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A Device Model for Rb-Conditioned Chalcopyrite
Solar Cells

Tim Kodalle ¥, Hasan A. Yetkin

Rutger Schlatmann

Abstract—We present a comprehensive device model for
Cu(In,Ga)Se, (CIGSe) thin-film solar cells based on numerical
SCAPS-1D simulations. The model reproduces the experimentally
determined current-voltage and capacitance-voltage character-
istics of a Rb-free reference device, a sample that underwent an
RbF-treatment, and a sample based on a CIGSe/RbInSe,-stack.
According to this model, and in agreement with experimental
findings, the main consequences of both Rb-conditionings are an
increased doping-density and a defect passivation in the CIGSe
as well as the formation of a photocurrent barrier at the hetero
interface. With the numerical model established, fundamental
aspects of the Rb-conditioning, e.g., the differentiation between
its effect on bulk and interface recombination are discussed.
Additionally, temperature dependent current-voltage analysis is
employed in order to test the model’s predictions regarding the
interaction of Rb with an injection-current barrier at the back
contact of the device. Both the simulation and the temperature
dependent current-voltage measurements lead to the result that
the RbF-PDT is increasing the height of this barrier, while the
deposition of RbInSe, is decreasing it.

Index Terms—Cu(In,Ga)Se, (CIGSe) solar cells, device
simulations, RbF-postdeposition treatments (PDT), RbInSe,,
SCAPS.

I. INTRODUCTION

URING the last 9 years, postdeposition treatments (PDTs)
D of Cu(In,Ga)Se, (CIGSe) thin-films using heavy alkali-
fluorides led to several record efficiencies [1]-[4]. Thereby, most
studies consistently report the main effects of these PDTs to be
an increased carrier concentration of the CIGSe (pciase) [31,
[5]-[7], improved minority carrier lifetime (7,,) [3], [6], there-
fore, an increased open-circuit voltage (Vo) [2], [3], [S]-[7].
However, the effect of heavy-alkali PDTs on the fill factor (F'F')
of the devices is reported to be ambivalent. In some studies, a
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PDT improves F'F' [2], [6], [8], while in other studies F'F’ is
degraded after a PDT [5], [7], [9].

In a recent series of publications, we experimentally inves-
tigated the mechanism of an RbF-PDT [5], [10], [11]. Based
on these results, we proposed a model explaining both, the
beneficial and the detrimental effects of the RbF-PDT. Our core
finding is that the beneficial effects of the PDT (on Vo and
F'F) are due to bulk effects, while detrimental effects (e.g., on
the F'F) are due to surface/interface effects [9]. We proposed
that the Rb passivates deep defects in the bulk of the CIGSe (most
likely at grain boundaries) and increases its p-type conductivity
via an exchange mechanism with Na. Furthermore, we showed
that during the RbF-PDT, a RbInSe, (RIS)-layer forms at the
surface of the CIGSe [10]. Due to its high bandgap energy (F)
and its high resistivity, we suggested that this layer can, in fact,
act as a photocurrent-barrier under forward bias, decreasing F'F'.
Note that this detrimental effect on F'F' is in competition with
the gain in F'F' one would generally expect to follow a gain in
Voc [12]. The thickness and possibly also the coverage of this
RIS-layer depend on the Cu-content of the CIGSe, which could,
therefore, be the reason for the ambivalent reports regarding the
effect of Rb on F'F in literature [10].

In the present contribution, we test this model by employing
1-D device simulations using SCAPS-1D [13]. To do so, adevice
model based on the proposed mechanism has been developed
and used to fit the experimentally determined current density-
voltage (j-V')- and capacitance-voltage (C-V')-characteristics of
the real devices with and without Rb-conditioning.

Please note that this study is the “enhanced manuscript”
corresponding to the work we presented recently at the IEEE
Photovoltaic Specialist Conference [14]. In addition to the work
presented in [ 14], the present study contains an extended discus-
sion of the role of the RIS-layer and an interface defect proposed
by the numerical model. Furthermore, temperature-dependent
j-V-measurements are performed in order to further support
the main findings of the proposed device model experimentally,
i.e., to examine the role of the back contact barrier.

