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The photocarrier dynamics of Culn;_,Ga,Se, (CIGS) thin films were studied using white-light
transient absorption (TA) measurements, as an understanding of this behavior is essential for
improving the performance of solar cells composed of CIGS thin films. A characteristic double-
peak structure due to the splitting of the valance bands in the CIGS was observed in the TA spectra
under near-band-gap resonant excitation. From a comparison of the TA decay dynamics monitored
at these two peaks, it was found that the slow-decay components of the electron and hole relaxation
are on the nanosecond timescale. This finding is clear evidence of the long lifetimes of free photo-
carriers in polycrystalline CIGS thin films. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4919902]

Owing to their considerable advantages, such as low
weight and flexibility, a large variety of thin-film solar cells
have been extensively studied.'”” Hence, ternary and multi-
nary semiconducting materials have been found to constitute
some of the most promising substances for use in efficient
thin-film solar cells, because they possess certain advantages
such as a large absorption coefficient, cheap and easy fabrica-
tion, and optimum band-gap energy.'™ In particular, poly-
crystalline Culn;_,Ga,Se, (CIGS) exhibits the highest
power-conversion efficiency of the various thin-film solar
cells and has achieved 21.7% efficiency to date.'™ Because
of the high efficiency of polycrystalline CIGS and its unique
superiority over its single-crystal counterparts, during the past
three decades, numerous experimental and theoretical studies
have been conducted to characterize the optical and electronic
properties of this material.*'? Indeed, many studies have
been conducted on the grain boundaries and defect states of
this substance, which play an important role in the optoelec-
tronic conversion processes of polycrystalline CIGS."*™'® At
present, to further improve the solar-cell performance of poly-
crystalline CIGS films and to determine the source of their
high conversion efficiencies, it is necessary to clarify the free
photocarrier dynamics in these materials.

In order to investigate the dynamical behavior of the pho-
tocarriers in CIGS, a large number of time-resolved photolu-
minescence (PL),'"° transient absorption (TA), and transient
reflectivity (TR) measurements>®?’ have been performed. In
particular, TA and TR measurement techniques (along with
combinations of other methods) are powerful tools for deter-
mining free carrier dynamics, which are the main contributors
to the photocurrent, in emerging solar cells.”*' To examine
the energy relaxation dynamics of photocarriers in complex
semiconducting materials such as CIGS films, it is important
to monitor the TA decay dynamics over a wide spectral range,
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because defects, grain boundaries, composition fluctuations,
and electrostatic potential fluctuations affect the near-band-
edge electronic structures. This leads to the complicated
energy relaxation processes observed in these materials.”’='?
Moreover, broadband monitoring in TA experiments allows
for examination of the higher optical transitions, providing
essential information on free carrier dynamics.

According to the theoretical calculations,®'* the second-
highest valence band (v3) in CIGS exists near the highest va-
lence band (v1), as shown in Fig. 1. Thus, by choosing the
optimal pump energy and probing the lowest optical transition
between the lowest conduction (c1) and v1 bands (E.,_,; tran-
sition), along with the high-energy transition between the cl
and v3 bands (E.;_y3 transition), we can individually clarify
the relaxation dynamics of the free electrons in the cl band
and the free holes in the v1 band. An improved understanding
of the dynamics of each carrier type is of considerable

E A

c1

FIG. 1. Schematic band structure of CIGS thin films in the vicinity of the
band edge. In the sample used in this work, the E ;. and E.;_y3 transition
energies are approximately 1.21 and 1.45eV, respectively.

© 2015 AIP Publishing LLC
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importance, as this will reveal the optoelectronic properties of
the intricate systems involved in the CIGS defects, potential
fluctuation, and so on.

In this letter, we report the individual determination of
electron and hole lifetimes in CIGS thin films using white-
light pump-probe TA spectroscopy. The characteristic
absorption structures owing to two E . ; and E._,3 transi-
tions were observed. Even in the case when the excitation
energy was equal to the lower energy transition, E.j_y;, We
found that the TA signals originated from the same low-
energy (E.;.y1) and high-energy (E.;.,3) transitions. By com-
paring the two types of TA decay dynamics caused by each
transition, we determined the lifetimes of the free electrons
and holes. The existence of long-lived free carriers was
clearly proven, which is an essential factor contributing to
the high performance of CIGS-based solar cells.

