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Doping the Cu(In,Ga)Se, (CIGS) absorber layer with alkaline metals is necessary to process high
efficiency solar cells. When growth of CIGS solar cells is performed on soda-lime glass (SLG), the
alkaline elements naturally diffuse from the substrate into the absorber layer. On the other hand,
when CIGS is grown on alkaline free substrates, the alkaline metals have to be added from another
source. In the past, Na was believed to be the most important dopant of the alkaline elements, even
though K was also observed to diffuse into CIGS from the SLG. Recently, the beneficial effect of a
post deposition treatment with KF was pointed out and enabled the production of a 20.4% CIGS
solar cell grown at low substrate temperature (<500 °C). However, possible negative effects of the
presence or addition of the alkaline impurities during the low temperature growth process were
observed for Na, but were not investigated for K so far. In this study, we investigate in detail the role
of K on the defect formation in CIGS layers deposited at low temperature on alkaline free
polyimide with intentional addition of K during selected time intervals of the CIGS layer growth.
By means of admittance spectroscopy and deep level transient spectroscopy, we identify a deep
minority carrier trap at around 280 meV below the conduction band E¢ in CIGS layers grown with
K. Its influence on recombination and minority carrier lifetime in the absorber layer is investigated
with external quantum efficiency measurements and time-resolved photoluminescence.
Furthermore, to support the experimental findings device simulations were performed using the

software SCAPS. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4832781]

I. INTRODUCTION

Deposition of Cu(In,Ga)Se, (CIGS) thin films at low
substrate temperature (<500 °C) offers the possibility to pro-
duce solar cells on flexible and temperature sensitive sub-
strates such as polyimide (PI). Recently, the high potential of
flexible CIGS solar cells on PI for cost effective solar power
generation was indicated by reaching a new certified record
cell efficiency of 20.4% on laboratory scale,' which is at the
same level of efficiency as the best devices produced on rigid
soda-lime glass (SLG) with a high temperature deposition
process (~600 °C) (Ref. 2) or polycrystalline Si-wafer based
solar cells.” From a manufacturing point of view, flexible
substrates have the advantage that roll-to-roll deposition
techniques can be used, which enables higher throughput
and cost reduction.

A crucial processing step for production of CIGS solar
cells is the addition of alkaline material to the CIGS absorber
layer. It is well known that a small amount of Na (typically 0.1
at. %) is required in order to achieve high efficiency devices.*
In the literature, a wealth of changes of the CIGS properties
related to Na is reported. While the reports on structural
changes in CIGS due to Na are not completely consistent,” an
increase in the p-type conductivity is generally observed.®™’
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The latter effect of Na is attributed to either introduction of
acceptor defects,'® elimination of compensating Inc, donors,"'
enhanced oxidation of Se vacancies,12 or elimination of defects
at grain boundaries.'>'> On the other hand, possible negative
effects of sodium—or alkaline metals in general—were usually
not considered so far, but it was found that at high Na concen-
tration cell efficiency decreases.'*

When CIGS solar cells are produced on SLG, Na diffuses
during the absorber growth from the substrate through the Mo
electrical back contact into the CIGS layer. To produce flexi-
ble CIGS solar cells on alkali-free substrates such as metal
foils or polyimide,'>™'® various techniques for Na incorpora-
tion have been developed, e.g., from a Na doped Mo back
contact,'>'”2% by the deposition of a precursor layer,”' by
co-evaporation,”** by a post deposition treatment (PDT),® or
from an enamel coating of the substrate.”’

Up to now, Na is considered to be the most effective
alkaline dopant to improve the device performance, although
it was observed in several studies that K is also incorporated
in CIGS layers grown on SLG.**** Recently, Laemmle
et al.*® observed that an intentional addition of K to CIGS by
a PDT with KF acts similar as PDT with NaF on the photo-
voltaic (PV) parameters, i.e., an increase of Voc, FF, and
doping density was found due to addition K. On the other
hand, we found that PDT with KF leads to a Cu and Ga
depleted CIGS surface, which facilitates the diffusion of Cd
into the CIGS surface region during the chemical bath depo-
sition (CBD) process of the CdS buffer layer, leading to an
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improved junction quality.! Similar to the case of doping
with Na, there are still many open questions regarding the
doping mechanism of K and its overall influence on the final
device.

