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Abstract

Depth bandgap profiles via a [Gal]/([Ga|+[In]) variation in the Cu(In,Ga)Ses (CIGS)
absorber layer have been implemented as a strategy to enhance the performance of
CIGS solar cells. Since the [Ga]/([Ga]+[In]) determines to a large extent the posi-
tion of the conduction band minimum, different Ga-profiles lead to different electronic
energy levels structures throughout the CIGS layer. In this paper, from the inves-
tigation of the dependence of the photoluminescence (PL) on excitation power and
temperature, we critically analyse the impact of a notch or a linear Ga-profiles on
the CIGS electronic energy levels structure and subsequent dominant recombination
channels. Notwithstanding two radiative transitions involving fluctuating potentials
were observed for each sample, significant differences in the luminescence resultant
from the two Ga-profiles were identified. For the CIGS absorber with a notch Ga-
profile, two tail-impurity radiative transitions involving equivalent donors cluster and
the same deep acceptor level were ascribed to the near CIGS/CdS interface and the
notch regions. The probability of radiative recombination in the two regions is dis-
cussed. For the CIGS absorber with a linear Ga-profile, two band-impurity radiative
transitions involving an acceptor, with an ionization energy compatible with the Vy
defect were ascribed to the region near the CIGS/CdS interface. Our results shows that
the dominant acceptor defects are dependent on the Ga-profile and they also highlight
the complexity of the radiative and non-radiative recombination channels revealed by

a tight control of the parameters in the experiment.

Introduction

Cu(In,Ga)Sey (CIGS) based solar cells are the most efficient thin film technology having
recently achieved a light to power conversion efficiency value of 23.35%.! The improvements
in the performance reported in recent years have not been always followed by an increase of
the open-circuit voltage (Voc).?* However, in the former record (22.9%),? the authors linked

the obtained value to an effective reduction in the density of defects in the CIGS absorber



layer, which led to lower V¢ losses. %% The improvement of the absorber quality was obtained
via a modified in-depth variation of the bandgap (E,) regarding the conventional one. This
result reinforces that the implementation of an in-depth bandgap profile strategy is decisive
to enhance the efficiency in CIGS based solar cells.” 3

The bandgap profiles in the CIGS layer have been mostly obtained by an in-depth
(Gal]/([Ga]+[In]) (GGI) variation, creating a Ga-profile that is known to influence the con-
duction band minimum of CIGS.'' Two different Ga-profiles are often implemented: i)
notch profile (double-grade), a high concentration of Ga at the back surface, that decreases
until a minimum value, followed by a small increase of the Ga concentration at the front

91116 4i) Jinear profile, a linear gradient with a high concentration of Ga at the back

surface;
and a low concentration at the superficial region of the CIGS.'11718 Both Ga-profiles will
induce a back quasi-electric field that will superimpose on the random motion of the pho-
togenerated carriers in the quasi-neutral region. Therefore, electrons will be drifted to the
pn-heterojunction, pushing them away from the highly recombinative back interface. Hence,
Ga-profiles will have an important impact in the charge carriers dynamics that at great extent
dictates the performance of the solar cells. Additionally, there are several simulation stud-
ies?1924 that showed the importance of the shape of the bandgap profile on the performance
of the solar cells, the value of the GGI minimum, and the position of GGI minimum inside or
outside the space charge region. On the other hand, a few experimental studies investigating

10,25

the impact of the Ga-profile on the charge carriers dynamics, are available.!%253% However,

a deep understanding of the impact of the Ga-profiles on the recombination channels is still
lacking. As CIGS technology approaches the ideal Shockley-Queisser limit, further improve-
ments will strongly depend on the understanding of fundamental physical properties, such
as CIGS complex electronic energy levels structure. In this way, photoluminescence (PL)
may provide significant contribution.%18:2830-32

The luminescence of CIGS samples with a notch Ga-profile commonly presents two clear

11,28,30,32-36

radiative transitions, whose origin is commonly related with the characteristic



shape of the notch profile. In the case of a linear Ga-profile a broad luminescence is ob-
served. 118 Different Ga-profiles will led to different electronic energy levels structures, and,
more importantly, to in-depth differences in the electronic energy levels structure that meet
the changes on the Ga content throughout the CIGS layer. Thus, the comparison of the
luminescence between the two Ga-profiles may help on the analysis of the differences in
the performance of the solar cells based on the two Ga-profiles and, ultimately, contribute
to discussion of the charge carrier dynamics in both profiles. An accurate analysis of the
luminescence should take into account the previous physical discussion as well as the fact
that the observed radiative recombination is limited by the minority charge carriers diffusion
length.

