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CuInSe2 (CISe) lattice widens the bandgap 
from 1.04  eV[5,6] up to 1.68 eV[7] in pure 
CuGaSe2, the change affecting the conduc-
tion band and leaving the valence band 
largely unaffected.[8–10] Since 1994, several 
studies have focused on optimising device 
efficiency by adjusting the Ga-concentra-
tion profile in the CIGSe layer[3,11,12] nowa-
days reaching record device efficiencies 
surpassing 23%.[13] A double Ga-gradient 
profile (Ga-rich/Ga-poor/Ga-rich) is com-
monly implemented in high-efficiency 
CIGSe solar cells.[3,12,14] The gradient in the 
conduction band assists in driving electrons 
(minority carriers in p-type CIGSe) towards 
the space charge region (SCR) and the het-
erojunction with the n-type CdS layer.[15] 
The resulting decrease in electron density 
near the molybdenum (Mo) back contact 
has been shown to suppress recombination 
losses,[16–18] notably associated with interfa-
cial recombination at the CIGSe/Mo junc-
tion,[14] thereby significantly increasing the 
device open-circuit voltage (VOC).[19–21]

Optimisation of the CIGSe film thickness, composition and 
Ga-gradient profile has largely been carried out by monitoring 
improvements in device efficiency, with only limited knowledge 
of the underlying dynamics and diffusion of the minority carriers 
to the n-contact. In particular, minority carrier mobility and drift-
diffusion times in high-efficiency CIGSe solar cells are impor-
tant parameters to quantify performance losses in state-of-the-art 
devices. A number of studies report carrier mobility in CISe and 
CIGSe measured with a variety of techniques as summarised in 
Table  1. However, the reported mobility values show variations 
of several orders of magnitude. Furthermore, only a few studies 
investigated device-relevant Ga-graded CIGSe layers, instead, 
focusing on simpler, ungraded absorbers with poorer perfor-
mance. Combining time-resolved photoluminescence (TRPL) 
spectroscopy and numerical simulations, Weiss  et  al. extracted 
minority carrier mobilities between 32 and 45 cm2 V−1 s−1 in Ga-
free CISe absorbers, however for back-graded CIGSe (GGI ratio 
increasing from 0 to 0.28 towards the back) only a lower limit of 
8.3 cm2 V−1 s−1 could be evidenced.[22] Kuciauskas et al. carried 
out TRPL studies on a typical Ga gradient device and estimated a 
minority carrier mobility of 55–230 cm2 V−1 s−1 in the SCR near 
the CdS/CIGSe interface,[23] but did not address electron trans-
port across the Ga-gradient towards the back contact region.

Though transient absorption spectroscopy (TAS) has been 
utilized in the fields of organic and hybrid organic–inorganic  

Cu(In,Ga)Se2 solar cells have markedly increased their efficiency over the last 
decades currently reaching a record power conversion efficiency of 23.3%. 
Key aspects to this efficiency progress are the engineered bandgap gradient 
profile across the absorber depth, along with controlled incorporation of 
alkali atoms via post-deposition treatments. Whereas the impact of these 
treatments on the carrier lifetime has been extensively studied in ungraded 
Cu(In,Ga)Se2 films, the role of the Ga-gradient on carrier mobility has been 
less explored. Here, transient absorption spectroscopy (TAS) is utilized to 
investigate the impact of the Ga-gradient profile on charge carrier dynamics. 
Minority carriers excited in large Cu(In,Ga)Se2 grains with a [Ga]/([Ga]+[In]) 
ratio between 0.2–0.5 are found to drift-diffuse across ≈1/3 of the absorber 
layer to the engineered bandgap minimum within 2 ns, which corresponds 
to a mobility range of 8.7–58.9 cm2 V−1 s−1. In addition, the recombination 
times strongly depend on the Ga-content, ranging from 19.1 ns in the energy 
minimum to 85 ps in the high Ga-content region near the Mo-back contact. 
An analytical model, as well as drift-diffusion numerical simulations, fully 
decouple carrier transport and recombination behaviour in this complex 
composition-graded absorber structure, demonstrating the potential of TAS.
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1. Introduction

Bandgap engineering is employed in a wide range of com-
mercialized and emerging photovoltaics such as Si,[1] CdTe,[2] 
Cu(In,Ga)Se2 (CIGSe),[3] and perovskite[4] solar cells. State-of-
the-art CIGSe solar cells make extensive use of a bandgap engi-
neering approach, varying the [Ga]/([Ga]+[In]) ratio (GGI ratio) 
across the absorber thickness. The introduction of Ga into the 

© 2021 The Authors. Advanced Energy Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited.
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perovskite photovoltaic materials to measure a wide range 
of charge carrier dynamics including recombination, charge 
carrier transfer and charge trapping,[24–29] only few TAS 
studies have been conducted in the CIGSe field. For example, 
Okano  et  al. elucidated the intraband charge carrier relaxa-
tion and localization processes in an ultra-thin film CIGSe 
absorber layer (film thickness around 200  nm) on femto-
second to picosecond timescales.[30–32] Lee et al. utilized optical 
pump-terahertz probe spectroscopy to study the effect of Na 
and different fabrication methods of Zn(O,S) buffer layers on 
charge carrier lifetime in the SCR of CIGSe devices.[33,34]