It has previously been shown that Na influences the ele-
mental interdiffusion during the CIGS growth process.”*’
Moreover, Wuerz ef al.?® found that additional K, which
diffuses from the K-rich enamel coated steel foil into CIGS
during high temperature growth, acts similar as Na: K also
hinders elemental interdiffusion and enhances carrier con-
centration in CIGS layers.

In addition to the presence of alkaline metals, the sub-
strate temperature during CIGS growth has strong influence
on the elemental interdiffusion.'” This effect is clearly visi-
ble in the [Ga]/([In] + [Ga]) composition along the CIGS
cross-section, forming a much more pronounced double
gradient at low substrate temperature as compared to high
substrate temperature. The formation of this pronounced
compositional gradient throughout the absorber can be
compensated by adjusting the deposition rates of the indi-
vidual metals throughout the process.'” However, lower
substrate temperature will also have effects on an atomic
scale (i.e., the occupation of lattice sites) and can result in
the formation of higher concentration of anti-site or va-
cancy defects. Therefore, especially at low substrate tem-
perature, a significant change in the defect formation
depending on the amount of alkaline elements present dur-
ing film growth is expected.

In our laboratoy, high efficiency CIGS solar cells are
grown with a modified 3-stage co-evaporation low tempera-
ture process with Na added by a PDT method with NaF after
the growth of the CIGS layer.'” In order to investigate the
influence of K on the formation of defects and the electronic
properties in CIGS grown at low substrate temperature, in
this study, we characterized devices with and without co-
evaporated KF during the final stage of the CIGS deposition
process. As such there are several possibilities for K addi-
tion; however, in order to curtail the number of possible
effects of K on the electronic properties, KF was added only
during the 3rd stage of the deposition process or after CIGS
growth.

To identify the energetic position of defects in CIGS,
admittance spectroscopy (AS) and deep level transient spec-
troscopy (DLTS) are performed. Furthermore, the effect of
additional defects on the minority carrier lifetime in the
CIGS layer is determined with time resolved photolumines-
cence (TRPL), and the temperature dependent collection of
photo-generated charge carriers was investigated by current
density-voltage (J-V) measurements in the temperature range
from 120K to 300 K.

Il. EXPERIMENTAL DETAILS

CIGS solar cells were produced on Mo coated PI foils
with a low substrate temperature (<500°C) multi-stage
co-evaporation process similar to the one described in
Ref. 17. In the first set of experiments, we compare the
electronic properties of devices without (Al) and with
(B1) co-evaporated KF during the entire 3rd stage of the
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deposition process after reaching the second stoichiometry
point, i.e., when the film starts to become Cu-poor again
(see Figure 1). After the CIGS growth, the substrate tem-
perature is reduced and a PDT with NaF is applied on both
samples Al and B1.

In a second set of experiments, a comparable amount of
KF as in B1 was co-evaporated during selected time intervals
of 5 min duration in the 3rd stage. In Figure 1, it is indicated
at which stage KF is co-evaporated for the different samples
A2-D2. For all samples a PDT with NaF was performed.

All solar cells were completed with a 50nm thick
CdS buffer layer deposited by CBD and an rf-sputtered
i-Zn0O/Zn0O:Al bi-layer front contact of 80 nm and 200 nm
thickness, respectively. Finally, Ni/Al grids were deposited.

The PV parameters of the solar cells were measured
under simulated standard test conditions (1000 W/m?, 25 °C).
Current density-voltage (J-V) curves were obtained from a
Keithley 2400 source meter with four-terminal sensing.
External quantum efficiency (EQE) data were measured using
a lock-in amplifier and chopped monochromatic light from a
halogen lamp in front of a dual grating monochromator.
Capacitance-frequency (C-f) measurements were performed
with an Agilent E4980A LCR meter. Temperature dependent
capacitance measurements, in the temperature range from
120K to 300K, were carried out in a cryostat cooled with lig-
uid nitrogen. In the same cryostat, we also performed temper-
ature dependent J-V measurements using a halogen lamp as
illumination source.

