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Abstract—In impedance spectroscopy (IS) the response of a 

photo-active device is analysed as a function of ac bias. It is widely 
applied in a broad class of material systems and devices. It gives 
access to fundamental mechanisms of operation of solar cells. We 
have implemented a method of IS where we modulate the light 
instead of the bias. This scheme allows us to analyze not only carrier 
dynamics but also impedance of device locally. Here, using this 
scheme, we have measured the frequency-dependent photocurrent 
response of the thin-film planar and nano-textured Si solar cells using 
this method. Photocurrent response is measured in range of 50 Hz to 
50 kHz. Bode and Nyquist plots are used to determine characteristic 
lifetime of both the cells. Interestingly, the carrier lifetime of both 
planar and nano-textured solar cells depend on back and front contact 
positions. This is due to either heterogeneity of device or contacts are 
not optimized. The estimated average lifetime is found to be shorter 
for the nano-textured cell, which could be due to the influence of the 
textured interface on the carrier relaxation dynamics. 

 
Keywords—Carrier lifetime, Impedance, nano-textured, and 

photocurrent. 

I. INTRODUCTION 

S is well established tool for investigating the properties and 
qualities of many areas of materials science and devices, 

including   inorganic,   organic and biological systems [1], [2]. 
In IS, one analyses the current response of the device with 
respect to a modulated bias voltage, which provides an 
electrical impedance of materials systems and devices [3], [4]. 
In last two decades, IS has been extensively applied in dye-
sensitized solar cells (DSCs) for studying the influence of 
electrode morphology, interfacial charge recombination and 
the charge transport [5]-[7]. Recently, Tripathi et al. [8] 
reported charge transfer and recombination kinetics in DSCs. 
Hamadani et al. [9] used intensity modulated photocurrent 
spectroscopy to investigate the dynamic of charge generation, 
recombination and transport in thin film CdTe/CdS solar cells. 
Due to its capability of separating the processes occurring at 
different parts of a solar cell, IS allows us to obtain important 
parameters affecting the cell performance, like the carrier 
conductivity, the lifetime, the diffusion coefficient, the 
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diffusion length, the chemical capacitance and the 
recombination resistance.  

In recent years, thin-film silicon solar cells on glass 
prepared by liquid-phase crystallization have made progress 
towards high efficiency solar cells [10]-[13]. But still the 
short-circuit current density as well as efficiency are less than 
the traditional Si solar cells. The reflection at the interface 
between glass superstrate and silicon absorber layer has been 
identified as one major loss mechanism [11], [14]. This optical 
loss can be reduced by nano-structuring of the interface 
between superstrate and absorber. Here, we have employed 
light modulated photocurrent spectroscopy (LMPS) to 
investigate charge carrier dynamics in planar and nano-texture 
interfaced thin film solar cells. LMPS is also known as photo-
impedance spectroscopy where we modulate the excitation 
light instead of the bias and measure modulation frequency 
dependent photocurrent response.  LMPS characterizes a solar 
cell by imposing a small perturbation on a steady-state 
illumination and measure the resultant photocurrent. The 
measurements are repeated across a range of perturbation 
frequencies to construct an LMPS spectrum. 

The LMPS spectrum shows ability to cover a wide range of 
frequencies that allow us to distinguish various processes 
involved in transport recombination mechanisms of 
photoactive device. A specific model can be used to fit from 
low to high frequency regions, where each region represents 
different physical processes associated with distinct time 
constants. The high frequency response can be attributed to a 
high density of free carriers, particularly in a highly doped 
semiconductor, while the low-frequency response is 
commonly attributed to carrier captured/ released from deep 
traps and ionic transport [15]. Intermediate frequency response 
could be attributed for carrier captured or released by shallow 
defect states [16].  

