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Evaluation of Solar Cell Using Terahertz Time-
Domain Spectroscopy

ABSTRACT

Terahertz time-domain spectroscopy (THz-TDS) has been used to investigate the optical
properties of mono silicon solar cell. The sample was optically excited using continuous-
wave (CW) light of wavelengths of 800 nm and 365 nm, and the carrier density and mobility
were extracted from the THz-TDS data by fitting with the simple Drude model. The
conductivity shows nonlinear increase with the optical excitation power. The mobility of the
photo-excited carriers also increases nonlinearly with the CW light power. However, the
mobility shows tendency to saturate with the increase of illumination power, which can be
explained by carrier trapping effect to the impurity states existing in the band-gap region of
the base material of solar cell. In addition, it is observed that the carrier density and mobility
are smaller for 365 nm light illumination due to surface recombination.

Keywords: Terahertz spectroscopy, Solar cell, CW light illumination.
1. INTRODUCTION

Solar energy is the most promising readily available source of energy. It is often mentioned
as a part of the solution to the energy problems. However, increasing the energy conversion
efficiency and reducing the cost of production are the major challenges to make solar
electricity more competitive with the conventional energy sources [1, 2]. Today most of the
solar cells are made of crystalline silicon because of its large abundance on the earth, low
cost and high efficiency. The dynamic properties of photo-excited carriers also play an
important role on the photovoltaic conversion efficiency of solar cell. Thus, it is important to
understand the optical response of photo-excited carriers in solar cell to further improve the
cell efficiency. A variety of measurement techniques for the characterization of photovoltaic
cells, such as electroluminescence [3], light beam induced current [4] or voltage and current
measurements, require electric contacts and can only be performed on the finished
photovoltaic cells. On the other hand, a noncontact and nondestructive technique using
terahertz (THz) waves is widely utilized on various materials such as semiconductors, liquids
and superconductors to obtain a variety of physical properties [5-7]. The benefit of THz
technique is that it can be used for the characterization of solar material or semi-finished
solar cells without electric contacts at the beginning as well as during the production process
of photovoltaic cells. By employing this technique, a wide variety of research, such as
spectroscopic [8], imaging [9] and terahertz emission [10] have been done on investigation
of solar cells and related materials. It was effectively applied to study the properties of
irradiated silicon wafer for space solar cell application [8]. In our previous study, we used a
laser terahertz emission microscope technique to study THz emission from a silicon solar
cell and visualize the temporal photo-current generated by femtosecond laser pulse
illumination [10]. We also used this technique to examine both the effects of optically
generated carriers by a continuous-wave (CW) light illumination and applied bias voltage on
the behavior of a solar cell [11]. Another advantage of THz spectroscopy is that the
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frequency dependent absorption coefficient and refractive index can be obtained from the
detected signal. From this the complex dielectric constant and complex conductivity can be
determined. After analyzing the conductivity data, we can easily get the carrier transport
properties of material, e.g. charge carrier density and mobility. Under illumination, these two
parameters are particularly important because they dominate the electrical behavior of solar
cell. In this work, we applied transmission-type terahertz time-domain spectroscopy (THz-
TDS) to investigate the optical properties and charge carrier dynamics in mono Si solar cell
under CW light illumination. In particular, we measured illumination dependence of
conductivity, charge carrier density and mobility.

