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Luminescence properties of Cu2ZnSn(S,Se)4 solar cell absorbers: State filling versus screening
of electrostatic potential fluctuations
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The power conversion efficiency of Cu2ZnSn(S,Se)4 kesterite thin-film solar cells is mainly limited by a
low open-circuit voltage VOC. In the literature, this low VOC has been amongst others attributed to electrostatic
potential fluctuations leading to fluctuating band edges. This assignment was mainly based on the observation
of a shift of the photoluminescence (PL) maximum to higher photon energies as a function of excitation power,
which was interpreted in terms of a screening of the electrostatic potential fluctuations. However, in this paper,
we show evidence that the observed shift of the PL maximum is dominantly caused by state filling rather than
screening. Our assignment is based on the investigation of the full PL line shape (not only of the PL maximum)
and the PL yield as a function of excitation power and temperature. Further support of our interpretation is given
by the observation of additional band-tail emission showing up as a second high-energy PL band at the highest
excitation powers. The spectral position of this additional band coincides with the absorption-tail deduced from
photoluminescence excitation spectroscopy (PLE).
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I. INTRODUCTION

In comparison to the established absorber materials
Cu(In,Ga)(S,Se)2 and CdTe for thin-film solar cells, de-
vices based on kesterite absorbers such as Cu2ZnSn(S,Se)4

(CZTSSe) require less toxic and scarce constituents. While
for the two technologies mentioned first, power conversion
efficiencies approaching 23% [1,2] (Cu(In,Ga)Se2) and 22.1%
[3] (CdTe) have been achieved, the maximum power conver-
sion efficiency realized for CZTSSe thin-film solar cells is only
12.6% [4]. The latter is mainly limited by the low open-circuit
voltage (VOC) of the devices compared to the value expected
with respect to the band gap of the absorber material.

The open-circuit voltage VOC is particularly affected by
recombination within the thin-film solar cell device [5]. In the
detailed balance considerations of Shockley and Queisser, only
radiative recombination is taken into account [6]. However,
other recombination paths like nonradiative recombinations
are also present and reduce the VOC and hence the efficiency.
Due to these additional recombination paths, the quasi-Fermi
level splitting is reduced and the VOC is lowered. The VOC

is also reduced if inside the absorber material the band gap
is not constant. One reason for this could be the incorpo-
ration of secondary phases [7]. Further reasons could be an
inhomogeneous distribution of S/Se, nonuniform strain [8] or
disorder, e.g., within the Cu–Zn planes as reported by several
authors [9–14]. Due to Scragg et al., Cu–Zn disorder leads
to large fluctuations of the individual band edges and the
corresponding band gap and could be the cause for a large
VOC deficit and a reduced power conversion efficiency [7,15].
In contrast to fluctuations of the local band gap, electrostatic
potential fluctuations (EPFs) do not alter the local band gap.

*Current address: Department of Physics/Center for Materials
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Rather, the valence and the conduction band edges fluctuate
in parallel to each other. These EPFs could also reduce the
open-circuit voltage [5,8]. Since CZTSSe absorber layers used
in thin-film solar cells are highly off-stoichiometric (Cu-poor
and Zn-rich) [4,5], one can expect a high density of charged
defects and a high degree of compensation and therefore the
existence of EPFs [16,17].

As stated above, there are several mechanisms that can
reduce the VOC, but it is not clear which is the dominant one
in CZTSSe. Especially, the influence of band gap fluctuations
and of EPFs is largely discussed, not only on the open circuit
voltage but also on the properties of CZTSSe in general
[8,15,18]. There are several studies on CZTSSe absorber layers
using simulations [19] or optical and electrical characteriza-
tion techniques, e.g., photoluminescence (PL) spectroscopy
[17,20–23], time-resolved PL spectroscopy [8], and current-
voltage measurements [24], which attribute their findings to the
existence of band gap fluctuations and/or EPFs. However, the
distinction between these two kinds of band edge fluctuations
is not straightforward. PL studies in dependence of excitation
power and temperature are often used to attribute the band
edges fluctuations to EPFs [20,21]. This attribution is usually
made based on the shifting behavior of the PL maximum
with increasing excitation power [20,21]. For an increase in
excitation power at a constant temperature, a large shift of the
PL maximum towards higher photon energies is observed. As-
suming the existence of EPFs the large shift can be explained
by screening of these local potential fluctuations [25].

