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Abstract: In this work, the combined effect of temperature (184–304 K) and defect concentration (1.4 

× 10¹²–1.4 × 10¹⁶ cm⁻³) on the capacitance characteristics of a calibrated Cu(In,Ga)Se₂ (CIGS) solar cell 

was systematically investigated using Solar Cell Capacitance Simulator in one dimension (SCAPS-

1D) via admittance spectroscopy. The results show that the characteristic frequency shifts 

significantly with temperature from approximately (~3.7×102 Hz) at (184 K) to (~5.1× 106 Hz) at (304 

K), indicating a thermally activated emission process spanning nearly three orders of magnitude. 

Meanwhile, increasing defect concentration reduces the low-frequency capacitance from (~65.7 

nF/cm²) to (~61.4 nF/cm²) and enhances the visibility of the defect response without altering its 

intrinsic energy level. The derivative analysis (−ƒ×dC/dƒ) enabled precise extraction of the 

characteristic frequencies, especially at high defect concentration (1.4 × 10¹⁶ cm⁻³), where sharp and 

well-defined peaks were observed. The Arrhenius analysis yielded an activation energy of (0.328 

eV), which is lower than the introduced defect level (0.88 eV), reflecting the effective emission 

barrier relative to the conduction band. These findings confirm that temperature controls the 

dynamic defect response, while defect concentration primarily governs the amplitude and 

detectability, providing a reliable framework for defect characterization and optimization of CIGS 

solar cells. 
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1. Introduction 

Solar energy is one of the most sustainable and efficient means of satisfying the 

world power demand, and the progress in photovoltaic (PV) technologies is growing so 

rapidly that greater and broader application is possible. In the field of thin-film (PV), the 

(CIGS) cells offer a remarkable performance; a significant energy conversion ratio of 

23.35% achieved recently has been reported in addition to remarkable light absorption 

and long-term stability [1, 2]. These benefits render CIGS to be a promising candidate to 

deploy for the renewables on both a domestic scale and the worldwide scale. Nevertheless, 

the performance of CIGS cells is still severely limited because of defects in the absorption 

layer and at heterogeneously integrated junction interfaces [3]. In particular, deep defects 

act as efficient recombination centers and charge retention sites, shortening the lifetime of 

charge carriers and deteriorating the vital (PV) parameters such as open circuit voltage, fill 

factor among others [4]. Hence, a deep understanding of defect states and their influence 

on the electrical response is crucial if one expects to get more performance enhancement 
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of the device. These capacitance characterization approaches, which are particularly 

prominent in admittance spectroscopy, are regarded as viable approaches towards the 

characterization of electrically driven defect states in semiconductors [5]. By assessing the 

frequency- and temperature-dependent capacitance response, fundamental defect 

parameters, such as activation energy, and also some key performance metrics, can be 

deduced. Experimental measurements are frequently influenced by parasitic phenomena 

such as series resistance and a combination of interface states that may disguise an intrinsic 

defect response and present difficulties for measuring its actual physical behavior. For 

these reasons numerical simulation has been introduced as a basic methodology to study 

defect-induced components in photovoltaic equipment [6]. Especially for thin film solar 

cells, the (SCAPS-1D) simulator models charge transport, recombination process, and 

defect effects at the level of the device in a controlled environment. After adequate 

calibration in relation to measured data, SCAPS-1D offers a robust basis to study the innate 

impact of volumetric defects as well as to study their effect on electrical characteristics. 

When calibrated with experimental data, SCAPS-1D is a method that is particularly well 

suited to isolating intrinsic effects of volumetric defects with studies on electrical 

properties [5, 7]. The current research aims to develop and calibrate a one-dimensional 

numerical model using the experimentally proven (SCAPS-1D) software for CIGS-made 

solar cells to estimate the effect of defect Concentration in the material on its capacitive 

properties through admittance spectroscopy to obtain the capacitance-frequency (C-f) 

curve and the frequency-capacitance derivative spectrum at different temperatures to 

determine the characteristic frequency and then extract the activation energy of the 

dominant defect level through Arrhenius analysis. 

