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ABSTRACT The work is devoted to the study of the influence of solar radiation in the short-wave part of the
absorption spectrum at different loading resistances on the lifetime (τ ) of minority photogenerated charge
carriers (∆n) of a thin-film solar cell based on Cu(In,Ga)Se2. It was found that with an increase in the generated
photocurrent and the magnitude of the load resistance the lifetime of minority photogenerated charge carriers
of a thin-film solar cell based on Cu(In,Ga)Se2 increases. The obtained experimental results are interpreted
by the charge exchange of defect states, which capture the injected and photogenerated electrons, as a result
of which they cease to be active recombination centers.
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1. Introduction

One of the important parameters that determine the efficiency of photosensitive structures is the lifetime (τ ) of mi-
nority photogenerated charge carriers (∆n). In real solar cells and photodetectors, due to the complexity of the structure
design, since in the process of creating a photoactive CIGS layer, due to the mutual diffusion of chemical elements from
the CdS and CIGS layers, a layer that is inhomogeneous in respect to chemical composition is formed at the CdS/CIGS
heterojunction boundary in the photoactive layer. In the photovoltaic mode, the photovoltage on the load resistance is
connected in the direct direction to the p-n junction, it changes both the size of the space charge region and the distribu-
tion of the internal potential. In this regard, it was interesting to establish the effect of the load resistance on the lifetime
of nonequilibrium charge carriers when illuminated with short-wavelength solar radiation, which is mainly absorbed near
the heterojunction (λ1 ≈ 450 nm, hv1 ≈ 2.76 eV and λ2 ≈ 520 nm, hv2 ≈ 2.40 eV).

Studying the relaxation characteristics of photosensitive structures, such as photocurrent decay (Jph), under illumi-
nation with discontinuous monochromatic light, will allow one to estimate the value of τ and establish the mechanism of
photogeneration of nonequilibrium photogenerated charge carriers and the processes of their recombination under illumi-
nation. It is known that the magnitude of the photocurrent depends on the concentration of photogenerated charge carriers
– ∆n [1]. The time characteristic ∆n is determined by relation (1) [1]:

d(∆n)

dt
= −∆n

τ
, (1)

where, τ is the lifetime of photogenerated charge carriers. The solution to equation (1) has the form (2),

∆n = ∆n(0) · exp(−t/τ), (2)

where ∆n(0) is the stationary maximum value of photogenerated charge carriers. For the experimental determination of
τ , it is necessary to plot the time dependence of the photocurrent value on a logarithmic scale (ln(Jph) on t), where the
slope of the obtained straight line gives one the value of τ for ∆n in the photoelectric converter.
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2. Experimental details

To study the effect of the resistance value of the external load (Rload) on τ ∆n under illumination with monochro-
matic radiation of the short-wavelength absorption spectrum (λ1 = 450 nm, hv1 ≈ 2.76 eV and λ2 = 520 nm,
hv2 ≈ 2.40 eV), a heterostructural solar cell was created with a photosensitive region of polycrystalline indium gallium-
copper selenide (Cu(In,Ga)Se2 – CIGS), Eg ≈ 1.30 ± 0.03 eV, T = 300 K) [2]. Since thin-film CIGS solar cells are
widely used in the creation of photovoltaic structures for various purposes [3], these studies are important.

In the process of creating photoconverters with the CdS/CIGS structure, due to the mutual diffusion of chemical
elements from the CdS and CIGS layers, at the interface of the CdS/CIGS heterojunction in the photoactive CIGS layer,
layers that are inhomogeneous in chemical composition are formed, which can lead to the formation of defect states.
Defect states reduce the lifetime of photogenerated nonequilibrium carriers. In photovoltaic mode, the voltage across the
load resistor (UL) is connected in the forward direction to the p-n junction. UL changes the size of the space charge
region and the distribution of the internal potential of the structure. In this regard, it was interesting to establish the
effect of the load resistance on the lifetime of nonequilibrium charge carriers when illuminated with short-wavelength
solar radiation, which is mainly absorbed near the heterojunction (λ1 ≈ 450 nm, hv1 ≈ 2.76 eV and λ2 ≈ 520 nm,
hv2 ≈ 2.40 eV). Since, under illumination with λ1 (hv1 ≈ 2.76 eV) due to partial absorption of quanta in the CdS layer,
the number of quanta generating electron-hole pairs in the photoactive CIGS layer is less than under illumination with λ2,
hv2 ≈ 2.40 eV, as a result, the photocurrent is of little value.