In this work, we studied by steady-state PL two CIGS samples prepared with different
Ga-profiles, a three-stage sample with a typical notch Ga-profile and an in-line sample with
a linear Ga-profile, and focused the discussion on the analysis of the dominant radiative and
non-radiative recombination channels observed in each Ga-profile. The samples were grown
at the same laboratory in the same work session, in order to minimize possible unintended
differences in the physical properties of the two samples. Commonly, the works in the
literature, deal with samples with only one type of Ga-profile, which means the comparison
between different profiles involves samples grown by different groups with necessarily more
degrees of freedom than the presented in this work. The impact of different Ga-profiles in
the nature of the dominant radiative and non-radiative recombination channels was deeply

analysed, highlighting the importance of understanding the recombination channels in CIGS.

Methods

Two samples were grown at the Angstrom Laboratory in the same work session through:
a three-stage process, which creates a notch Ga-profile (N sample) and an in-line process

which creates a linear Ga-profile (L sample). The growth parameters and Ga-profiles have



been reported elsewhere,!! being the latter presented below (see insets in Fig. 4). The
measured power conversion efficiency of both solar cells, with no anti-reflective coatings or
post-deposition alkali treatment, are 17.0% and 16.3% for the N and L samples, respectively.

PL measurements on SLG/Mo/CIGS/CdS based samples were carried out using a Bruker
IFS 66v Fourier Transform Infrared (FTIR) spectrometer equipped with a Ge diode detector.
The correction of the detectivity of the detector was performed in all PL spectra of the two
samples. The samples were inserted in a helium gas flow cryostat, which allowed to change
the temperature in the range 4-300 K. The excitation source was a 514.5 nm line of an
Ar™ jon laser, and the laser power was measured at the front of the cryostat window. The

diameter of the laser spot was approximately 1 mm.

Results

The PL spectra for the N and L samples, measured at approximately 5 K under an excitation
power of 1 mW, are shown in Fig. 1(a). The signal-to-noise ratio for the PL spectrum of
L sample is higher than for N sample. A radiative transition at approximately 1.015 eV
dominates the two spectra (hereafter denoted by N; and L;). In the case of N sample,
an additional transition (Ng) at approximately 1.09 eV is observed. For both samples, the
deconvolution of the radiative transitions was done by fitting the measured PL spectra with
three Gaussian components. This procedure allow us to separate the individual contributions
of the two transitions in the case of N sample and to identify another transition (Lg), at
approximately 1.03 eV, for L sample [see Fig. 1(b) and (c)]. It is important to note that,
for both samples the radiative transition N; and L; have an asymmetric shape, and for that
reason both radiative transitions are described by two Gaussian components (1" and 1). In
order to study the dependence of the peak energy of the radiative transitions on the excitation
power and temperature, we took the peak energy of Gaussian 1 from transition N; and L,

since the maximum of intensity of the transition is coincident with the peak of Gaussian 1



and components 1’ mainly describe the asymmetric shape of the transition. The integrated
intensity of each transition was obtained through the sum of the areas of the two components
that describe the transition. The peak energies of the above transitions, extracted from the
PL spectra measured at ~5 K under an excitation power of 1 mW (Fig. 1(a)), are listed in

Table 1.
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Figure 1: (a) PL spectra of N and L samples measured at ~5 K under an excitation power of
1 mW. (b) and (c) illustrates the fitting model with Gaussian components to the PL spectra
shown in (a).

Table 1: Values of the peak energy (E,) measured at ~5 K under 1 mW, g,
and m parameter estimated for the two radiative transitions observed in N and
L samples.

