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Abstract—Rubidium fluoride (RbF) postdeposition treatment
(PDT) has been shown to improve the performance of
Cu(In,Ga;_4)Se; (CIGS) photovoltaic devices. In this study,
temperature-dependent current voltage (JVT) and time-resolved
photoluminescence (TRPL) experiments were combined with mod-
eling using the solar cell capacitance simulator (SCAPS) computer
code to investigate the effect of the RbF PDT. Two devices, one
as-deposited and one with RbF PDT, were deposited by a three stage
coevaporation process. JVT measurements suggest the dominant
recombination mechanism may be tunneling-enhanced recombi-
nation via bandtail states, but that defect states in the bandgap can
also be important. RbF PDT is shown to decrease the characteristic
energy of the bandtails. TRPL data show an increase in the minority
carrier lifetime after RbF PDT, leading to an improved open-circuit
voltage. SCAPS modeling indicates that the dominant recombina-
tion mechanism is dependent on the specific defect makeup of a
device, suggesting that small changes in processing conditions can
impact device behavior. This explains the observation that, for some
devices, defect states in the gap dominate while others, as is the case
here, appear to be dominated by bandtails.

Index Terms—Cu(In,Ga,;_,)Se, (CIGS), characterization,

recombination, thin film photovoltaics.

I. INTRODUCTION

MONG thin-film photovoltaics Cu(In,Ga;_)Se, (CIGS)
A is one of the most studied. Consequently, the champion
small device efficiency has reached 23.4% [1]. Despite ex-
tensive research, there is still debate about the mechanisms
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preventing further improvements. CIGS devices are often
observed to have an open-circuit voltage (Voc) well below
the theoretical maximum, resulting in lower energy conversion
efficiency [2]. Understanding the origin of this Voc deficit
is necessary to boost efficiency and keep CIGS as a leading
thin-film technology. Two possible sources of Vgc loss in the
bulk absorber have been proposed: point defects and bandtails.
Commonly identified point defects include a midgap trap lo-
cated approximately 580 meV above the valence band edge
(Ev + 0.58 eV) and an Ey + 0.98 eV defect, proposed to be
associated with a V¢,—Vs, divacancy complex [3], [4], [5].
Bandtails can be caused by impurities as well as structural
disorder within a crystal lattice [6], [7], [8]. Structural disorder
is often observed in CIGS and results in bandgap fluctuations as
the Ga/IlI ratio changes [9].

One focus of research is alkali-halide postdeposition treat-
ment (PDT) of the material. RbF is a popular choice for PDT of
CIGS thin films and has shown improvement in the photovoltaic
device performance, in part by increasing the Voc [10]. While
several mechanisms have been used to explain device improve-
ments there is still debate in the literature [11], [12], [13]. To
maximize the benefit of RbF PDT, it is necessary to understand
how the process acts to increase Voc. Relatively small changes
in processing conditions can have significant impacts on the
defects discussed in this study, which further complicates anal-
ysis. A RbF PDT may have different influences depending on
the processing conditions by which the material was produced,
which motivates robust study across a variety of samples.

This study aims to contribute additional information to the
literature covering RbF PDT CIGS devices made at Zen-
trum fiir Sonnenenergie-und Wasserstoff-Forschung Baden-
Wiirttemberg (ZSW). Previous work has shown that a variety of
factors coupled with RbF PDT may be present. Kanevce et al.
showed that RbF can change interface recombination, which
may be a dominant problem [14]. Siebentritt et al. suggested
that Rb accumulation at grain boundaries may reduce potential
fluctuations and, therefore, decrease the impact of bandtails [7].
Wolter et al. also found that RbF increases the quasi-Fermi
level separation which leads to improved Voc [8]. In this work,
temperature dependent current-voltage (JVT) and time-resolved
photoluminescence (TRPL) experiments are combined with
solar cell capacitance simulator (SCAPS) modeling to gain a
better understanding of the recombination effects of RbF PDT on
CIGS for the industrial fabrication process used for the devices
presented here.
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A. Experimental Methods

To better understand the recombination mechanisms present
in the samples used in this study, JVT experiments were con-
ducted. Measurements were performed with a solar simulator
calibrated to 100 mW/cm?, and the temperature was lowered
from350to 150 K in 10 Kincrements. Saturation current density,
ideality factor, series resistance, and shunt resistance were ex-
tracted using the methods outlined in [15]. The parameters were
calculated from dark JV curves to minimize possible impacts of
voltage-dependent carrier collection.