Herein, we investigate minority carrier transport and recom-
bination processes across the thickness of high-efficiency Ga-
graded CIGSe films by use of broadband TAS on picosecond 
to nanosecond timescales. After removal of the back contact, 
charge carriers are excited at different depths in the Ga-graded 
CIGSe film by tuning the wavelength of the monochromatic 
excitation pulse. The charge carrier dynamics are probed by 
monitoring the change in optical absorption at various time 
and photon energies. We propose a kinetic model of competing 
carrier transport and recombination in a Ga-graded CIGSe 
film. Our measurements allow us to decouple both processes 

and obtain the electron mobility across the bulk of the CIGSe 
film, outside the SCR, in the presence of a Ga-gradient with a 
GGI ratio varying from 0.5 to 0.2. In addition, a drift-diffusion 
simulation is employed to validate our results. Furthermore, 
we observed that the charge carrier lifetime is significantly 
reduced in regions with increased GGI, and that no charge 
transport is detected from the small-grained CIGSe region 
near the back interface.

2. Results and Discussion

The sample investigated is a typical Ga-graded CIGSe solar 
cell with a device efficiency >19%  (Figure  1a) comprising of a 
2.7 µm thick p-type CIGSe absorber layer that is deposited on a 
Mo coated glass substrate and treated with NaF and RbF prior 
to being coated with n-type CdS and contacted via ZnO and 
Al:ZnO. The device structure is shown in Figure  1b and fur-
ther fabrication details are provided in detail elsewhere.[50] The 
ratio of indium and gallium is adjusted through the course of 
CIGSe film evaporation leading to a characteristic Ga-gradient 
profile[51–53] shown in Figure 1c which is extracted from a depth 

Table 1. Electron/hole mobilities of CIGSe (and CISe for comparison) extracted at room temperature from Hall effect, admittance spectroscopy, time-
of-flight (ToF), terahertz (THz), time-resolved photoluminescence (TRPL), and transient absorption spectroscopy (TAS) measurements.

Technique Material Sample GGI ratio Mobility [cm2 V−1 s−1] Carrier Reference

Hall n-CISe Thin film 0 1–80 e− [35–38]

n-CISe Single crystal 0 ≈1000 e− [39–42]

p-CISe Thin film 0 0.2–80 h+ [36,37,43]

p-CISe Single crystal 0 60–360 h+ [39,42,44]

p-CIGSe Epitaxial thin film 0.031 to 1a) 167–311 h+ [45]

Admittance p-CIGSe Thin film Not specified 4.08 h+ [46]

THz p-CISe Thin film 0 1000 e− [47]

ToF p-CIGSe Thin film 0.3 0.02–0.05 e− [48]

p-CIGSe Thin film 0.3 0.02–0.7 h+ [49]

TR-PL p-CISe Thin film 0 32–45 e− [22]

p-CIGSe Thin filmb) 0.18 to 0.48c) 55–230 e− [23]

p-CIGSe Thin filmd) 0 to 0.28c) ≈8.3 e− [22]

TAS p-CIGSe Thin filmd) 0.20–0.67c) 8.7–58.9 e− This study

a)Multiple samples with fixed GGI ratio; b)on SLG; c)Ga-gradient; d)RbF-NaF PDT.

Figure 1. Cu(In,Ga)Se2 solar cell properties. a) J–V curve of CIGSe device measured under simulated sunlight (100 mW cm−2, 1 sun). b) Schematic of 
device structure showing CIGSe absorber layer grown on a Mo-coated soda lime glass (SLG) substrate and coated with 20 nm CdS, 60 nm i-ZnO and 
120 nm Al:ZnO (AZO). c) Compositional depth profile from the SIMS measurements of the CIGSe film, showing the varying GGI ratio throughout the 
CIGSe film and the corresponding calculated bandgap energy, Eg.
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profile secondary ion mass spectrometry (SIMS) measurement. 
From this composition profile the optical bandgap, Eg, is calcu-
lated from Equation 1

( ) ( )
( )

( ) ( ) ( )
( ) ( )

= − +
− −

GGI 1.004 1 GGI 1.663GGI

0.033GGI 1 GGI
g
CIGSeE x x x

x x
 (1)

where the numbers were obtained previously from charac-
terisation of a very comparable film.[54] Resulting values of Eg 
as a function of film depth are plotted in Figure 1c alongside 
the GGI ratio. The double Ga-gradient profile results in the 
formation of a bandgap minimum of 1.13  eV (GGI ratio of 
0.2) about 2  µm from the Mo-back contact, which is sand-
wiched by high bandgap CIGSe near the Mo back contact 
(1.44  eV, corresponding to a GGI ratio of 0.66–0.67) and at 
the CIGSe/CdS interface (1.22  eV, GGI ratio of 0.33–0.34). 
For TAS measurements the sample was prepared by delami-
nation from the Mo back contact, onto a glass substrate 
using a transparent epoxy glue (see details in the Experi-
mental Section).
Figure  2 shows time-resolved absorption spectra of the 

