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The electrodeposition method has been employed to deposit our quaternary semiconductor thin films CuIn1-xGaxSe2 (CIGS) 
which is deposited on Indium Tin Oxide (ITO) substrates with different Gallium ratios (x=0, 0.2, 0.4, 0.6, 0.8 and 1). The structural 
and optical characteristics variation of the films with altering Ga percent has been studied. The impact of changing the Ga/(In+Ga) 
atomic ratio on the electrical transport characteristics of electrodeposited CIGS thin films has been investigated using I-V and C-V 
measurements. All junctions have revealed the Schottky behavior. The energy gap of the studied compositions has increased with 
increasing Ga content. This lowered the values of charge mobility in the investigated films. Besides, the optimum Ga/(In+Ga) 
atomic proportion in the view of the obtained results is achieved by adding Ga with 20 %. Also, this finding approves the validation 
of our proposed criterion in expecting the most efficient photovoltaic junctions. The obtained results could improve our current 
knowledge of the quaternary photovoltaic solar cells. 
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1 Introduction 
The absorber layer is considered the solar cell 

heart as its properties affect the efficiencies of PV 
conversion. Thus, a great deal of attention has been 
driven to evolving inexpensive high-performance 
materials that could be a vital replacement for crystal 
silicon technology1,2. Therefore, ternary and 
quaternary chalcopyrite semiconductor thin films have 
attracted considerable interest for their high optical 
absorption coefficient (105 cm-1), direct band gap, 
long optoelectronic stability, and the possibility of 
preparing them using the low-cost techniques2. The 
most popular ternary chalcopyrite compounds are the 
CuInSe2 (CIS) and CuGaSe2 (CGS) which have 
1.05 eV and 1.68 eV as energy gaps respectively3-6. 
While the quaternary CuInGaSe2 (CIGS) owes an 
energy gap in the extent (1.04 - 1.68 eV) and it 
reveals conversion efficiencies up to 22.9%1. The 
CIGS composition has solved a weak point in the CIS 
material where CIS shows relatively low open-circuit 
voltage which results from its small band gap. The 
band gap of the CIGS material has varied based on 

the atomic ratio x=Ga/(In+Ga) percent. Controlling 
the CIGS band gap is a strong point in this material as 
its band gap can be tailored to correspond with the 
AM 1.5 solar spectrum2,7,8.  Also, a clear effect has 
been noticed on the electrical and optoelectronic 
properties of this material according to the ratio 
x=Ga/(In+Ga). This comes out where this substitution 
changes the crystallographic parameters, a, b and c, 
and does not affect its spatial group which stills 
(I-42d). Furthermore, the crystallographic parameters 
of the elementary CIGS cell vary almost linearly 
between the CIS and the CGS cell's dimensions. This 
may be proved by the observed shift of the whole 
X-Ray spectrum of the samples with different
Gallium percent9-11.

Several techniques have been employed to deposit 
CIGS thin films such as sol-gel process12,13, 
sputtering14,15, chemical spray deposition16,17,  
nano-particle precursor inks18, electrochemical 
deposition19,20, and others. Among these techniques, 
electrode position has been chosen as it is simple, 
economical, and considered a promising technique in 
high efficient low-cost solar cells21. In this context, 
the goal of this research is to examine the impact of 
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varying the Ga/(In+Ga) atomic proportion on the 
electrical transport characteristics of electrodeposited 
CIGS thin films using I-V and C-V measurements. 
Besides, determining the optimum Ga/(In+Ga) atomic 
percentage in the view of the obtained results and 
compare that with our proposed criterion in the text. 
The obtained results could improve our current 
knowledge on the quaternary photovoltaic solar cells. 
 