JVT experiments can provide valuable insight into recom-
bination dynamics by determining the diode activation energy
(Ea) and applying recombination models to measured data. A
common method for determining the diode E A is to analyze Voc
as a function of temperature [16]. For a diode with a thermally
activated transport mechanism the temperature dependence of
Voc can be modeled as

Voc = Ea/q— (n(T)kT)/q * In(Joo/ L) (1)

where n(T) is the ideality factor, J, is the light-induced pho-
tocurrent density, and .J o is the reverse saturation current density
prefactor, which is related to the reverse saturation current by

@)

Using (1) the diode E 5 can be calculated from the O K intercept
of a Voc versus T plot. If E5 = E, the dominant recombination
mechanism is expected to be in the bulk of the absorber, while
Ea < Eg is associated with interface recombination.

Recombination in a diode can be better understood by fitting
n(T') to a theoretical model. Rau proposed a method of tunneling
assisted recombination via an exponential distribution of trap
states near the band edge [17], [18]. In this model, carriers
tunnel from the conduction and valence bands into bandtail
states where recombination can occur. The resultis an increase in
the recombination rate due to the tunneling process. These trap
states can be caused by bandtails or potential fluctuations due to
composition changes and charged defects. In this scenario, the
ideality factor is determined by

1/n=1/2%(1 — E3/(3(kKT)*) +T/T*)

J() = Jooexp(—EA/(n(T)kT)).

3

where Fy is the characteristic tunneling energy and kT* repre-
sents the characteristic energy of the trap state distribution. This
model has been used to describe CIGS devices and provides
valuable information about bandtails and tunneling characteris-
tics.

TRPL was measured with pulsed laser excitation at 640 nm
with a 1.1 MHz repetition rate and 300-fs pulses. To ensure pho-
togenerated carriers did not screen electric fields in the material
the incident excitation was minimized to fluences of 1.2 x 10!
and 1.0 x 10'! photons/(cm? pulse) for the as-deposited and
RbF-treated devices, respectively. Time-correlated single pho-
ton counting was employed, and a silicon avalanche photodiode
and band pass filter were used for detection.

The Ga/Ill ratio was calculated based on time-of-flight sec-
ondary ion mass spectroscopy (TOF-SIMS) depth profiles. The
Ga and In signals were first normalized to total counts, then the
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Fig. 1. Simulated and experimental plots of J—J ¢ as a function of voltage for

the as-deposited and RbF PDT samples. The scatter in the experimental (dotted)
data is due to experimental noise near Jsc.

ratio was scaled in order to match the composition at the min-
imum point with the 1.15 eV bandgap determined by external
quantum efficiency (EQE). The composition was determined
from bandgap using the relationship [19]

“

TOF-SIMS depth profiles for each sample are provided in sup-
plementary information (SI) Figs. 1-3. Due to a possible mass
interference between Rb+ and GaO+ the signals for ©°Ga and
"1Ga were compared with Rb and #’Rb. The Ga isotope signals
follow each other at the expected ratio throughout the bulk. The
Rbisotopes track a different path in the expected ratio confirming
interference is not occurring. In addition, the O signal is low
throughout the bulk, further supporting that the Rb signal is
representative of the true Rb content. The RbF PDT sample
shows evidence of Rb displacing Na near the front junction as
there is a decrease in the Na signal between 8000 and 15 000 s
of sputter time which is not present in the as-deposited sample.