CIGSe/CdS/ZnO/AZO/epoxy/glass sample using varying exci-
tation energies (600–1000  nm). The sample was excited from 
the high-GGI CIGSe side as shown in the insets in Figure  2, 
where the shaded area represents the charge carrier generation 
volume. The carrier generation profiles are shown in Figure S1, 
Supporting Information. For example, excitation with 1000 nm 

(1.24  eV) laser light predominantly generates charge carriers 
in the energy notch (between 0–1.2  µm from the CdS/CIGSe 
interface), whereas a 600 nm laser beam generates charge car-
riers in the high bandgap region within 200 nm from the back 
interface.

With 1000 nm excitation (Figure 2a), a negative ΔA signal is 
observed with a minimum at 1025  nm (1.21  eV) shortly after 
excitation with 1000  nm laser light (i.e., within 1  ps). This 
signal essentially maintains its spectral signature during the 
entire time window of our measurement (from 1 ps to 6 ns), 
with only a modest decay in signal amplitude and a slight red-
shift to a peak position of 1030  nm (1.20  eV). The energy of 
the photobleach (1.20 eV) coincides with the first derivative of 
the steady-state absorptance spectrum (Figure S2a, Supporting 
Information) and can hence be attributed to a band edge photo-
bleach. We note that the steady-state photoluminescence spec-
trum of the same sample exhibits a ≈70 meV Stokes-shift rela-
tive to both these absorption features (Figure S2a, Supporting 
Information). An analogous Stokes-shift of ≈70 meV is also pre-
sent in an ungraded CIGSe sample with a GGI ratio of 0.4 and 
no PDT treatment (Figure S2b, Supporting Information). These 
peak positions indicate that stimulated emission does not con-
tribute significantly to the transient absorption signal.

In Figure 2b–d, we applied excitation pulses with increasingly 
higher photon energies (900, 800, and 600 nm). 1 ps after exci-
tation we observe bleach signals centred at 936  nm (1.32  eV), 
892  nm (1.39  eV), and 875  nm (1.42  eV), respectively. These 

Figure 2. Ultrafast transient absorption spectra recorded at 1, 10, 100, 500 ps, 1, 4, and 6 ns after excitation of a Ga-gradient CIGSe sample using 
excitation wavelengths of a) 1000, b) 900, c) 800, and d) 600 nm. The light penetration depth of light impinging on the peeled-off Mo side and the 
resultant excitation volume in the CIGSe film are indicated in the inset in each spectrum. For (b), and (c), the pump fluence is 15.3 and 17.4 µJ cm−2 
respectively, corresponding to 7 × 1013 photon cm−2. For (a) and (d) the pump fluence is slightly different and the ΔA signals are hence normalised to 
a photon flux of 7 × 1013 photons cm−2 absorbed.
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signals are in agreement with the calculated bandgap energies 
in the respective excitation volumes. For example, the bandgap 
close to the back interface is between 1.42 and 1.44 eV (Figure 1c). 
With time, we observe a decay of the initial bleach, together 
with a rise of a 1025 nm bleach signal. By 6 ns, the initial bleach 
signals are fully decayed (Figure  2c,d), and only the 1025  nm 
bleach is observed for all excitation wavelengths. The rise of the 
1025 nm bleach signal is thus a direct evidence of the kinetics of 
minority charge carrier transport from the higher bandgap exci-
tation region to the low bandgap notch region, and the amplitude 
of the emerging 1025 nm bleach is a measure of the efficiency of 
this transport process. A study with excitation at either 355 nm 
or 700  nm from the glass/epoxy/AZO/ZnO/CdS/CIGSe side 
also shows that the initial photobleach shifted towards 1025 nm 
few hundred ps after excitation (Figure S3, Supporting Informa-
tion). This observation further validates that the charge carriers 
generated in the high bandgap region move to the energy notch 
region, and not to the CdS/CIGSe interface. We note that for 
900 nm excitation, the decay of the initial photobleach at 936 nm 
is coincident with a rise of the photobleach at 1025 nm. However 
for 800 and 600 nm excitation, a significant fraction of the ini-
tial photobleach decays faster and prior to growth of the 1025 nm 
photobleach, which we will discuss further below in our com-
plete model of the CIGSe minority carrier dynamics.