Sample Transition E, 6] m
(eV)  (meV)
N N, 1.018 6.44+0.2 1.0840.02
N, 1.090 5.6+0.2 0.93+0.04
L Ly 1.010 2.9+0.3 0.87+0.01
Lo 1.031 4.3+0.2 1.21+£0.02

In Fig. 2 we show for both samples the dependencies of the peak energy (E,) and PL

6



integrated intensity (/) of the two radiative transitions on the excitation power (P), measured

at 5 K. A blueshift is observed, being parameterized by the equation:3" 4

E,=pIn(P/P,), (1)

where (3 is a coefficient that parameterizes the energy shift, and P, is a fitting parameter.
The estimated values of 3, presented in Table 1, are in the range 2.9-6.4 meV, which are
high enough to be compatible with the presence of fluctuating potentials.3” 39443 In the
case of Ny transition, the blueshift is observed mainly in the lower excitation power regime.
Since the shape of the low energy side of the luminescence of both samples (not shown) is
not significantly affected by the excitation power, we ascribe the observed blueshift to a state
filling effect.*?** Regarding the PL integrated intensity, the experimental data for N sample
are shown in Fig. 2(c). The two transitions show a different behaviour as the excitation power
is incremented: the intensity of the Ny transition increases linearly, whereas a saturation for
P > 10 mW is observed for the Ny transition. In the case of L sample [Fig. 2(d)], the
intensity of both transitions increases linearly with the excitation power without saturation.

As shown in Fig. 2(c) and (d), the experimental data were fitted with the power law?®

I o P™, (2)

where m is an adjustable parameter. The estimated values of m are in the range 0.9-1.2
and are presented in Table 1. Values around 1 are consistent with transitions involving
fluctuating potentials. 18:38,39,41743,46-48

Figure 3 shows the dependence of the luminescence of N and L. samples on temperature,
studied under an excitation power of 3.5 and 19.1 mW, respectively. Due to the low relative
intensity of transition Ly at low excitation powers (see Fig. 1), a higher excitation power was

used for L sample, in comparison with the one of N sample, to allow a deeper investigation of

all transitions. As shown in Fig. 3(c), with the increase of the temperature, the PL integrated
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Figure 2: Dependence of the peak energy [(a), (b)] and PL integrated intensity [(c), (d)] of
the two radiative transitions for N (top row) and L (bottom row) samples, on the excitation
power, the data of both samples is normalized to the excitation power maximum value of
30 mW. The measurements were performed at 5 K. The solid lines in (a) and (c) represented
the fit of Eq. 1 and in (c¢) and (d) represented the fit of Eq. 2 to the experimental data.



18,49 5 small

intensity of both radiative transitions for L sample evidence a common behaviour:
decrease for low temperatures (5-40 K), followed by a stronger reduction until the thermal
quenching at approximately 240 K. Regarding N sample, the behaviours of the two transitions
are quite different:3? as the temperature is incremented, N, transition suffers a thermal
quenching at approximately 40 K, whereas in the same temperature regime, the relative
PL integrated intensity of N; transition suffers an increase. For higher temperatures, the
PL integrated intensity of N transition progressively decreases and the thermal extinction
is observed at 170 K. This unexpected behaviour is illustrated in Fig. 3(a), and suggest a

feeding mechanism in which, charge carriers are transferred from the radiative states involved

in Ny transition to the ones involved in N; transition.
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Figure 3: (a) PL spectra at different temperatures of N sample and dependence of the PL
integrated intensity [(b), (c)] as well as of the peak energy [inserts in (b) and (c)] of (b) N
and (c) L samples, on temperature. The lines in (b) and (c) illustrates the fits of Eq. 3 to
the experimental data.

The dependence of the PL integrated intensity of each transition on temperature may be
described considering the thermal activation of non-radiative de-excitation channels as the
temperature is increased. This activation process is discussed in detail by Leitao et al,?*?!

and is described by the following equation:

-1
g
+ )
I+ TE exp <—%>] }
(3)




where k is the Boltzmann constant, and [y is a parameter related to the PL integrated
intensity at 0K [I(0) = Iy/(1 + g)]. In the above equation, E; and Ej, are the energy
differences between the radiative state and a higher energy discrete level or an energy band,
respectively. The term within the second pair of square brackets accounts for the possible
thermal feeding of charge carriers by shallow traps, which are separated by an energy FE,,
from the energy band.