II. METHODS
A. Modeling

The device simulations were carried out using SCAPS-1D,
version 3.3.07, which was developed at the University of
Gent [13].

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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TABLE I
INPUT PARAMETERS FOR THE SCAPS-SIMULATIONS
Layer Properties
CIGSe Cds RIS ZnO
d [pm] GDOES 0.06 varied 0.15
Eg [eV] GDOES 2.4 2.8 33
Ega [eV] GDOES 43 varied 4.45
n,p [em?] pivaried | n:1-10%6 | varied n:1-1019
o [em™] UV-Vis | /hv-Eg | UV-Vis UV-Vis
Neutral (Gaussian) Bulk Defect States
CIGSe Cds RIS Zn0
Npet,p [em™®] varied | 1.8-10'8 - 1.8-1016
Wp [eV] Single 0.1 - 0.1
Epet,B [eV] VBM+0.5 | Mid-gap - Mid-gap
oe [cm?] 1.8-10 | 1.1013 - 1-10°12
op, [em?] 1-1015 | 11013 - 1-10°12
Single Acceptor IF Defect States
Reference Cd?,/ ICFI,C)}S€
ROF DTS SR | e
Npet 1 [cm™?] 2.3-1011 varied varied
Epet,1ir [eV] VBM+0.3 VBM+0.3 CBM-0.96
ge [cm?] 1.8.10°16 1.8-1016 | 1.8.1016
oy [cm?] 1.2-1014 1.2-10°14 1.2-1014

Table I lists the sets of input parameters for the CIGSe, CdS,
RIS, and ZnO layers used in this work. Parameters that are not
listed were taken from [15]. Note that the energy bandgap F, and
the respective energetic position of the bands in the CIGSe-layer
were derived from glow discharge optical emission spectrometry
(GD-OES) measurements as described in [16]. For all cases,
with and without Rb-conditioning, the depth profiles lead to
a minimum bandgap energy of (1.09 + 0.01) eV (determined
by the procedure described in [16]), and an absorber thickness
of around 2.4 pm. Together with the properties used for the
CdS-layer [15], the bandgap energy at the surface of the absorber
layer leads to a spike of about 53 meV at the hetero interface.
The absorption coefficient of the CIGSe, the RIS, and the ZnO
layers were determined by UV-Vis measurements.

Several defect contributions are implemented. There is a
neutral, mid-gap defect in the bulk of each layer represent-
ing defect-assisted recombination, while maintaining a simple
device model. More complex and realistic defect distributions
in the absorber layer have been tested and provided similarly
accurate results but lead to computing difficulties. Furthermore,
the model contains an acceptor-like defect at the heteroint-
erface. The formation of such an interface defect due to air
and light exposure of the absorber layer was discussed in the
literature before [17]. Additionally, a back contact barrier was
added to the modeled device as proposed in [18]. The reference
barrier height, which was estimated using the j-V-curves of
some Rb-free baseline devices, was set to Pgc = 152 meV.
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Fig. 1. (a) Simulated energy band diagram of the reference and the RbF-PDT

device under illumination without applied bias voltage. For the sake of simplicity,
bulk defect levels are not marked. Furthermore, the defect level at the heteroin-
terface is only shown for the Rb-free reference (Epert,1r)- (b) Enlarged view of
the heterointerface region of a Rb-conditioned device. For the sake of simplicity,
the defects in the window layer are not shown. Due to the introduction of the
RIS-layer, the former CdS/CIGSe-interface does not exist anymore but instead
there are the CdS/RIS- and the RIS/CIGSe-interface with the corresponding
defect levels (Epef, 171 at the former and Eper 172 at the latter).