Analysis of LMPS spectrum is commonly presented in the 
form of the real (Re (Z)) and imaginary (Im (Z)) impedance 
corresponding to processes in and out of phase with the 
frequency modulated driving signal. It is established that solar 
cell shows complex impedance, therefore the knowledge of ac 
components of a solar cell under light illumination is not only 
important from fundamental point of view but also essential 
for developing an efficient system. In addition, the importance 
of dynamic response of charge carriers cannot be 
overestimated for the optimization of device. Thus, through 
knowledge of carrier dynamics (generation, diffusion, 
accumulation, recombination and transport) plays crucial role 
in the quality of the processed solar cells.  

In LMPS, modulation of light instead of bias allows us to 
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determine carrier dynamics and impedance of device locally. 
The implementation of suitable solar cell model helps for 
LMPS data analysis as well as carrier dynamics. We have used 
two models, in which one nicely fits Nyquist and 
corresponding Bode plots of both planar and nano-textured 
and allow us to determine minority carrier lifetime. The 
method and results presented in this paper will be extended to 
image local impedance of the cells in the near future. 

II. EXPERIMENTS 

Material: Nano-textured Si solar cells are produced by 
combining nano-imprint lithography of hexagonal nano-pillar 
arrays with spin-coating of titanium oxide layers. The details 
of fabrication of planar and nano-textured cells are given 
elsewhere [11]. 

Technique for data acquisition: The setup is based on the 
modulation technique described elsewhere [17]-[20]. 
Frequency dependent photocurrent response was measured 
using following set up as shown in Fig. 1. In brief, a 
continuous wave (CW) laser beam wavelength ~ 780 nm was 
used as the excitation light source obtained from Ti: sapphire 
oscillator (Synergy). The intensity of the Laser beam was 
modulated in the range of 50 Hz to 50 kHz by using an 
acousto-optic modulator. Excitation light was modulated in 
the form of square waves with help of a signal generator. After 
modulation, the beam was split into two parts using a 50:50 
beam splitter. One part of the excitation beam was delivered to 
a silicon photodiode (PD1), which served as the reference 
signal while, another part was directed to the solar cells (PD2). 
 

 

Fig. 1 Schematics of the setup used to measure the photocurrent 
response using light modulation 

 
The photocurrent response from the sample was amplified 

by a pre-amplifier (SR570, Stanford Research Systems) and 
digitized at the rate of 2 MSa/s (mega samples per second). 
The photocurrent response at different modulation frequencies 
were obtained from the Fourier transform of the acquired data. 
The amplitude and the phase of the signal from the sample 
were measured with respect to the reference using the 
generalized lock-in amplifier [20]-[22]. Both the planar and 
the nano-textured devices were illuminated at zero bias 
conditions (0 V). All the measurements were performed at the 
room temperature with back side illumination.  

III. THEORY 

In electrochemical IS technique, the excitation signal is 
perturbed with a small time-varying potential wave-form, 
which can be expressed as a function of time; 

 

 ሻ                                          (1)ݐሺ߱݊݅ݏ଴ܧ=௧ܧ
 
where ܧ௧	is the potential difference at time t, E0 is the 
amplitude of the voltage signal, and ω is the angular frequency 
given by (ω = 2πf) expressed in radians/second and frequency, 
f, in hertz. The response signal has a phase shift (Φ) with 
amplitude of I0 which can be expressed by; 
 

ݐሺ߱݊݅ݏ଴ܫ=௧ܫ ൅  ሻ                                     (2)ߔ
 

Ohm’s Law can be used to calculate the impedance (Z) of 
the system. The ratio of (2) to (1) is a complex number which 
determines the impedance at the corresponding frequency: 

 

ܼሺ߱ሻ ൌ ா೟
ூ೟

 =ܼ଴
௦௜௡ሺఠ௧ሻ

௦௜௡ሺఠ௧ାఃሻ
                                 (3) 

 
Thus, impedance can be expressed in terms of a magnitude 

ܼ଴ and a phase shift Φ. Using Euler's relations, equation (3) 
can be written as; 

