Ultrafast carrier dynamics in Cu(In,Ga)Se, thin
films probed by femtosecond pump-probe
spectroscopy
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Abstract: Ultrafast carrier dynamics in Cu(In,Ga)Se, films are investigated
using femtosecond pump-probe spectroscopy. Samples prepared by direct
sputtering and co-evaporation processes, which exhibited remarkably
different crystalline structures and free carrier densities, were found to result
in substantially different carrier relaxation and recombination mechanisms.
For the sputtered CIGS films, electron-electron scattering and Auger
recombination was observed, whereas for the co-evaporated CIGS films,
bandgap renormalization accompanied by band filling effect and hot phonon
relaxation was observed. The lifetime of defect-related recombination in the
co-evaporated CIGS films is much longer than that in the direct-sputtered
CIGS films, reflecting a better quality with higher energy conversion
efficiency of the former.
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1. Introduction

Cu(In,Ga)Se, (CIGS) is commonly regarded as one of the most promising materials for low-
cost and high efficiency solar cell [1]. Further improvement of the light-to-electricity
efficiency of large-area thin films is undoubtedly an important step towards realizing the
tremendous application potential of CIGS-based solar cells. Currently, CIGS films have been
fabricated by non-vacuum processes (electrochemical deposition [2] and ink printing, both
with post-selenization) and vacuum processes (co-evaporation, sputtering with/without post-
selenization [3,4]). In order to boost the efficiency of CIGS thin films, the influences of
deposition conditions practiced in various preparation processes on controlling the bandgap
structure [3], defects, carrier concentration, film orientation [5], composition [5], and
nanostructure [6] are under extensive investigations. Previous studies using transient
photocurrent and time-resolved photoluminescence measurements have revealed that the
efficiency of CIGS thin films is related to the lifetime of radiative recombination within the
absorption layer [7,8], which can substantially affect the minority-carrier lifetime and hence
the device performance. Therefore, it is essential to identify the defects related to the
recombination traps and the mechanisms of the carrier relaxation processes in CIGS thin
films. However, the above mentioned measurements only revealed the carrier lifetimes in the
order of ns to pus [7,8], which are corresponding to the radiative recombination process, while
the much faster carrier dynamics related to non-radiative recombination processes that limit
the efficiency of the devices are rarely investigated and the associated lifetimes remain largely
unknown.

Femtosecond pump-probe spectroscopy is a powerful tool for investigating the dynamics
of nonequilibrium carriers in semiconductors. Ultrafast relaxation processes on the time scales
of femtoseconds to picoseconds can be directly measured using this technique. In this letter,
we report the study of ultrafast carrier relaxation dynamics in CIGS thin films by femtosecond
optical pump-optical probe (OPOP) reflectivity measurements. The lifetimes for various
relaxation and recombination processes were calculated by fitting the experimental curves.
We found that the carrier relaxation and recombination mechanisms and their related lifetimes
are significantly different in the samples prepared by various processes. These results provide
important information for improving the efficiency of CIGS solar cells as well as in
optimizing the film deposition conditions.

2. Experiments

The CIGS thin films investigated in this study were prepared by direct sputtering without
post-selenization (sputtered CIGS) and conventional three-stage co-evaporation (co-
evaporated CIGS) processes. A post-treatment utilizing KCN solution was performed to
remove the Cu segregation and secondary phases in both samples.

For OPOP measurements, a commercial cavity-dumped Ti:sapphire laser system providing
short pulses (~100 fs) with repetition rate of 5 MHz and wavelength of 800 nm (hv = 1.55 eV)
was used. The power of the pump beam was varied from 10 to 60 mW and was focused at a
diameter of about 35 um. Thus, the corresponding pump fluence was ranging from 0.21 to
1.25 mJ/cm® while the probe fluence was fixed at 20 pJ/cm®. The pump pulses were
modulated at 2 KHz with chopper. A mechanical delay stage was used to vary the time delay
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between the pump and probe pulses. The transient reflectivity change AR/R of the probe beam
was measured as a function of the pump-probe delay time. The small reflected signals were
detected and fed into a lock-in amplifier.