DLTS measurements were conducted using a Fourier
transform 1030 DLTS system from Phys-Tech and a cryostat
with liquid nitrogen cooling. Samples were stored in dark
prior to measurements for at least 1 h to assure a relaxed
state of the device. Capacitance transients were recorded,
while the temperature gradually increased from 95K to
260 K. The reverse bias voltage was set to U.=—1.0V, and
the pulse voltage was U, = —0.4 V such that the pulse height
AU was 0.6V with a duration of 10 ms. The period width
was set to T,, =2 ms.

TRPL was measured with a near infrared compact fluo-
rescence lifetime spectrometer C12132 by Hamamatsu using
a YAG laser with a wavelength of 532nm. The detection
wavelength was set to the photoluminescence maximum.
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FIG. 1. Schematic drawing of the CIGS deposition procedure during the 3rd
stage for the investigated samples B1 and A2-D2. For each sample, KF is
evaporated at the stage indicated by the rectangle. For sample D2, KF was
added directly after the deposition. Na was added by a PDT with NaF for all
samples.
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TABLE I. PV parameters (open circuit voltage V¢, short circuit current density Jsc, fill factor FF, and efficiency #) of the investigated solar cells. The PV pa-
rameters of the best cell on each sample are given. Jsc was extracted from EQE measurements.

Sample Voc (mV) Jsc (mA/em?) FF (%) 1 (%)
Al: NaF PDT 670 32.0 77.2 16.6
B1: KF 3rd stage + NaF PDT 678 (30.0°) 31.9* 76.0 (15.4°% 16.4*
A2: KF 5-10 min + NaF PDT 680 28.0 64.7 12.3

B2: KF 10-15min + NaF PDT 678 29.7 75.0 15.1
C2: KF 15-20 min 4+ NaF PDT 711 32.0 72.4 16.5
D2: KF after CIGS growth + NaF PDT 701 339 71.7 18.5

*With (MgF,) anti-reflective coating.
PEstimated current density/efficiency without AR coating.

lll. RESULTS AND DISCUSSION

The PV parameters of the solar cells investigated in this
study are listed in Table I. By comparing the PV parameters
of Al and B1, a reduction in the short circuit current density
Jsc is observed when KF is added during the 3rd stage of
CIGS growth (note that for B1 an anti-reflective coating was
applied, resulting in a gain in Jgc of approximately
2 mA/cmz). Furthermore, we find that the earlier KF is added
during CIGS growth (e.g., sample A2), the lower is Jgc of
the solar cell. The best cell efficiency was achieved when K
was added after CIGS growth, which is partly attributed to a
modification of the CIGS surface, as discussed in more detail
in Ref. 1.

The reduction in Jgc in samples with KF added during
the growth process results from poorer collection of long
wavelength photons (>600 nm), as shown by the EQE curves
in Figure 2. Long wavelength photons are absorbed deeper
inside the CIGS layer, possibly outside of the space charge
region, such that collection of photo-generated charge car-
riers strongly depends on their diffusion length Lp in the
absorber layer. Thence, it appears likely that in the solar
cells, where K is added during CIGS growth (B1 and A2-C2)
Lp is reduced.

However, it is difficult to extract the electronic proper-
ties, such as defect concentration and charge carrier lifetime
in the solar cell, from the PV parameters and EQE alone,
because they represent the conjunction of all of these
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FIG. 2. EQE curves of the investigated solar cells. For better visibility, all
curves were normalized. A slight variation in the absorber band gap of
approximately 40 meV is observed, which is attributed to differences in Ga
content.

characteristics. Therefore, we used characterization methods
which allow accessing defect location/concentration and mi-
nority carrier lifetime individually.