2.1. Analytical Approach

Figure  3a illustrates a simple 3-level model that we use to 
explain and quantify the charge carrier dynamics in the 
Ga-graded CIGSe absorber. We use this model to understand 
the data obtained with 900  nm excitation. Electrons photo-
generated in high GGI regions (denoted as the “H” level) 
undergo two competitive processes: 1) recombination and 2) 
drift-diffusion to the energy notch region. Kinetics for these two 
processes are given by Equations (2a) and (2b):

t k k Hd H / d D rec
H( )[ ] [ ]= − +  (2a)

( )[ ] [ ]= ( )− +
H H 0

D rec
H

t e
k k t

 (2b)

where krec
H  and kD represent the decay rate constants of recombi-

nation and drift-diffusion processes, and [H]0 the initial popula-
tion of excited carriers in the high GGI region. The electrons 
that drift to the energy notch impact the population of carriers 
in the energy notch region (the “L” level) as per Equation (3a) 
and (3b):

t k kd L / d L Hrec
L

D[ ] [ ] [ ]= − +  (3a)

Figure 3. a) Schematic of proposed 3-level model for electrons in a Ga-graded CIGSe absorber excited with 900 nm light from the peeled-off Mo side. 
krec

L and krec
H represent the recombination processes of electrons at the energy notch (denoted L) and in the regions of high bandgap/high GGI ratio 

(denoted H). kD represents the drift-diffusion process to the energy notch. b) TA decay kinetics probed at 1025 nm following a 1000 nm laser pulse from 

the peeled-off Mo side with a fluence of 9.7 µJ cm−2. A single exponential function ( )= − = −





exp , 0.027

1
y A x

t
A  is employed to fit this kinetic trace and 

the red thin line represents the fitting result. c) TA decay kinetics probed at 936 and 1025 nm following a 900 nm laser pulse from the peeled-off Mo 
side. The blue lines represent the fitting results. d) Charge carrier generation profile for 900 nm light impinging on the peeled-off CIGSe surface (Mo 
side) showing the carriers generated by a 900 nm laser pulse immediately after excitation (solid orange profile) and after diffusion happened such that 
equilibrium is reached (dashed orange profile). The dashed black lines show the mean position for each of the profiles. Deconvoluted integrated TAS 
spectra taken from Figure 2b at e) 1 ps and f) 4 ns, respectively.
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Equation (3b) is the solution to the differential Equation (3a) 
and contains all necessary parameters to understand the 
kinetics in a Ga-graded CIGSe layer. It enables us to extract 
electron mobilities across the Ga-graded layer and understand 
the GGI-dependent recombination in high-quality CIGSe 
devices. In the following, we present a step-by-step approach to 
determine the required parameters.

The recombination in the energy notch krec
L  can be obtained 

from excitation with 1000 nm pump laser energy (Figure 2a and 
Figure 3b). The high-energy level in our model remains empty 
([H]0 = 0), as evident from Figure S1, Supporting Information. 
The model simplifies and krec

L  becomes the only relevant para-
meter. By fitting the transient obtained with 1025  nm probe 
laser, we extract an electron lifetime in the notch 1/ rec

Lk  = 19.1 ns, 
as shown in Figure 3b.

To deconvolute kD and rec
Hk  we take advantage of the informa-

tion provided by the spectra shown in Figure 2b and kinetics in 
Figure 3c. At 1 ps, the main peak is centred at 936 nm (≈1.32 eV), 
but shows a tail towards lower energies (unlike the more sym-
metric bleach signal obtained when exciting with 1000 nm light 
as seen in Figure  2a). This tail originates from charge carriers 
photogenerated in the energy notch by the 900 nm pump pulse, 
as the charge carrier generation profile shown in Figure  3d 
indicates. Hence, by fitting the 1  ps spectrum with 2 Gaussian 
peaks centred at 936 and 1025  nm peaks and integrating the 
areas underneath, we estimate the amount of charge carriers 
generated in the higher GGI region to be 2.4 and in the energy 
notch to be 0.9, respectively (Figure  3e). With increasing time, 
the 936 nm signal decays whilst the 1025 nm signal grows, until 
reaching a plateau at approximately 4  ns (see 1025  nm kinetic 
trace in Figure  3c). The initial populations [H]0  =  −0.026 and 
[L]0  =  −0.01 are determined directly from the signal ampli-
tudes of the 936 and 1025  nm kinetics at 1  ps, respectively, 
(Figure 3c). The number of electrons that successfully drifted to 
the energy notch can be estimated by fitting the 4 ns spectrum 
with a Gaussian peak centred at 1025  nm (Figure  3f). We note 
that a small residual signal at higher energies (illustrated as the 
grey area in Figure 3f) appears outside of the 1025 nm peak area. 
This is most likely due to the absorption processes within the 
bandgap of CIGSe (for example: deeper VB excitation), as this 
phenomenon is seen stronger in the case where the energy notch 
is directly excited (see Figure  2a). Consequently, the amount of 
charge carriers drifting to the energy notch is estimated to be  
2.0–2.4, depending on the residual higher energy signal.

With the integrated areas, we can now define the ratio of 
generated carriers to those having drifted to the energy notch 
to be

+ =
−

= −1.6 2.2D rec
H

D

936nm, 1ps

1025nm,4ns 1025nm,1ps

k k

k

A

A A
 (4)

which allows us to fit the 1025 nm kinetics (Figure 3c) with a 
modified Equation (3b) with kD as the only fitting parameter.

Optimising the fit (see Section D in the Supporting Infor-
mation for details), we obtain 1/kD  = 1.918  ns and calculate 
1/ rec

Hk  = 2.239 ns for recombination in the graded CIGSe region 
with GGI ratio of ≈0.5.