Deep level transient spectroscopy (DLTS) and deep level
optical spectroscopy (DLOS) measurements were performed on
the devices to provide full-bandgap defect characterization. Full
solar cells were scribed to isolate 1 mm? devices for capacitance
measurements, which were performed using a Boonton 7200
capacitance meter and a measurement setup described in [20].
The concentrations of the traps observed with DLTS were cal-
culated using the lambda corrected peak height of the DLTS
signal [21], and the concentrations of the traps observed with
DLOS were calculated using the step height of the steady-state
photocapacitance signal [21].

Eg(z) = 1.04 % (1 — x) + 1.68x — 0.22(1 — x).

B. Measured Devices

The samples are grown by a 3-stage coevaporation method
in an inline deposition chamber. More details are described in
[14]. Device performance parameters for the measured samples
at 300 K are listed in Table I. The as-deposited sample had
a Voc of 658 mV and fill factor (FF) of 61.1%. After RbF
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SCAPS simulations of Vo as a function of defect concentration for (a) as-deposited (shown in red) and (b) RbF PDT (shown in blue) samples. Simulated

defects include point defects at Ey + 0.58 eV (circles) and Ey + 0.98 eV (triangles) as well as bandtails (squares). The dotted lines represent the experimentally
measured Voc for each device. The black circles and triangles indicate the experimental values of the Ey; + 0.58 eV and Ey; + 0.98 eV defects, respectively.
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Fig. 3. SCAPS simulations of Voc as a function of bandtail characteristic
energy for as-deposited (red) and RbF PDT (blue) devices.

TABLE I
SUMMARY OF EXPERIMENTAL AND SCAPS MODEL DEVICE PARAMETERS AT
300 K
Voc V) | ¢V EE @) | 0w
(mA/cm?)

As- Experiment 658 32.5 61.1 13.1
Deposited Model 656 32.6 64.0 13.7
RbF PDT Experiment 730 323 64.9 153

Model 728 32.6 65.1 15.4

PDT the Vqc is increased by 75 mV, a relative improvement
of 11.4%. Additionally, the FF rises from 61.1% to 64.9%,
which results in the overall efficiency improving from 13.1%
to 15.3%. The Jgc is notably stable at about 32 mA/cm?. The
series resistance was measured to be 2.5 Q*cm? and 3.8 Q¥cm?

for the as-deposited and RbF PDT samples, respectively. Shunt
resistance was measured at 920 Q2¥cm? and 1960 Q*cm? for the
as-deposited and RbF PDT samples, respectively. While better
performing devices are produced at ZSW routinely, these were
selected because they provide the ability to simulate the domi-
nant defect here. We note that the best devices may be limited by
different effects than those studied here, however, consistency
is important to the commercial success of CIGS photovoltaics,
so it is valuable to study why some devices underperform even
when created on the same tooling.

C. Device Model

To investigate the impact of defects on CIGS devices the
simulation software SCAPS was used to create a model for
samples with and without RbF PDT [22]. Experimental data
were used where possible to improve the model’s accuracy and
minimize fitting parameters. DLTS and DLOS provided defect
concentrations and cross-sections for both the Ey; + 0.58 eV and
the Ey + 0.98 eV trap, which have been the dominant defects
observed across many CIGS suppliers [3], [5], [23]. In addition
to these two defect states, the model utilizes bandtails for both
the conduction and valence bands. Bandtails are modeled using
a density of states, which decays exponentially from the band
edge value with a characteristic energy. The full set of SCAPS
model parameters are provided in SI Table I.

To verify the model, simulated JV curves were compared
with measured JV device data (see Fig. 1). The model shows
a close fit to experimental results and is within 5% of each
device performance metric. The parameters of the model not
specified experimentally were varied and the results compared
with experimental behaviors. The experimental data could not
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be fit effectively with other values, as described in the following,
indicating that the model is a robust representation of the exper-
iments. In other words, the fit is necessary, not merely sufficient.