Fig. 1 shows the energy band diagrams of the reference and the
RDbF-PDT sample. Fig. 1(a) clearly displays the back-contact
barriers and in Fig. 1(b) the defect levels of the bulk defects
in the CIGSe (Epet,B) and of the interface defects (Eper 17x)
are indicated. The experimental j-V- and C-V-curves of the
Rb-free reference device are fitted by varying Ppc, pcrgse, and
the defect density in the bulk of the CIGSe (NS 5°). Thereby,
the latter determines the minority charge carrier lifetime in the
bulk. In case of Rb-conditioned devices, we additionally intro-
duced an n-type [10] RIS-layer between CIGSe and CdS [see
Fig. 1(b)], and varied its thickness d™'S, its doping density
nris, and the energetic position of the conduction band of
the RIS relative to the CIGSe and the CdS. In SCAPS, this
is modeled by varying the electron affinity of the RIS, EEL>
(AEq = ESS5 — ERIS). The introduction of the RIS leads to
the formation of two new interfaces: the CdS/RIS-interface
(IF1) and the RIS/CIGSe-interface (IF2). In order to be able to
reproduce the measured characteristics, an acceptor-like defect
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is positioned at both interfaces (see results). The density of these
defects (Npet,17x) 18 also a parameter that is varied in the model.

B. Experimental

To test the accuracy of the device model, we prepared solar
cells based on three different absorber layers. An Rb-free de-
vice (“Reference”), an RbF-treated device (“RbF-PDT”), and
an absorber layer onto which we coevaporated a thin RIS-
layer (“RIS”). The details of the RbF-PDT [5] and the de-
position of the RbInSe, [11] can be found elsewhere. Apart
from these different Rb-conditioning procedures, all samples
were prepared using nominally identical deposition processes.
In particular, the CIGS-deposition was the same for all three
samples. The samples consist of the following layer stacks: soda-
lime glass substrate/dc-sputtered Mo/absorber layer/chemical
bath deposited CdS-buffer layer/rf-sputtered bi-layer of ZnO
and ZnO:Al/Ni-Al-Ni contact grid. The absorber layers were
deposited using an adapted three-stage process, as described
in [19]. Note that the samples were already used in other
studies: the reference and RbF-PDT-sample in [5], and the
RIS-sample in [10]. The j-V-measurements were performed
under standard test conditions (AM 1.5 spectrum, 1000 W/m?,
25 °C) using a WACOM A+ dual-source solar simulator, the
C-V-measurements were performed using a self-assembled
setup based on an Agilent 4284 A LCR meter, and a frequency
of v = 100 kHz for the ac voltage. Total reflectance and total
transmission measurements of CIGS and ZnO layers on glass
respectively were done in a Lambda 1050 UV-Vis setup by
Perkin Elmer. Depth profiling via GD-OES was performed using
a GDAG650 built by Spectruma GmbH. In order to measure the
temperature-dependent j—V -curves, the devices were mounted
in an evacuated and liquid N,-cooled cryostat (CryoVac), con-
tacted, and analyzed using a Keithley 2601 A source measure
unit in four-point configuration. The temperature range was
varied from 320K to 100K with a step size of 10K. The j-
V-curves were measured under illumination with an AM 1.5
solar spectrum and a light intensity of 1000 W m~2 using a solar
simulator (Oriel VeraSol) equipped with light-emitting diodes.

III. RESULTS AND DISCUSSION
A. Evaluation of the Proposed Model

Ideally, a device model provides an accurate fit of the exper-
imentally determined j-V'- and also the C-V -curves to ensure
that the major defect distributions in the device are accurately
chosen. A device model reproducing the j-V- and C-V -curves
of the Rb-free reference device can be found rather easily.
Howeyver, in order to be able to describe the Rb-conditioned
devices, several modifications to this reference model have
to be implemented. In the following, the main effects of the
two different Rb-conditioning procedures, as discussed in the
introduction, are listed together with the respective parameter
that needed modification in the device simulations.