We note that TA kinetics showed no fluence dependency (see 
Section E in the Supporting Information), indicating a domi-
nant monomolecular decay process. Considering the injection 
levels utilized (approximately 4 × 1016 to 1 × 1018 cm−3 depending 
on fluence in the 900 nm case), it is surprising that the kinetics 
remain unchanged. Such behaviour may suggest a doping den-
sity of the CIGSe film higher than expected (about 4 × 1016 cm3), 
or/and charge carriers following Shockley–Read–Hall recom-
bination, as observed in an air/CZTSSe/SiO2/Si film stack by 
Guglietta et. al.[55]

The time constant of the drift-diffusion process,  τD =  1/kD, 
can be employed to calculate the electron mobility in the 
Ga-graded CIGSe absorbers using Equation (5),

2x

Dτ
( )µ =
∆

∆Φ
 (5)

with Δx being the carrier travel distance, ΔΦ the corresponding 
potential change. To estimate the value of Δx, we performed 
optical transfer matrix method simulations (see Experimental 
Section). The generation profile of charge carriers in the CIGSe 
absorber was calculated using as input the bandgap profile 
shown in Figure 1c and the refractive indices of CIGSe reported 
elsewhere.[54] The resulting initial generation profiles are shown 
in Figure S1, Supporting Information, for various illumination 
wavelengths. The distribution of charge carriers at final time is 
assumed after diffusion takes place and is estimated by popu-
lating the bandgap profile according to the Boltzmann statistics, 
assuming a flat valence band condition. The corresponding dis-
tribution is shown in Figure 3d as the “equilibrium” case. The 
Δx value is taken as the difference between the mean values 
of the initial and equilibrium populations, that is, 796  nm, 
yielding a minority carrier mobility value of 23.3 cm2 V−1 s−1 in 
Ga-graded CIGSe. Taking into account error propagation from 
measurements and fittings, we estimate an electron carrier  
mobility ranging from 8.7–58.9  cm2 V−1 s−1 (see Section  
F, Supporting Information, for details).

2.2. Numerical Simulation Approach

The analytical approach used above is very simple, so for this 
proof-of-concept we decided to validate its results by numeri-
cally solving the drift-diffusion equations. In general, the TA 
signal evolution over time probes initially unoccupied states in 
the conduction band by tracking the carrier population affected 
by thermalization, transport, and recombination. Therefore, 
it is reasonable to relate the TA signal to a relative temporal 
carrier concentration modified by the three aforementioned 
mechanisms. To examine such mechanisms and support the 
analytical solution of the model, we performed numerical 
simulations by use of a drift-diffusion simulator (Sentaurus 
tool from Synopsys[56]). The tool self-consistently calculates the 
carrier distribution by solving the Poisson equation and the 
time-dependent transport and continuity equations. Because 
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the drift-diffusion simulator does not discriminate the energy 
distribution of carriers, we calculate at each absorber depth the 
electron distribution (NE) as a function of energy (E), assuming 
that at each depth the energy of carriers is given by Boltzmann 
statistics (reasonable assumption for CIGSe), as indicated in 
Equation (6),

N E N E eE E
E kT

,0
/( ) ( )= ( )−  (6)

where NE,0 corresponds to the local electron distribution calcu-
lated by Sentaurus. The carrier density is then integrated over 
the absorber depth as function of energy, using the bandgap 
profile obtained by SIMS (see Figure 1c).

An example of this calculation is shown in Figure 4a for 
a mobility of 30 cm2 V−1 s−1. As can be seen, already at 2 ns 
(orange line) most carriers have travelled from the ener-
gies associated to the back grading (E  > 1.25  eV) towards 
the notch (E < 1.25 eV) consistent with Figure 2b, and sup-
porting previous analysis. We now pay attention to the exper-
imental TA decay kinetics and relate it to our simulations. 
We integrate the curve within intervals corresponding to the 
maximum values of NE (at 1.145 eV and 1.35 eV + −10 meV 
in Figure 4a) and normalize the data to evaluate the popula-
tion changes as a function of the time for a wide range of 
carrier mobilities (10 cm2 V−1 s−1 to 100 cm2 V−1 s−1). These 
kinetics are shown in Figure  4b,c illustrating the mobilities 
required to reproduce the TA signals are in the 10 cm2 V−1 s−1  
to ≈ 60 cm2 V−1 s−1 range, being almost identical to the ones 
obtained analytically. Therefore, our numerical calculations 
fully support the analytical approach and results based on 
Equations (2)–(5).

