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The dynamics of free carriers in polycrystalline Culn;_,Ga,Se, (CIGS) thin films were studied using
picosecond time-resolved photoluminescence (PL) and femtosecond transient-absorption (TA) measurements.
The PL spectrum and the TA decay component due to the band-to-band recombination of free carriers were
observed in the picosecond time region. From excitation-photon-energy-dependent TA measurements, we
identified a slow intraband relaxation of free carriers in the CIGS thin films. Collectively, the combination
of PL and TA experiments reveal a global feature of energy relaxation and recombination processes of free

carriers in the femtosecond to nanosecond time regions.

DOI: 10.1103/PhysRevB.89.195203

I. INTRODUCTION

Culn;_,Ga,Se, (CIGS) has attracted considerable interest
as a material for highly efficient thin film solar cells because
of its advantages such as a high absorption coefficient in
the near-infrared and visible spectral regions, controllability
of the band-gap energy, and polycrystalline structures that
allow easy and large-area fabrications [1-3]. However, in
general, polycrystalline semiconductors have complicated
optoelectronic properties: They contain grains and defects
that serve as carrier traps and recombination centers, because
of which these polycrystalline semiconductors exhibit poor
luminescence and carrier transport properties as compared
to their single-crystal counterparts. Interestingly, the energy
conversion efficiency of CIGS solar cells, which exceeds
20%, is the highest among all thin film solar cells despite
their polycrystalline structures [2]. The reason for this high
efficiency has been a long-standing issue in thin-film-based
solar cell research. Considerable efforts from the viewpoint of
fundamental physics have been directed toward characterizing
grain boundaries (GBs) and defects that determine solar
cell performance in CIGS thin films [4-10]. The energy
relaxation and recombination dynamics of free photocarriers
in polycrystalline CIGS thin films are also crucial factors for
the solar cell efficiency.

Transient optical spectroscopy provides essential informa-
tion on carrier localization and recombination in semiconduc-
tors. Over the past two decades, numerous studies have been
devoted to the dynamical responses of photoluminescence
(PL) and photocurrent in CIGS on the nanosecond time
scale [11-18]. The broad PL spectra of CIGS thin films
are observed a few hundreds of millielectronvolts below the
band-gap energy [19-21]. The PL emission was attributed
to radiative recombination of localized carriers in donor and
acceptor states below the band edge. A clear observation of
radiative band-to-band transition of free carriers has not been

“Corresponding author: kanemitu@scl.kyoto-u.ac.jp

1098-0121/2014/89(19)/195203(6)

195203-1

PACS number(s): 78.66.Jg, 78.47.D—, 78.47.J—, 78.55.Qr

reported so far. Therefore, the dynamics of free photocarriers
in CIGS thin films have not yet been determined. To gain a deep
understanding of highly efficient energy conversion processes
in CIGS-based solar cells, it is necessary to determine the
dynamics of free carriers in polycrystalline CIGS thin films
using ultrafast optical spectroscopy.

In this paper, we report on the energy-relaxation dynamics
of free carriers in CIGS thin films, as studied by picosecond
time-resolved PL and femtosecond transient-absorption (TA)
measurements. These measurements reveal the intraband
relaxation and localization times of free carriers and the
recombination lifetimes of localized carriers. Even under
weak excitation conditions, we observed band-to-band PL
and TA signals in the picosecond time region. Photoexcited
free carriers show long lifetimes in the nanosecond time
region, owing to thermal activation from shallow trap states.
We identified an extremely slow intraband relaxation of
photocarriers in the CIGS thin films. We suggest that these
characteristic features lead to the high solar cell conversion
efficiencies of polycrystalline CIGS thin films.

II. EXPERIMENT

The CIGS thin films were grown on soda-lime glass (SLG)
substrates by the coevaporation method, using a molecular
beam epitaxy technique [3]. The [Cu]/([In]+[Ga]) compo-
sition ratio of the CIGS films was approximately 0.93. To
conduct TA measurements with a transmission configuration,
our CIGS samples with a thickness of 200 nm are an order
of magnitude thinner than typical CIGS films. To investigate
the effect of the CdS layer on PL and TA measurements,
we fabricated CIGS thin films with and without the CdS
layer. PL spectra were detected with a liquid-nitrogen-cooled
InGaAs diode array through a monochromator, and PL decay
dynamics were measured using a near-infrared streak camera.
The light source for the PL. measurements was a wavelength-
tunable Yb:KGW-based femtosecond laser system (300-fs
pulse duration and 200-kHz repetition rate). The excitation
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photon energy was tuned to 1.75 eV (710 nm) to eliminate
the PL from the SLG substrates. In the TA measurements, we
used a Ti:sapphire-based femtosecond laser system with two
optical parametric amplifiers as the light sources of the pump
and probe pulses (150- to 300-fs pulse duration and 1-kHz
repetition rate). Optical studies by combining time-resolved
PL and TA spectroscopy provide a detailed insight into
ultrafast carrier dynamics of solar cell materials [22,23]. All
experiments were performed at room temperature.