Following Eq. 3, the analysis of the thermal quenching of the PL integrated intensity,
for each radiative transition in the two samples, consider different models. The best fit for
all investigated transitions, except Ny, was obtained considering two de-excitation channels:
one involving a discrete excited state [i=1 in Eq. (3)] and another involving an energy band.
For N; transition, evidence for only one de-excitation channel involving an energy band was
found. In the latter case, an additional feeding mechanism was also considered in order
to describe the increase of the PL integrated intensity in the low temperature regime [see
spheres symbols in Fig. 3(b)]. The fits describe quite well the experimental trends in all sets
of data [Fig. 3(b) and (c)] and the fitted parameters are presented in Table 2.

The insets in Fig. 3(b) and (c) depict the dependencies of the peak energy of the radiative
transitions for both samples on temperature. For the N; transition, we observe a redshift
for T < 30 K, followed by a blueshifht at a rate of 3.5 x 107* meV K~!. For the N,
transition, only a redshift is observed until its thermal extinction. For both transitions
of L sample, just a blueshift is observed (on average, at a rate of 1.5 x 107* meV K™!).
We note again that the excitation power used with L. sample is approximately six times
greater than the one with N sample. For higher excitation powers, the thermal energy will
contribute to populate states described by a higher value of the density of states (at higher
energies). Consequently, the rate of the blueshift is lower than the one measured if the
experiment is performed with a lower excitation power, which explains the reduction of the
shift rate in L sample. Additionally, in the case of L sample, the absence of a redshift in

41,44,52

the lower temperatures range is compatible with previous reports showing that, with

10



the increase of the excitation power value, both the magnitude of the initial redshift and
the temperature at which the change from red to blueshift occurs, decrease. Therefore,
with respect to the dependence of the peak energy on temperature, we assume that both
samples have qualitatively similar behaviours. Finally, we note that for N sample, the change
from red to blueshift occurs for temperatures (30-40 K) lower than those usually reported

(approximately 100 K). 18,28,41,49,53,54

Table 2: Activation energies obtained from the fit of Eq. 3 to the data related
to the dependence of the PL integrated intensity on temperature.

Sample Transition By By, E,,
(meV)  (meV)  (meV)
N N, - 181 08+05
Ns 1.2+£02 10+£2 -
L Ly 8+1 37+4 -
Lo 10£+£2 41413 -

Discussion

The shape of the luminescence of both samples, the obtained values for the 5 and m parame-
ters, in addition to the redshift followed by a blueshift of the peak energy with the increment
of the temperature (Fig. 3), are compatible with the presence of fluctuating potentials on
both samples. However, there are several differences in the luminescence properties. From a
structural and electronic points of view, the Ga-profile is the main difference between the two
samples, and since both have a space charge region depth of ~300 nm, the observed differ-
ences in the luminescence should be related mainly with the characteristics of the Ga-profiles,

as will be discussed in the following sections.

Notch Ga-profile

In N sample, the two Ej, values (18 & 1 and 10 2 meV for N; and Ny transitions, respec-

tively) suggest a similar de-excitation channel involved in the thermal quenching of both
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radiative transitions. These low energies are close to the experimental values ascribed in the
literature to ionization energies of intrinsic shallow donors in CIGS.%® However, due to the
low effective mass of the electrons, it is not expected that single donors create bound states
for electrons.'®%® Thus, the de-excitation channels should involve the release of electrons
from donors clusters, which create tails in the conduction band. The complete quenching
of Ny transition at approximately 40 K is compatible with the observed dependence of the
peak energy with the increase of the excitation power for which two different slopes were
observed: strong blueshift up to 10 mW, followed by an almost absence of shift for higher
excitation powers. Considering the state filling effect,*? the first slope should be related with
the filling of a small density of states, whereas the absence of shift should be related with
the complete filling of the involved states on that particular radiative transition. At this
point, we must note that the energy shift of the luminescence is mainly dependent on the
lower density of states describing the states occupied by electrons or holes. Additionally,
it is also worth to mention that, in the case of holes, the density of states for an acceptor
level or for tails in the valence band are always expected to be higher than the density of
states for electrons.®® Thus, if we assume the possible involvement of tails in the conduction
band in the Ny transition, we must ascribe the observed blueshift up to 10 mW to the low
density of states describing the tails in the conduction band. The thermal extinction at a
very low temperature is compatible with such a low density of states. Regarding N; transi-
tion, only one slope is observed in the dependence on the excitation power, which suggests
a high enough density of states being filled. Therefore, in comparison with the case of Ny
transition, a higher density of states should be involved in N; transition.