We propose in this paper that screening is not suitable
to explain the properties of the PL. In order to prove our
proposal, we investigated the radiative recombination at low
temperatures in CZTSSe absorber layers of finished thin-
film solar cells. We compare the results to expectations
from different luminescence models. Furthermore, we use
photoluminescence excitation (PLE) spectroscopy to obtain
more information about the nature of the radiative transitions
and about the tailing character of the band edge. From these
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considerations we conclude that state filling is the suitable
effect to explain the properties of the PL.

II. EXPERIMENTAL METHODS

Polycrystalline CZTSSe thin-film solar cell devices with
the standard layer sequence ZnO:Al/i-ZnO/CdS/CZTSSe on
Mo-coated soda-lime glass were fabricated as described by
Schnabel et al. [26] utilizing a wet-chemical approach and a
subsequent annealing in a Se atmosphere. The corresponding
CZTSSe absorber layers are Cu-poor and Zn-rich with a
([S]/([S]+[Se])) ratio of approximately 10%.

The investigated CZTSSe thin-film solar cells were post-
annealed in a rapid-thermal processing system to increase the
degree of order within the Cu–Zn planes of the corresponding
CZTSSe absorber layer [12,14]. For this purpose, the sample
representatively discussed in the following was heated up to
150 ◦C for 2 h and afterwards cooled-down slowly to room
temperature with a rate of 2 K/h as described by Krämmer et al.
[27]. The higher degree of order within the Cu–Zn planes leads
to a larger band gap of the CZTSSe absorber layer [13,14,27].
This is accompanied by a shift of the radiative recombination
measured at low temperatures towards higher photon energies
[28,29]. In principle the recombination channel can also
change with varying degree of Cu–Zn order, but since the
PL maximum shifts in parallel to the band gap the shift of the
main radiative transition is mainly determined by the change in
band gap energy [29]. The band gap of the presented CZTSSe
solar cell absorber layer is 1.07 eV at room temperature as
determined by electroreflectance spectroscopy (ER). Details
on this technique and its application to thin-film solar cells
can be found in Refs. [30,31].

A wavelength-filtered laser diode (λ = 670 nm) was used
for PL excitation. The excitation was intensity-modulated
using a chopper wheel with a frequency of approximately
210 Hz in order to utilize a lock-in amplifier for low-noise
detection of the PL signal. The spectrum was dispersed
by a 0.64-m focal length monochromator (NA ≈ 0.1) and
detected by a liquid-nitrogen cooled electronically amplified
InGaAs photodiode. The monochromator was purged with N2

during measurements to lessen distortions caused by water
vapor absorption in the IR spectral region. During the PL
measurements the samples were mounted in a He bath cryostat
to allow for temperature-dependent measurements. PL spectra
were corrected with respect to the spectral response of the
detector and fitted using an empirical asymmetric double
sigmoidal function as proposed by Krustok et al. [32]:

I (h̄ω) ∝
[

1

1 + exp
(−h̄ω−E1

W1

)
][

1 − 1

1 + exp
(−h̄ω−E2

W2

)
]
.

(1)

E1,2 and W1,2 are experimental fitting parameters with no
direct physical meaning [32]. The sole purpose of this fitting
procedure is to accurately extract the PL maximum Emax and
the integrated PL yield Y [32,33]. It should be emphasized
that at this point no assumption on the underlying physical
recombination processes is made yet.

For PLE measurements, the excitation photon energy is
varied while the detection photon energy is held constant [34].

PLE has the advantage that it can—in comparison to, e.g.,
transmission measurements—be performed on finished solar
cell devices. A 250-W quartz-tungsten halogen lamp in combi-
nation with a 0.32-m focal length monochromator (NA ≈ 0.12)
served as a light source with a tunable emission photon energy.
The detection was performed using the same monochromator
and detector as in the case of the PL measurements. Since
the excitation intensity could not be held completely constant
during a PLE measurement (intensity dependence of the
halogen lamp) the line shape of the PL spectra detected at
different excitation energies (with the same light source as
used for the PLE measurements) was investigated beforehand.
A constant line shape is important to exclude nonlinear effects
between the PLE intensity and the excitation intensity and
a nearly constant relaxation probability [35]. Afterwards,
PLE spectra were corrected for the photon energy-dependent
excitation intensity of the light source, the detector response
and the PL intensity at different detection wavelengths λdet.
PLE measurements were solely performed at a temperature
of T = 10 K, due to the low excitation power and the low
luminescence yield at higher temperatures.