III. RESULTS AND DISCUSSION

An absorption spectrum of the CIGS/CdS thin film is shown
in Fig. 1(a). The inset shows a Tauc plot for direct band-
gap semiconductors. By extrapolating the linear function,
the band-gap energy E, of the sample was determined to
be ~1.27 eV. The Ga composition (x) of our sample is
estimated by the relationship between E, and x in Ref. [24]
to be ~0.48. The absorption spectrum has characteristic
structures at around 1.53 and 2.4 eV. By comparison with
first-principle band-structure calculations [25-27], the former
structure was assigned to the optical transition between the
lowest conduction and the split-off valence bands, and the
latter structure to the optical absorption of the CdS layer.

Figure 1(b) illustrates the PL spectra at different excitation
fluences. The spectra were normalized at the highest emission
peak. A few PL peaks appear below and around the band-gap
energy. At low excitation fluences below 1.5 wuJ/cm?, only
an asymmetric emission peak around 1 eV is observed. In
the CIGS films, it is well known that continuous bands are
formed by a large number of defects, which act as donors and
acceptors [19-21]. Thus, the 1-eV peak can be decomposed
into two Gaussian bands reflecting the potential fluctuations
due to donors and acceptors [28]: one assigned to the optical
transitions between the Inc, defect state (a donor band) and
the V¢, defect state (an acceptor band); the other to those
between the Inc, and the valence bands in descending order
of energy, according to theoretical calculations [29]. This
assignment is plausible for our Cu-poor CIGS samples. The
energy difference between the V¢, and the valence bands is
comparable to the thermal energy at room temperature [29],
leading to significant occupation of the valence band, thus light
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FIG. 1. (Color online) (a) Absorption spectrum of the CIGS thin
films at room temperature. The inset shows the Tauc plot in the
vicinity of the band edge. (b) Normalized PL spectra of the CIGS
thin films for various excitation fluences with excitation at 1.75 eV.
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FIG. 2. (Color online) (a) PL decay dynamics in the CIGS thin
films with (red curve) and without the CdS layer (blue curve).
(b) Blue and red curves correspond to the PL decay dynamics
monitored at around 1.05 and 1.25 eV, respectively. In both figures,
the black dotted curves represent the fitted curves.

emission due to the transition between the Inc, and the valence
bands is observed even under weak photoexcitation.

As the excitation fluence increases above about 2 uJ/cm?,
a new PL peak appears at around 1.27 eV. By comparison
with E, estimated from the absorption spectrum, this peak
was assigned to the optical transitions between the conduction
band and the V¢, and between the conduction and the valence
bands, where the latter corresponds to the band-to-band PL.
Band-edge fluctuations due to the Coulomb interaction with
acceptors and donors lead to a Gaussian PL shape [28]. As the
excitation fluence increases, this PL peak at 1.27 eV shows a
slight blueshift due to the state filling, and the contribution of
the band-to-band recombination to the PL intensity increases.
Finally, we found that under a strong fluence of 350 1J/cm?,
the band-to-band PL becomes slightly sharper. This is the first
observation of radiative band-to-band recombination of free
carriers in polycrystalline CIGS films.

To gain deeper insights into the recombination processes of
photocarriers, we studied the picosecond PL decay dynamics
of the CIGS thin films. Figure 2(a) shows the PL decay curve
(red) monitored at photon energies between 0.95 and 1.00 eV
in the CIGS thin film with the CdS layer under an excitation
fluence of 0.35 wJ/cm?. Because the PL decay curves show
nonexponential behavior, we fitted the curves with triple-
exponential functions, Alexp(—t/rlpL) + Azexp(—t/rZPL) +
Aszexp(—t/ r; L). the calculated curves (dotted curves)
reproduce the experimental results very well. The three
lifetimes obtained are 7{™ ~ 0.15ns, 7, ~ 2ns, and ;- ~
10ns. Because the donor-to-acceptor transition is dominant in
the PL spectra of CIGS thin films under weak photoexcitation
[see Fig. 1(b)], the longest 10-ns PL decay is attributed to the
radiative transition from donor to acceptor states. The origins
of the other two lifetimes are discussed later by comparison
with TA measurements. The PL decay curve (blue) in CIGS
films without the CdS layer is also plotted in Fig. 2(a).
The PL intensity shows remarkably fast decay, indicating
that nonradiative recombination of carriers occurs at oxidized
CIGS surfaces [13,18].