A. Formation of defect levels

In order to obtain the defect distribution in the CIGS layer
of each sample, we measured their temperature dependent C-f
spectra in the range from 120K to 300 K. First, we compare
the C-f spectra of the samples Al and B1, shown in Figures
3(a) and 3(b), respectively. At low temperature both devices
show a step in the capacitance, but at higher temperature sam-
ple B1 shows an additional pronounced capacitance step.
From these C-f spectra, we calculate the corresponding energy
levels of the defects by plotting the scaled derivative
—dC/dw*(w/kgT), where w=2xnf and kg is the Boltzmann
constant, against the energy axis E, = kg T*In(voT*/w). The
attempt-to-escape frequency vy was determined from the slope
of an Arrhenius plot of the inflection frequency against 1/T
(see Ref. 28). The resulting defect spectra are shown in
Figures 3(c) and 3(d).

The shallow level below 100 meV, which is observed in
both devices, is attributed to the N1 signal. The origin of this
signal is still debated in the research community**~' and
shall not be discussed in more detail in this paper.

In the following, we focus mainly on the deeper defect
located at around 280 meV, which we observe in the device
with additional co-evaporated KF during the 3rd stage but
not in the device without KF (NaF PDT only).

In the second set of samples (A2-C2) where KF was
added at selected time intervals during the 3rd stage of the
CIGS deposition process, we also observe the deep defect
level at 280 meV, as shown in Figures 4(a)—4(c). Only in the
sample D2 where KF was added after the CIGS growth pro-
cess, the deep defect is not observed (Figure 4(d)).

From Figures 3 and 4, we conclude that the presence of
K during CIGS growth strongly influences the concentration
of the deep defect level at 280 meV. Furthermore, addition
of K after CIGS growth does not lead to the formation of this
defect level (at least not in a concentration high enough to be
measured with AS).

B. Identification of the defect position

From the AS measurements presented in Sec. Il A, it is
not possible to assign the deep defect level at 280 meV to a
majority or a minority carrier trap. According to Lang, the
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FIG. 3. C-f and defect spectra of a CIGS solar cell with NaF PDT only ((a) and (c)) and a CIGS solar cell with additional KF co-evaporated during the 3rd

stage ((b) and (d)).

sign of the capacitance transient in DLTS indicates whether
a majority or a minority carrier trap is present.’> Therefore,
we performed DLTS measurements on samples B2 and D2,
and the resulting spectra are shown in Figures 5(a) and 5(b),

respectively. In sample B2, we observe two signals (E; and E,).
Both of them show positive capacitance transients and can
therefore be identified as minority carrier traps. The ener-
getic position represents in this case the distance of the

a A2: KF 5-10 min. b B2: KF 10-15 min.
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FIG. 4. Defect spectrum of samples A2-D2 with KF added from 5 to 10 min (a), from 10 to 15 min (b), from 15 to 20 min (c), during the 3rd stage as well as

directly after the end of the 3rd stage (d).
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defect level to the conduction band. In sample D2, the signal
E; at 140K is also present, and at higher temperature a weak
signature of the defect E, is observed. The calculated ener-
gies of the defects are given in Figure 5(a), and they are in
accordance with the defect levels observed in the AS meas-
urements presented above.

Again, the signal E; at low temperature (140K) is attrib-
uted to the N1 level, for both devices. The N1 signal was previ-
ously identified as a minority carrier trap.*> The DLTS signal at
190K corresponds to the deep defect at 280 meV shown in
Figure 4. The fact that the DLTS signal at 190K did not com-
pletely disappear for sample D2 shows that the defect level is
still present in the device but at much lower concentration.

C. Influence of the deep defect level on minority
carrier lifetime

The deep defect level observed at around 280 meV
below E can capture and re-emit electrons, as shown by the
DLTS measurements in Sec. III B. On the other hand, a cap-
tured electron can also recombine with a hole, which is
directly related to the minority carrier lifetime in the CIGS
layer and the collection of photo-generated charge carriers
(cf. Figure 2). A schematic diagram of the different proc-
esses is shown in Figure 6(a).

