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TOC graphic

CIGS thin-film samples were investigated for the first time using femtosecond pump-probe
differential reflection spectroscopy with broadband capabilities and 120-fs temporal resolution.
The pump-and-probe beams were focused on ~1.6 m-thick CIGS films. The reflected probe
light from the samples was collected and focused on the broadband infrared detector (D) for
recording the carrier dynamics of CIGS in real time.
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ABSTRACT
Although Cu(In,Ga)Se2 (CIGS) solar cells have the highest efficiency of any thin-film solar cell,
especially when sodium is incorporated, the fundamental device properties of ultrafast carrier
transport and recombination in such cells remain not fully understood. Here, we explore the
dynamics of charge carriers in CIGS absorber layers with varying concentrations of Na by
femtosecond (fs) broadband pump-probe reflectance spectroscopy with 120-fs time resolution.
By analyzing the time-resolved transient spectra in a different time domain, we show that a small
amount of Na integrated by NaF deposition on top of sputtered Cu(In,Ga) prior to selenization
forms CIGS, which induces slower recombination of the excited carriers. Here, we provide direct
evidence for the elongation of carrier lifetimes by incorporating Na into CIGS.
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1. Introduction
Improvements made over the years to increase CIGS solar cell efficiency include bandgap
grading, which relies on liquid-assisted growth by the three-stage coevaporation method [1]: Na
diffusion out of a soda-lime glass [2], postdeposition treatment (PDT) with NaF impacting grain
boundary passivation [3], PDT with KF [4,5], and optimization of Ga/(In+Ga) composition [58]; however, improvements require substantially further study. In light of the important role that
Na plays in CIGS layers, several groups have examined the growth and performance of CIGS
layers by systematically varying Na content [9-12]. Typically, exposure to Na during growth of
CIGS layers has been observed to change interdiffusion of Cu, In, and Ga [9,12] to modify grain
size and orientation [9-11], which may result in a redistribution of oxygen [9,12]. Solar cells
grown in optimal Na concentrations are typically more efficient because they have a higher
open-circuit voltage (VOC) and a higher fill factor (FF) [12,13]. This is predicted to result from
increased net carrier concentration, which is typically one order of magnitude due to either an
increased p-type doping concentration (potentially by a reduction of compensating donors)
and/or reduced recombination. Several mechanisms have been proposed on the electronic impact
of Na via both grain interior and grain boundaries [10-16].
Grain boundaries in CIGS are still a very active area of research and no agreement exists yet on
the electronic activity of grain boundaries [17]. So far, polycrystalline CIGS outperforms
monocrystalline CIGS, yet whether grain boundaries are detrimental (recombination centers),
benign (e.g., combination of inactive and fully passivated grain boundaries) [18], or required for
high-power conversion efficiency (e.g., due to type inversion) [19] remains debatable. Observed
changes in grain boundary activity with Ga/(In+Ga) [7,17,20,21] and an interplay of Ga/(In+Ga)
with KF PDT have been made [5]. Historically, the optimum Ga/(In+Ga) composition has been
around 0.30, though the exact reason is not fully understood. The widening of the -phase
existence range from added Ga and the related increase in tolerance to composition deviations
might play a role [22]. Potentially, reduced crystal lattice distortion leads to a minimum in defect
concentration [23]. Furthermore, grain size and subsequently grain boundary area are sensitive to
Ga/(In+Ga) [7,8,24]. Therefore, concomitant changes and interdependencies between Na, O
incorporation, Ga/(In+Ga), and grain boundary area and activity present a challenge to
unraveling the source of improvements made to the CIGS absorber and solar cell.
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Measuring the minority carrier lifetime provides the most direct measurement of CIGS absorber
quality. The most common method to measure minority carrier lifetime in CIGS has been timeresolved photoluminescence, with lifetimes varying from a few ns to 250 ns, depending on
absorber quality and air exposure [25,26]. However, carrier lifetime measurements by varying
Na concentration have not been reported. For this reason, we investigate the ultrafast carrier
dynamics in polycrystalline CIGS by varying Na concentrations and measuring the impact of Na
on minority carrier lifetime.