The differences on the available density of states for the two transitions in N sample, can
be explained assuming that they occur in regions with different depths in the sample. Hence,
we must take into account the diffusion and drift of the free charge carriers throughout the
sample promoted by the quasi-electric field related with the Ga-profile. There are two regions

where it is more likely to occur recombinations in N sample, 192672857 i) near the CIGS/CdS
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interface, and ii) at the notch where the conduction band minimum has its lowest value. The
formation energy of defects depends on a balance between the composition and the Fermi
energy level.’® Since CIGS is a p-type material, the Fermi level is close to the top of the
valence band. As the notch approaches, the Fermi level and the conduction band become
progressively closer to each other, being the smallest separation in the notch. However, due
to the inevitable appearance of donor defects on the surface of CIGS, in this region a small
bending of the bands occurs that contributes in addition to the approximation between the
Fermi level and the conduction band. Thus, the balance between the position of the Fermi
level in these two regions (notch and CIGS/CdS interface), the different compositions, and
the posterior deposition of the CdS layer, with the inevitable interdiffusion of atomic species
between the CIGS and the CdS,?” may favor the formation of the same type of defects,
but with necessarily different densities in each region. Hereupon, the dependencies on the
excitation power of N; and Ny transitions may be explained in the following way. Assuming

14,15 electrons will occupy

that at great extent the conduction band follows the Ga-profile,
preferentially the region with lower GGI, where they recombine with holes (N; transition).
At low temperatures, however, the reduced thermal energy will allow a small fraction of
electrons to recombine near the CIGS/CdS interface (No transition) where the density of
states available for electrons is low, as discussed above. This interpretation is fully compatible
with a drift of electrons in the conduction band, promoted by the increase of temperature,
from near the CIGS/CdS interface to the notch. This region is more favorable from an energy
point of view, thus contributing to N; transition. Such model is in accordance with the
literature, in particular with reported time-resolved PL measurements at room temperature
that identified a short lifetime (< 1 ns) component related with the CIGS/CdS interface,
and a much longer lifetime component ascribed to the space charge region in the absorber
layer. 26728

To further clarify the nature of the radiative recombination channels in N sample, and

following the approach presented by Alonso et al.,'® a qualitative calculation of the bandgap

13



energy value may be performed using the GGI values of 0.295 and 0.390, estimated from the
Ga-profile, in the above discussed two regions of N sample. Accordingly, resulting bandgap
energy values are £,(0.295)=1.160eV for the notch region, and £,(0.390) =1.214eV for
the CIGS/CdS interface. Despite not being absolute values, their difference has a physical
meaning. We should note that the difference between these two values (54 meV) is close to
the difference between the peak energy of the two transitions at low temperature (72meV)
see Table 1. Thus, this result suggest that the two transitions have the same physical nature
and occur in different regions of the CIGS layer: N; in the notch and Ny near the CIGS/CdS
interface.

The spectroscopic energy difference between bandgap and peak energies in each of the
two regions are Ey(0.295)-E =0.142eV and E4(0.390)-E)Y> = 0.124eV. The combination of
those high energy separations with the energies estimated for the shallow tails states in the
conduction band (18 and 10meV for N; and Ny transitions, respectively) suggests that both
transitions involve a hole located at a deep enough acceptor level. Hence, the N; and N,
radiative transitions that occur in the notch and near the CIGS/CdS interface, respectively,
are both ascribed to a tail-impurity (TI) transition involving the same acceptor level and
similar donors clusters, i.e., a recombination of electrons trapped in tails in the conduction
band with holes bound to a deep acceptor level that follows the fluctuating potentials of
the valence band, as schematically illustrated in Fig. 4(a). Note that Fig. 4 intends to be a
phenomenological representation of the radiative transitions in both samples. Therefore, in
order to have a sufficiently clear illustration of the impact of the Ga-profiles on the in-depth
electronic energy levels structure, the fluctuating potentials were assumed as periodic which,
obviously, is not the actual profile of the fluctuations in the real space. For the same reason,
the energetic position of the acceptor impurity band is not scaled at its ionization energy.

