
IRAQI JOURNAL OF MATERIALS 
Volume (3) Issue (3) July-September 2024, pp. 1-6 

 

 

© All Rights Reserved    ISSN (print) 2958-8960 (online) 3006-6042  Printed in IRAQ   1 

Effects of Annealing and 
Substrate Temperatures on 

Dielectric Properties of CuInGaS2 
Structures Prepared by 

Quenching-Assisted Vacuum 
Coating Technique 

 

Ahmed M. Elgebali, Emad S. Sami, Basma A. Moharram 
 

Department of Power and Energy Engineering, Faculty of Engineering, Minia University, Menia, EGYPT 
 

 
Abstract 
In this work, the effect of substrate temperature on some physical properties of 
CuInGaS2 thin films was studied. The frequency and temperature dependencies upon 
AC conductivity were studied in the range 100Hz-10MHz and temperature range of 30-
180°C. The AC activation energy was found to increase with increasing substrate 
temperature from 20 to 150°C and to decrease with increasing frequency from 100 Hz 
to 100 MHz. A nonsystematic sequence was shown with the increment of substrate 
temperature. According to these results, there is a strong relation between the 
preparation or substrate temperature and heat treatment as they have sufficient effects 
on the physical properties of the quaternary compound thin films. 
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1. Introduction 

Recently, many quaternary materials have been extensively explored and invented for requiring a 
better performance of photonic and optoelectronic devices, such as CuInGaS2, CuInGaSe, CuInSeTe, 
CuInSTe, ZnInSnO, InGaZnO, CuZnSnTe and CuZnSnSe [1-8]. Particularly, CuInGaS2 possesses 
Cu2S and InGa characteristics that can be applied in many fields of photonics and optoelectronics [9]. 
This study uses multi-compound CuInGaS2 material and applies in channel layer of thin-film transistors 
(TFTs). Many different Cu2S-based TFTs became emerging devices and strongly expected to replace 
conventional silicon TFTs because of their good device performance, and potential for transparent and 
flexible active circuits [10,11]. However, the composition of Cu2S-based crystallization is not stable 
enough that can affect the performance of TFTs. The additional indium and tin doping promoted a more 
stable equilibrium the CuInGaS2 matrix that can help the performance of the optoelectronics devices 
improvement [12]. 

Quaternary compounds are considered as absorbing materials for solar cell applications.  There are 
few data available about their bulk material properties [13-15] as well as thin films [16-19]. The available 
data refer that there is a strong dependence between their structure and preparation conditions, which 
may be due to the amorphous nature as well as the dependencies of their properties on the ambient 
conditions. The electrical and optical properties of CuInGaS2, CuInGaSe, CuInSeTe and CuInSeS thin 
films were determined and studied [20,21]. 

CuInGaS2 adopts the chalcopyrite structure similar to high-efficiency CuInGaSe2. Despite the high 
photoconversion efficiency of 23.35% achieved using CuInGaS2, the certified record PCE of pure sulfide 
solar cells remained limited to 15.5% thus far. Hence, determining the losses and their underlying origin 
is of paramount importance to improve the understanding and, consequently, the performance of pure 
sulfide CuInGaS2 chalcopyrite [22]. A good solar absorber material requires an efficient generation of 
photocarriers followed by a sustained build-up of charge-carrier density [23]. The latter is directly 
correlated to quasi-Fermi level splitting (QFLS) and charge-carrier lifetime, often used to analyze the 
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absorber quality [24,25]. Non-radiative recombination losses reduce the maximum achievable QFLS 
and lifetime, increasing photo-voltage deficit. The PCE for CuInGaS2 has remained limited for a long 
time, mainly due to a large photo-voltage deficit. Moreover, rather low QFLS and short charge-carrier 
lifetimes (~hundreds of ps) are typically observed for CuInGaS2. This implies significant non-radiative 
recombination in CuInGaS2. The origin of non-radiative recombination lies in both bulk and interface 
(front and back-contact) defects [26-28]. 

This work presents the synthesis of quaternary alloy of CuInGaS2 and then preparation of thin films 
at various substrate temperatures and point out the dependencies of dielectric and structural properties 
on deposition condition using relation between the preparation temperature and these properties. 

 
2. Experimental Work 

The alloys of CuInGaS2 were prepared by quenching technique. The exact amount of high purity 
(99.99%) copper (Cu), indium (In), gallium (Ga) and sulfur (S) elements, in accordance with their 
percentages, are used. The mixed elements are sealed in evacuated (~10-3 Torr) quartz ampoule (25 
cm in length and 8 mm internal diameter). Ampoules containing the elements were heated up to 1000 
°C and frequently rocked at the highest temperature for 10 hours. The quenching was done in water 
immediately after taking out the ampoules from the furnace. Edward vacuum coating system was used 
to deposit CuInGaS2 films at different substrate temperatures (30, 100 and 150 °C). 