We show that the fundamental photophysical properties of these semiconductor films can be
directly resolved by applying broadband pump-probe spectroscopy to excite and detect the
wavelengths around the exciton absorption peak, located in the near-infrared region. Powerful
pump-probe spectroscopy [27-29] allows for the direct determination of the dynamics of the
electron-hole pairs, charge separation, intraband relaxation, multiple excitations, multi-exciton
generation, and Auger recombination—all of which govern the photophysical processes in
semiconductor CIGS thin films [26,30] or in other semiconductors such as PbS quantum dots for
solar cell applications [31].
Here, we report the first femtosecond transient reflectance data on CIGS absorber layers grown
with and without added NaF prior to selenization of Cu(In,Ga). By analyzing the dynamics of the
transient signal, we show that Na in CIGS significantly increases the lifetimes of the excited
carriers. More specifically, our results clearly demonstrate significantly slower carrier
recombination when Na is added, up to a certain level, which enhances the performance of solar
cell devices.
2. Experimental Methods
1.1. CIGS thin-film preparation.
CIGS layers were prepared on soda-lime glass substrates and coated with an Na-diffusion barrier
by sputtering Cu(In,Ga) followed by H2Se batch selenization with active added Na using
different NaF thicknesses (0–30 nm). Selenisation was performed at 250 °C for 60 min followed
by 1-5 min at 500 °C, giving the composition range of Cu/(In+Ga)=0.8–1 and Ga/(In+Ga)=0.30–
0.45. All detailed preparations and characterizations of CIGS layers have been previously
reported [11]. Eid et al. [11] demonstrated that the thickness of added NaF to the CIGS layers
changes the efficiency of solar cells: increasing NaF thickness from 0 to 15 nm increased solar
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cell efficiencies from <10% to 16.0% (without antireflective coatings), but increasing NaF
thickness from 15 to 30 nm decreased solar cell efficiencies. Here, CIGS layers grown with 0-,
10-, 15-, 20-, or 30-nm NaF (CIGS-0NaF, CIGS-10nmNaF, CIGS-15nmNaF, CIGS-20nmNaF,
CIGS-30nmNaF, respectively) were chosen in our time-resolved spectroscopic study.

1.2. Time-resolved broadband differential reflection spectroscopy.
The CIGS thin-film samples were investigated using time-resolved pump-probe differential
reflection spectroscopy with broadband capabilities. In this method, the pump-pulse action
successfully promoted electrons to the conduction band (CB). Subsequently, the decay process
from the latter band to various defect levels or/and valence bands could be directly probed in real
time. The experimental setup employed a white-light continuum probe pulse, generated in a 2mm-thick sapphire plate in an Ultrafast System LLC spectrometer, using a few J pulse energy
of the fundamental output of a Ti:Sapphire femtosecond regenerative amplifier, operating at 800
nm with 35-fs pulses and a repetition rate of 1 kHz [32]. The pump pulses at 1080 and 1500 nm
(related to the excitation at the blue and red sides of the energy gap, respectively) were created
from spectrally tunable (240-2600 nm) femtosecond pulses generated in the optical parametric
amplifier (Newport Spectra-Physics). The pump-and-probe beams with a diameter of 700 and
500 m, respectively, were focused on ~1.6-m CIGS thin films. The beams were nearly
perpendicular to the CIGS surface with an angle of less than 5° to the normal. In this study, the
pump pulse excites carriers in the CIGS layer, which induces changes in the optical properties of
the sample that lead to changes in reflectivity (R). The reflecting metallic layer below the CIGS
layers are also largely influenced by absorptive changes. The reflected probe light from the
samples was collected and focused on the broadband infrared detector for recording the timeresolved transient reflectance spectra.