 

2. Numerical simulation  

Numerical simulations are used to study the effect of electrical parameters on solar 

cell performance without the need for experiments. They are also used to characterize solar 

photovoltaic devices. In this work, we take advantage of the SCAPS-1D version 3.3.12 to 

perform the numerical simulations. The SCAPS-1D uses the finite difference method with 

well-defined boundary conditions to solve the fundamental equations: Poisson’s equation 

(1), electron continuity equation (2), hole continuity equation (3), and drift-diffusion 

equations (4) and (5) presented below. This software was chosen because of the good 

agreement between the results of numerical simulations performed using the SCAPS-1D 

and the experimental results [5].  

Poisson’s equation describes distribution of electrical voltage inside a solar cell [8]: 

2 ( )D A t

q
p n N N N


 + −= − − + − +

           (1) 

Where  , q ,  , p , n , DN +

, AN −

, and tN
 are the electrostatic potential, elementary 

charge, material permittivity, and hole, electron, donor, acceptor, and defect 

Concentrations, respectively.  

The continuity equations describe the conservation of charge carriers within the 

layers [8]: 

1
( ) . n n n

dn
J G R

dt q
=  + −

                         (2) 
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dt q
= −  + −

                      (3) 
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Where nJ
, pJ

, nG
, 

pG
, nR

, and 
pR

 are the electron current concentration, hole 

current concentration, electron generation rate, hole generation rate, electron 

recombination rate, and hole recombination rate, respectively.  

The carrier transport is described using the drift–diffusion approach, where the total 

current results from two physical contributions: motion driven by the electric field (drift) 

and motion caused by Concentration gradients (diffusion) [8]: 

( )n n n nJ q nE D= + 
           (4) 

( )p p p pJ q PE D= + 
           (5) 

Where n , p , nD
, and pD

 are the electron mobility, hole mobility, electron 

diffusion coefficient, and hole diffusion coefficient, respectively. This model is widely used 

in thin-film solar cell simulations, because it captures effectively the carrier transport 

behavior for typical device operating fields and mobility ranges.  

The Shockley–Read–Hall (SRH) recombination equation describes the electron–hole 

recombination rate [9]: 

2

1 1( ) ( )

i
SRH

p n

np n
R

n n p p 

−
=
 + + +             (6) 

Where SRHR
, in

, n , p , 1n
, and 1p

are the recombination rate, intrinsic carrier 

Concentration, electron lifetime, hole lifetime, and the effective electron and hole 

Concentrations associated with the defect energy level, respectively.  

The power conversion efficiency   is defined as [10]: 

. .oc sc

in

V J FF

P
 =

           (7) 

Where  , ocV
, scJ

, FF , and Pin are the power conversion efficiency, open-circuit 

voltage, short-circuit current concentration, fill factor, and incident light power density, 

respectively.  

The fill factor is used to evaluate the solar cell performance [11]: 

.

.

mpp mpp

oc sc

V J
FF

V J
=

           (8) 

Where mppV
 and mppJ

 are the voltage at the maximum power point and the current 

density at the maximum power point.  

The current of the solar cell can be estimated using formula [11]: 

(exp( ) 1)
qV

I I
KT

= −
           (9) 

Where I , 
I  , V , K , and T  are the output current of the solar cell, reverse 

saturation current, applied voltage, Boltzmann’s constant, and absolute temperature, 

respectively.  

The open-circuit voltage ocV
 can be estimated using the following equation [11]: 

ln( 1)sc
oc

IKT
V

q I
= +

           (10) 
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2.1. Device structure and material parameters 

This paper develops a numerical device design based on a high-efficiency CIGS solar 

cell, as proposed by Garris et al. [12]. This model builds a realistic structure with a base of 

glass/molybdenum/CIGS/CdS/i-ZnO/ZnO:Al. Experimental results show that deep 

defects in the absorption layer, particularly hole traps with defect energies ranging from 

(0.5 to 0.9 eV), have a great influence on capacitive response and charge carrier dynamics. 