Aluminum electrodes with thickness of 200 nm were deposited on each adjacent surfaces of 
specimen by thermal evaporation technique under pressure of 10-5 Torr using an Edward E306A coating 
unit. The specimen was fixed in a holder and placed into a Heresies electronic temperature-controlled 
oven. High and low holder terminals are connected to a Hewlett-Packard HP4274A dielectric analyzer, 
the third holder terminal was connected to the earth. The dielectric parameters like total resistance (RT), 
total capacitance (CT) and dissipation factor (tanδ) were measured (in parallel mode) under certain 
frequency range 102-106 Hz. The AC conductivity (σAC) has been estimated from the obtained dielectric 
data using the following relation [29]: 

𝜀2 =
𝜎𝐴𝐶

𝜀0
     (1) 

where the dielectric constants (ε1 and ε2) can be calculated using the following relation [29]: 

𝜀1 =
𝐶.𝑡

𝜀0𝐴
     (2) 

where C is the capacitance, ε0 is the permittivity of free space, t is film thickness,  is the angular 
frequency, A is the effective area for capacitance, and AC is the AC conductivity given by [30]: 

   (3) 
where tanδ is the dielectric tangent loss 

The conductivity measured with an AC technique is given by [30]: 
σ(ω,T) = σdc(T) + a(T)ωS   (4) 

The first term σdc(T) in Eq. (5) is the direct current or DC conductivity, ω=0, conductivity, while the 
second term a(T) is the temperature-dependence factor and “s” is an exponent in the range 0<s<1. This 

equation estimates that if the first term is less than the second term, then σ(ω,T)∝ωs, so that the plot 
diagram of σ versus log(ω) is a straight line with slope s. While if the first term is larger than the second 
term (with increasing temperature), then the plot of σ versus ω in log scale should give a horizontal 
straight-line. 

 
3. Results and Discussion 

Figure (1) shows the SEM images of the as-deposited CuInGaS2 thin films deposited on substrates 
of different temperatures (20, 100 and 150°C). It is clear that the particle size on the surface is 
decreasing with increasing substrate temperature. This can be attributed to the effect of substrate 
temperature to diffuse the deposited particles into smaller ones before finally deposit over the substrate. 
This reduction in the particle size may have reasonable effect on the physical properties of these films, 
mainly conductivity and dielectric constant. However, increasing substrate temperature should be 
carefully chosen to produce CuInGaS2 thin films with required properties and characteristics for certain 
uses and applications. 

Figure (2) shows the dependency of angular frequency on total conductivity σtot(ω) for the CuInGaS2 
thin films deposited at different substrate temperatures (20, 100 and 150°C) in the heat treatment range 
30-180 °C. It is clear that there is proceeding increase of σtot(ω) that increased within the whole 
frequency range, i.e., the alternative (AC) conductivity, and the dominated or, σDC conductivity is much 
lesser than the σAC, which indicates that the electronic polarization and the conductivity is purely AC. 
Some uses and applications of quaternary semiconducting thin films, especially power electronics and 
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high-temperature photonics, require to determine such behavior within as much as stable range of 
varying temperatures. 

 

  
 

 
 

Fig. (1) SEM images of as-deposited CuInGaS2 thin films deposited on substrates with 
temperature (a) 20°C, (b) 100°C, and (c) 150°C 

 

  
(a)      (b) 

 
(c) 

Fig. (2) Variation of Ln(σtot) with Ln(ω) for as-deposited CuInGaS2 thin films and annealed at 
different temperatures for substrate temperature of (a) 20°C, (b) 100°C, and (c) 150°C 
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As shown in table (1), the exponent S, which is the slope of dLn[σtot(ω)]/d(ω) decreases with 
increasing substrate temperature (TS) in the low temperature range, while s increases at elevated 
temperatures, i.e., 150 °C, with increasing of TS. The value of s increased with increasing heat treatment 
temperature of films deposited at TS=100 °C. Also, s showed progress decreasing with oven 
temperature for samples deposited at 150 °C. 

The AC activation energy, EAC, for CuInGaS2 films are estimated from the drawing of Lnσtot(ω)  
against  the reciprocal  absolute temperature, as indicated in Fig. (3). 
 