The CIGS thin-film samples used in this study were de-
posited directly on soda-lime glass (SLG) substrates of
300-nm thickness using a 3-stage molecular beam epitaxy
process.” The composition of the CIGS samples was Cu-
poor (Cu/(In+ Ga) ~0.95), which is required for the high
power conversion efficiency of CIGS-based solar cells. Our
sample thickness was less than that of the CIGS layer in the
practical solar cells used to perform TA measurements with
a transmittance configuration. The band-gap depth gradient
was negligibly small. To obviate the contamination and oxi-
dization of the CIGS surfaces, a 30-nm-thick CdS layer was
deposited on the CIGS layer. TA and PL measurements were
then performed using a wavelength-tunable regenerative-am-
plifier Yb:KGW-based femtosecond laser system with an op-
tical parametric amplifier (OPA) (maximum repetition rate:
200kHz) as a light source. To generate the white-light probe
pulses, femtosecond fundamental pulses of 1028-nm wave-
length were focused on a sapphire crystal. For stable genera-
tion of the white-light pulse, the repetition rate of the
regenerative amplifier was reduced from 200 to 50 kHz, so
as to suppress the heating of the sapphire crystal. Part of the
regenerative amplifier fundamental pulse was used to gener-
ate various pump-pulse energies with the OPA. The PL spec-
tra were measured using a liquid-nitrogen-cooled InGaAs
array detector with a 30-cm monochromator. For the PL
measurements, the excitation photon energy was set to
1.75eV to eliminate the PL from the SLG substrates. All
measurements were conducted at room temperature.

Figure 2(a) shows the absorption spectrum of the CIGS
thin films ranging from 1.0 to 2.0eV. Two gentle-step struc-
tures can be observed at approximately 1.20 and 1.45¢eV. To
clearly understand the observed absorption structures, we
calculated the first-order derivative of the absorption spec-
trum, as shown in Fig. 2(b). In this figure, two peaks can be
observed at approximately 1.21 and 1.45eV, which are
attributed to the onset of the absorption due to the allowed
optical transitions from the vl and v3 bands to the cl band
(the E.iy; and E. 3 transitions in Fig. 1), respectively,
based on the first-principle calculation.> ' The observed
E.y1 corresponds to the composition of Ga x ~ 0.38.%

The assignment of the band-to-band transition energies
to these peaks is supported by the excitation-fluence depend-
ence of the PL spectra of the CIGS thin films shown in Fig.
2(c). A single PL peak is observed at approximately the
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FIG. 2. (a) Absorption spectrum and (b) first-order derivative of the absorp-
tion spectrum of CIGS thin films. (c) Dependence of steady-state PL spectra
of CIGS thin films on the excitation fluence (J.x) with photoexcitation
(Epump) of 1.75€V.

band-gap energy under all excitation-fluence conditions,
indicating that the sample used in this study has no signifi-
cant deep defect states, which are related to the radiative
recombination process. Under weak excitation conditions
(excitation fluence, J., = 0.60 ,uJ/cmz), an almost symmetric
PL peak appears, with a peak energy that is slightly less
than the E,_,, transition energy. As the excitation fluence
increases to J., = 36.6 uJ/cm?, the peak energy of the PL
spectrum reaches the E. ., transition energy. This excita-
tion-fluence-dependent peak shift is the result of the state
filling due to the photocarriers. The E.;_,; transition energy
corresponds to the spatially averaged band-gap energy.
Moreover, the relatively large peak shift of a few tens of
millielectronvolts per decade strongly supports the existence
of band-tail states, which are due to the potential fluctuation
around the band edge.'!"'#27-32-3

Note that the PL spectra and dynamics reflect the dy-
namical behavior of the free and localized carriers. In cases
involving complex semiconducting materials such as poly-
crystalline CIGS samples, in which the defects and grain
boundaries affect the radiative recombination dynam-
ics,lg_zs’27 it is difficult to determine the free electron and
hole lifetimes accurately. Therefore, for an improved under-
standing of the free photocarrier dynamics in the CIGS thin
films, we measured the TA dynamics at the two different op-
tical transitions depicted in Fig. 1 and compared the results.