 
 ܼሺ߱ሻ=ܼ଴݁݌ݔሺ݅ߔሻ = ܼ଴(cosߔ + ݅sinߔ)                     (4) 

 
The impedance now is in the form of real part and 

imaginary part as follows, 
 

ZReal = Re (Z) = ܼ଴ cosሺߔሻ, 
                 Zimaginary = Im (Z) =ܼ଴sinሺ(5)                       (ߔ 

 
From (5), the real and imaginary components of impedance 

and the phase angle depend on the range of frequency. For 
example, the resistive behavior lacks Im (Z) and its associated 
phase (00 =ߔ), while capacitive behavior lacks the Re (Z) and 
shows phase (900- =ߔ). For data analysis the real and 
imaginary part of impedance are expressed as Nyquist plot and 
Bode plot. Bode plot explicitly shows amplitude/phase of the 
signal in the frequency domain, while Nyquist plot represents 
a complex plane. 

Model: In LMPS, the light intensity is modulated instead of 
the bias and corresponding photocurrent response is measured 
as a function of frequency. The response of the measured 
photocurrent can be represented as Nyquist and Bode plots for 
photoimpedance analysis. It is well established that the major 
processes governing carrier extraction in solid state crystalline 
solar cells are minority carrier diffusion and recombination. 
Therefore, in order to describe important processes of a solar 
cell, selection of the right model is one of the most essential 
steps. By considering those important processes, our 
photoimpedance data have been analyzed making use of the 
following models as shown in Fig. 2. The details of the models 
have been discussed n elsewhere [1], [23] and only a brief 
overview is given here. We have considered simple model A, 
which contains a recombination resistance (Rrec) and a 
chemical capacitance (Cµ), which directly indicates 
accumulation of minorities by the displacement of the Fermi 
level with respect to the respective band edge. The minority 

carrier lifetime (߬) can be determined using the relation, ߬	 = 

Rre. Cµ or ω = 1/߬	= Rrec Cµ, where ω is the angular frequency. 
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In this model, the frequency at the top of the arc in Nyquist 
plot corresponds to minority carrier lifetime. In the other 
model B, we considered a series resistance (Rs) that is usually 
associated with contacts and connected to R and C. R is a 
parallel resistance, which can be identified with the 
recombination resistance (Rrec), while C represents the parallel 
association of the chemical capacitance (Cµ) and the depletion-
layer capacitance due to space–charge region. Actually, in IS, 
both the capacitances depend on the bias of the voltage. In the 
forward bias, chemical capacitance must dominate due to large 
concentration of minorities, while depletion-layer capacitance 
dominates at reverse bias.   
 

 

Fig. 2 The AC equivalent circuits for fitting experimental data of the 
planar and nanotexture solar cells 

III. RESULTS AND DISCUSSION 

The modulation of the laser beam was produced by 
applying the square wave signals and corresponding 
photocurrent response was measured. The Fast Fourier 
transform (FFT) method was employed to detect signal and 
reference at certain range of frequency typically from 50 Hz to 
50 kHz. FFT provides signal and reference at odd integer 
multiple of the frequencies set around 50 Hz  (i.e. ~ 50 Hz, 
150 Hz, 250 Hz, 350 Hz and so on) as shown in Fig. 3. Use of 
FFT allows fast local measurements of the impedance as 
opposed to the traditional method in which one applies 
perturbation only at a single frequency [24]. For all the LMPS 
measurements, we fixed the applied voltage bias across the 
device at 0 V i.e. short circuit condition and set the frequency 
scan range between 50 Hz and 500 KHz. During all the 
measurements laser power was kept at 10 µW. We have 
measured frequency dependent photocurrent response of both 
the cells at various positions of the back and front contacts 
using needle probe electrodes. Interestingly, all the 
measurements show position dependent photocurrent 
response. Therefore, we have measured photocurrent at five 
different positions of the contacts and averaged them to obtain 
the carrier lifetime. Experimental LMPS data were fitted using 
model A and B as presented in Fig. 2 to determine the carrier 
lifetime.  