2 Experimental preparation 
The chemicals used in preparing our CIS, CGS and 

CIGS compositions have been provided from Sigma 
Aldrich with purities in the range of 99.99 %. For 
precise electrical measurements, Ossila's ITO glass 
substrates with six ITO fingers/cells (20Ω/square) 
have been utilized. Each finger has a dimension  
of 2.5 3 mm  and a thickness of 100nm. The 
patterned substrates were cleaned using an ultrasonic 
bath at 60 oC for 10 min with distilled water, acetone, 
and isopropanol respectively, and then dried with 
Nitrogen gas after each step. The atomic ratio 
(x=Ga/Ga+In) in CuIn1-xGaxSe2 were varied. A 
stoichiometric aqueous solution have been prepared 
containing CuCl2 (7mM), InCl3 (0-5.7mM), GaCl3  
(0-5mM), SeO2 (12mM) and 0.4 M of dehydrate  
tri-sodium citrate as mixing agent19,22. The solution 
pH has been adapted to be 1.8 by inserting a 
reasonable quantity of HCl. The electrode position 
was performed with a Potentiostat-Galvanostat, type 
Powerstat-05CE, with three cell electrodes consisting 
of a counter electrode (platinum plate), a working 
electrode (ITO substrate), and a reference electrode 
(Ag/AgCl). The Potentiostat-Galvanostat includes 
software that can control both the potential and the 
electric current across the cell. The working electrode 
potential was adjusted at the negative value -0.9V21. 
The deposition time was maintained at 20 min for all 
depositions. To enhance the film's crystallinity, 
samples have been annealed in an enclosed vacuum 
furnace. The annealing temperature has been 
increased in steps of 50 °C until reaching the 
recrystallization temperature of 350 °C23 with keeping 
samples at each step for 10 min. Finally, samples 
were cooled slowly to room temperature. Top 
aluminum electrodes have been deposited through  
a special shadow mask using Edward Auto 306 
Thermal Evaporator. The UV-Vis-NIR spectrometer 
was employed for the optical measurements. Keithley 
Semiconductor Characterization System SCS-4200 
and the LCR Meter 4300 devices were utilized in the 
electrical measurements. The film thicknesses were 

estimated to be approximately 1μm for all samples 
using a profile meter (Filmetrics LS-DT2). 
 

3 Results and discussion 
 

3.1 Structural characterization 
The XRD charts of the CuIn1-xGaxSe2 films are 

illustrated in Fig. 1. The CIGS thin films exhibited the 
polycrystalline phase and they reveal the tetragonal 
chalcopyrite structure as confirmed by comparing the 
obtained XRD patterns with the JCPDS (card number 
(35-1102)). The XRD patterns showed the main 
orientations such as (112), (220), and (116) that located 
at 2𝜃 26.68°, 45.37°, and 50.76° respectively for 
CIS/CIGS films. The (112) orientation is the one that 
presents the maximum probability of the appearance  
in the powder diagram. Also, other peaks have been 
observed which relate to conductive glass ITO 
substrate (JCPDS 06-0416). Based on the calculation 
of the orientation degree Ihkl/I112, it is observed that the 
introduction of gallium favors the (220) and (116) 
orientations to the detriment of (112) orientation, see 
Table 1. 

 
 

Fig. 1 ⸻ XRD charts of electrodeposited CIGS films at various
Ga/(In+Ga) atomic ratios. 
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Further, the characteristic XRD peaks revealed a 
significant shift to higher 2𝜃 with the increase in Ga 
percent. This has been interpreted to the decrease in 
the lattice parameter of the chalcopyrite structure 
which results from replacing the relatively small Ga 
atoms at the expense of larger In atoms24. 
 
3.2 Optical features 

The recorded reflection and transmission of CIGS 
films have been utilized to determine the film's 
absorption coefficient, α. Moreover, Tauc’s equation 
has been used to evaluate both the type of optical 
transition and the films energy gap, 𝐸 . The films 
have approved the following form of Tauc’s law 
which presents the case of direct optical transition25-27. 
 