III. RESULTS

Our aim with this manuscript is to distinguish between
screening of EPFs and state filling as the dominant mechanism
for the radiative recombination behavior. Additionally, we
want to get more information about the nature of the radiative
transition and the tailing character of the absorption. Therefore
power- and temperature-dependent PL measurements (and a
combination of both) as well as PLE measurements were
performed. A detailed discussion of the results and the
theoretical background needed to classify them is thoroughly
presented in Sec. IV.

A. Power-dependent photoluminescence

Figure 1 shows logarithmically plotted PL spectra, which
were measured at different excitation powers P .

With increasing P a shift of the high-energy tail towards
higher photon energies is observed. This shift of the high-
energy tail is accompanied by a shift of the PL maximum to
higher photon energies, while both the low-energy and the
high-energy tail do not change their slope.

Several authors use the following relation to describe the
shift of the PL maximum Emax with increasing P [20,21,36–
38]:

P ∝ exp

(
Emax

β

)
, (2)

where β represents the energetic shift of Emax in a certain
range of varied excitation power. In Fig. 2(a), Emax is plotted
over log10 (P ) to determine the energetic shift βdec of Emax

per decade of varied P [βdec is related to β of Eq. (2) via
βdec = β

log10 (e) ]. A value of βdec = 14.5 ± 0.5 meV/decade
was determined. The indicated error is the standard deviation
of the linear fit to the data points. The value for βdec is in
accordance with values already published by other groups
[20,21,37,38].
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FIG. 1. Logarithmically plotted PL spectra for different nominal
excitation powers P . All spectra were normalized to a value on their
corresponding low-energy side (h̄ω ≈ 0.86 eV). With increasing P ,
a shift of the high-energy tail towards higher photon energies can
be observed. The slope of the low-energy side does not change
with increasing P . The gray dots indicate the maximum of the PL
determined from the fit of Eq. (1) to the PL spectra.

To get a hint about the physical nature of the observed
radiative transition the so-called k value can be used. k is
obtained using the following relation between the integrated
PL yield Y and P [39]:

Y ∝ P k. (3)

The value for k depends not only on the observed nature
of the radiative transition but also on the temperature, the
doping of the material and the excitation regime [40,41]. A
value of k < 1 is observed and calculated in free-to-bound

FIG. 2. (a) PL maximum Emax in dependence of log10 (P ). A
linear fit to the data points yields the energetic shift βdec of the PL
maximum Emax per varied decade of nominal excitation power P . A
value of βdec = 14.5 ± 0.5 meV/decade was obtained. (b) A linear
fit to a double-logarithmic plot of the power-dependent PL yield Y

results in a k value of k = 0.91 ± 0.02.

FIG. 3. Comparison of logarithmically plotted PL spectra and a
logarithmically plotted PLE spectrum. The inset shows the tail region
of the PLE spectrum on a nonlogarithmic scale. The PL spectrum
recorded at a higher nominal excitation power P (red) shows two
contributions. While the low-energy contribution lies energetically
far below the PLE spectrum (blue), the high-energy contribution
is situated within the tail of the PLE spectrum. The low-energy
contribution is also visible in the case of a lower P (black). The dotted
arrow indicates the energetic position of the band gap measured with
electroreflectance at room temperature.

and in donor-acceptor pair transitions. Hence transitions with
k < 1 normally involve states which are not related to the
unperturbed conduction and valence band [39]. Figure 2(b)
shows a double-logarithmic plot of the dependence of the
PL yield Y on P . The slope of a linear fit yields k =
0.91 ± 0.02 (error is the standard deviation of the linear
fit), which suggests, that the observed radiative transition is
indeed not directly related to the unperturbed valence and
conduction band [39]. However, as already stated above, this
value alone is not sufficient to get a clear assignment of
the PL emission to the physical nature [40,41]. Furthermore,
Schmidt et al. did not explicitly calculate the influence of
band gap and/or electrostatic potential fluctuations on the PL
power dependence [39]. Nevertheless, the determined k value
indicates a transition which is rather related to traplike states
induced by material imperfections.

B. Photoluminescence excitation

To further clarify the origin of the radiative transition, a
comparison of the complementary techniques PL and PLE is
useful. Figure 3 shows a logarithmically plotted PLE spectrum
detected at a photon energy of h̄ω = 0.87 eV in comparison
to logarithmically plotted PL spectra recorded with different
excitation powers P . The PLE spectrum shows a tail to
low photon energies (see inset of Fig. 3). The shape of the
tail cannot be described by a single exponential behavior
as proposed by Urbach [42], but can be modeled by more
complicated relations. For instance, a model proposed by
Katahara and Hillhouse or a model proposed by Gokmen et al.
based on a Gaussian distribution of the local band gap as
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FIG. 4. PL maximum as a function of temperature for different
excitation powers. A linear shift of the PL maximum to lower energies
is observed with increasing temperature. The slope of the shift is
independent of the excitation power which was varied over more than
two orders of magnitude.

defined by Mattheis et al. can be used to model the shape of
the tail [8,43,44].