Fig. 3 shows LMPS spectrum of planar sample where 
Nyquist and corresponding Bode plots are fitted using model 
A (Bode plots are illustrated in the inset of Fig. 3). It is quite 
clear from Fig. 3 that model A is unable to fit entire range of 
frequencies; especially the mode does not fit the data at high 
frequencies.   
 

 

 

Fig. 2 Analysed FFT for photocurrent response of planar and nano-
textured 

 

 

Fig. 3 Nyquist plot for planar and corresponding Bode plots are 
represented in the Inset of figure; the real part and the imaginary of 

the impedance. Measured data and the fitted data using model A 
represented by circles (black) and solid line (red), respectively 
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Fig. 4 Nyquist plot for nano-textured and corresponding Bode plots 
are represented in the Inset of figure; the real part and the imaginary 
part of the impedance. Measured data and the fitted data using model 

A represented by circles (black) and solid line (red), respectively 
 

 

 

 

Fig. 5 Photoimpedance spectra of planar solar cell. a) Nyquist plot; 
the corresponding Bode plots for b) the real part and c) the imaginary 

of the impedance. Measured data and the fitted data using model B 
represented by circles (black) and solid line (red) 

 
 

 
 

 

Fig. 6 Photoimpedance spectra of nano-textured solar cell. a) Nyquist 
plot; the corresponding Bode plots for b) the real part and c) the 

imaginary of the impedance. Measured data and the fitted data using 
model B represented by triangle (black) and solid line (red) 

 
As shown in Fig. 4, this model also does not the fit the data 

from the nano-textured solar cell. Thus, it quite clear that 
model A is not appropriate to fit LMPS spectrum of neither 
the planar nor nano-textured cells. Therefore, in order to fit the 
entire range of frequencies, we need to modify it. According 
to the previous studies [23], [25], one can modify it by adding 
a series resistance (Rs) as illustrated in the Fig. 2. 
Consideration of the series resistance that is usually associated 
to contacts, improves the fitting of the curves at high 
frequencies as shown in Figs. 5 and 6.  Fig. 5 shows the 
photoimpedance of the planar cell including Nyquist and 
corresponding Bode plots. The experimental data nicely fit 
with the predicted modal B. The estimated average carrier life 
time for planar cell is 26.7 ±4.7 µs. 

The error is estimated from the standard deviation obtained 
from five independent measurements at the different front and 
back contact positions. Similar to the planar cell, we also have 
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employed the model to nano-textured solar cell as illustrated 
in the Fig.6. Nyquist and Bode curves fit well and the 
estimated average lifetime is found to be 21.5 ±3.5 µs. The 
existence of relatively high value of standard deviation for 
both planar and nanotexture clearly indicates that either 
contacts are not well optimized or film is not homogeneous. 
Nevertheless, the results indicate the carrier recombination in 
the planar cell is slightly slower compared to the nano-
textured cell. The nanotexturing of absorber increases the 
surface area, which could be also increases the surface defects 
through which the carriers can recombine. In the previous 
report, Eisenhauer et al. [11] have found more absorption of 
light in nano-textured than planar reference. 

IV. CONCLUSION 

In summary, we employed LMPS to measure the 
frequency-dependent photocurrent response of the thin-film 
planar and nano-textured Si solar cells at several positions of 
back and front contacts. Bode and Nyquist plots were used to 
determine carrier lifetime by a using a specific solar cell 
model. Our results show that the carrier lifetime of both planar 
and nano-textured depends on contact positions, which clearly 
indicates that contacts are not optimized or films are not 
homogenous. This information is vital to control processing 
parameters and other related defects to optimize solar cell 
materials and processes, and thus performance. The estimated 
average lifetime is  found to be longer in  the planar solar cell 
compared to the nano-textured, which could be due to 
influence of the nano-textured interface on the carrier 
relaxation dynamics. 
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