2. EXPERIMENTAL DETAILS

The sample used in this study was a commercial mono silicon solar cell (cell without
electrodes and antireflection coating) which is configured as a large-area p—n junction.
Typical doping densities are 1x10™ cm? in n-type region and 1x10™ cm™® in p-type region
and the thickness of the emitter (n-type region) is ~0.5 ym [12]. The overall thickness of the
sample was 182 ym measured by THz peak delay technique [13]. The schematic structure
of the solar cell and its AFM images are shown in Fig. 1(a)-1(c). The front surface image in
Figure 1(b) showed that the several pyramidal structures with different sizes are randomly
distributed over the entire surface. These shapes play an important role in improving light
coupling into solar cells. The root mean square (rms) average roughness value was 150 nm.
On the other hand the rear surface is an unpolished rough surface as shown in Figure 1(c).
The rms average roughness value was 240 nm, which is higher than that of front surface.
The experimental setup used for THz-TDS measurement is also shown schematically in
Figure 1(d). A femtosecond (fs) laser with the center wavelength of 780 nm is used for the
excitation of low-temperature-grown GaAs (LT-GaAs) photoconductive antennas which are
used for generation and detection of THz pulses. The terahertz radiation was focused onto
the sample with a spot diameter of about 5 mm. The sample was illuminated with CW light
with wavelengths of 800 nm and 365 nm with area of 0.5 cm” and 0.88 cm?, respectively.
The illumination area is larger than that of terahertz beam spot to ensure uniform
illumination. Measurements were carried out on both surfaces of the sample at various
illumination powers. All measurements were performed at room temperature with relative
humidity of around 30-35%.
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Fig. 1. (&) Schematic structure of mono Si solar cell and its AFM images of (b) front
textured surface (c) rear rough surface. 1(d) Schematic of experimental setup for
transmission-type THz-TDS
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3. RESULTS AND DISCUSSION

Figure 2 (a) shows the waveforms of the THz pulses through the free space and the mono Si
solar cell without CW light excitation. After applying Fast Fourier transform to the time
domain spectra, the complex refraction index can be estimated[14]. The complex refractive
index with real part n and imaginary part k (extinction coefficient) in the THz frequency
region is shown in Fig 2(b). The real part of the refractive index is related to the speed of
light in the medium, the imaginary part is directly related to the absorption of light through the
material. The average value of refractive index of mono Si solar cell without light excitation is
obtained as 3.39, which is very close to the reported value of 3.41 for crystalline silicon [6].
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Fig. 2.(a) Waveforms of the terahertz pulses of free space and the pulses through
mono Si solar cell. (b) Complex refractive index with real part n and imaginary part kof
the cell

Figure 3(a) shows the waveforms of the THz pulses transmitted through the solar cell with
illumination of the 800 nm CW laser from front surface at various powers. It is seen that the
amplitude of the terahertz waveforms transmitting through the photo-excited sample is
greatly reduced by the absorption of photo-excited carriers. By using the ratio between
reference and sample waveforms in Fresnel coefficient equations, the transmission can be
estimated[14,15]. The transmittance of the THz wave at various illumination powers is
presented in Fig. 3(b). The terahertz transmission decreases with the illumination power of
CW laser due to increase of photo-excited carriers in the sample.
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Fig. 3. (a) Waveforms of the THz pulses transmitted through the excited monoSi solar
cell at 800 nm with various illumination powers. (b) Transmittance obtained from the
waveforms in (a)
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The complex conductivity is also obtained from the complex refractive index using 7% =
é(w) = g5 + i6(w)/we,y , where ¢ is the complex dielectric constant, ¢, is the permittivity of
free space and g is the dielectric constant of undoped silicon [15]. Figure 4 shows
frequency dependence of experimental data and the calculation of real part of conductivity of
the solar cell with front illumination at 800 nm with various powers. The real part of the
conductivity decreases with increasing frequency in the THz range. It is also evident that the
conductivity increases with the illumination power of CW laser. The frequency dependence
of the conductivity can be well described with the simple Drude model [16]. According to the
Drude model, the complex conductivity is expressed as
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Fig. 4. Real part of conductivity of mono Si solar cell at 800 nm with various

illumination powers from front surface; the solid lines are fitted curves with simple
Drude model

whereay,, is the DC conductivity, 7 is the average carrier scattering time. Solid lines in figure
4 are fitting lines to the real part of conductivity at each level of illumination power using the
simple Drude model. The fitting parameters DC conductivity ;. and carrier scattering time t©
are extracted from the fitted curves and presented in Table 1. The carrier density N =
o4.m* /et and the mobility u = etr/m*are calculated by using the fitting parameters ofa,,
and twith the effective mass m* = 0.26m,, for silicon [16].

Table 1.Fitting parameters based on simple Drude model under various illumination
powers. The columns present the values for illumination power (mW), the DC
conductivity a4, (1/Q cm) and the carrier scattering time 7 (ps) extracted from the
fitted curves; the excess carrier density N (cm's) and the mobility u (cm2/Vs)
determined by o4.and t.