In order to further discuss the possible transfer of charge carriers between the radiative
states involved in the Ny transition to the radiative states involved in the N; transition (see

Fig. 3(a)), we follow a common analysis for lightly doped semiconductors when for a particu-
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Figure 4: Schematic illustration of the proposed models for the electronic energy level struc-
tures for (a) N and (b) L samples. E¢, Ey, and E, represent the percolation level for
electrons and holes, and the bandgap energy of the doped semiconductor, respectively. The
dashed lines stands for an acceptor impurity level that is not energetically scaled. In (a),
the TI transition represents radiative transitions involving a shallow donor cluster and a
sufficient deep acceptor impurity level. In (b), BI; and Bly represent two types of radiative
recombination involving the same acceptor level of a hole located in regions of the material
where the top of the valence band is located below and above the percolation level, respec-
tively. These energy schemes are in-depth phenomenological illustrations to emphasize the
impact of the Ga-profile on the electronic energy level structures.

lar optical center, two excited and radiative states can be found in thermal equilibrium.?" !

In such a case, the ratio between the PL integrated intensity from those two hypothetical
radiative states can be expressed by a Boltzmann factor. In the case of our sample, the
existence of the notch Ga-profile prevents the establishment of a true thermal equilibrium
between the radiative states involved in the two transitions, but the theoretical model can
be adapted according to the physical characteristics of the Ga-profile. Taking into account
the TT transitions assumed previously (see Fig. 4(a)), the increase of temperature will result
in the release of electrons from the tails near the CIGS/CdS interface to the conduction
band in that region. The shape of the Ga-profile causes the released electrons to move to the
notch region where they can be captured in the tails, thus giving rise to the Ny transition.

The electrons that were already in the notch region can be released to the conduction band

15



but the shape of the Ga-profile blocks its diffusion to other regions of the sample. As a
consequence, the intensities ratio of the two transitions is dependent on the temperature
and can be described by a Boltzmann factor. In Fig. 5, we plot the dependence on tem-
perature of the logarithm of the ratio of PL integrated intensities of N; and Ny transitions
(In,(T)/INn,(T)). As can be seen, in the temperature range 20-40 K, where the change of the
PL integrated intensity of both transitions is more notorious, a linear behaviour is observed.

The experimental points were fitted with a Boltzmann factor

In(T) _ Iny(o0) exp (_ AE) 7 (4)

In(T) ~ Iny(0) kT
where I, (00)/In,(00) ratio for the limit of 7' — oo is proportional to the ratio between the
probabilities of recombination from the radiative states in the two regions of the sample. In
the case of a TI transition, AE reflects the energy difference between the tail state and the
conduction band, as schematically illustrated in the inset of Fig. 5. From the fit of Eq. 4 to the
experimental data in the high temperature regime, we obtained AF = 13+2 meV which is
within the error estimated for Ey, for the Ny transition. Regarding the ratio I, (00)/In,(c0),
a value of 647£65 was found, which is in accordance with a much higher probability of
radiative recombination in the notch region in comparison with near the CIGS/CdS interface
region of the Ga-profile. Thus, these results further supports the TI-type radiative transition

assumed for the notch Ga-profile.

Linear Ga-profile

L sample have a Ga-profile characterized by an in-depth continuous increase of Ga, which
promotes the diffusion of electrons to the superficial layer of the CIGS, near to the CIGS/CdS
interface. As a consequence, the observed radiative transitions should come from a region
of approximately 300 nm near that surface and associated to an almost constant bandgap

energy. The two FEj, activation energies are close to each other, 37 &4 meV and 41 +
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13 meV, which suggest the thermal activation of the same de-excitation channel. These
Ey, values are also close to the ionization energy values obtained experimentally for CIGS
samples with linear Ga-profile!® and calculated theoretically for the V¢, acceptor defect
(30 meV).?®%2 Taking into account these facts, and given the almost constant bandgap
energy in the superficial region, the observation of the two radiative transitions involving
the same defect cannot be explained by assuming different bandgap energy values for each
transition, as done for the N sample. In fact, we propose that both transitions for L sample

4756 i which the hole must be bound

may be ascribed to a band-impurity (BI) transition,
to an acceptor state. For high enough temperatures, holes may be released to the valence
band, which is reflected in the quenching of the luminescence. The E,, activation energy
parameterizes this process. Nevertheless, in highly doped materials, we may distinguish two
types of BI transitions involving the same acceptor level,?® which depend on the location of
the top of valence band relatively to the percolation level. Depending on the region of the
material, we may have the top of the valence band located below or above the percolation level
[see Fig. 4(b)] corresponding to BI; and BI, transitions, respectively.?® At low temperatures
and under a low excitation power, the hole should be located in the lower available states,
so only the Bl, transition is expected. However, the observation of the BI; transition in
our measurements at low temperature, is due to the high enough excitation power to fill
the acceptor levels up to energies in which the valence band is below the percolation level.
Thus, transitions L; and Ly may be ascribed to a Bly and BI; transitions, respectively, as
schematically illustrated in Fig. 4(b).