Hence, the numerical model was adjusted in the present study in order to be physically 

consistent with the experimental data. The previous step was calibration by matching 

simulated charge carrier concentration, current-voltage density and quantum efficiency 

profiles with experimental data to build a valid model. Using this experimentally 

calibrated design, this simulation provides a physically meaningful framework for 

studying the defect-controlled electrical behavior. In particular, we investigate the effect 

of defect Concentration in the material on the device's dynamic response using capacitive-

frequency (C-ƒ) analysis under varying temperatures. Therefore, through it, the 

characteristic frequency of the defects can be found and then the defect activation energy 

( A
E ) can be extracted. 

 

Figure 1. Schematic representation of the calibrated CIGS thin-film solar cell 

structure employed in SCAPS-1D simulations. 

The material parameters and defect properties used in the simulation are 

summarized in Table 1. By employing an experimentally validated device architecture as 

the baseline structure, the simulation provides a physically meaningful framework for 

investigating defect-controlled electrical behavior [12-14]. 

 

Table 1. Parameters used to simulate the CIGS solar cell. 

p-CIGS n-Cds i-ZnO Layers properties 

2300 50 50 Thickness (nm) 

13.6 10 9 Dielectric relative Permittivity 

4.5 4.2 4.5 Electron affinity (eV) 

1.2 2.4 3.3 Band gap (eV) 

2.200x1018 2.200x1018 2.200x1018 Effective density of state in CB 

(cm-3) 
2.200x1018 2.200x1018 2.200x1018 Effective density of state in VB 

(cm-3) 
1x107 1x107 1x107 Electron thermal velocity (cm/s) 

1x107 1x107 1x107 Hole thermal velocity (cm/s) 

100 100 100 Electron mobility(cm2.V-1.s-1) 

25 25 25 Hole mobility (cm2.V-1.s-1) 

1x1010 1x1017 1x1015 Donor concentration (cm-3) 

1.5x1016 1x1010 1x1010 Acceptor concentration (cm-3) 

Bulk defect properties (CIGS absorber) 

1.4x1012-

1.4x1016 

0 0 Bulk defect Concentration (cm-

3) 
2.5x10-14 0 0 Capture cross-section electrons 

(cm2) 
2.5x10-14 0 0 Capture cross-section holes 

(cm2) 
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Ev+0.88 - - Defect energy level (eV) 

Acceptor-like - - Defect type 

-1/-2 - - Defect charge state 

Gaussian - - Energy distribution 

0.1 - - characteristic energy (eV) 

Interface defect properties (CIGS/CdS junction) 

1x1013 Interface defect concentration 

(cm⁻²) 
3x10-14 Capture cross-section electrons 

(cm2) 
3x10-14 Capture cross-section holes 

(cm2) 
Ec-0.27 Defect energy level (eV) 

Donor-like Defect type 

 

2.2. Simulation Conditions and Model calibration 

The device design and material parameters were based on a high-efficiency CIGS 

solar cell, which has been successfully studied and published in the scientific literature by 

Garris et al. [12]. This enabled the design of a realistic device that accurately mimics real 

CIGS thin-film technology. The model was first calibrated by introducing a dominant 

defect level of (1.4 × 10¹⁵ cm⁻³) in the CIGS absorber layer, along with a (0.88 eV) energy 

location in the band gap and a (2.5 × 10⁻¹⁴ cm²) capture cross-section Garris et al. [12]. This 

allowed for the re-simulation of experimentally observed recombination and the practical 

performance of the photovoltaic cells. Furthermore, a surface defect was introduced at 

the (CIGS/CdS) junction to ensure the ability to characterize the surface recombination 

mechanisms common in high-efficiency CIGS devices, the characteristics of which are 

shown in Table 1, and to allow for the accurate reproduction of the current-voltage 

characteristics in the simulation and experiment to calibrate the results. Note that the 

current density and voltage characteristics were simulated under standard AM1.5G 

illumination at (294 K), including a series resistance of (0.3 Ω·cm²) and a sub-resistance 

of (104 Ω·cm²) to represent resistive loss. After obtaining satisfactory measurements and 