𝛼ℎ𝜈 𝐴 ℎ𝜈 𝐸  ... (1) 
 
where A is a constant and ℎ𝜈 is the photon incident 
energy. This equation is applicable in the absorption 
zone (720-1200 nm) for CIS/CIGS films. In this 
range, the incident light whose energy is greater than 
the gap is absorbed. This absorption is ensured by the 
electrons of the valence band, which transit to the 
conduction band. Fig. 2(a) shows the extrapolation 
made for all films to estimate their energy gaps. The 
obtained energy gaps were expanded from 1.14 eV to 

1.67 eV with rising the Ga percent as shown in  
Fig. 2(b). This finding has been expected due to the 
reduction of the dimension of the elementary CIGS’s 
unit cell which results from replacing In atoms with 
the Ga ones. 
 
3.3 Current-voltage analysis 

The current-voltage (I-V) features’ plot of Al/CIS 
contact in dark is shown in Fig. 3 (a) as a 
representative example of the I-V curves measured for 
all studied compositions. The I-V plot demonstrates 
that the Al contact is rectifying in nature like Shottky 
diodes. Fig. 3(b) explains the semi-logarithmic plot of 
I–V characteristics of Al/CIGS with varying the ratio 
x=Ga/(In+Ga). The obtained curves reveal a strong 
effect of varying the gallium percent on the manner of 
the Al/CIGS Schottky barrier diodes. 

Following the thermionic emission model for 
similar diodes, the expression of the I-V characteristic 
is given by28: 
 

I I exp 1 exp  … (2) 
 

where q is the charge carrier, n denotes the ideality 
factor, V is the applied voltage, K refers to the 
Boltzmann constant, R  is the series resistance, and T 

Table 1  Calculation of the orientation degree Ihkl/I112 of CIGS films at various Ga/(In+Ga) atomic proportions. 

Ihkl/I112 CIS CIGS 20% CIGS 40% CIGS 60% CIGS 80% CGS 

I(220) /I(112) (Experimental) 0.41 1.11 2.85 0.72 0.61 0.76 
I0(220) /I0(112) JCPDS (35-1102) 0.46 0.46 0.43 0.46 0.46 0.49 
I(116) /I(112) (Experimental) 0 .39 0.28 0.60 0.25 0.29 0.20 
I0(116) /I0(112) JCPDS (35-1102) 0.26 0.27 0.24 0.26 0.27 0.24 
 

 
 

Fig. 2 ⸻ (a) Plots of 𝛼ℎ𝜈  versus ℎ𝜈 for various compositions.
(b) Variation of CIGS band gaps versus alteration in the Ga/(In +
Ga) percentage. 
 

 
 

Fig. 3 ⸻ (a) Rectifying characteristics of Al/CIS contact. (b) The 
reliance of the forward I-V of Al/CIGS Schottky diode on the Ga
percent. 
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is the absolute temperature. Also, I  denotes the  
pre-exponential factor (the saturation current): 

I A∗ T exp
∅

, where ∅  is the Schottky barrier 

height at zero bias (at equilibrium), and A∗ is the 
effective Richardson constant. With increasing the 

applied voltage to be greater than a few  , the 

equation (2) can be further rewritten as28: 
 

V R I n∅ ln ∗  … (3) 
 

where A is the device’s circular cross-section in 
diameter 1 µm. The slope of the expression (4) as a 
function of current is provided by: 
 

R I  … (4) 
 

The ideality factor (n) in the low applied voltage 
can be extracted from the formula: 
 

n  … (5) 
 

Figure 4(a) presents the alteration of   versus 

the current for all studied diodes. The values of the 
series resistance R  have been determined from the 
slopes of the straight lines at high applied voltages. 
Also, the values of the ideality factor n for all diodes 
have been estimated by utilizing equation 6. Fig. 4(b) 
presents the dependence of both R &n on varying the 
ratio Ga/(In+Ga). It is noticed that both R  & n 
increase with the increase in Ga percent in the 
investigated films. This can be referred to the increase 
in the percent of defects, grains, and diffusion of 
atoms in the composition with the increase in the ratio 

Ga/(In+Ga)29. The ideality factor values were found  
to be 1. Despite the thermionic process is the  
main transport mechanism, the n values refer to  
a contribution of the recombination current.  
Therefore, the metal-insulator-semiconductor (MIS) 
configuration could be dominated rather than an ideal 
Schottky diode in the studied diodes30. 