The TA signals versus both time and the photon energy
of the CIGS thin films under a 1.24-eV excitation (the reso-
nant excitation of the E.,.,; transition) are plotted in Fig.
3(a). This excitation fluence was chosen in order to maintain
low fluence within the linear-response regime, where many-
body effects such as Auger recombination®>*® are negligible.
Two broad positive (AT/T >0) signals can be observed at
approximately 1.25 and 1.46 eV, which are attributed to pho-
tobleaching signals originating from the E. . and E i3
transitions, respectively. The TA spectra at various delay
times are also shown in Fig. 3(b). The two TA peaks appear-
ing at approximately 1.25 and 1.46eV correspond to the
E 1y and E_|_,3 transitions, respectively, and their energies
show good agreement with the peak energies of Fig. 2(b). It
is speculated that the oscillated fine structures in TA spectra
at approximately 1.25eV are likely caused by multiple



181903-3 Okano et al.

1000 S0 =124 eV

. 2
100 : J, = 14.4 pdiem | I
Y

s)

AT/T

= SN NNENE ERETE REETE PRI framh

1.3 1.4 1.5
Photon energy (eV)

FIG. 3. (a) TA map of CIGS thin films under an excitation (Epymp) of
1.24eV. (b) TA spectra of CIGS thin films for various delay times with pho-
toexcitation of 1.24eV.

reflection interference and scattering of probe pulses. As the
delay time increases, both TA signals decrease monotoni-
cally but are still visible even at 2ns. This clearly indicates
that the photocarriers have long lifetimes, despite the exis-
tence of a large number of defects and grain boundaries in
polycrystalline thin films.

Because a pump pulse with a photon energy of 1.24eV
(less than the E. ., transition energy (~1.45eV)) excites
electrons from the v1 to the cl bands, the TA signal intensity
observed at approximately 1.46eV reflects the electron popu-
lation in the lowest conduction band (c1). On the other hand,
the TA signal at approximately 1.25eV reflects the dynamic
behavior of both the electrons in the c1 band and the holes in
the v1 band. This means that the comparison between the TA
decay dynamics monitored for the E. ., and E._,3 transi-
tions allows us to distinguish between the conduction-band-
electron and valence-band-hole dynamics. It is noteworthy
that broadband TA measurement considering band structure
is a key technique used to gain deeper insight into the photo-
carrier relaxation dynamics of complex systems.

To understand the relaxation dynamics of the conduction-
band electrons and valence-band holes in CIGS thin films
individually, we compared the excitation fluence dependence
of the TA decay dynamics monitored at the E.;_ 3 (~1.46eV)
transition with those obtained at the E.;_,; (~1.23eV) transi-
tion, as shown in Figs. 4(a) and 4(b), respectively. The pump
energy was set to 1.24eV so as to generate electrons in the
lowest cl band and holes in the highest vl band. We can
clearly observe that the TA decay dynamics differ from each
other, especially under strong excitation-fluence conditions.

Here, we can evaluate the relaxation dynamics of the
free electrons in the conduction band by analyzing the TA
decay dynamics detected at 1.46 eV, since the TA decay dy-
namics of the E.;_,3 transition reflect only the free electron
dynamics in the cl band under the lowest-energy E._, reso-
nant excitation, as mentioned previously. Under weak
excitation-fluence conditions, the TA decay dynamics in
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FIG. 4. Excitation fluence dependence of TA decay curves of CIGS thin
films probed at Epope =(a) 1.46€V and (b) 1.23 eV under photoexcitation
(Epump) of 1.24eV. (c) Differential TA decay curves derived by subtracting
the scaled TA decay dynamics monitored at 1.46eV from those recorded at
1.23 eV for various excitation fluences. The black curves in (a) and (c) repre-
sent the fitted curves.