confirming the model's calibration, the surface defect was deliberately excluded from the 

model to monitor the underlying contribution of the underlying defects in the absorption 

layer. This approach allowed all other solar cell outputs, capacitance response, and 

impedance spectra to be related solely to the mechanical properties of the material defect, 

thus eliminating the effects of surface recombination and improving the physical 

interpretation. Subsequently, all capacitance analyses and impedance spectroscopy 

measurements were performed in the dark to isolate the charge exchange processes 

resulting from the defects from the photo charge carriers. Temperature-dependent 

impedance spectroscopy measurements were performed within a frequency range of (1 

Hz) to (10⁷ Hz) and a temperature range of (184 K) to (304 K) in (30 K) steps under a 

constant forward bias voltage of (0.7 V) and varying defect Concentrations from (1.4 × 10¹2 

cm⁻³) to (1.4 × 10¹6 cm⁻³). Frequency shifts were analyzed using Arrhenius relations and 

defect activation energy. 

2.3. Admittance spectroscopy under temperature variations for defect activation energy 

determination 

Admittance ( )  of the device can be modeled as a parallel combination of a 

conductance and a capacitance, both of which vary with the applied measurement 

frequency. Accordingly, the admittance can be written as [15]: 

1. ( ) ( ) ( )G j C    = +            (11) 

Where ( )G  ,and ( )C  represents the frequency-dependent conductance, and 

corresponding capacitance component.  
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These two quantities are not independent; rather, they are mathematically related 

through the Kramers–Kronig relations. Such relations demonstrate that the information 

obtained from the conductance spectrum is equivalent to that derived from the capacitance 

spectrum, allowing either quantity to be used for defect analysis [16]. 

In the CIGS heterojunction solar cells, the total measured capacitance cannot be 

described solely by the ideal depletion capacitance of an abrupt p–n junction. Instead, it 

consists of several physical contributions arising from the depletion region, excess carrier 

storage, bulk defect states, and interface traps. Accordingly, the total capacitance is 

expressed as [7]: 

2 2 2
2 2 1

2 2

1
ln(1 ) tan ( )

( ) 21

eff
total t i

bi t

qN q L n q N iq D
C

V V KT KT KTj


  

 

−
= + + + +

− +
           (12) 

Where totalC
, eff

, N , biV
,  ,  , t , i , L , and D  represent the total 

capacitance of the device, the effective dielectric permittivity of the absorber layer, the 

elementary charge, the doping concentration, the built-in potential, the angular frequency, 

the characteristic carrier response time, the bulk trap emission time constant, the interface 

trap time constant, the carrier diffusion length, and the carrier diffusion coefficient, 

respectively.  

The first term is the depletion capacitance in the space-charge region. The second 

term considers carrier diffusion effects. The third term is for bulk trap contributions and 

the last term describes interface-related charge exchange processes. In the CIGS devices, 

increasing bulk defect Concentration will increase the trap-related contribution, and 

thereby change the apparent doping concentration extracted from C–V profiling.  

However, the capacitance measured is usually affected by parasitic series resistance 

Rs which introduces frequency-dependent attenuation and can lead to an underestimation 

of the intrinsic capacitance. The corrected capacitance is calculated using the formula to 

remove this distortion [7]: 

21 ( )

m

s m

C
C

R C
=

+
           (13) 

Where C and Cm are the corrected capacitance and the measured capacitance, 

respectively. This correction ensures that the extracted capacitance reflects the intrinsic 

depletion and defect-related contributions rather than resistive measurement artifacts. In 

the present calibrated SCAPS-1D study, the combined use of Eqs. (11) and (12) enables 

accurate evaluation of the impact of bulk defect Concentration on the electrical and 

capacitance characteristics of the CIGS solar cells. 

When an alternating voltage is applied to the device, certain defect levels will 

periodically catch charge carriers and then let them go as the Fermi level oscillates around 

the trap energy level. This dynamic response takes place only when the excitation 

frequency is comparable to or lower than carrier capture and emission rates. If the 

frequency it applies goes beyond these rates, then defect states will not follow the external 

signal and so they will no longer contribute to the measured capacitance totalC
. The 

characteristic response frequency of a defect is given by the emission time constant of those 

trapped carriers and can be expressed as [17]: 

2.