Reported electron mobilities of polycrystalline CIGSe and 
CISe vary five orders of magnitude ranging from 0.02 to 
1000  cm2 V−1 s−1, as summarised in Table  1. Comparing the 
different experimental techniques, it is apparent that Time-of-
Flight (TOF) measurements tend to measure mobility values 
on the lower edge of the above-mentioned range (typically 
0.02–0.05 cm2 V−1 s−1).[48] In contrast, Tera-Hertz measurements 
provided an electron mobility of 1000 cm2 V−1 s−1 in a stoichio-
metric CISe thin film,[47] which is similar to the mobility for a 
CISe single crystal. Due to the probing frequencies used, tera-
hertz measurements access short-scale mobilities. Therefore, 
it gives a relatively high value compared to other methods, 
as it ignores grain boundary and some of the impurity scat-
tering effects in the polycrystalline CIGSe. On the other hand, 
we obtain a mobility within a range of 8.7–58.9 cm2 V−1 s−1 in 
the large grain region (where GGI = 0.2–0.5), which is in good 
agreement with electron mobilities obtained from Hall meas-
urements in n-type CISe thin films (1–80 cm2 V−1 s−1)[35–38] 
and from TRPL studies for p-type CISe (32–45 cm2 V−1 s−1)[22] 
and the space charge layer in Ga-graded CIGSe thin films 
(55–230 cm2 V−1 s−1).[23]

2.3. Recombination at or Near the Back Interface

We now consider the dynamics of electrons generated close to 
the peeled-off Mo side, and in particular, the fast decay of the 
initial photobleach observed in Figures 2c,d.

Figures  5a,b illustrate the transient absorption kinetics 
after 600 and 800  nm excitation. The 875  nm (Figure  5a) and 
892  nm (Figure  5b) wavelengths correspond to the initial 
(1 ps) photobleach peak positions in the TAS spectra shown in 
Figures  2c,d, respectively, and therefore track the populations 
of carriers generated in the high bandgap region. As discussed 
above, the 1025 nm probe kinetics correspond to carriers in the 
energy notch region. As can be seen in Figures 5a,b, the decays 
of 875 and 892  nm signals are on the order of a 100  ps and 

Figure 4. a) Electron distribution as a function of energy calculated 
at different times upon pump excitation of 900  nm for a mobility of 
30 cm2 V−1 s−1. (b) and (c) illustrate the normalized TA kinetics (thin solid 
lines) and the normalized electron population for mobility in the range of 
10 cm2 V−1 s−1 to 100 cm2 V−1 s−1 taken at energies corresponding to the 
peaks of (a), that is, b) 1.145 ± 0.01 eV (1080 ± 8 nm) and c) 1.35 ± 0.01 eV 
(920 ± 8 nm), respectively.
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hence significantly faster than the rise of the 1025 nm signal. 
Nonetheless, a small residual decay on the timescale of the 
1025 nm rise is observed in both 875 and 892 nm traces.

To explain this observation, we turn to the analysis of the 
CIGSe film morphology. Figure  5c presents a typical cross-
sectional SEM image of the Ga-graded CIGSe film. Large grains 

Figure 5. a) The TA kinetics probed at 875 and 1025 nm following 600 nm illumination and b) at 892 and 1025 nm following 800 nm illumination from 
the peeled-off Mo side. The red short dashed lines represent the fitting results. The insets show the 1025 nm traces more clearly. c) SEM cross-section 
image illustrating the morphology of the Ga-graded CIGSe absorber utilized for our TAS measurements. Simulated minority charge carrier concentration 
profiles in the Ga-graded CIGSe absorber directly after 600, 800, and 900 nm excitation from the peeled-off Mo side. d) Illustration of minority charge 
carrier dynamics in the Ga-graded CIGSe absorber after 600 nm illumination from the peeled-off Mo side. krec

L, krec
H-LG, and krec

H-SG denote the charge 
recombination processes at the energy notch (region L), in the high bandgap regions exhibiting large grains (named as H-LG) and small grains (named 
as H-SG) respectively. e) Normalized transient absorption kinetics probed at 1025 nm for 1000 nm excitation (colour red), 892 nm for 800 nm excitation 
(colour blue), 875 nm for 600 nm excitation (colour purple), and 870 nm for 355 nm excitation (colour black) from the peeled-off Mo side. f) Extracted 
decay time constants in the regions of GGI = 0.2, 0.5, and 0.67.
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of CIGSe on the order of >2 µm dominate the device structure, 
however, significantly smaller grains (≈0.5 µm) are visible near 
the Mo back interface (brownish shaded area in Figure 5c). In 
the following paragraphs, for the simplicity of description, we 
abbreviate the high GGI regions with large grains as “H-LG” 
and those with small grains as “H-SG”. From our charge gen-
eration profiles (overlaid curves in Figure  5c), it is seen that 
600 nm laser light impinging on the sample from the peeled-off 
Mo side, generates charge carriers mostly in the H-SG region. 
800 nm laser light, is also significantly absorbed in the H-SG 
region but shows a more evenly distributed absorption profile 
extending further into the H-LG region.

We hypothesise that the fast decay in Figures 5a,b represents 
charge carrier recombination in the H-SG region, whereas the 
slower 1025 nm rise signal stems only from charge carriers gen-
erated in the H-LG region drift-diffusing to the energy notch.