We used room temperature TRPL measurements to
determine the influence of the deep defect level on the mi-
nority carrier lifetime in the CIGS layer. The measurements
were performed on completed solar cells. In Figure 6(b), the

a CIGS

1 electron capture
11 electron emission
11 trap-assisted recombination

00 T T T T T T T T =
80 100 120 140 160 180 200 220 240 260
Temperature (K)

in the CIGS absorber layer.

time evolution of the PL signal for the samples A2-D2 is
shown together with the calculated lifetime 7 from an expo-
nential fit.

We observe that the minority carrier lifetime is smaller
in devices in which K was present during CIGS growth
(samples A2-C2). Therefore, we conclude that the minority
carrier trap at 280 meV below E, which was observed in the
samples A2-C2, contributes to the recombination in the
CIGS layer. This leads to the reduced collection of charge
carriers generated by long wavelength photons (cf. Figure 2)
because the minority carrier diffusion length Ly = v/Dt (D
is the minority carrier diffusivity) in the absorber layer
becomes smaller.

Furthermore, the earlier K is added during growth, the
lower is the minority carrier lifetime. This suggests that the
remaining time until finishing CIGS growth after addition of
K is relevant for the electronic properties of the device.

D. Temperature dependence of the photocurrent

The defect level at 280 meV is relatively close to Ec,
and therefore it is not a very effective recombination centre
at room temperature, because the emission rate e, of trapped
electrons, which is given by

Ec —E,
e, = a,vuNc - exp <kB4T ) (D

(where ¢, is the capture cross section for electrons, vy, is the
thermal velocity of electrons, N¢ is the density of states in
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FIG. 6. (a) Schematic illustration of the energy band diagram of a CIGS solar cell and the electron capture/emission, as well as trap-assisted recombination,
are shown. In (b) the time evolution of the room temperature PL signal of the A2-D2 is shown.
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the conduction band, and E, is the energy of the defect level)
is high such that it is likely that trapped electrons are
re-emitted from the defect before recombining with holes
from the valance band E,. Nevertheless, we observed a
decrease in the minority carrier lifetime and reduced collec-
tion of photo-generated charge carriers in samples B1 and
A2-C2, which shows that some of the excited electrons do
indeed recombine, even at room temperature.

Because the emission rate of trapped electrons decreases
with temperature (the prefactor ¢,v;,Np in Eq. (1) is o T2,
see, e.g., Ref. 34), it is possible to observe the recombination
via this defect in the photocurrent by cooling the device to
low temperature. In Figures 7(a) and 7(b), we show tempera-
ture dependent J-V measurements under illumination of the
samples Bl (samples A2-C2 behave similarly) and Al,
respectively. At low temperature Jsc is strongly reduced in
sample B1 by approximately 10 mA/cm?, because part of the
photo-generated charge carriers recombined before being
collected by the electric field of the pn-junction. In contrast,
sample Al, as well as D2 (not shown), did not exhibit such a
strong temperature dependence of the photo-current density
in the accessible temperature range (Figure 7(b)).

To verify that the defect level at 280 meV is indeed re-
sponsible for the reduced photocurrent at low temperature,
we performed device simulations using the software
SCAPS.* For the model, the parameters of the individual
layers were adapted from Ref. 17. In addition, a defect level

J. Appl. Phys. 114, 194508 (2013)

at 280 meV below Ec with a concentration of 2 x 10'% cm ™3,
a capture cross-section for electrons of 10~ '°cm™2, and a
capture cross-section for holes of 10" cm_z, was included.
The resulting J-V curves of the simulation are shown in
Figure 7(c) and agree very well with the measurement in
Figure 7(a).

To show that the observed temperature dependence of
the photocurrent is typical for a minority carrier trap at
around 280 meV, we also varied the position of the defect
level in our simulation. The temperature dependence of
the Jgc for different positions of the defect is shown in
Figure 7(d).