( )1
exp

2

AE

KT
thf N 



−

=
           (14) 

Where 
f  ,  , th

, 
N , and A

E
 represent the characteristic frequency of the defect, 

the capture cross-section of the defect, the thermal velocity of holes, the effective density 

of states in the valence band, and the activation energy of the defect level, respectively.  
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Since the thermal velocity and the effective density of states are temperature 

dependent, their product is approximately proportional to 
2T . Therefore, the emission 

rate can be rewritten in the following form [17]: 

22 exp( )AE
f T

KT
 

−
=

           (15) 

Where 
f  represents frequency associated with the defect response and  is the pre-

exponential factor related to the capture cross section and other material parameters. 

Taking the natural logarithm of both sides gives: 

2

1
ln( ) ln(2 )Af E

T K T


= − +

           (16) 

This equation represents the basis for constructing the Arrhenius plot. By plotting 

2
ln( )

f

T



as a function of 

1

T , a straight line is obtained. The slope of this line corresponds 

to 

AE

K
−

, from which the activation energy of the defect level can be determined. The 

intercept provides information about the pre-exponential factor  , which is related to the 

capture cross-section of the defect. 

Using this method, the activation energies of different defect levels present in the 

absorber layer or at the heterojunction interface can be extracted from admittance 

spectroscopy measurements. 

 

3. Results and Discussion 

3.1. Calibration of the numerical model by experimental–simulation matching 

Figure 2 demonstrates the comprehensive calibration of the numerical model by 

checking the experimental measurements of the cell investigated by Garris et al. [12] with 

simulation results for the high-efficiency CIGS solar cell. The J–V curve of the data is able 

to match with theoretical values obtained for the entire voltage range and closely agrees 

well with the experimental data in both short- and open-circuit regions (see Fig. 2a). The 

differences we observed near the short-circuit current can be due to unavoidable 

experimental conditions as the series resistance effects, recombination at the interface, and 

imperfect contact behavior, which are difficult to simulate numerically. Moreover, the 

matching results for the quantum efficiency simulated in Fig. 2b. The response spectrum 

matches well over the entire wavelength frame, proving that the model truly reflects the 

light absorption, charge carrier generation, and collection processes. Optical losses at short 

wavelengths account for a small fall in the experimental quantum efficiency; such loss is 

due to optical losses at the window and at the dielectric layers, and differences at longer 

wavelengths are due to losses associated with recombination in bulk mass in the absorber 

material as well as losses at the back conductor. Additionally, Fig. 2c, which illustrates the 

charge carrier density distribution obtained from the simulated capacitance response, 

largely coincides with the experimentally measured charge carrier distribution as a 

function of the depletion region width. It supports the robustness of the doping 

concentration and junction depth assumed in the simulation. The small differences at low 

depletion region widths result primarily from the impact of interface states and deep-plane 

defects on experimental capacitance tests, although they are only estimated from the 

numerical model. In general, the excellent agreement of the experimental and simulation 

results for the electrical, optical, and capacitance-related properties confirm the confidence 

that the material parameters, interface characteristics, and defect distributions can be 
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verified, which means the development and analysis of devices can be assured once again. 

The extracted photovoltaic properties such as the open circuit voltage Voc, short circuit 

current density Jsc, fill factor FF, and efficiency η are presented in Table 2. The simulated 

results are very similar with the experimental results, and only slight differences are found 

for Jsc and FF. 

 

 

Figue 2. Comparison of the simulated current density–voltage (J–V) characteristics 

(a), quantum efficiency (QE) spectra (b), and carrier concentration profiles (c) of the CIGS 

solar cell with the experimental results obtained by Garris et al. [12]. 

 

Table 2. Comparison of the Simulated Photovoltaic Performance Parameters of the 

CIGS Solar Cell with the Experimental Results Obtained by Garris et al. [12]. 