3. Results and Discussion
Fig. 1A represents the reflectivity spectra of CIGS-0NaF and CIGS-15nmNaF thin films,
indicating that added NaF induces a clear red-shifted absorption spectrum or a decrease in the
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CIGS bandgap. This is in agreement with previous secondary ion mass spectrometry (SIMS)
data, where Na concentrations were found to be 3.3×1019 and 1×1020 atoms/cm3 for CIGS-0NaF
and CIGS-15nmNaF, respectively [11]. Na concentration is highest at the CIGS surface and the
back interface near the Mo electrode; the top layer of the CIGS grain-boundary area decreases
with increasing NaF thickness [11], in accordance with the fact that Na is present at CIGS grain
boundaries [33]. This further evidences that added Na changes the depth composition of Na,
Ga/(Ga+In), and Mo [11], and subsequently the intrinsic carrier lifetime. This suggests that it is
extremely difficult to keep Ga distributions in depth and hence the energy gaps to be similar
upon NaF addition.

Fig. 1A also clearly shows that CIGS thin films show low reflectivity above the gap with a strong
increase below the gap, indicating that most of the light is reflected by the Mo mirror for these
wavelengths. In this sense, from an electrical viewpoint, the Mo electrode has two functions: it is
a back contact electrode and it reflects the light back to the CIGS layer. Accordingly, some form
of interference in the spectral portion below the gap is caused by the interaction of the light
reflected at the CIGS surface with that reflected at the back contact of Mo.
As mentioned above, added Na reached only three factors higher than the background Na level.
It is widely accepted that without an NaF layer, Na diffuses from the soda-lime glass substrate
during the growth of the CIGS thin film and can enhance energy conversion efficiencies
[2,34,35]. Thus, the Na concentration in the CIGS thin film can be varied by adding NaF prior to
selenization of Cu(In,Ga). In our previous work, we found a distinct improvement in the
performance of the device when the thickness of NaF was varied between 0 and 10 nm [11].
Several hypotheses attempt to define mechanisms by which Na (including small changes to Na
levels) affects the performance of the device for CIGS thin films; however, most focus on the
role of Na in the growing surface and improvement of the crystal structure, an increase in the
Ga/(In+Ga) gradient, an increase in grain size, and improved morphology [13,36,37].
In Fig. 1B and C, we show the transient reflectance spectra of CIGS-0NaF and CIGS-15nmNaF
at early time delays (from ~3 to 65 ps) upon optical excitation at 1500 nm. The photogenerated
charge carriers induce several positive and negative bands which exhibit structured transient
spectra typical of thin-film interference patterns, indicating significant reflection from the back
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interface to the highly reflective Mo layer below the gap where the absorption is weak. The
fringe pattern in the difference reflectance, including shifts in position and spacing, should be
related to composition in depth of Na, Ga/(Ga+In), surface morphology, optical properties, and
more importantly the change in the energy bandgap of the CIGS thin film. To understand these
spectra, we simulated the transient spectra presented in Fig. 1B and C with a dielectric function
model of the CIGS thin films using both Lorentzian and plasmonic contributions. (A detailed
description of this modeling is beyond the scope of this paper and will be presented in a separate
publication.) These simulations allow us to extract the progressive recovery of the refractive
index after a 1080-nm pump pulse with a negligible recovery of the extinction coefficient, and
vice versa, the dominant progressive recovery of the extinction coefficient can be extracted with
negligible changes to the refractive indexes of CIGS-0NaF and CIGS-15NaF, respectively. We
also note that in the spectral range of λ > 1000 nm for CIGS-0NaF, the excitation light modifies
the Lorentzian bands, resulting in shifts of interference oscillations and symmetrical dynamics of
electron-hole pairs with isosbestic crossings (Fig. 2A). In particular, the response of CIGS15nmNaF is more asymmetric (no isosbestic crossing, Fig. 2B), which is caused by a transient
change of the plasmonic behavior.