3. I-V characteristics and SEM images

Figures 1(a) and 1(b) show the typical I-V characteristics (IVCs) of the sputtered and co-
evaporated CIGS samples, respectively. From the IVCs, the obtained Voc (open-circuit
voltage), Jsc (short-circuit current density), filling factor (FF), and solar efficiency (#) for the
sputtered and co-evaporated CIGS samples are 0.50 V and 0.66 V, 24.58 mA/cm® and 25.81
mA/cmz, 62% and 72%, and 7.61% and 12.35%, respectively. The results are summarized in
Table 1. A lower Vo for the sputtered CIGS is attributed to a smaller bandgap comparing to
that of the co-evaporated CIGS, which has been confirmed by photoluminescence spectra (not
shown here). Therefore, it was anticipated that the sputtered CIGS films should exhibit a
higher Jsc than the co-evaporated CIGS films. Nevertheless, an opposite trend was observed.
Namely, the Jsc of the sputtered CIGS is slightly lower than that of the co-evaporated CIGS.
One of the possible reasons might be due to a higher defect concentration in the p-n junction
of the sputtered CIGS that suppresses the Jsc. The insets show the corresponding SEM images
of both CIGS absorption layers. It is evident that the two films display very different grain
morphologies, with a columnar structure for the sputtered CIGS thin film while that for the
co-evaporated CIGS films exhibits a coaxial grain structure. We suspect that columnar grain
boundaries of the former may have played an important role in suppressing the Jsc. In
addition, the lower FF exhibited in the sputtered CIGS comparing to that of the co-evaporated
CIGS reflects a higher shunt leakage, which is also attributable to the columnar grain structure
of the former. It appears that the columnar grain structure may have resulted in a higher
concentration of recombination centers for the sputtered CIGS solar cells, which, in turn,
yields a lower efficiency of 7.61% as compared to 12.35% obtained for the co-evaporated
CIGS solar cells.
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Fig. 1. IV characteristics of CIGS solar cells prepared by (a) direct sputtering and (b) co-
evaporation processes. Insets show the corresponding SEM images of the two samples.

Table 1. The photovoltaic parameters for direct sputtered and co-evaporated CIGS

samples
Voe (V) Jic (mA/cm?) FF (%) 1 (%)
Sputtered 0.50 24.58 62 7.61
Co-evaporated 0.66 25.81 72 12.35

4. Optical pump-optical probe measurements

In order to further elucidate the possible influences of the grain structure on the microscopic
carrier dynamics in these CIGS films, we have carried out systematic OPOP investigations.
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Figures 2(a) and 2(b) show the AR/R curves as a function of delay time measured at various
pump fluences for sputtered and co-evaporated CIGS samples, respectively. Each AR/R curve
displayed in Fig. 2(a) can be fitted by a bi-exponential decay while the AR/R curves displayed
in Fig. 2(b) can be fitted by three exponential decays, including the quick rise of AR/R from
negative to positive can be fitted by an exponential decay and the sequentially slow decay can
be fitted by a bi-exponential decay. We will discuss the dominant relaxation and
recombination processes for each sample from the distribution of AR/R curves and the fitting
results of the carrier-density and pump-fluence dependences of magnitudes and relaxation
time constants. As has been pointed out by A. Othonos [9], when the semiconductor is
exposed to an ultrafast optical pulse with above band gap photon energy, many processes
occur, including the generation of large nonequilibrium carrier densities, elevated carrier
temperature, changes in the crystalline structure and band structure. This in turn will affect
various macroscopic parameters such as the changes of dielectric constant, reflectivity, and
transmission of the material. Moreover, the temporal and spatial evolutions of carrier
relaxation and recombination processes are also very complicated. Therefore, the carrier-
density, pump-fluence, probe-wavelength, and temperature dependences of the pump-probe
results should be accurately analyzed to correctly delineate the mechanisms of ultrafast carrier
dynamics prevailing in semiconductors.
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Fig. 2. (a) Reflectivity transient for the direct sputtered CIGS films. The inset shows the semi-
log plot of the AR/R curve for a pump fluence of 1.25 mJ/cm?. The curves were fitted with a
biexponential decay function, [Aexp(-#/Tns) + A2eXp(-t/Tgow)]. Where 7, is the characteristic
cooling time of photoexcited hot carriers and ty. is related to carrier recombination. (b) The
reflectivity transient for the co-evaporated CIGS films. The negative reflectivity in short delay
time is due to the bandgap renormalization effect. The subsequent positive reflectivity transient
decay fitted with a biexponential decay is originated from the fast process of the hot phonon
relaxation, while the following slow process is due to the defect-related non-radiative
recombination.