For research, photosensitive SnO2/n-CdS/p-CIGS/Mo heterojunction structures were fabricated, in which n-CdS lay-
ers (Eg = 2.44 eV, T = 300 K) were used as the front buffer layer, which were deposited on the p layer. -CIGS by vacuum
thermal spraying from the original source of CdS. The SnO2 layers served as a frontal transparent conducting layer and
were created by DC ion magnetron sputtering of a tin target in an argon and oxygen atmosphere [3, 4]. As mentioned
above, the base material for the solar cell was p-type polycrystalline CIGS films grown by the method of simultaneous
thermal evaporation in vacuum from initial sources of Cu, In, Ga, and Se on the surface of molybdenum (Mo) [5]. The
rear electrical contact was Mo0.5 µm thick, which was deposited by DC magnetron ion sputtering in an argon atmosphere
from a Mo target onto the surface of a glass substrate 1 mm thick. The upper collecting electrical contact for collecting
photogenerated nonequilibrium electrons was created from metallic silver (Ag) and indium (In), which was deposited on
the surface of the SnO2 layer by vacuum thermal spraying in the form of a comb.

Figure 1 shows the design of the created SnO2-n-CdS/p-CIGS-Mo structural solar cell and the dimensions of the
layers. The photocurrent generation process proceeds as follows: electromagnetic radiation quanta, passing through layers
of transparently conducting SnO2 and an n-CdS buffer layer, enter the photoactive region of CIGS, where nonequilibrium
electron-hole pairs are absorbed and generated. In the case of λ2 ≈ 520 nm (hv2 ≈ 2.40 eV), the photocurrent is ≈ 30%
higher than in the case of λ1 ≈ 450 nm (hv1 ≈ 2.76 eV) (Jsc.green/Jsc.blue ≈ 1.3). This is due to the fact that when
quanta with λ1 ≈ 450 nm (hv1 ≈ 2.76 eV) are absorbed by the n-CdS layer (Eg = 2.44 eV), fewer λ1 quanta participate
in the photogeneration of nonequilibrium carriers into the photoactive CIGS layer. Accordingly, the total number of
generated non-equilibrium electron-hole pairs into the photoactive CIGS layer will be less. The front In/Ag metal contact
and the back Mo serve as electrical collecting electrodes.

FIG. 1. Construction of the created SnO2-n-CdS/p-CIGS-Mo structural solar cell
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Figure 2 shows a schematic diagram of the installation for determining time of life for the photogeneration of nonequi-
librium carriers – τ into the photoactive CIGS layer. The load resistance Rload and digital storage oscillograph (DO)
connected in parallel with the SnO2-n-CdS/p-CIGS-Mo structural solar cell.

FIG. 2. Schematic diagram of the installation for determining τ

As a source of modulating electromagnetic radiation, we used light emitting diodes (LED) of green and blue radiation
with a power of ∼ 40 mW. A voltage of 4 V, duration of 200 µs, and frequency of 1 kHz was applied to the LEDs from
the G5-54 rectangular pulse generator. From the load resistance Rload, the alternating signal was fed to the input of the
RIGOL 1102E digital storage oscillograph (DO).

3. Results and discussions

Figure 3 shows the results of relaxation curves of photogenerated currents, built on a logarithmic scale, recorded
from load resistances of various values (from 800 Ohm to 100 kOhm and open circuit voltage (Rload ≈ 1 MOhm)) with a
DO under illumination with light λ2 ≈ 520 nm. Plotting the relaxation values of the photocurrent on a logarithmic scale
shows that the experimental curves, in accordance with relation (2), can be described by a single exponent. From which
it follows that one recombination center is involved in the relaxation process.

FIG. 3. Relaxation curves of photogenerated currents (Jph), built on a logarithmic scale, taken from
load resistances of various sizes (from 800 Ohm to 100 kOhm and no-load voltage (Rload ≈1 MΩ)) on
a digital oscilloscope under illumination with radiation λ2 ≈ 520 nm (green)
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Figure 4 shows the experimental results of the dependence of τ ∆n onRload, determined in the SnO2-n-CdS/p-CIGS-
Mo structural solar cell, under illumination by monochromatic radiation of the blue and green spectrum with maxima at
wavelengths λ1 ≈ 450 nm and λ2 ≈ 520 nm.