Fig. 3 shows the transient reflectance spectra of CIGS-0NaF at short- and long-time delays after
optical excitation. Interestingly, the spectra in the early time delays show an increase in both the
positive and negative bands with a time constant of ~1 ps. This increase is likely due to highly
energetic free carriers, which are captured in the CIGS energy states and relax quickly into the
lowest energy state. The capture of free carriers can occur via carrier-phonon or carrier-carrier
interactions with a typical capture time of 0.6–4.5 ps, depending on the incident fluence [38].
Although the CIGS-15nmNaF carrier capture and recombination processes occur in the same
manner as in CIGS-0NaF, as discussed below, carrier recombination of CIGS-15nmNaF is
significantly slower.
By adding NaF, we observed an increase in CIGS grain size and an improvement in the
roughness of the CIGS layer [11]. We believe that surface quality determines the reflectance of
the CIGS layers but that the observed carrier dynamics will be unaffected. Meanwhile,
thermalization of excited carriers can be excluded from our study for the following reasons: a)
the carrier dynamics we observed are Na-concentration dependent (as shown in Figure 5) and b)
the carrier recombination measured here is not sensitive to pump fluence. Importantly, the
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ground-state bleach (negative signal) recovery took place within a couple of hundred
picoseconds of the time constant, which can be attributed to electron-hole recombination. The
10-ps component in the presence of Na shown in Figure 4A, may reflect the excited charge
carriers that are captured or localized in the CIGS energy states and that then quickly relax into
the lowest energy state. This behavior has been observed for other semiconductor materials
[31,39].
Fig. 4A compares the kinetic transients of carrier recombination in CIGS-0NaF and CIGS15nmNaF; it shows that the rate of carrier recombination depends on incorporation of Na. The
single-exponential fits of the ground-state bleach recovery show that added Na lengthens the
recombination time from 310 ps in CIGS-0NaF to 477 ps in CIGS-15nmNaF. Moreover, the
unrecovered negative band of CIGS-0NaF (within 1 ns) that reflects the unrecombined charge
carriers is  3%, while that for CIGS-15nmNaF is ~10% (at a time delay of 1.3 ns). Fig. 4B
shows the presence of a fast component on the positive band The relatively longer-carrier
lifetime in CIGS-15nmNaF keeps the charge carriers in a separated state after the
photoexcitation, which provides more opportunity for charge carriers to be transferred and
collected at the hetero-junction in the solar cell device, resulting in higher energy conversion
efficiency. We continued to explore this phenomenon by examining the kinetics of CIGS with
added NaF in the range of 0 to 30 nm prior to selenization of Cu(In,Ga) (see Fig. 5). The results
show that CIGS-15nmNaF had the optimum recombination time and the largest concentration of
remaining charge carriers. This observation is consistent with the dependence of solar cell
efficiency on NaF thickness, where the maximum efficiency is given by CIGS-15nmNaF [11].
Although x-ray structural data, averaged over CIGS thickness (1.6 m), show that the
polycrystalline structure of the CIGS containing different Na concentrations remained intact [11],
it is important to note that CIGS films with 0- and 30-nm NaF layers had considerably more Ga
at the surface than did films with 10-, 15-, and 20-nm NaF layers. This indicates that Na
concentration dictates the Ga/(In+Ga) depth profile (and bandgap grading) during development
of CIGS-NaF thin films, in addition to grain size and power conversion efficiency [11]. Because
the thicknesses of CIGS thin films are comparable, we can exclude film thickness-dependent
short-circuit current densities [33]. On the other hand, the Ga/(In+Ga) depth profile results in a
comparable graded bandgap profile [40], which determines the power conversion efficiency. In
an earlier report [11], we demonstrated that the Ga/(In+Ga) depth profile is more graded with
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increasing NaF thickness, indicating the influence of Na concentration on the optoelectronic
parameters, defect densities, and power conversion efficiencies of CIGS thin films. Taken
together, these results provide clear insight into the bandgap profile in the CIGS layer. Certainly,
an increase in Na concentration impacted the Ga profile, which we explain in detail in our
previous work [11].