1) Boththe RbF-PDT and the direct RIS-deposition, improve

Tn [3], [6], [19], presumably by the passivation of defects
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Fig. 2. Results of the corresponding fits in comparison with (a) the experi-

mentally derived j-V'- and (b) C-V -curves. Note that the experimental curves
were already published before [5], [9].

at the grain boundaries [20], [21]. This is represented by
a reduction of NSIFR® [dashed gray line in Fig. 1(b)].

2) The RbF-PDT leads to a strong gain in charge carrier
concentration pcrgsel5], the RIS-deposition on the other
hand to a lower gain [19]. This is directly implemented
into the device model.

3) While the RbF-PDT leads to a strong roll-over in the j-V-
curve [5], the RIS-deposition does not [10]. We attribute
this behavior to the different deposition temperatures and
the subsequently different Na-diffusion mechanisms [19]
and, therefore, implemented it into the model by variation
of @BC-

4) Both the RbF-PDT (at the chosen Cu-content of the
CIGSe) and the RIS-deposition, lead to a reduction of F'F'
[10]. This is accounted for by adding the RIS-layer to the
device model (see Fig. 1), and adapted to the respective
device by varying the parameters d*'S, ng;s, and AE¢.

5) The RbF-PDT leads to an overall higher capacitance as
well as a strong contribution to the capacitance at high
forward bias voltages, while both effects are much less
pronounced in the RIS-device [see Fig. 2(b)].

The former is accounted for by pcigse but the additional

contribution to the capacitance at high positive bias voltages
has to be represented separately. While there are manifold
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explanations for such a strong capacitance gain under forward
bias, most of them (e.g., a high defect density of the interface
defect at the CdS/CIGSe-IF) lead to the formation of a kink in
the simulated j-V -curves (see Section III-B), which is not ob-
served in the experiment [see Fig. 2(a)]. After testing numerous
approaches, the additional contribution to the capacitance could
only be reproduced in the device simulations (while maintaining
a reasonable fit of the j-V-curve) by introducing an additional
acceptor like defect at the RIS/CIGSe-IF [see Fig. 1(b)]. By
varying its density Nper 172, both Rb-conditioned devices can be
modeled. Although there is no direct proof for such an interface
defect in our measurements, there are hints in the literature [17].
Note that we excluded a possible influence of metastabilities on
the C-V -curves by measuring them in both forward and reverse
direction—no hysteresis was observed.

Most of the abovementioned parameters are hardly mea-
surable directly. Therefore, the device model can be used to
access them by using them as free fit parameters for the exper-
imentally derived j-V'- and C-V-curves. Thereby, a combined
fitting-procedure in SCAPS was used minimizing the overall
deviation of the simulated j-V'- and C-V-curves from the ex-
perimental ones. The resulting adaptions to the reference model
are exemplarily shown for the case of the RbF-PDT-sample
in Fig. 1. Fig. 2 shows the experimentally derived j-V- and
C-V-curves of all three samples as well as the corresponding
SCAPS-fits that were obtained by varying the abovementioned
parameters. Table II gives an overview of the results of these fits.
The proposed model accurately describes the behavior of the
j-V-curves, provides the correct trends of the C-V -curves, and
leads to reasonably well-fitting PV-parameters in all three cases
(reference, RbF-PDT, and RIS). This overall high agreement of
the characteristics derived by the model with the experimentally
obtained curves indicates that the model can be used to further
understand the mechanism via which the Rb-conditioning is
improving the Voo of CIGSe solar cells. To further discuss
this, Fig. 3(a) shows the recombination currents for bulk and
interface recombination for the reference and Fig. 3(b) for the
respective deviation in the cases of the Rb-conditioned devices
as extracted from the SCAPS simulations. In all three devices,
the recombination current in the bulk (jrec,Buik) is at least
one order of magnitude higher than the recombination current
at the interfaces (jrec,1r) for all bias voltages, indicating that
bulk recombination is the dominant recombination path in the
investigated devices. This is in good agreement with the general
assumption that the dominant recombination path in highly effi-
cient CIGSe-based solar cells is recombination in the bulk of the
absorber layer [22]-[24]. Consequently, the main benefit after
RbF-PDT as well as after RIS-deposition—within the presented
model—is a reduction of the defect-assisted recombination in
the bulk. Furthermore, Table II shows the individual contribu-
tions to the Rb-induced Vc-gain for both samples (RbF-PDT
and RIS) as extracted from the SCAPS-simulations. Thereby,
AVg’CCIGSC is the Voc-gain attributable to the increased carrier
concentration in the CIGSe, and AV&‘}“‘ as well as AVé%S are
the Vpoc-gain due to the reduction of the recombination rate
in the bulk and at the interfaces, respectively. These individual
contributions were estimated via SCAPS by applying only the