Model VOC (V) JSC (mA/cm2) FF (%)  (%) 

Experimental 

data 

0.701 34.3 80.7 19.4 

Simulation data 0.701 36.86 75.05 19.42 

 

3.2. Admittance Spectroscopy and Activation Energy 

Figures 3(a-e) show the relationship between amplitude and frequency in the system 

as both temperature (184–304 K) and defect Concentration (1.4 × 10¹²–1.4 × 10¹⁶ cm⁻³) are 

varied. A distinct three-zone behavior is observed as the defect Concentration changes. At 

low frequencies (ƒ≈ 1–102 Hz), the capacitance is nearly constant, decreasing from about 

(65.7 nF/cm²) at (1.4 × 10¹² cm⁻³) to about (61.4 nF/cm²) at (1.4 × 10¹⁶ cm⁻³) (at 304 K), 

implying a (6–7%) decrease attributable to increased trap-assisted recombination. At 

intermediate frequencies (ƒ ≈ 10³–10⁵ Hz), the capacitance decreases markedly from about 

(49.8 nF/cm²) to about (41–45 nF/cm²) with increasing defect Concentration. This varies 

considerably with temperature: from about (10³–10⁴ Hz) at (184 K) to (10⁵–10⁶ Hz) at (304 

K), representing a change of two to three orders of magnitude in absolute values. These 

patterns are thought to be related to thermally activated charge carrier emission from 

defect states, according to Shockley-Red-Hall (SRH) statistics, where the emission rate 

increases with temperature. At high frequencies (ƒ ≥ 10⁶–10⁷ Hz), the capacitance converges 

to approximately (39.6–42.3 nF/cm²) for all temperatures and defect Concentrations, 
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indicating that the defect states are unable to follow the AC signal, and thus the depletion 

capacitance dominates the response. Importantly, temperature determines the position of 

the transition frequency; however, the defect Concentration has a fundamental effect on 

the magnitude of the capacitance, thus confirming the clear separation between the effects 

of intrinsic defect energy and the effects of defect concentration [17]. 

 

 

 

 

Figure 3. Temperature-Dependent capacitance (C–ƒ) characteristics of the CIGS 

solar cell under Temperatures at a different bulk defect Concentration (a)- Nₜ = 1.4 × 10¹2 

cm⁻³, (b)- Nₜ = 1.4 × 10¹3 cm⁻³ (c)- Nₜ = 1.4 × 10¹4 cm⁻³ (d)- Nₜ = 1.4 × 10¹⁵ cm⁻³ (e)- Nₜ = 1.4 × 

10¹6 cm⁻³. 

 

Unlike the raw (C–ƒ) curves, measurements of the derivative result in the existence 

of discrete peaks, corresponding to the relaxation frequency typical of the dominant defect 

level. These peaks also are systematic in nature, varying from (~3.7×102 Hz) at (184 K) to 

(~1.3×10⁴ Hz) at (214 K), (~1.9×105 Hz) at (244 K), (~1.3×10⁶ Hz) at (274 K), and (~5.1× 106 

Hz) at (304 K), representing quite nearly three orders of magnitude range. This 

concordance with SRH recombination theory indicates that the emission time constant is 

reduced exponentially with temperature. Thus it can be seen that the peak amplitude and 

sharpness correspond to the contribution of defect Concentration. Also at low defect 

Concentrations (≤10¹⁵ cm⁻³) the peaks are weak and wide, which makes its characteristic 

frequency hard to find. The sharper and well-defined peaks at higher levels, in particular 

those at (1.4 × 10¹⁶ cm⁻³), vastly improve the accuracy of frequency measurement. The 

improvement in the defect response, as the defect concentration increases, is indicative of 

this fact in that the defect response itself has no major increase in energy level. Therefore, 

the derivative approach is necessary to distinguish defect signal from capacitance 

contributions caused by the background and was essential to calculation of activation 

energy of our application [17]. 
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Figure 4. Temperature -dependent capacitance derivative characteristics of the 

CIGS solar cell under Temperatures at a different bulk defect Concentration (a)- Nₜ= 1.4 × 

10¹2 cm⁻³, (b)- Nₜ= 1.4 × 10¹3 cm⁻³ (c)- Nₜ= 1.4 × 10¹4 cm⁻³ (d)- Nₜ= 1.4 × 10¹⁵ cm⁻³ (e)- Nₜ= 1.4 

× 10¹6 cm⁻³. 