Furthermore, the series resistance 𝑅  as well as the 
barrier height ∅  have been investigated in response 
to variation of the Ga/(In+Ga) content. Cheung and 
Cheun method has been exploited in determining 
these parameters. This method follows the function28. 
 

H I V ln ∗  … (6) 
 

By considering the relation (3), the H(I) function 
can be reworded as: 
 

H I R I n ∅  … (7) 
 

Figure 5(a) reveals the alteration of H I  in 
response to the Ga/(In+Ga) percentage. The series 
resistance values have been determined from the 
slopes of the linear part of the curves. Whereas the  
y-axis intercepts have been used with knowing the  
n values to estimate the barrier height ∅ . 

It is noted that the above two methods have given 
almost the same values of the series resistance of the 
studied diodes. Also, it is seen that the diode barrier 
height ∅   lowers with increasing the Ga percent in 
the studied compositions (see Fig. 5 (b)). This trend 
could be interpreted to strengthen in energy difference 
∆E E E  with increasing the gallium percent in 
the investigated films in accordance with the 
formula31: 

 
 

Fig. 4 ⸻ (a) The dV/dln(I) plots vs I for Al/CIGS Schottky diode.
(b) Series resistance 𝑅  and ideality factor n as a function of
Ga/(In + Ga) percent for Al/CIGS Schottky diode. 

 
 

Fig. 5 ⸻ (a) Experimental H(I) that extracted from the I-V data 
for various Ga/(In + Ga) ratios. (b) Barrier height versus the
variation in the Ga/(In+Ga) ratio for Al/CIGS Schottky diode. 
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∅ V V ln  … (8) 

 

where V  is the semiconductor device’s built-in 
potential, E  denotes Fermi level energy, E  refers to 
the conduction band energy, N  is the effective 
density of states in the CIGS conduction band, and N  
is the concentration of carrier acceptors.  
 
3.4 Capacitance-voltage measurements 

The acceptors' concentration N  in the 
electrodeposited films has been estimated from(C-V) 
measurements in the forward bias voltage at 100 kHz. 
The Mot - Schottky relation has been utilized in 
determining the acceptors' concentration N 32, 
 

C
ε ε

V V  … (9) 

 

where V  the flat band, 𝜀  the semiconductor relative 
dielectric constant and ε  the vacuum absolute 
dielectric constant. The N  values have been 
evaluated from the straight lines’ slopes exist in Fig. 6 
(a) and with knowing the relative dielectric constant 
of a semiconductor 𝜀 (CIGS) =13.633. 
 

Figure 6(b) implies the increase in the acceptors' 
concentration N  with the increase in Ga percent in 
the investigated films (see Table 2). This behavior 
could be attributed to the possibility of changing the 
defect pair generation energy as a result of increasing 
the Ga percent34. Once the CIGS composition 
becomes non-stoichiometric, the major point defects 
that are usually generated are VCu, InCu, VSe, and CuIn. 
Also, the formation probability of GaCu anti-site 
defect is more than the InCu

35. Hence, boosting the 
Ga/(In+Ga) percentage within thin film reinforces the 
acceptor concentrations which were previously 
reduced by ionized VCu. This agrees well with the 
results in Fig. 6 (b). 
 

Furthermore, each of the widths of the depletion 
region 𝑊 , and the Debye screening distance 𝐿  can 
be estimated using the following equations31: 

𝑊
/

𝑉 𝑉  … (10) 
 

𝐿
/

 … (11) 

 
 

Fig. 6 ⸻ (a) Experimental C-2-V characteristics of typical Al/CIS and
Al/CGS Schottky diode as representative examples. (b) Variation of
acceptor concentration NA with Ga/(In+Ga) percent of Al/CIGS 
Schottky diode. (c) Variation of the Debye screening distance LD and 
the depletion layer width WD with Ga/Ga+In ratio in CIGS structure. 