FIG. 4. Dependences of the lifetime ∆n on Rload in the CdS-CIGS structure under illumination by
monochromatic electromagnetic radiation with λ2 ≈ 2520 nm (green) and λ1 ≈ 450 nm (blue)

From the experimental results presented in Fig. 4, it follows that τ ∆n in the range of Rload =800–1000 Ohm, in
the CdS-CIGS heterostructure, has relatively high values τ ∆n when the heterostructure illuminated with green light
(λ2 ≈ 520 nm) than the blue light (λ1 ≈ 450 nm). Electromagnetic quanta with λ2 ≈ 520 nm (hv2 ≈ 2.40 eV) are
weakly absorbed in the n-CdS layer (Eg = 2.44 eV), and are mainly absorbed in the Space Charge Region (SCR) area of
the p-CIGS layer and partially in the quasineutral part, where absorption coefficient is high (∼ 105 sm−1). As a result,
nonequilibrium charge carriers are mainly photogenerated in the photoactive region of p-CIGS. Electromagnetic quanta
with λ1 ≈ 450 nm (hv1 ≈ 2.76 eV) are absorbed in the n-CdS layer, absorbed in the SCR of the heterojunction, as well
as in the p-CIGS photoactive layer. Since at λ1 ≈ 450 nm (hv1 ≈ 2.76 eV) relatively few quanta reach the photoactive
quasineutral region of the p-CIGS layer, fewer non-equilibrium charge carriers are generated and a small value of the
short-circuit current is obtained in relation to the case of λ2 ≈ 520 nm (hv2 ≈ 2.40 eV) (Jsc.green/Jsc.blue ≈ 1.3).

Due to the difference in the lattice constants of the CdS and CIGS layers, surface states (Nss) are formed at the
heterojunction boundary, which will act as recombination centers for ∆n. Concentration Nss ∼ d−2 [6,7], where d is the
distance between dislocations formed due to the mismatch of the crystal lattices of the contacting materials (3),

d =
a

CIGS
a

CdS

a
CIGS

− a
CdS

. (3)

Taking into account the lattice constant of CdS and CIGS [8], the values of d ≈ 315 Åand Nss = 1.96 · 1010 sm−2

were calculated. Also, in the volume of the photoactive part of the p-CIGS layer, there are crystal lattice defects and
uncontrollable impurities, which play the role of recombination centers (Nrs) for nonequilibrium photogenerated charge
carriers. If the photogeneration of charge carriers mainly occur near recombination states, this leads to a decrease in τ
∆n. However, under certain conditions, when these recombination centers can be neutralized, and they cease to play the
role of recombination centers for ∆n [9, 10]. The recharge of recombination centers [9, 10], due to the capture of the
injected charge carrier can lead to the reactivation of these centers.

As mentioned above, in the n-CdS/p-CIGS heterostructure, τ ∆n has relatively high values when its illuminated with
light with λ2 ≈520 nm than at λ1 ≈ 450 nm in the range of Rload =800–106 Ohm. This is due to the fact that under
illumination with light with λ2 ≈ 520 nm, a large value of the short-circuit current (Jsc) is generated in the heterostructure
in relation to the case of λ1 ≈ 450 nm (Jsc.green/Jsc.blue ≈ 1, 3). As a result, more voltage Uload falls on Rload. Voltage
Uload is connected in the forward direction to the photodiode, and a relatively large dark injection current through the
diode. The recombination centers, capturing the injected electrons, are recharged and cease to be active recombination
centers. In the case of illumination with light with λ2 ≈ 2520 nm, there are more photogenerated electrons, and more
Nrs centers are inactive, which should lead to an increase in τ ∆n.

It can be seen from Fig. 4 that τ ∆n both for the case of illumination with λ1 ≈450 nm and for the case of illumination
with λ2 ≈ 520 nm grows to a value of Rload = 50 kOhm and further with an increase in Rload the growth of τ ∆n slows
down. This is due to the fact that with an increase in Rload, the effective current through Rload and the heterostructure
decreases, which leads to a partial recharge of Nrs centers, as a result of which, some of the Nrs centers again become
recombination active.
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4. Conclusion

The study of the influence of the load value and the power of monochromatic radiation in the short-wavelength part
of the electromagnetic radiation spectrum showed that the lifetime of non-equilibrium carriers increases with an increase
in the load resistance and illumination intensity, that is, either with an increase in the injection current and photogenerated
carriers. The lifetime of nonequilibrium carriers decreases with an increase in the absorption coefficient of radiation,
which is absorbed more near the heterojunction. The observed effect is associated with a decrease in recombination
centers in the photoactive part of the heterojunction as a result of the recharging of defect states in the p-CIGS layer.
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