Recombination time and remaining charge carriers are similar for CIGS-30nmNaF and CIGS0NaF, likely because the reduced Ga/(In+Ga) gradient is common to both. Because SEM images
of CIGS thin films show an increase in grain size and a reduction in roughness with increasing
NaF thickness (in the 0–30nm range) prior to selenization of Cu(In,Ga) [11], crystal growth is
clearly not the only factor determining carrier dynamics. Added Na to CIGS-30nmNaF grains
may either create similar defects to those in CIGS-0NaF grains or more extreme defects, which
become quenching centers that lead to rapid excited carrier recombination.
It is worth pointing out that the time constant of the minority carrier dynamics (nonradiative
decay) was hundreds of picoseconds, which is much shorter than the lifetime (radiative decay) of
the CIGS measured by time-resolved photoluminescence [26]. Such a long carrier lifetime has
been correlated with high-quality CIGS in minimal air exposure and subsequently high
efficiency of CIGS solar cells [26]. CIGS samples were exposed to the atmosphere during
sample transfer between different labs, almost a week time. However, the performance of the
device for the samples were tested again prior to the laser study and yielded the same results.
In summary, we see a clear correlation between Na concentrations, the Ga/(In+Ga) depth profile,
minority carrier lifetime, and the performance of the device. Due to the concomitant change in
both the Ga/(In+Ga) depth profile and minority carrier lifetime with NaF thickness, it is difficult
to elucidate the electronic impact of Na on grain interior and grain boundary. Future work will
include ungraded, coevaporated CIGS with varying Ga/(In+Ga) and Na incorporation methods
(e.g., NaF PDT) to provide further insight into the electronic impact of sodium.
4. Conclusions
In conclusion, we present ultrafast carrier dynamics with varying Na concentrations in
polycrystalline CIGS and the impact of added Na on minority carrier lifetime. As revealed by our
pump-probe data, Na incorporation decreases carrier recombination after the carriers are
captured in CIGS energy states and then relaxed into the lowest energy state, leading to
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elongation of the carrier recombination processes. Such long lifetimes of excited carriers in the
presence of Na can be directly correlated with a high-energy conversion efficiency.
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Figure Captions
Fig. 1. (A) Steady state and (B-C) the corresponding time-resolved transient reflectance spectra
at time delays of 2.9–65.5 ps for CIGS-0NaF and CIGS-15nmNaF upon excitation at 1080 nm.
The time delays are indicated.
Fig. 2. Simulated differential reflections spectra ΔR(ρ)=R(ρ)- R(0) of the 1.6 µm CIGS layer on
top of the molybdenum-substrate without (A) or with (B) an added 15-nm NaF layer for different
densities, ρ, of the electron-hole pairs excited by (150 femtosecond) pulsed laser, changing both
real and imaginary parts of the permittivity, ε = (n + ik)2, and corresponding time-resolved
differential reflection spectra. (A) The progressive recovery of the refractive index n(ρ) after
1080-nm pump pulse at the negligible recovery of the extinction coefficient, k(ρ), while (B)
presents the dominant progressive recovery of k(ρ) at less noticeable changes of the refractive
index n(ρ).
Fig. 3. The time-resolved transient reflectance spectra of CIGS-0NaF after 1080-nm excitation.
(A) A three-dimensional surface and a corresponding contour plot, (B) transient reflectance
spectra at early time delays of less than 3 ps, and (C) transient reflectance spectra with long time
delays.
Fig. 4. (A) Dynamics of negative band recovery in CIGS-0NaF and CIGS-15nmNaF and (B) a
comparison of the dynamics of the positive band decay and negative band recovery in CIGS15nmNaF. The solid lines are the best fits of the data points with single- and two-exponential
functions for the negative band recovery and the positive band decay, respectively.
Fig. 5. The carrier dynamics of CIGS with different NaF thicknesses from 0 to 30 nm after 1080nm optical excitation.
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