800 nm 365 nm

Power oy, T N u Power O4c T N u

125 1.20 0.0618 4.0x10"* 417 100 1.096 0.0579 2.0x10** 392
250 1.30 0.0665 6.0x10™ 449 200 1.107 0.0588 1.0x10* 398
500 1.45 0.0708 1.4x10™ 478 300 1.113 0.0575 5.0x10* 389
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1000 1.57 0.0732 2.3x10™® 495 400 1.118 0.0598 -3.0x10* 404

The DC conductivity, excess carrier density and mobility are plotted in Figure 5 as a function
of the illumination power. It is shown in Fig. 5(a) that the DC conductivity rises nonlinearly
with the illumination power of CW laser and tends to saturate with the increase of
illumination power. It is also found in Fig. 5(b) that the excess carrier density increases
linearly and, the mobility increases and tends to saturate with the illumination power of CW
laser. This tendency to saturate in mobility may be explained by the saturation effect of
photo-excited carrier trapping in the impurity states in the band-gap of the solar cell [17-21].
Minority carrier traps are often present in the solar grade crystalline silicon [19, 20]. Due to
laser illumination, electron-hole pairs are generated in the base (p-type) of the solar cell. A
part of minority electrons would be captured or scattered by impurity states which
temporarily hold electrons. As the illumination power increases, these states progressively
trap electrons and become neutral. Therefore, the capture and scattering cross sections for
electronsare reduced significantly with increasing excess carrier density, which increases the
mobility of minority carriers.
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Fig. 5. 800 nm laser lllumination power dependence of (a) DC conductivity and (b)
excess carrier density and mobility deduced from the simple Drude model fitted to the
real conductivity
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Fig. 6. Waveforms of the THz pulses transmitted through the excited monoSi solar cell
at 365 nm with various illumination powers

We also carried out similar measurements under 365-nm light illumination. Figure 6 shows
the waveforms of the THz pulses transmitted through the solar cell with illumination of the
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365 nm light at various powers. The amplitude of the THz waveforms decreases very small
with the illumination power. After analyzing the waveforms data, the excess carrier density
and mobility are calculatedand also presented in Table 1. The excess carrier density is
smaller for illumination at 365 nm than that for 800 nm. This can be explained by considering
the penetration depth of 365 nm light. The penetration depth in silicon for 365 nm is about
0.01 ym [22]. Under 365 nm light illumination, the photo-excited carriers are generated
within 10 nm from the surface of the solar cell and their lifetime strongly affected by the high
surface recombination.
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Fig. 7. Real part of conductivity of mono Si solar cell at 800 nm with various
illumination powers from rear surface; the solid lines are fitted curves with simple
Drude model

More measurements also performed with illumination at 800 nm from rear surface of the
solar cell. In these measurements the THz pulse are transmitted from the back surface to the
front surface of the solar cell. Figure 7 shows the real part of conductivity data fitted with the
simple Drude model. From the fitting parameters the excess carrier density and mobility are
calculated. The calculated excess carrier densities are 1x10* and 2x10* cm™ and the
mobility are 455 and 466 cm?/Vs for 0.5 and 1.0 W illumination, respectively. From these
results it is seen that the carrier density and mobility increase with increasing illumination
power, which are similar to the front illumination results. However, the value of carrier
density and mobility are smaller than those of the front illumination results. For example, at 1
watt illumination the carrier density and mobility are decreased by 21% and 5.9%,
respectively, compared to the front illumination results. This is because the reflectance of
rear surface is much larger than that of textured front surface [23]. Textured front surface
reduces the reflection of CW laser and generated more photo carriers. Moreover, the
unpolished rear surface recombination is thought to be higher than that of the front surface
because it contains a large number of defects and impurities that act as a recombination
centers.

4. CONCLUSION

We have employed transmission-type THz-TDS system to measure optical properties of
mono Si solar cell during photo-excitation by 800nm and 365nm CW light. The terahertz
transmission is greatly reduced by the absorption of photo-excited carriers generated by the
800nm CW laser illumination. The analysis of transmission data yields complex refractive
index as well as conductivity. The conductivity data can be fitted with the simple Drude
model and from the fitting results the excess carrier density and mobility are deduced. The
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carrier mobility increases and saturated with the illumination of CW laser. This phenomenon
is explained by the effect of carrier trapping in the impurity states in the band gap of solar
cell. We also observed small effect under 365nm light illumination due to the high surface
recombination.
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