Table 2  Some interesting electrical parameters that extracted from I-V and C–V analysis of the Al/CIGS Schottky diode in regards to 
varying the Ga percent 

Ga (%) Rs (Ω) n Φb (eV) NA  (x 1016cm-3) WD (nm) LD (nm) μ x 10-4  (cm2/VS) 

0 126.5 1.17 0.66 0.54 361 60 3.55 
20 188 1.36 0.65 1.03 222 43 3.46 
40 256 1.41 0.64 1.16 157 40 2.93 
60 314 1.44 0.54 1.58 117 35 2.54 
80 318 1.47 0.53 3.80 65.9 22.5 1.28 
100 334 1.74 0.52 6.23 44.3 17.2 0.89 
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Note that the depletion region is located at the 
interface of the diode on the semiconductor side. 

The values of W  are evaluated at V=0, see Table 
2. Also, both parameters WD and LD have been 
decreased with the increase in Ga content in the 
investigated films (see Fig. 6 (c)). 
 
3.5 Estimation of carrier mobility by the Space-Charge-
Limited-Currents (SCLC) method 

The carrier mobility in our junctions has been 
estimated by utilizing the (SCLC) method. The 
investigated junctions have revealed the 
characteristics that enable applying this mechanism. 
Where this mechanism is applicable in the case of 
ohmic conduction which appears when the current 
increases super linearly36. Fig. 7(a) implies the 
forward bias logarithmic I–V characteristic graph of 
Al/CIS Schottky junction as a representative example 
of our studied junctions. It is noted that there are two 
regions at voltages below 1.5V (region I) and at 
voltages above 1.5 V (region II). In region I, the 
rectifying conduction is dominant. While in region II, 
a linear behavior is seen which indicates the ohmic 
conduction. This behavior follows the characteristics 
of SCLC where 𝐼 ∝ 𝑉. Regards to this trend, the 
following expression has been used to determine 
carrier mobility. 
 

𝐽 𝑁 𝑞𝜇  … (12) 
 

where J denotes the current density, V is the applied 
voltage, NA is the acceptors' concentration, q is the 
electronic charge, μ is the mobility of charge carriers, 
and d is the thickness of the CIGS films. Fig. 7(b) 
displays the dependence of carrier mobility on the 

variation of Ga/(In+Ga) ratio. It is noted that the 
mobility reduces with boosting the Ga percent. This 
means that the extra increase in Ga percent in such a 
composition affects the performance of the diode.  
 

3.6 Prediction of junctions’ efficiency 
To examine the effect of increasing Ga percent on 

the Schottky junction efficiency, we have tried to use 
a criterion that could be applied to any other 
junctions. This criterion comes out from comparing 

three interesting parameters which are the ratio , 

barrier heightΦ , and the energetic factor of the 

junction𝐸 𝐸 Φ . Generally, to achieve a 

good photoelectric effect with these kinds of samples, 
it is necessary to reduce the thermoelectric effect 
corresponding to the dark current density to its 
minimum value. Also, in an ideal condition, the 
electric potential produced by a cell should be 
comparable to the absorber layer energy gap  
(𝑞𝑉 𝐸 ). With regards to this condition, the 
transition of charges through the Schottky junction is 
possible. Therefore, the following expression can be 
used to estimate the junction current density: 
 

 J J A∗𝑇 exp  … (13) 
 

When 𝐸 has the lowest possible value, the 
exponential function reaches its minimum value 
which leads to increasing the current density to its 
highest value. This condition has been achieved in the 
case of 20% of Ga percent (cf., Fig. 8 (a)). This 
percent must be used to provide, in our conviction, the 
highest efficiency for the CIGS cells. 

 
 

Fig. 7 ⸻ (a) I-V characteristics of Al/CIS Schottky junction.
 (b) Mobility of charge carriers in CIGS structure for different
gallium ratios. 

