlm properties and corresponding CIGS/CdS heterojunction solar cell performance has been
investigated. Ga doping is found to be eﬀective for improving the optical transmittance of CdS ﬁlm. The XRD results suggested that Ga
doping does not change the crystal structure of cubic CdS signiﬁcantly,
but can slightly reduce the CdS crystal size. The results of photoelectrochemical analysis revealed that photocurrent density was improved
with Ga doping of CdS ﬁlms. In addition, the cell performance was
improved by using a Ga-doped CdS buﬀer layer, with enhanced JSC and
FF primarily contributing to the improvement. In the near future, another set of experiments should be done to determine the optimum Ga
concentration, presumably less than 5×10−4 M.
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