In principle, PLE spectra display the absorption of a
material but this can be distorted by energy dependent
nonradiative recombination. To exclude energy dependent
nonradiative recombination PL spectra taken with different
excitation energies were compared. Furthermore, PLE spectra
taken at different detection energies were also compared. Since
the PL spectra as well as the PLE spectra show comparable
line shapes, respectively, the difference in nonradiative re-
combination in the energetic region of the tail states should be
negligible and together with the afore-mentioned corrections
applied to the measured PLE spectra the corrected PLE spectra
are considered to be essentially proportional to the absorption
coefficient [34,45].

For high values of P , a second contribution is visible at
the high-energy side of the PL spectra. This contribution lies
energetically within the tail of the PLE spectrum. Actually, it
also lies in the region where the band gap has been determined
by the independent technique of electroreflectance.1 The low-
energy contribution, which can be seen in both PL spectra is
situated energetically far below the PLE spectrum.

C. Temperature-dependent photoluminescence

Figure 4 shows the behavior of the PL maximum with
varying temperature for three different excitation powers. The
plotted lines are linear fits to the data points. The corresponding
slope does not change significantly as a function of the
excitation intensity, which is varied over more than two orders
of magnitude. This means that the shift to higher energies

1It has to be mentioned that the band gap changes only little as a
function of temperature. Only a small increase of the band gap of
CZTSe of around �Eg ≈ 20 meV was found decreasing temperature
from T = 350 to 50 K [59].

with increasing P does not depend on temperature. Higher
temperatures than T = 90 K are not considered since for
such temperatures the high-energy side clearly shows a second
contribution, which makes it impossible to further investigate
the shifting behavior of the low-energy contribution.

IV. LUMINESCENCE THEORY OF KESTERITES
AND DISCUSSION OF RESULTS

In the following the results of Sec. III are analyzed and
discussed in the context of already published work. We show
evidence that the observed luminescence behavior is due to a
state filling and not due to a screening effect.

The following section is splitted into several parts. First,
we analyze the PL data with respect to the absorption
deduced from PLE. This is done to get more information
about the luminescence origin and about the density of states
responsible for luminescence. In the second paragraph, we
try to classify the luminescence of Cu2ZnSn(S,Se)4 into the
existing models. Before we compare our experimental results
with the theoretical expectations of a state filling and a
screening effect in the last paragraph we determine how state
filling can in principle be distinguished from a screening effect
with the used measurement techniques.

A. Luminescence compared to absorption in CZTSSe

In the first paragraph, the luminescence signal will be ana-
lyzed with respect to the PLE which describes the absorption
of the investigated solar cell. The main PL recombination
path at T = 10 K can be identified as a transition which
is energetically situated far below the absorption edge as
measured with PLE which means that there is only little
absorption in the energetic region where the luminescence
is created. Therefore the luminescence is not related to a
conduction band to valence band transition (also indicated
by a k value of k < 1), as expected in a perfect and defect free
semiconductor.

1. Luminescence origin of CZTSSe

Since the composition of the CZTSSe is typically off-
stoichiometric and intrinsically Cu2ZnSn(S,Se)4 absorber
layers show the so-called Cu–Zn disorder the defect density is
expected to be very high [15,19]. Despite the post-annealing
procedure, the amount of defects related to Cu–Zn disorder is
still high and in the order of N ≈ 1020–1021 cm−3 [15,46]. Also
the amount of other defects like VCu is expected to be high. Due
to the high amount of defects, it is generally not valid to talk
about separate and isolated defects anymore [47]. The defects
rather form bands or can even be considered as being part
of the crystal structure as already considered by other groups
[15]. For a high defect density, the defect levels can also merge
with the initial bands [48]. Unfortunately, we do not know the
exact distribution of the density of the different defects and
their specific influence on the microstructure. However, their
influence on macroscopic parameters like the band gap and the
band tailing can be investigated [46].