 
 

Fig. 8 ⸻ (a) Variation of  Φ  for different Gallium 

percent. (b) Comparison between Φ  and   ratio.  
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On the other hand, it is referred in several reports 
that the Schottky junction efficiency increases with 
increasing the barrier height. Also, Wei et.al.35 have 
proposed that the best condition for photovoltaic 
Schottky junctions is achieved when the barrier 
heightΦ  beless thanhalf of the gap (𝐸 /2). It is 
believed that this condition is not sufficient to judge the 
efficiency of the photovoltaic cell. Hence, we have 
modified their condition by dividing the energy gap by 
the ideality factor𝑛 𝐸 /𝑛 , and the higher efficiency 

could be achieved when the ratio  becomes minimum 

and Φ  becomes maximum as possible. Our suggestion 
is more logical in expecting the efficiency of the 
photovoltaic junctions where it enables us to check the 
efficiency of the junction from the trend of the three 

parameters , Φ , and the energetic factor of the 

junction 𝐸 . Fig. 8(b) shows the variation of both  

and Φ versus the Ga/(In + Ga) content. Again the Ga 
of 20% percent achieves the proposed condition where 

 reaches its minimum value whereas Φ  reaches its 

maximum value. This is inconsistence with the 
minimum value of 𝐸  seen in Fig. 8(a). These 
findings confirm two important issues in the current 
study. Firstly, the material with 20 % percent of Ga 
could be the best choice to be used as a good absorber 
layer in solar cells. Secondly, our criterion by utilizing 

the three parameters , Φ , and 𝐸 to examine the 

effect of increasing Ga percent on the Schottky 
junction efficiency can be applied to other similar 
junctions in this field of research. 
 

4 Conclusion 
CuIn1-xGaxSe2 (CIGS) (x from 0 to 1 in steps of 

0.2) films have been prepared using the 
electrodeposition technique. Schottky junctions have 
been fabricated by depositing these films on top of 
ITO substrates. Aluminum has been chosen to be the 
top electrode. Structural, electrical, and optical 
features have been investigated in regards to the 
variation in the Ga percent. The CIGS thin films 
exhibited the polycrystalline phase and revealed the 
tetragonal chalcopyrite structure. A noticeable drift in 
the characteristic peak (112) to higher 2𝜃 with the 
increase in Ga content is observed. This has been 
interpreted to the decrease in the lattice parameter 
which results in the chalcopyrite structure due to 
replacing the larger In atoms with the relatively small 
Ga atoms. A blue shift in the energy gap to higher 

energy is noticed with the increase in Ga percent in 
the studied materials. The impact of varying the 
Ga/(In+Ga) atomic percentage on the electrical 
transport characteristics of CIGS thin films has been 
examined by using the I-V, and C-V analysis. All of 
the used junctions have exhibited Schottky behavior. 
An increase in each of the ideality factor n, the series 
resistance Rs, and the carrier acceptors NA of the 
CIGS films has been noticed with boosting the Ga/(In 
+ Ga) ratio. Also, a decrease in each of the depletion 
layer width WD and the Debye screening distance LD 
has been noticed. By applying the SCLC mechanism 
in Al/CIGS Schottky diode, the mobility of the 
trapped carrier has been noted to decrease as well 
with raising the Ga percent. Besides, the optimum 
Ga/(In+Ga) atomic percentage in the view of the 
obtained results is achieved by adding Ga with 20 %. 
Although, the increase in Ga percent in the CIGS 
structures helps to increase the energy gap to be close 
to the optimum value needed in solar cells (1.5 eV). 
Other problems have been raised where the increase 
in Ga content could be associated with the increase in 
undesirable defects that might reduce the Debye 
length and consequently decrease the CIGS electric 
performances. This may be achieved by using the 
known vacuum deposition techniques that control  
the thickness of the thinnest films. In addition, our 
findings approve the validation of our proposed 
criterion in expecting the most efficient photovoltaic 
junctions. The obtained results could enhance our 
present knowledge of the quaternary photovoltaic 
solar cells. 
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