To quantify the amount of H-LG and H-SG electrons gener-
ated initially, we first consider the 800 nm excitation case: the 
1  ps TA spectrum is fitted with two peaks: 1) 892  nm, which 
corresponds to the H-SG electrons, and 2) 936  nm, which 
corresponds to the H-BG electrons (Figure S10, Supporting 
Information). The fitting result shows that only 29% of the car-
riers generated are H-LG electrons. In the 600  nm excitation 
case, only 5% of H-LG carriers are generated (Figure S11, Sup-
porting Information). Analysis of the optical simulations yields 
comparable estimates: only 38% and 8% of the photon flux is 
absorbed after the first 500 nm for 800 and 600 nm excitation, 
respectively. The 1025 nm rise amplitude in the 800 nm excita-
tion case is also ≈6 times larger than in the 600 nm excitation 
case, consistent with this analysis of a varying ratio of H-LG to 
H-SG carriers in different excitation volumes.

Hence, we can conclude that electrons generated close to the 
back interface with Mo in the small grain region (H-SG, GGI >0.5) 
are all lost to recombination and do not contribute to the device 
performance. This is consistent with previous studies investi-
gating the impact of different GGI ratios on grain size, recom-
bination and overall device performance: a report summarizing 
the electronic defects of CISe and CGSe previously studied by 
photoluminescence, admittance, and photocurrent spectroscopies 
showed that deep recombination centres exist when the GGI ratio 
exceeds 0.5.[57] In fact, the grain size itself is also influenced by the 
GGI ratio: it has been shown that Ga atoms have a low diffusivity 

and tend to accumulate at CIGSe/Mo interface where they restrain 
grain growth.[58] Fan et al. designed four different Ga gradient pro-
files and found that a separated layer consisting of small grains 
was formed close to CIGSe/Mo interface in all four samples.[59] 
Lundberg et al. observed a correlation of a smaller grain size and 
a decrease in cell performance which was attributed to increased 
grain boundary recombination.[60] We also observe a clear correla-
tion between higher GGI ratio and faster recombination time in 
our experiments. Figures 5e,f illustrate the decay kinetics probing 
at the initial bleach position with 355, 600, 800, and 1000 nm exci-
tation energies. It is obvious that the kinetics decayed much faster 
with increasing excitation energies, leading to a faster recombina-
tion time. As discussed in the literature, our observations could be 
explained by an increased surface recombination or/and increased 
number of bulk defects in regions with a higher GGI ratio.

To elucidate the role of surface recombination, we excited a 
CIGSe sample exhibiting a homogenous grain size and GGI ratio 
( =0.4) with 600 nm excitation energy from the peeled-off Mo side 
and the front side (Figure 6). The results show a 4.7-fold decrease 
of charge carrier lifetime when exciting closer to the peeled-off 
Mo side with a large air-exposed CIGSe surface. The TA decay is 
about 10× slower when illuminating the sample from the CdS-
passivated side. Therefore, surface recombination certainly con-
tributes to the decreased lifetime of charge carriers generated 
closer to the peeled-off Mo side. This effect is possibly promoted 
by surface oxidation arising from air exposure. In a functional 
device with Mo back contact, interfacial recombination is likely to 
be even more pronounced,[22] such that charge transport from the 
small grain region to the energy notch is also unlikely.

3. Conclusion

In summary, we accessed the minority charge carrier dynamics 
in a CIGSe absorber by TAS. We observed the competition 
between recombination and transport kinetics at different depths 
of the NaF + RbF treated Ga-graded CIGSe layer. We developed 
an analytical model and quantified the electron mobility to a 
range of 8.7–58.9 cm2 V−1 s−1, specifically in the large grain region 
where GGI = 0.2–0.5. Within the large grain region, charge car-
rier recombination depends on the GGI ratio (i.e., 2–3 ns where 
GGI = 0.5 versus ≈19 ns where GGI = 0.2). More elaborated, but 

Figure 6. Transient absorption spectrum of an ungraded CIGSe sample with a GGI = 0.4 excited with 600 nm from the a) peeled-off Mo-side and  
b) the front side. c) Comparison of the TA kinetics probed at 960 nm in both excitation cases and their corresponding t50% decay times. Laser excita-
tion fluence: 2.5 µJ cm−2.
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more difficult to implement numerical drift-diffusion simulations 
confirmed the validity of the simple 3-level model and confirmed 
the values obtained. Charge carrier recombination also appears 
highly dependent on the morphology. When grain size is rather 
small (i.e., ≤0.5  µm) then recombination lifetimes decrease to 
values significantly lower than 1  ns (i.e., ≈100  ps). Our results 
show that carriers generated within 500 nm from the back con-
tact are unlikely to diffuse to the front electrode due to the com-
bined influence of bulk and interface recombination. Improving 
the back contact in CIGSe solar cells is a major challenge in the 
efforts of reaching higher device efficiencies. We will discuss the 
effects of alkali PDTs on competing charge carrier dynamics and 
the resulting device efficiency in a subsequent work. We note, 
however, that in devices and modules showing pinholes and other 
fabrication defects, an H-SG region will likely always be prone 
to undergo surface oxidation which can result in recombination 
rates as fast as a few hundreds of picoseconds. The outcomes of 
our study provide important insights on the operation within the 
entire CIGSe device that can guide future solar cell design and 
show that TAS is a powerful tool for direct observation of minority 
carrier dynamics, often difficult to track with other techniques.