For defects close to the conduction band (0.15 eV below
Ec), the temperature where Jgc starts to decrease is moved to
lower values because the emission rate of trapped electrons
is high even at a temperature of 150K. As expected, for
defects close to mid-gap position (0.55eV below Ec), the
photocurrent is also reduced at room temperature because
recombination rate via this defect is high. For defect levels
in between these two extremes (e.g., 250 meV below Ec), we
can observe a strong temperature dependence of the Jgc
below approximately 200 K, as shown in Figure 7(c).

E. Origin of the deep defect level

Our results show that the presence of K during CIGS
growth at low temperature leads to the formation of a deep
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FIG. 7. Measured (a) and (b) temperature dependence of the J-V curves of the solar cells B1 and Al, respectively. Note that the measurements were performed
with a halogen lamp as illumination source, such that the measured photocurrent density may deviate from the values given in table I (c) SCAPS simulation of
the temperature dependent J-V curves of sample B1. In (d) a SCAPS simulation of the temperature dependence of the Jsc for different energetic positions of
the defect level in the band gap is given. Circles represent measured Jgc of sample B1.
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defect at 280 meV below the conduction band, which is not
observed in devices without K. We suggest that two scenar-
ios are possible: (i) K introduces a point defect such as
KinGa or (ii) K influences elemental interdiffusion, resulting
in higher concentration of intrinsic defects. To the best of
our knowledge there exists currently no theoretical study on
either possibility. Up to now, formation energies of point
defects in CulnSe, and related materials were calculated
only for Na but not for K.'"-*

Experimentally, other authors also observed such a deep
level in CIGS grown on SLG by transient photo-capacitance
(TPC) measurements.”’® They found that its position at
0.8 eV above Ey is independent of the Ga content, such that
it may become an effective recombination center in CIGS
layers with high Ga content because the energy (Ec — Er)
increases (cf. Figure 7(c)).

In a recent theoretical study based on hybrid density
functional theory by Pohl and Albe, it was concluded that
the deep defect that we observe at around 0.8 eV above the
Ev might origin from deep Cuy, g, (-1/-2) charge transition
levels, which have energies of 0.62 eV and 0.75 eV above Ey
in CulnSe, and CuGaSe,, respectively.’® On the other hand,
other authors concluded that Se-related defects rather than
Cu- or In-related defects form charge transition levels within
the band gap.*® Earlier calculations performed by Lany and
Zunger suggested that the (Vg.-Vc,) defect complex is re-
sponsible for this level.*' Currently, we cannot judge with
certainty which point-defect (complex) is responsible for the
observed defect level. Detailed investigation of elemental
interdiffusion as well as calculation of defect formation ener-
gies in dependence of the presence of K and the calculation
of possible charge transition levels inside the CIGS band gap
of K-related point defects (e.g., Ky, ga) could help to identify
its origin.

IV. CONCLUSIONS

In this work, we investigated the formation of defects in
CIGS layers depending on the presence of K during the low
temperature growth process. K was added by co-evaporation
from a KF source. Using AS and DLTS, we found that the
presence of K during the final stage of the CIGS growth
leads to the formation of a deep defect level approximately
280 meV below the conduction band. Therefore, devices in
which K was present during growth showed reduced minor-
ity carrier lifetime, and poorer collection of charge carriers
generated by long wavelength photons. Furthermore,
strongly temperature dependent collection of photo-
generated charge carriers is observed, which is explained by
an increasing recombination rate via this defect at lower tem-
perature of the device.

Currently, it is not possible to unambiguously attribute
the observed defect to any of the possible point defects in
CIGS. However, we believe that our results could help to
identify its origin by studying elemental interdiffusion and
formation energies of point defects in dependence of the
presence of K.

Finally, our results suggest that growth of CIGS absorber
layers, especially with high Ga content and low substrate

J. Appl. Phys. 114, 194508 (2013)

temperature, should be performed under conditions without K,
because, according to the previous studies,”® the observed
defect level is at fixed position of approximately 0.8 eV above
the valence band and becomes a deep trap when Ec is lifted to
higher energy. In this respect, growth of Ga rich CIGS
absorber layers at low substrate temperature should be per-
formed on alkaline free substrates, while Na and K could be
introduced after CIGS growth.
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