We also measured the PL dynamics in the CIGS films
with the CdS layer in the region of intermediate excitation
fluence, where two PL emission peaks are clearly observed.
The PL decay curves monitored at around 1.05 (red) and
1.25 eV (blue) are shown in Fig. 2(b). The PL decay curve
of the low-energy peak has a rise time of a few tens of
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FIG. 3. (Color online) (a) Dependence of TA decay curves for
CIGS thin films on the excitation fluence. Pump and probe energies
were tuned to E,. The black curves represent the fitted curves.
(b) Amplitudes of the three decay components are plotted as a function
of the excitation fluence.

picoseconds. In contrast, the PL. decay curve of the high-energy
peak has a fast-decay component. We note that the fast decay
time of the high-energy PL peak is almost the same as the
rise time of the low-energy PL peak. Moreover, the Cu-poor
CIGS thin films used here are p-type semiconductors and
contain unintentionally doped holes. The PL decay dynamics
are determined by localization and recombination of minority
carriers, i.e., electrons. Therefore, we conclude that the time
constant of a few tens of picoseconds corresponds to the
localization of free electrons into the donor states.

To further investigate the energy relaxation and localization
dynamics of photocarriers, we studied the TA decay dynamics
of the CIGS thin films. Figure 3(a) shows TA decay curves
under different excitation fluences ranging from 0.94 to
35.4 uJ/cm?. The pump and probe pulse photon energies were
tuned to Eg. The positive values of AT /T monitored at E,
correspond to photobleaching of the transition between the
bottom of the conduction band and the top of the valence band.
The positive values for Epope = E, support our estimation of
E, from the absorption and PL spectra. The TA decay curves
at low excitation fluences are well fitted by double exponential
functions. The lifetimes are evaluated to be approximately
10 ps (r) and 2 ns (z;). As the excitation fluence increases,
a new decay component with a lifetime of about 100 ps
(z;*) appears. Electrons are considered to have a predominant
impact on the TA signal in the CIGS thin films [30,31], because
the effective mass of an electron is smaller than that of a
hole in CulnSe, and CuGaSe, [26]. Therefore, we conclude
that the TA decay dynamics in the CIGS thin films mainly
reflect the energy-relaxation and recombination dynamics of
photoexcited electrons. Moreover, we note that the fastest
decay time rlTA is almost the same as the electron trapping
time obtained in the PL dynamics. We assigned 7 to the
relaxation time of free electrons from the conduction band to
donor states.

By using the 7, 7)*, and t;*, we performed global
fitting of the TA decay curves for the entire excitation fluence
range. The obtained amplitudes of these decay components
are plotted as a function of the excitation fluence in Fig. 3(b).
The uncertainties are small enough to allow discussion of
the excitation fluence dependence of the amplitudes. The
red, green, and blue symbols correspond to the amplitudes

of the rlTA, rzTA, and r3TA components, respectively. rlTA and
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show a linear dependence on the excitation fluence,
whereas rzTA shows a quadratic dependence. We found that
the band-to-band PL emission becomes dominant as the
excitation fluence is increased. Therefore, on the basis of
its dependence on the excitation fluence, we conclude that
‘L'ZTA reflects the recombination of a free electron in the
conduction band with a free hole in the valance band [32].
To confirm this assignment, we evaluated the average PL
lifetime of the higher emission peak [blue curve in Fig. 2(b)]
by averaging the lifetime of the two longer components:
(t) = Zi:z Auta/ Zi:z A, ~ 120 ps. The good agreement
between 7, and the average PL lifetime (t) strongly supports
our assignment of the band-to-band transition.

At this point, we would like to comment on the origin of the
lifetime tf, which is also similar to 7;*, under weak excitation
condition [Fig. 2(a)]. It has been reported that the composition
fluctuation occurs in CIGS polycrystalline samples [33]. This
suggests that the broad PL peak at 1.0 eV can partly be
attributed to the band-to-band recombination with the time
constant of approximately 100 ps in the CulnSe, segment,
in which the band-gap energy is approximately 1.0 eV [24].
Since the broad PL emission consists of different carrier
recombination processes, we consider that the fitting by a
three-exponential function is reliable under weak excitation
fluence condition as shown in Fig. 2(a).