D. Results

To learn more about the effect of defects on device per-
formance, JV curves were simulated over a range of defect
concentrations for the Ey + 0.98 eV and Ey + 0.58 eV defects.
The impact of defect concentration on Vgc is shown in Fig. 2.
The dashed horizontal line represents the experimentally mea-
sured Voc for each device. In both samples, the Ey; + 0.98 eV
defect has little effect on Voc until the concentration exceeds
1 x 10" cm™3. This is significantly higher than the measured
values of 2.7 x 10" ¢m™3 and 3.3 x 10> ¢cm™ for the as-
deposited and RbF PDT samples, respectively. For this reason,
it is likely that the Ey + 0.98 eV defect is not a dominant factor
in determining V¢ in these devices.

At low defect concentrations the Ey + 0.58 eV mid-gap
trap shows little effect on Voc for both devices. Once the
concentration exceeds 1 x 10" cm™3, there is a significant
decline in V¢, which continues through the range used in this
study. The RbF PDT sample had a measured concentration of
4.3 x 10" cm3 for the Ey + 0.58 eV defect, which is within
an order of magnitude of the modeled onset of decline in Voc.

In addition to defect concentration the bandtail characteristic
energy was also changed to observe the impact on Voc (see
Fig. 3). The simulation produces a linear decrease in Voc as
the characteristic energy rises and the bandtails extend further
from the band edge. Both samples show similar behavior as the
bandtail width changes.

The results from this simulation suggest that mid-gap states
and bandtails both have a significant role to play in CIGS device
behavior. The dominant recombination mechanism may change
depending on the specific defect composition of a given sample.
In both samples, the experimental Vc is already close to the
maximum defect-based limit predicted in the model. Significant
gains in V¢ may not be possible by reducing the mid-gap defect
concentration alone. Therefore, bandtails are concluded to be
the dominant recombination mechanism in the devices analyzed
here.

To investigate the recombination characteristics of the exper-
imental devices, TRPL was performed to measure the minority
carrier lifetime. By applying an exponential fit to the tail of
the TRPL decays, which are given in Fig. 4, a tail lifetime
improvement from 21.3 ns for the as-deposited device to 47.2 ns
with RbF PDT was determined. An approximation of the Voc
impact due to increased lifetime can be made by starting with
an established equation for Voc [24]

Voc = (kt)/q *In((N4 + An)An/n?) Q)

where N , is the dopant density, An is the excess minority carrier
concentration, and n; is the intrinsic carrier concentration. By
calculating the difference of (5) for the as-deposited and RbF
PDT samples it is possible to estimate the portion of Ve
increase due to longer lifetime

AVoc = Voc,ror — Voc,As-Dep- (6)

IEEE JOURNAL OF PHOTOVOLTAICS

100 F —— As-Deposited
—— RbF PDT
=l
[
N
T 10-1k
g 10
o
£
Frl
@
f=
2
£ 1072
-
a
1073 1l 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140
Time (ns)
Fig. 4. TRPL measurements demonstrating the increased lifetime of the RbF

PDT sample (blue) compared to the as-deposited sample (red).

Simplifying the equation with logarithm rules leads to
AVoc = (kT)/q(In(N 4 ror + Angpr) + In(Angpr)
— In(Na,as-Dep + ANas-pep) + In(Anasnep)). (7)
Assuming An < Ny
AVoc = (ET)/q(In(Na ror) + In(Angror)

- 1n(-ZVA,As—Dep) - 1n(AnAs—Dep)) (8)
The excess carrier concentration can be represented by [25]
An = (Jsc * Tetr) /(¢ * d) 9)

where 7. is the effective minority carrier lifetime and d is the ab-
sorber layer thickness. Substituting (9) into (8) and simplifying
terms leads to the final impact of lifetime on V¢

AVOC X len(TRbF/TAS_Dep). (10)

Using the experimentally measured values gives a AVgc of
21 mV. This means that 21 mV of the 70 mV improvement after
RbF PDT can be explained by an increase in carrier lifetime.