If the excitation power is raised, a shoulder in the PL
appears, which coincides energetically with the absorption-tail
deduced from PLE measurements. Hence the PL at high
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excitation power is band-tail-related. To be more precise, we
define the band tail in this manuscript as the tail we see in
PLE and hence in absorption. Since we see it in absorption,
the joint density of states (JDOS) within this tail is rather high
and therefore, it is formed due to a tailing of the valence and/or
conduction bands. This is also consistent with the fact that the
band gap measured with electroreflectance lies energetically
in the tail region, suggesting a large JDOS.

Due to the fact that the absorption derived from PLE is
very low in the energetic region of the PL at low excitation
power, the joint density of states in this region is also rather
low. Hence this JDOS differs from the one described above
and the two densities have different nature. In contrast to the
JDOS described above, which is related to the bands, the low-
energy JDOS is related to traplike states induced by material
imperfections. This is consistent with the fact that the PL is
situated energetically far below the absorption edge and with
a k value k < 1.

2. Modeling the absorption in CZTSSe

A closer look at the PLE spectrum reveals that the band
tail cannot be described by a single exponential as proposed
by the so-called Urbach model [42]. However, other more
extensive models can be used to describe the tailing. As already
mentioned, fluctuations of the local band gap are likely in
kesterite materials due to, e.g., clustering of [CuZn + ZnCu]
antisites induced by disorder [15]. Assuming a Gaussian
distribution for the local band gap the absorption coefficient in
a direct band gap semiconductor with parabolic bands can be
expressed as [8,44]

α(ω) ∝ 1

γh̄ω

∫ ∞

0
exp

[
−1

2

(
E − Ēg

γ

)2]√
h̄ω − E dE,

(4)

with γ being the standard deviation of the band gap distribution
with the mean band gap value Ēg. This variation in the band
gap results in a tailing of the absorption coefficient. A tailing
depth of γ ≈ 34 meV was determined. Other inhomogeneities
such as randomly distributed charged defects can also result
in an exponential distribution of band-tail states and hence a
tail in the absorption coefficient [49]. The exact exponential
dependence differs for the various used models. Fitting the
PLE data with the different models alone is not sufficient
to differentiate between the mechanisms (e.g., band gap
fluctuations from EPFs) since the PLE data lacks characteristic
features. However, our aim is not to clearly determine the
origin of the tailing since both kinds of fluctuations can be
expected to be present simultaneously in CZTSSe to some
extent. Instead, we want to determine the main physical reason
for the observed behavior of the PL as a function of excitation
power.

We have seen in the above discussion that luminescence at
low temperature and not too high excitation power is due to a
transition, which is situated energetically below the absorption
edge. At high excitation power, a second contribution to the
PL is observed which is related to the band tail. The origin
of the tail cannot be determined unambiguously but models
accounting for band gap fluctuations or EPFs can be used

to describe the tailing which shows a tailing parameter γ ≈
34 meV.

B. Luminescence models

Since the low excitation power luminescence is related to
traplike states induced by material imperfections, we will
in the following compare the PL with different existing
luminescence models to get some more detailed understanding
of the luminescence origin.

1. Donor-acceptor pair transitions

Excitation power-dependent PL measurements show a βdec

value of βdec = 14.5 ± 0.5 meV/decade. For pure donor-
acceptor pair transitions (DAP transitions) such a large value
of βdec cannot be explained. The maximum shift of the PL
maximum �Emax,shift to higher energies in DAP transitions
can be estimated by [50,51]

�Emax,shift = e4m∗
e

(2[4πε0εrh̄]2)
, (5)

with the effective electron mass m∗
e . The other symbols have

their usual meanings. The maximum shift for Cu2ZnSnS4

with m∗
e (S) ≈ 0.18 m0 and εr(S) ≈ 6.8, and Cu2ZnSnSe4 with

m∗
e (Se) ≈ 0.08 m0 and εr(Se) ≈ 8.6 [54] is calculated with

the above relation to �Emax,shift ≈ 54 meV and �Emax,shift ≈
15 meV, respectively. A weighted average for CZTSSe with
a sulfur content ([S]/([S] + [Se])) of around 10% leads to
a maximum shift of �Emax,shift ≈ 19 meV. Furthermore, the
temperature dependence in DAP transitions should show a
shift to higher energies of the PL maximum with increasing
temperature at constant excitation power, since more closer
pairs are populated, which is in contrast to the observed
behavior (Fig. 4) [51]. So the PL transition at low temperature
is not a “normal” DAP transition.