Fig. 4(a) are well represented by double exponential func-
tions. The estimated decay time constants are ~20-30 ps and
~2ns, respectively. An additional decay component of sev-
eral hundreds of picoseconds appears and grows in intensity
with increasing excitation fluence. Because the characteristic
dependence of the dynamical behavior on the excitation flu-
ence is quite similar to the previous results,”’ we attribute
these decay components in ascending order of time constant
to: (i) the electron trapping process in the donor states; (ii)
the band-to-band transition; and (iii) the transition from the
donor states to the v1 band.

To clarify the hole dynamics evident in the TA signal
intensities observed at the E.;_,; transition in Fig. 4(b), we
subtracted the TA curves monitored at the E.;_,3 transition
(the TA intensities due to the cl-band electrons) from those
obtained at the E.;_; transition (the TA intensities caused by
the cl-band electrons and the v1-band holes) after normal-
ization at long delay times of 1 ns. Here, we assumed that the
long decay components of both TA curves were almost iden-
tical, because they are minimally affected by the relaxation
processes related to the defect states and grain boundaries.?’
The differential TA decay curves are shown in Fig. 4(c). The
large differential signals are negative, meaning that the
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differential TA signals are primarily caused by the cl-band
electrons. The sharp positive signals observed just after exci-
tation originate from the difference in probe-pulse width,
between 1.23 and 1.46eV. Thus, we only discuss the differ-
ential TA decay dynamics after 1 ps. The negative differen-
tial TA curves in Fig. 4(c) are well fitted by double
exponential functions and the obtained decay time constants
are several tens and several hundreds of picoseconds in dura-
tion, which have almost the same order of magnitude as the
electron-decay time constants. Thus, this finding also sup-
ports the observation that the differential TA decay curves
primarily reflect the electron decay dynamics, and that the
hole decay dynamics only minimally affect the TA signal
decay at the E.;_,; transition in the picosecond timescale up
to 1 ns. Therefore, we conclude that the free holes have long
lifetimes of greater than a few nanoseconds.

Finally, we briefly discuss the general features of the
electron decay dynamics in the polycrystalline CIGS thin
films through a comparison of two different types of CIGS
sample. In this work, the TA decay component ratio of pro-
cess (i) (the electron trapping process in the donor states) to
process (iii) (the transition from the donor states to the vl
band) in the electron decay dynamics, corresponding to the
trapping probability in the defect states, is one order of mag-
nitude smaller than that of the previous study under weak
excitation-fluence conditions.?’ In the former case, the sam-
ple was prepared through the 3-stage evaporation method,
while, in the latter, the co-evaporation method, in which all
elements are deposited simultaneously to form the CIGS
layer, was used for sample preparation.”” This result and the
absence of PL emission far below the band gap indicate that
the polycrystalline CIGS fabricated using the 3-stage process
method has small deep-defect state density, which is related
to the radiative recombination processes. Nevertheless, the
TA decay dynamics of both samples show almost the same
tendencies as regards the decay time constants and the evolu-
tion of the excitation fluence. This fact means that the dynam-
ical behavior of the free electrons is minimally dependent on
the defect state number and type, resulting in the robust and
long lifetimes of the conduction-band electrons in polycrys-
talline CIGS. The existence of long-lived free electrons with
lifetimes on a timescale of a few nanoseconds, despite the
fast electron trapping, is one of the characteristic features of
the highly efficient optoelectronic conversion exhibited by
polycrystalline CIGS thin films. Our findings, therefore, pro-
vide a key information necessary for the design and optimiza-
tion of high-efficiency CIGS-based solar cells.

In conclusion, we have revealed the photogenerated free-
carrier dynamics in the lowest conduction and highest
valence bands of CIGS thin films using white-light TA spec-
troscopy. Two clear photobleaching peaks were observed in
the TA spectra, which originated from the optical transition
from the highest and second-highest valence bands to the
lowest conduction band. We can distinguish between the con-
tributions of the electrons and holes to the TA decay dynam-
ics and have clarified the relaxation dynamics of the electrons
in the conduction band. It has been determined that the origin
of the long decay component with a nanosecond-timescale in
the TA decay dynamics can be attributed to both the long-
lived free electrons and holes in the respective bands.
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