4. Experimental Section
J–V Measurements: Solar cells were characterized by current-voltage 

(J–V) measurements at 25 °C under a simulated AM 1.5G spectrum in 
an ABA-class solar simulator.

SIMS Measurements: The compositional depth profile was acquired 
using a time-of-flight SIMS (ION-TOF GmbH TOF SIMS5) with O2+ for 
sputtering and Bi+ for analyzing.

TAS Measurements: Seed pulses (800 nm, <100 fs width) were generated 
at a repetition rate of 1 kHz by a Ti:Sapphire regenerative amplifier (Spectra-
Physics Solstice, Newport Corporation). The laser beam was then split and 
passed through an optical parametric amplifier (TOPAS, Light Conversion) 
coupled to a frequency mixer (NIRUVis, Light Conversion) to generate 
the pump pulses of the specific excitation wavelength (355, 600, 800, 900, 
and 1000  nm in this study). The 800  nm probe pulses were directed to a 
mechanical delay stage followed by a Ti:Sapphire crystal to generate a white 
light continuum. The pump (modulated at 500 Hz) and the broadband 
near-infra-red (≈850–1350 nm) probe were focused onto a ≈0.5 mm2 spot 
on the sample and the resulting change in absorption was transmitted to 
a commercially available femtosecond transient absorption spectrometer 
(HELIOS, Ultrafast Systems). Note that ΔA  = 0 means that the optical 
absorption was unchanged as compared to prior to the excitation pulse. The 
intensity of the excitation laser beam was adjusted with neutral density filters.

CIGSe Sample Preparation for TAS Measurements: To access the 
detection of charge carrier dynamics at the back interface in such a 
thick strongly absorbing film, the CIGSe sample was detached from the 
Mo back contact as follows. First, the glass side of the CIGSe solar cell 
was glued with transparent epoxy adhesive (3M Scotch-Weld DP100) to 
a 2  mm thick glass substrate for mechanical support. Second, a small 
droplet of the transparent epoxy adhesive was deposited on top of the 
CIGSe solar cell. Third, a second glass substrate was then used to cover 
the epoxy droplet and placed starting with an angle to avoid air enclosure. 
Last, a small weight (≈100 g) was placed carefully on the assembly and 
kept for one day. Afterwards, the sandwiched sample was heated to 
50 °C for 1 h and allowed to cool down before the top glass piece was 
pulled from the bottom piece, thereby, peeling off a circle of the solar 
cell stack from the Mo back contact. The resulting sample architecture 
used in our transient absorption (TAS) measurements was shown in the 
main manuscript (Figure  1b) with laser pulses impinging either on the 
peeled-off CIGSe side or the glass/epoxy/AZO/ZnO/CdS side.

We note that small cracks were present in the delaminated CIGSe 
layers due to deformation of the epoxy. The cracks isolate rather large 

CIGSe regions, of lateral dimensions in the range of 10’s µm to several 
mm. The distance between cracks was significantly larger than the lateral 
diffusion length of charge carriers. The diffusion length in CIGS was 
about 4–5  µm, but was effectively lowered to <2  µm when restricted 
to early times dynamics (assuming μ  = 60  cm2 V−1 s−1). Therefore, we 
expect no significant effect of the cracks on the dynamics of charge 
carriers. This was supported by the results from Feurer  et  al.[19] and 
Weiss et al.,[22] where no negative impact on the TRPL decay lifetimes of 
the peeled-off CISe and CIGSe samples was found.

Optical TMM Simulations: Optical transfer matrix method simulations 
were performed similarly as described in detail elsewhere.[54] The optical 
propagation in the multilayer was implemented in the tmm python package. 
The multilayer was as follows: SLG, epoxy, ZnO:Al, ZnO, CdS, CIGSe. The 
CIGSe absorber was subdivided in 50 nm-thick layers with GGI composition 
ratio discretized from the depth profile presented in Figure 1c. The refractive 
indices were taken from the results published by Carron et al.[54]

Drift-Diffusion Simulations: Drift-diffusion simulations were carried 
out with Sentaurus tool from Synopsis. The structure corresponds to 
the CIGSe absorber discretized in 10  nm layers with GGI ratio as in 
Figure  1c. The CIGSe refractive indices as function of GGI were taken 
from the results published by Carron et al.[54] A monochromatic source of 
900 nm has been used as excitation resembling low injection conditions. 
Current boundary conditions were assumed for transient simulations. 
A uniform carrier lifetime of 20 ns has been set, as determined for the 
notch region in the experimentally probed timescales. We noticed minor 
modifications to our results by assuming GGI-dependent carrier lifetime 
properties, as determined experimentally in the manuscript. The rest of 
the material parameters for CIGSe can be found elsewhere.[61]

Supporting Information
Supporting Information is available from the Wiley Online Library or 
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