Table (1) Values of s, τ and α for CuInGaS2 thin films 
 

T (°C) 
As-deposited TS=373K TS=423K 

S  x10-4 (s) α S  x10-4 (s) α S  x10-4 (s) α 

30 0.5853 - 0.1120 0.5348 - 
0.3920 
0.1792 

0.9567 
- 

0.0398 
0.2016 
0.2800 

60 0.6395 - 0.1456 0.5444 13.281 
0.1904 
0.1008 

0.9291 
- 

0.0398 
0.2240 
0.2016 

90 0.7131 - 0.1008 0.5089 13.281 
0.1008 
0.1680 

0.9039 
13.281 
0.0398 

0.1456 
0.2800 

120 0.7971 
- 

0.398 
0.1232 
0.0784 

0.4638 - 0.2352 0.8634 
- 

0.0398 
- 

150 0.8341 
- 

0.159 
0.0560 
0.1120 

0.6219 
- 

0.796 
0.0672 
0.0336 

0.8451 
- 

0.0398 
0.2240 
0.1680 

180 0.7911 - 
0.1232 
0.1120 

0.7911 
- 

0.159 
0.1680 
0.1680 

0.8152 
- 

0.0796 
0.2240 
0.2016 

 

  
(a)       (b) 

 
(c) 

Fig. (3) Variation of Ln(σtot) with 1000/T for CuInGaS2 thin films deposited at different substrate 
temperatures for substrate temperature of (a) 20°C, (b) 100°C, and (c) 150°C 

 
Table (2) illustrates the EAC values at selected frequencies (200 Hz, 1 kHz, 4 kHz, 10 kHz and 100 

kHz). The results show that each sample declared one EAC. On the other side, there is a direct relation 
between EAC and frequency, while there is an inverse relation between EAC and TS. The EAC decreases 
from 0.1132 to 0.0962 eV, while it increases from 0.1132 to 0.1258 eV with increasing frequency from 
1 kHz to 100 kHz as well as increasing substrate temperature from 20 to 150 °C, respectively. The 
increase in frequency results in an increase of vibrating energy and hence the EAC values will be 
decreased. This indicated that conductivity is purely AC, while the elimination of the localized states and 
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vacancies explained the increase of EAC with increasing TS. The presence of large amount of trapping 
states at the grain boundary was proposed that able to capture free charge carries [31]. These charged 
states at grain boundary create potential barriers, which oppose the passage of carriers from grain to 
neighboring ones, where their sites increase with increasing TS, which resulted in decreasing 
conductivity or increasing EAC values. 

The real dielectric constant (εr) of CuInGaS2 films prepared at different Ts, are measured within the 
employed frequency range (100Hz – 10MHz) as shown in Fig. (4). It is clearly from the εr pattern versus 
Log(ω), in Fig. (4) that the εr exhibits to increase with increasing heat treatment temperature, while it 
decreases with increasing frequency. This is ascribed to the fact that the electrode blocking layer is 
dominated, thus, the dielectric behavior is affected by the electrode polarization, while εr attained 
minimum values at high frequencies, which indicates that the dielectric signal is not affected by electrode 
polarization [8]. On the other hand, it is noticeable remarked that the values of εr, at frequency of 102 
Hz, increase with increasing heat treatment and substrate temperatures. Indeed, the εr increases from 
615 to 1064 and from 615 to 802 when heat treatment temperature increases from 30 to 180 °C and 
substrate temperature increases from 30 to 150 °C, respectively. 

 

 
(a)      (b) 

 
(c) 

Fig. (3) Variation of εr with Lnω for as-deposited CuInGaS2 thin films and annealed at different 
temperatures for substrate temperature of (a) 20°C, (b) 100°C, and (c) 150°C 

 
Table (2) Values of EAC for CuInGaS2 thin films 

 

Frequency (Hz) 

EAC (eV) 

TS (°C) 

20 100 150 

200 
1000 
4000 
10000 
100000 

0.1132 
0.1115 
0.1022 
0.0973 
0.0962 

0.1210 
0.1126 
0.1089 
0.0449 
0.0103 

0.1258 
0.0517 
0.0336 
0.021 
0.0114 

 
4. Conclusions 

From the results obtained from this work, it can be concluded that the single phase with chalcopyrite 
structure of CuInGaS2 becomes more pronounces at elevated temperatures. Also, similar variation 
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sequence declared by α and τ values with the increment of substrate and treatment temperatures. The 
increase of α and τ refer to reduction of intermolecular force, while reducing of α and τ refers to the rising 
of intermolecular force. It is evident from the polarizability values that CuInGaS2 thin films can be used 
as resistor in electronic circuits. 
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