In order to discuss the mechanism of the fast relaxation process for the sputtered CIGS, the
fast relaxation time (zg) versus total carrier density was plotted and displayed in Fig. 3(a).
Here we assume that the total carrier density is approximately equal to the photoexcited
carrier density since the sputtered CIGS has a carrier density in the range of 10'® ~10" cm™
measured by Hall effect measurement, which is smaller than that of photoexcited carriers. For
example, a total carrier density of 4.19 x 10" cm™ could be generated under a pump fluence
of 0.21 mJ/cm®. As shown in Fig. 3(a), 7, decreases from ~7.49 to ~3.76 ps as the total
carrier density increases from ~4.19 x 10" cm™ to ~2.51 x 10*’ cm™ and reaches the plateau
value of ~3.76 ps at the total carrier density larger than ~1.50 x 10** cm™. One of the hot
carrier relaxation channels at high electron concentration is that the hot electron energy loss
through LO phonon emissions, which is called the hot phonon effect and the screening effect
[9]. In this case, the electron relaxation time increases as the excitation density increases.
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However, our measurement results obviously do not follow this expectation. This anomalous
carrier density dependence is similar to those results reported by Tsai et al. [10], wherein the
hot electron relaxation process in InN and GaAs has been attributed to electron-electron
scattering [11,12]. Therefore, we may conclude that the dominant fast electron relaxation
process in the sputtered CIGS films is the electron-electron scattering.

In order to interpret the slow relaxation process in the sputtered CIGS, the dependence of
slow relaxation rate, 1/z4,y, as a function of the total carrier density is shown in Fig. 3(b). A
perfect linear fit (solid line) to the data can be obtained using an equationl/z, , = B+ B,n

with By = 8.74 x 10° s and B, =9.09 x 107" em® 57!, respectively [10]. This result reveals
that two recombination mechanisms are involved in the slow relaxation process. The linear
carrier density dependence of the recombination rate for the later term B,n, is due to the Auger
recombination process in degenerated carrier system and can be written as 1/za,, [13]. The B,
suggests the Auger recombination lifetime, which is the order of picosecond magnitudes. It is
much faster than the radiative recombination lifetime in the order of pus measured by time-
resolved photoluminescence measurements. Another term B,, which is independent of the
total carrier density, is associated with the defect-related non-radiative recombination process.
The defect-related non-radiative recombination lifetime, t,, is typically dominated by a so-
called Shockley-Read-Hall mechanism at room temperature with 7, = 1/(NgOuervV). Where
Nyt 1s the density of defects, oy is their cross section, and vy, is the thermal velocity of the
carriers [14]. The defect-related non-radiative recombination lifetime (z,) for this case is ~114
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Fig. 3. (a) The extracted carrier cooling lifetime (zgy) in a short delay time under different
carrier densities in the direct sputtered CIGS film. (b) The 1/zge extracted from the slower
component in the biexponential decay function used to fit the reflectivity transient of the direct
sputtered CIGS thin films.