2. Quasi-donor-acceptor pair transitions

However, alternatively, the observed behavior could be
explained partially by a DAP transition in the presence of
fluctuating band edges. The energy of a DAP transition in this
case can be calculated by Eq. (6). As described in Sec. I,
different mechanisms can create fluctuations of the band
edges. DAP transitions in the presence of fluctuating band
edges are called quasi-donor-acceptor pair transitions (QDAP
transitions). Originally, the QDAP model was introduced for
DAP transitions in the presence of EPFs [52] but it can in
principle also be used in case of band gap fluctuations. In the
QDAP model, the luminescence photon energy is calculated
via [52]

E = Eg − ED − EA − 2γ, (6)

where Eg is the band gap energy, ED and EA are the donor and
acceptor binding energies, respectively, and γ is the average
depth of the fluctuation. Here, the Coulomb term e2

4πε0εr
is

neglected (r is the distance between the donor and acceptor
and the other symbols have their usual meanings).

In the case of EPFs, the potential depth depends on the
screening radius rs (potential fluctuations on a length scale
larger than rs are screened) and the total concentration of
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ionized donors and acceptors Nt [48,49,53]:

γ ∝
√

Ntr3
s

rs
∝ N

2
3

t

p
1
3

, (7)

with rs ∝ N
1/3
t /p2/3 for a p-type semiconductor with the

majority carrier density p [25,48,53].
In this sense, the large shift of the PL maximum to higher

energies with increasing excitation power is explained by
a screening effect. Due to the laser excitation, carriers are
generated and they cause a reduction of rs by a creation of
free charge carriers and/or a reduction of the concentration of
ionized donors and acceptors. According to Eq. (7), a reduction
in rs due to screening is then accompanied by a reduction in
γ . Together with Eq. (6), a reduction in γ translates into an
increase in transition energy and hence in a shift of the PL
maximum to higher energies.

In a narrower sense, the QDAP model assumes energetically
from the valence and concuction bands separated donor and
acceptor levels, whereas especially the donor level can merge
with the conduction band [52]. The assumption of separate
and discrete donor and acceptor levels might not be valid
anymore in case of heavily doped and highly compensated
semiconductors if the band tailing is too large and the
heavy doping condition is satisfied [48]. In this context, the
binding energy of a single impurity (especially of a donor)
would then have no physical meaning anymore, since discrete
impurity levels (donors) hardly exist [20]. Therefore the use
of Eq. (6) in case of heavily doped and highly compensated
semiconductors, especially the existence of a separate binding
energy for the donor, is questionable [20]. Hence ED would
also not be directly accessible by PL measurements.

3. Luminescence in heavily doped and
compensated semiconductors

The heavy doping condition is satisfied if Na,da
3
a,d � 1

with Na,d being the concentration of acceptor and donor
impurities and aa,d being the Bohr radius of the impurity
state, respectively [53]. To give an example in Cu2ZnSnSe4

with m∗
h(Se) ≈ 0.33 m0 and εr(Se) ≈ 8.6 [54], the Bohr radius

will calculate to ad ≈ 1.4 × 10−7 cm. Therefore, for acceptors,
the equality Nda

3
d = 1 is fulfilled for Nd = 3.8 × 1020 cm−3.

So heavy doping conditions can realistically be achieved in
Cu2ZnSnSe4 and since the effective mass of the electrons is
lower than of the hole, it is already easier fulfilled for donors.

The situation of heavily doped and compensated semi-
conductors is reviewed by Levanyuk and Osipov [48]. High
compensation in a heavily doped semiconductor is generally
accompanied by a high density of charged defects. These
defects create additional potentials, whereby the band edge
is disturbed and EPFs are caused. Luminescence in p-type
semiconductors in these cases can be dominated by conduction
band tail to valence band tail transitions (TT transitions), by
conduction band tail to acceptor impurity transitions (TI transi-
tions), or by various other transitions involving impurities, tail
states, and band states [48]. The ratio of occurrence depends on
the temperature, the excitation intensity, and whether separate
acceptor levels are present or not.

Therefore and additionally since the exact distribution of the
DOS within the investigated solar cell absorbers is not known,

the assignment of the observed PL transitions to a specific
transition is very difficult. For example, TI transitions can be
seen as DAP transitions in the case of a heavily doped and
compensated semiconductor [48] and are therefore similar to
QDAP transitions, which were introduced by Yu as the DAP
transition in a compensated semiconductor [52]. So even a
distinction between the different transitions is difficult.

However, the physical mechanism responsible for the
observed shifting behavior of the PL maximum (a screening
effect or a state filling effect) should essentially be nearly
independent of the nature of the transition.