JVT data were analyzed to further investigate the dominant
recombination mechanism in the experimental devices: Voc is
plotted as a function of temperature and extrapolated to 0 K
in Fig. 5. The V¢ of the as-deposited sample extrapolates to
1.15 V compared to 1.12 V for the RbF PDT sample. These
values are close to the bandgap of 1.15 eV as measured by EQE,
which suggests bulk recombination in the space-charge region is
the dominant mechanism in both devices. It is worth noting that
the RbF sample extrapolates to a lower value despite having a
better overall device performance. This could hint that RbF has
some impact at the interface even if the devices perform better,
although the effect seen here would be small.

Significant differences between the two samples appear in
the reverse saturation current density (/o) as seen in Fig. 6. The
as-deposited sample shows .Jy values that are approximately
two orders of magnitude higher than those seen in the RbF PDT
sample. This is indicative of higher recombination rates, which
explains some of the Vo deficit observed in JV measurements.

The samples also display differences in ideality factor as
a function of temperature, which are highlighted in the plot
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nation after RbF PDT.

of n~! versus T in Fig. 7. The as-deposited sample has a
higher ideality factor over the entire temperature range, par-
ticularly at lower temperatures. Below 280 K the ideality fac-
tor in the as-deposited sample rises above two indicating that
Shockley—Read—Hall recombination is not the only mechanism
at play. The ideality factor in the RbF PDT sample also rises
above two but at a lower temperature of 180 K. This may imply
that the mechanism, which causes high ideality factors is less
influential after RbF PDT.

Further analysis was performed by fitting the JVT data with
the tunneling enhanced recombination model described by (3).
Fitting the data shows the as-deposited sample has a tunneling
energy of 17 meV while that of the RbF PDT sample is 13 meV.
These results suggest that the RbF PDT reduces the impact of
tunneling on carrier recombination in the bulk. The decreased
tunneling recombination may help explain why the ideality fac-
tor is improved for the RbF PDT device. Ideality factor in the RbF
PDT device remains between one and two over a wider range

of temperatures suggesting purely radiative and SRH recom-
bination are more influential without the effects of tunneling.
The dotted line in Fig. 7 is the inverse ideality factor calculated
with the tunneling term removed from (3). This more clearly
shows the increased impact of tunneling on the as-deposited
sample. In addition, (3) predicts the characteristic energy of the
trap distribution is 112 and 57 meV for the as-deposited and RbF
PDT samples, respectively. This means that the bandtail width is
much higher for the as-deposited sample, which could increase
recombination. This model suggests that tunneling via bandtail
states may be a leading recombination mechanism within the
devices.

II. CONCLUSION

In this study, the performance of CIGS devices with and
without RbF PDT was compared to investigate the source of
Voc deficits. SCAPS modeling showed that both point defects
and bandtails can present significant factors in performance
loss depending on their concentrations. Different processing
methods may change the defect concentration and, therefore,
whether point defects or bandtails are more influential is very
process dependent. For this particular set of samples, the simu-
lations propose that reducing the bandtail characteristic energy
will improve Ve more than further reductions in point defect
concentration.

Additionally, JVT and TRPL experiments provided valuable
insight into real devices with and without RbF PDT. TRPL
showed an improvement in minority carrier lifetime after RbF
PDT, which accounts for 21 mV of Vo improvement. While
Voc versus T plots suggest both devices are dominated by bulk
recombination, the .Jy values pointed to reduced recombination
after PDT. To explain the ideality factor as a function of tem-
perature a tunneling enhanced recombination model was used
to fit the data. The fitting parameters imply that the impact of
tunneling is reduced with RbF PDT along with the characteristic
energy of the bandtails. This result supports previous studies
which have found RbF to reduce bandtails and therefore recom-
bination within the bulk.
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