The dependence on temperature of the peak energy of both transitions corroborates the
above model. Increasing the temperature, the two transitions start showing no shift and
after a particular temperature (~ 135 K and ~ 25 K for L; and L, transitions, respectively),
a blueshift is observed. The difference in the temperature of the beginning of the blueshift

may be understood if we take into account the occupation level of the acceptor levels by

holes. In the case of Ly transition (BI;), the involved holes have a higher energies (from
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the point of view of this charge carrier) than the ones involved in L; transition. Thus,
with the increase of the temperature in a low values regime (7" < 135 K), the unoccupied
energy states available for holes can only the reached by the holes involved in Ly transition
because the thermal energy is not enough to release holes from deeper states to the empty
ones. This justifies the blueshift of L; transition only for 7' 2 135 K and not for a much
lower temperature as observed for the Ly transition. To this behaviour contributes the fact
that, as discussed above, the excitation power used in the temperature dependence of the
luminescence of L. sample was significantly higher than for N sample.

Regarding the influence of the fluctuating potentials, L. sample presents lower [ values and
the shape of the luminescence is slightly less asymmetric comparing with N sample, which
suggests a lower influence of fluctuating potentials. As shown in Fig. 4, the characteristics of
the Ga-profile influence the inspected region by PL, which means different densities of defects
were accessed in the two samples. However, this experimental evidence is not reflected in
the electrical parameters, since the obtained V¢ losses are approximately the same for the
two samples, 451 and 449 mV for N and L samples, respectively.!! Thus, the comparison of
the influence of fluctuating potentials between the studied samples is not straightforward.

Our results show a significant influence of the Ga-profile on the radiative and non-
radiative recombination channels as well as on the dynamics of the charge carriers. For
a notch Ga-profile, the drift of electrons to the notch region is favored, which is reflected in a
significantly higher probability of recombination in this region. For the linear Ga-profile, the
recombination at a superficial region near the CIGS/CdS interface is more likely to happen,
since the drift of the electrons into the CIGS bulk region is not favored by this Ga-profile.
Regarding the radiative recombination channels for the two Ga-profiles, we showed that the
physical nature of the transitions is quite different in the two samples, despite the similar
spectroscopic energy of the dominant transitions. In the case of N sample, a deep acceptor is
involved whereas for the L sample the dominant acceptor level is significantly shallower. The

aforementioned in-depth experimental identification of the effect of the elemental profiling
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is of the utmost importance as it provides evidence for the need of further optimization of

such feature in state-of-the-art devices.

Conclusions

In summary, a deep investigation of CIGS thin films with two different Ga-profiles (notch
and linear) by PL was performed in order identify dominant radiative and non-radiative
recombination channels and discuss the charge carriers dynamics for both Ga-profiles. Two
CIGS based samples, one with a notch Ga-profile (N sample) and another with a linear Ga-
profile (L sample), were studied. The dependence on the excitation power and temperature
of the PL for both Ga-profiles revealed significant differences in the dominant radiative and
non-radiative recombination channels in each case. In both samples, two radiative transitions
involving fluctuating potentials were identified. For the sample with a notch Ga-profile, the
radiative transitions occur in the notch and near the CIGS surface. Both were ascribed
to a TI type transition involving the same deep acceptor level and similar donors clusters.
For the sample with a linear Ga-profile, the radiative transitions were ascribed to a Bly
and Bl transitions, compatible with the involvement of the V¢, defect. Steady state PL
measurements gave a quantitative evidence for the difference in probability of recombination
from the superficial and notch regions in the notch Ga-profile whereas, for the linear Ga-
profile, only radiative recombination related with a superficial region near the CIGS/CdS
interface was detected. This work also shows the importance of a careful control of the
experimental parameters in a steady-state PL experiment in order to allow a deep enough

exploitation of the electronic structure.
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