 

Figure 5 shows the Arrhenius diagram generated from the characteristic frequencies 

calculated from Figure 4. A strong linear pattern is observed, indicating that the emission 

mechanism is thermally activated. Based on the slope of the corresponding line, the 

activation energy of the dominant defect level is calculated to be approximately (0.328 eV). 

This value is lower than the defect energy (0.88 eV) input in the simulation. This is because 

admittance spectroscopy considers the effective emission barrier relative to the conduction 

band, rather than the absolute position of the defect within the band gap. Therefore, the 

extracted activation energy translates to the difference in energy directed by the charge 

carrier emissions to the conduction band. The uniformity of activation energy across 

different defect Concentrations proves that the defect energy level remains constant and 

defect concentration only affects the strength of the amplitude response. Another good 

linear characteristic of the Arrhenius diagram is the presence of a single dominant defect 

level, which validates the physical reliability of the model and confirms that the observed 

amplitude transitions are due to intrinsic defects in the material [17]. 

 

 

Figure 5. Arrhenius representation constructed using the data extracted from Fig. 

7(c). Each data point corresponds to the characteristic defect frequency determined at a 

specific temperature. 
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4. Conclusions 

In this study, the relationship between temperature (184–304 K) and defect 

Concentration (1.4 × 10¹²–1.4 × 10¹⁶ cm⁻³) and its effect on the capacitance behavior of a 

calibrated CIGS solar cell was investigated using SCAPS-1D via admittance spectroscopy. 

The results clearly showed that temperature is the main driver of the dynamic response of 

the defect states. As the temperature increases, the emission rate of the confined charge 

carriers increases significantly, accompanied by a uniform shift in the capacitance 

transition region from about (103 Hz) at (184 K) to about (10⁶ Hz) at (304 K), and a similar 

shift in the characteristic frequency from about (~3.7×102 Hz) at (184 K) to (~5.1× 106 Hz) at 

(304 K), representing an increase of approximately three orders of magnitude. At low 

frequencies (≤10² Hz), the capacitance decreases from approximately 65.7 to approximately 

61.4 nF/cm² with increasing defect Concentration, indicating improved charge storage 

capacity with the help of traps. In the mid-frequency range (approximately 10³ to 10⁶ Hz), 

the response is dominated by thermal shift, attributed to thermally activated charge carrier 

emission. At high frequencies (≥10⁶ Hz), the capacitance stabilizes at approximately (39.6 

to 42 nF/cm²) and is almost unaffected by temperature or defect Concentration, indicating 

the dominance of depletion capacitance. Derivative analysis (−ƒdC/dƒ) allows for the 

precise and reproducible extraction of characteristic features and the identification of peak 

positions at different temperatures, where the peak positions gradually change with 

temperature and their intensity increases with increasing defect Concentration. The 

highest defect Concentration (1.4 × 10¹⁶ cm⁻³), exhibiting distinct peaks of a single intensity, 

is the most reliable for determining the defect response. The activation energy derived 

from the Arrhenius analysis is (0.328 eV), indicating that the emission process is thermally 

active. This value is lower than the input defect level (0.88 eV), so the measured energy 

represents the effective emission barrier from the defect level to the conduction band, not 

the defect depth within the energy gap. The constancy of the activation energy regardless 

of the defect Concentration suggests that temperature influences the emission kinetics, 

while the defect Concentration only affects the magnitude of the electrical signal. These 

results also indicate that temperature controls the kinetic behavior and frequency 

distribution of the defect states, while the defect Concentration determines the strength 

and optical clarity of the response. This combined temperature and defect analysis, along 

with the derivation method, is an effective approach for accurately characterizing defects 

in CIGS solar cells. 
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