C. State filling versus screening in luminescence

So in the following we will have a look how a screening
effect can be distinguished from state filling with the tech-
niques presented in this manuscript. The actual shape of the
luminescence for the different kinds of transitions mentioned
above is not easy to describe, but some basic dependencies can
be assessed. (i) A shift of the luminescence maximum towards
higher energies with increasing excitation power is expected,
e.g., in QDAP, TI, and TT transitions at low temperatures
[20,25,48,55]. (ii) The low-energy edge of the luminescence
is affected by the tailing parameter [48]. To give an example,
in, e.g., TT transitions, the luminescence intensity 
(ω) of the
low-energy edge for a random distribution of impurities for
low excitation intensity is described by [48,55]


(ω) ∝ exp

[
−

(
E0

g − h̄ω
)2

2γ 2

]
, (8)

with E0
g being the band gap of the undoped material and γ

the depth of the potential as described by Eq. (7). The formula
can also be used to describe other transitions (band-impurity
or band-tail transitions) if the carriers are in quasiequilibrium
[18].

Following Eq. (8), a change in the potential depth γ [as
expected for a screening effect, Eq. (7)] should lead to a change
in the luminescence, especially, a decrease of γ should result
in a steeper slope of the low-energy tail of the luminescence.

In case of band edge fluctuations, the shift of the PL
maximum to lower energies with increasing temperature can
be explained with a higher occupation of deeper valleys
or a depopulation of shallower valleys accompanied by an
increased non-radiative recombination due to higher mobilities
[20,48,56,57]. Due to the increase in temperature, the carriers
get more mobile, can leave the local shallow minima and
populate deeper minima or recombine more effectively. So the
shift of the PL maxima with increasing temperature alone is
not sufficient to distinguish band gap fluctuations from EPFs.

However, in case of screening, this shift to lower photon
energies should be highly dependent on the excitation power
as seen for Cu(In,Ga)Se2 [56,57]. A higher excitation power
should result in a reduced fluctuation amplitude γ and thus
in a reduced shift to lower energies of the PL maximum
as a function of increasing temperature. Compared to that
the temperature dependence of the shift of the PL maximum
towards lower energies on excitation power should be lower if
the potential depth γ is independent of excitation power, as it
is the case if the states are filled and no EPFs are screened [56].
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Therefore the experimental results of Figs. 1 and 4 are
not consistent with a simple screening model of EPFs.
Neither the expected change in the low-energy slope of the
luminescence due to a reduction of the tailing parameter γ

caused by screening nor a dependence of the temperature
shifting behavior as a function of the excitation power are
observed.2 Although EPFs may be present to some degree,
the experimental data favor another dominant effect for the
explanation of the observed luminescence behavior.

D. State filling in CZTSSe

In contrast to a screening effect there is strong evidence
that the results presented in this manuscript can be explained
more consistently by a state filling effect. The luminescence at
low temperatures is dominated by transitions involving a low
density of states (Fig. 3). For efficient filling, it is important
that the density of the states (DOS) involved in the radiative
transition is not too high, so that carriers can fill the states
and a filling effect is visible in the emission spectrum. Since
we observe some transitions related to traplike states induced
by material imperfections with low absorption for the low
radiative recombination energies, a rather small joint density of
states can be expected, and filling should be very efficient. An
increase in excitation power raises the density of nonequilib-
rium carriers, which can fill the states with a low density [58].

1. Illustrating state filling

To illustrate a filling effect in a very simplistic way, the
picture of a funnel can be used. Into a funnel some material,
e.g., water, can be dumped from the top and some amount of
it will flow out from the bottom. If this picture is translated
to a semiconductor, the water would correspond to charge
carriers produced by light excitation and the drain of the
funnel would correspond to recombination of the carriers. The
funnel itself represents the density of states, or more precisely
the joint density of states. Due to the additional nonthermal
carriers (induced by light excitation in PL measurements), a
new dynamic equilibrium will form in which the generation
and recombination of carriers equals Req = Geq. Here, Req is
the recombination rate and Geq the generation rate. The same
amount of carriers that are dumped into the funnel will flow
out at the bottom.

If the laser power, and hence the number of created carriers,
is increased, the generation rate exceeds the recombination
rate and a state filling occurs. Due to a restricted decay
time, the amount of generation is higher than the amount of
recombination and hence the density of states is filled. For
sure at some point in time a new equilibrium will form for
one excitation power since recombination depends also on the
number of excited carriers. This state filling is accompanied
by a shift of the PL maximum to higher energies. In the funnel
picture, this is like dumping more water into the funnel than
water that flows out. As a result, the water level inside the

2It has to be mentioned that the decrease of the energetic position
of the PL maximum as a function of increasing temperature cannot
be explained by a reduction of Eg with increasing temperature, since
the decrease of Eg is expected to be much smaller [59].