The slow-decay components, 77~ and 73 (~ a few
nanoseconds), are observed under weak photoexcitation in
both PL and TA experiments. The TA decay dynamics are
mainly determined by the decrease in free carrier density
at the band edge when the probe energy, Epope, is equal to
E,. In addition, PL experiments [see Fig. 1(b)] show that
the radiative transitions between the donor states and the
valence band or acceptor states are dominant under weak
photoexcitation. Therefore, we can attribute the slow-decay
time to the recombination time between electrons trapped in
donor states and free holes in the valence band. The long-lived
free carriers are mainly ascribed to the thermal excitation from
the shallow trap states [29]. The verification of the origin of
each decay component was possible by using the combination
of PL and TA measurements. Such complementary techniques
are helpful to shed light on the carrier dynamics of solar cells.

Next, we conducted TA measurements with different pump
photon energies, Epump, to investigate the intraband relaxation
of photocarriers. Figure 4(a) shows the pump energy depen-
dence of the TA decay dynamics under weak photoexcitation,
where Epope = Eg. A fastrise during the initial stage appears,
except when Epymp=E,. As Epump increases, the rise time .,
which corresponds to the intraband carrier relaxation through
carrier-carrier and carrier-phonon interactions [30,31,34], be-
comes slower. As explained with Fig. 3(b), the picosecond
TA decay dynamics are mainly determined by the electron
relaxation from the conduction band to the donor states. Thus,
we only considered the electron relaxation process to evaluate
the pump energy dependence of the intraband relaxation time.
We fitted the TA decay curves by using the following function,

TA
)

I(1) = A(e7 5 — e=3)).

Here, 7, is the intraband relaxation time from the excited
state to the ground state, i.e., the bottom of the conduction
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FIG. 4. (Color online) (a) Pump energy dependence of TA decay
curves for CIGS thin films under weak excitation conditions. The
probe energy was fixed at E,. The thin black curves represent the
fitted curves. (b) Rise times of the TA signals are plotted as a function
of the excess energy. The filled circles and triangles correspond to data
for CIGS thin films with and without the CdS cap layer, respectively.
The black curve plots to the absorption spectrum for reference. The
dotted curves represent the fitted curves. (c) A schematic view of
carrier relaxation processes in CIGS thin films.

band. A and 7; are the amplitude and time constant of the
exponential function that describes the decay of the electrons
at the bottom of the conduction band. Because t[* corresponds
to the electron relaxation, the value 7, obtained through fitting
should result in a similar value. Indeed, the fitting of the
TA decay curves resulted in 7; ~ rlTA. To reproduce the TA
decay dynamics down to the nanosecond time region, slow
relaxation process should be taken into account. Considering
slow relaxation with a lifetime of t3TA, the TA decay curves
are fitted well [Fig. 4(a), black curves]. These facts indicate
that 7 and 7J*, which are attributed to the relaxation from
the bottom of the conduction band, are insensitive to the initial
excess energy Eex, which is defined as the energy difference
between Epump and Epope, as expected by our model. In
Fig. 4(b), the rise times derived from the fitting are plotted as a
function of E... The intraband relaxation time monotonically
increases with Ex. It is noteworthy that no difference is
observed between the CIGS samples with and without the CdS
cap layer. Therefore, the observed slow intraband relaxation
is linked to inherent characteristics of CIGS polycrystalline
structure itself.

Moreover, when Epmp is larger than 1.5eV(E, +0.2eV),
the slope of the rise time becomes gentler. Because
the split-off valence band lies ~0.2 eV below the top
of the valence band [25-27], electrons can be excited from
the split-off valence band as well as the lowest valence
bands at Epymp > 1.5eV.The E,,. of the electrons excited
from the split-off valence band is much lower than that
excited from the two lowest valence bands. The energy loss
rate changes at the energy of the split-off valence band,
similar to the case of GaAs bulk crystals [30,31,34]. Above
Epump = 2.0eV(E, +0.7€V), the rise time remains almost
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constant. This is attributed to the effect of intervalley scattering
with large wavevector phonons, because the second-lowest
conduction-band valley locates approximately 1 eV above the
lowest one [25-27]. The relaxation rate is closely linked to the
band structure of the CIGS films.