In contrast, as shown in Fig. 2(b), the carrier relaxation behavior for the co-evaporated
CIGS films, which with much lower free carrier density in the range of 10" ~10'° cm’3, is
significantly different from those exhibited in sputtered CIGS films. Instead of displaying a
steep increase upon pumping (Fig. 2(a)), each AR/R curve displayed in Fig. 2(b) exhibits a
rapid drop in the initial stage, followed by a quick rise and then decays slowly with delay
time. The temporal evolution of AR/R indicates that the carrier relaxation might have been
dominated by effects of bandgap renormalization and band filling [15]. At a short delay time
(within 1 ps), the band filling is still far from being saturated and the transient reflectance is
dominated by the bandgap renormalization effect since the sample carrier density is much
lower than that of photoexcited carriers, resulting in an abrupt decrease in AR/R signal. The
fact that the amplitude of the negative AR/R signal increases with increasing pump fluence,
suggesting a stronger bandgap renormalization effect resulted from a higher photoexcited
carrier density at a higher pump fluence. As the carriers cool down and relax toward the band
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edge, the change in absorption by band filling takes over the bandgap renormalization and
leads to a sudden increase in reflectivity [15]. To further shed light on band filling effect, the
Tre Was extracted by fitting the AR/R signal to function Ajexp(-t/tsy) with a negative
amplitude (A; < 0), as shown in Fig. 4(a). It is evident that, the extracted g from co-
evaporated CIGS films is proportional to total carrier density, indicating that the dominant
carrier relaxation in this case is due to the electron-phonon scattering during the band filling
process [9]. Note that the carrier cooling mechanism in the co-evaporated CIGS films is
different from that in the sputtered CIGS films. The cooling process in the co-evaporated
CIGS film has eventually brought the amplitude of transient reflectivity back to positive,
followed by a biexponational decay (see Fig. 2 inset), which can be attributed to a hot phonon
relaxation and a defect-related non-radiative recombination. By carrying out the fitting
analyses, it was observed that the hot phonon relaxation time was increased from 87 ps to 442
ps when the pump fluence was increased from 0.21 mJ/cm® to 1.25 mJ/cm®. This can be
understood as followings. Higher pump fluence is expected to result in a higher electron
temperature, thereby transferring more energy to phonon. As a result, it would take longer
time for the phonons to relax back to thermal equilibrium [9]. Another contribution to the
biexponential decay is the defect-related non-radiative recombination characterized by a
relaxation time constant, z,, which is largely independent of the total carrier density. Indeed, a
constant value of ~750 ps for 7, was obtained for the co-evaporated CIGS films at all carrier
densities [15], as shown in Fig. 4(b). It is noted that this value is much longer than that
obtained in sputtered CIGS films, which is 114 ps, indicating that the defect-related
recombination rate in the co-evaporated CIGS films is significantly lower than that in
sputtered CIGS films. Moreover, no Auger recombination was observed in the co-evaporated
CIGS films, presumably due to a much lower carrier density in the co-evaporated CIGS film.
Both are consistent with the notion that the columnar grain structure in the sputtered CIGS
films is more defective and, hence, exhibits deteriorated conversion efficiency.
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Fig. 4. (a) The extracted carrier cooling lifetime (zss) in a short delay time under different
carrier densities in the co-evaporated CIGS films. (b) The defect-related recombination lifetime
(7a) as function of the total carrier density for the co-evaporated CIGS films.

5. Conclusion

In conclusion, the photovoltaic performance of Cu(In,Ga)Se, thin films prepared by direct
sputtering and co-evaporation processes were compared, revealing the crucial role played by
the resultant film microstructures. Systematic investigations of the ultrafast carrier dynamics
in respective films were performed by femtosecond time-resolve pump-probe reflectivity
measurements. The results demonstrate that the dominant carrier relaxation mechanism
strongly depends on the carrier and defect densities in the samples while both can vary
dramatically with different deposition processes. For the direct-sputtered CIGS films, the fast
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relaxation time decreases with the increasing carrier density, which can be attributed to the
electron-electron scattering dominated hot carrier relaxation. In contrast, for the co-evaporated
CIGS films, the fast dynamics of carrier relaxation is dominated by electron-phonon
scattering. On the other hand, the carrier density independent defect-related recombination
rate in the co-evaporated CIGS film (z, ~750 ps) is much slower than that obtained from the
sputtered CIGS film (z, ~114 ps) and no Auger recombination was observed in the former.
These results indicate viable ways for further improving the photovoltaic efficiency of the
CIGS-based solar cells as well as optimizing thin film deposition conditions.
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