FIG. 5. Modeled PL spectra to illustrate the effect of a state filling
on the luminescence. The spectra are calculated using Eq. (9) and the
increase in excitation power is simulated with an energetic increase
of the distribution function. A shift of the PL maximum to higher
energies is observed, whereas the low- and high-energy tail do not
change their slope.

funnel will rise—filling occurs. However, at some point, the
water level stabilizes since the amount of water that flows out
also depends on the height of the water level inside the funnel.
Then the amount of water that flows out is again as high as the
amount of water that is dumped in.

Additionally to the shift of the PL maximum, no change of
the PL low-energy slope is expected for state filling. This is due
to the fact that the JDOS determines the low-energy slope of the
PL and since the JDOS is fixed and not altered by the number
of excited charge carriers also the low-energy slope of the PL
does not change as a function of excitation power. In the funnel
picture, the JDOS is represented by the funnel itself and its
shape is not altered by the water level inside the funnel. So state
filling only changes the occupation, but not the JDOS itself.

This is consistent with the experimental spectra of Fig. 1.
A large shift of the PL maximum to higher energies with
increasing excitation power is visible, whereas the low-energy
slope does not change.

2. Modeling state filling

This is also modeled and illustrated in Fig. 5. In this
illustration, PL spectra are simplistically modeled using a
product of a JDOS for the valence and conduction band tails
and a joint distribution function for both the electrons and
holes. The product of a density of states and a distribution
function results in an occupation number. In the illustration,
the occupation number describes the occupation of radiative
transitions which have a radiative transition probability of
one, meaning that the energetic distribution of the occupation
equals the calculated luminescence spectrum.

Although this simplified model cannot be expected to
accurately describe details of the actual photoluminescence
of CZTSSe at low temperature it clearly illustrates the effect
of state filling. Since it is seen that the absorption and hence
also the JDOS has some tailing (Fig. 3), we used a JDOS
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calculated from the tailing model of Eq. (4). For a constant
transition probability between the initial and the final states,
the JDOS can be calculated from the absorption coefficient via
JDOS(ω) = α(ω) h̄ω. To illustrate a state filling, the PL spectra
were calculated based on the above-mentioned assumptions
via


(ω) ∝ 1

γ

∫ ∞

0

1

exp
(
h̄ω−EF

kbT

) + 1

× exp

[
−1

2

(
E − Ēg

γ

)2]√
h̄ω − EdE. (9)

Here, EF is the energy edge of the distribution function up to
which the JDOS is filled and T the temperature. Within this
model, filling is described by a subsequent occupation of states
with increasing number of nonequilibrium carriers. Therefore
an increase in excitation power is simulated with an increase in
EF. The temperature in the model was chosen as T = 100 K
and the used tailing parameter as γ = 41 meV, which is a
reasonable value for CZTSSe based on fitting Eq. (4) to the
PLE spectra.

In Fig. 5, the simulated PL spectra are plotted for different
values of EF and hence different excitation powers P . A
large shift of the PL maximum to higher energies with an
increasing value of EF is observed, whereas the low and the
high energy tails do not change their slope. Comparing the
measured spectra of Fig. 1 with the simulation of Fig. 5, a
qualitatively similar behavior is observed.

V. CONCLUSION

In conclusion, we have shown by the complementary
techniques of PL and PLE that the luminescence of CZTSSe

at low temperatures lies energetically far below the absorption
edge and is hence related to an energetic region of a low joint
density of states. Therefore a state filling with an increase
in excitation power can be expected. Indeed, we presented
evidence based on a detailed analysis of the full PL line shape,
that the power-dependent shift of the luminescence maximum
is dominated by state filling rather than by a screening effect.
To further support this result, the temperature dependence of
the PL for different excitation powers was investigated. It was
found that the shift of the PL maximum towards lower energies
with increasing temperature at constant excitation power is
independent of the excitation power used. This is contradictory
to a screening effect for which the shift of the PL maximum as a
function of temperature is expected to depend on the excitation
power used. The observed temperature dependence and an
invariant slope of the low-energy side of the PL as a function of
excitation power strongly indicate that the low-energy tailing
parameter γ is independent of the excitation power, which
is not expected in case of a screening effect. Therefore we
conclude that the physical mechanism that dominates the
temperature and power dependence of the CZTSSe PL is rather
a state filling than a screening effect.
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