We summarize the carrier relaxation and recombination
processes in CIGS thin films in Fig. 4(c). By using a
combination of different measurement techniques, we clarified
the carrier relaxation times and recombination lifetimes of
photocarriers in the CIGS thin films. The most essential
point is the slow intraband relaxation of photocarriers with
a subpicosecond lifetime. The intraband relaxation rate in
CIGS thin films seems to be quite different from that in single
crystalline GaAs, a typical direct-gap semiconductor, with an
initial intraband relaxation time of a few tens of femtoseconds
[30,31]. Thus, we discuss the mechanism of the intrinsic slow
intraband relaxation and its impact on solar energy conversion
efficiencies in CIGS thin films.

In general, intraband carrier relaxation is governed by
two processes: carrier-carrier scattering and carrier-phonon
scattering. The carrier-carrier scattering rate depends strongly
on the photogenerated carrier density and therefore becomes
large under strong excitation fluence conditions. In typical
semiconductor such as GaAs, this process plays a dominant
role in the initial intraband relaxation on the order of a
few tens of femtoseconds [30,31]. However, our experiments
showed that the rise time (the intraband relaxation time) under
weak excitation fluences is almost the same as that under
strong excitation fluences, indicating that the relaxation time
does not depend on the carrier density. In our experimental
conditions, the carrier-carrier interactions are not dominant
in the intraband energy relaxation. The energy relaxation via
carrier-phonon interactions determines the rise time of the TA
signal, that is, the intraband relaxation.

According to first principle calculations, the second lowest
conduction-band valley lies about 1 eV above the band gap
energy [25-27]. This suggests that the intervalley carrier-
phonon scattering is not an essential intraband relaxation
process for sufficient small excitation energies, such as those
used in Fig. 4. The intravalley carrier-phonon scattering
processes with large-energy optical phonons become dominant
only when carriers have large excess energy under high-
energy excitation [30,31,35]. Such intravalley carrier-optical-
phonon interactions occur on the order of a few hundreds
of femtoseconds. The observed slow relaxation in the CIGS
samples cannot be explained by the typical intraband energy
relaxation processes in single crystalline semiconductors [35].

In CIGS thin films, the composition fluctuation at GBs and
the spatial distribution of defect states have been reported [10].
These factors cause the potential to fluctuate near the band
edge of the CIGS thin films. We suggest that the potential
fluctuations suppress carrier-carrier scattering, because the
carriers can be weakly localized at local potential minima,
which exist in the valance and conduction bands and are
fundamentally different from the localized states existing
within the band-gap energy [28]. The photogenerated carriers
are located at the local minima in the fluctuated potentials and
the slow energy relaxation into the bottom of the conduction
band occurs via slow carrier-acoustic-phonon interaction.
Moreover, the spatial potential fluctuations are most likely
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to further slow down the apparent carrier relaxation, because
a carrier must move repeatedly from one local potential
minimum to another until it reaches the band edge. Therefore,
we believe that the slow intraband relaxation in CIGS thin
films is linked to the nature of its polycrystalline structure.
The carriers at local potential minima near and above E,
behave as mobile (free) carriers [28], and only these carriers
can be considered as “high-energy” carriers. Therefore, the
slow intraband relaxation indicates the existence of long-lived
high-energy carriers above E,. The impact of the high-energy
carrier lifetime on the performance of inorganic solar cells
such as those of CIGS thin films has not yet been clarified.
Recent experimental studies have pointed out the importance
of high-energy carriers for efficient charge separation in other
materials systems for solar cells [36—38]. Our findings imply
that long-lived high-energy carriers in CIGS thin films play
a crucial role in charge separation and lead to the high
performance of CIGS solar cells.

IV. CONCLUSION

In conclusion, we clarified the dynamics of free carriers
in CIGS thin films by using time-resolved TA and PL

PHYSICAL REVIEW B 89, 195203 (2014)

measurements. The band-to-band recombination on the order
of subnanoseconds is observed in the PL and TA decay
dynamics even under weak excitation fluence conditions. On
the basis of the excitation energy dependence of the TA decay
dynamics, we revealed that the photogenerated carriers relax
slowly into the band edge over the course of several hundreds
of femtoseconds and localize in shallow trap states within a
few tens of picoseconds. The intrinsic slow carrier intraband
relaxation may be of great importance for charge separation
in CIGS solar cell applications. Moreover, in spite of the
existence of a large number of defect states in polycrystalline
films, we found a slow-decay component with a time constant
of a few nanoseconds in the TA decay curve owing to
the long-lived free carriers. These characteristic dynamical
behaviors lead to the high solar conversion efficiency of the
CIGS polycrystalline solar cells.
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