TABLE IT
RESULTS OF THE FITS OF THE j-V- AND C-V-CURVES

Reference RbF-PDT RIS
Tn [ns] 48 110 120
porase [em™3] 29 -101° 5.5 -101° 3.5 -101°
Npet,ip [em—2] 2.3 -1011 - B
Sp,1F [cm/s] 410 - B
Sp.1r [cm/s] 26000 - -
Npor,1r1 [cm™2] - 6.0 -1010 6.0 -1010
Sp,1r1 [cm/s] - 110 110
Sp,1F1 [cm/s] - 7200 7200
Npey,rz [em™2] . 22 .10 1.0 -10%!
Sp.1r2 [cm/s] - 390 180
Sp,1r2 [cm/s] - 26000 12000
dpc [meV] 152 272 22
dris [nm] - 9 18
AEc [meV] - 53 61
nRris [em™?] - 1-10%4 1.10%4
jsc [mA/em?] 36.4 (35.5) | 36.0 (36.1) 36.1 (36.5)
Voc [mV] 637 (636) | 673 (673) 685 (685)
FF [%] 747 (712.4) | 69.5 (69.5) 712 (71.2)
n [%] 17.3 (16.3) | 169 (16.9) 17.6 (17.8)
AVESTES mv] - 5-8 0-2
AVEE™ mV] - 25-35 35 - 44
AVEES [mV] - -3-3 3-9

respective effect of the Rb-conditioning to the reference model
and calculating the corresponding gain in V¢ and vice versa.
However, since the described mechanisms are all interdepen-
dent, no precise values but ranges are given for each contribution.
Still, these estimates provide a valuable indication of the impact
of the RbF-conditioning on each loss mechanism. Similar to
the evaluation of the recombination currents, this estimation
shows that the main improvement due to the Rb-conditioning
is the passivation of recombination centers in the bulk, which
leads to a Vo-gain of one order of magnitude more compared
to the interface effects. Additionally, it can be seen that the
passivation of bulk recombination is even more effective in case
of the RIS-sample compared to the RbF-PDT, which is in good
agreement with the fact that a higher elemental concentration
of Rb was detected in the bulk of the RIS-sample compared to
RbF-PDT samples [10].

In addition to these effects on V¢, the proposed model also
accurately reproduces the Rb-induced F'F'-loss. Thereby, the
introduction of the RIS-layer (with its assumed properties) into
the device stack is responsible for the reduced F'F, as can be
seen from Figs. 4 and 5. Fig. 4 shows that both, the alignment
of the CBM of the RIS and the neighboring layers as well as the
conductivity of the RIS-layer influence F'F'. Thereby, a clift-
like situation at the CdS/RIS-interface, i.e., a rather high spike
at the RIS/CIGSe-interface (AFE¢ > 0), leads to the strongest
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Fig. 3. (a) Recombination currents jrec,, of the simulated reference device.

(b) Difference between the respective recombination currents for bulk- and
interface-recombination of the Rb-conditioned devices and the reference device.
The straight lines mark the respective V.

a)
Q)
4
'y
'R
—
[e)
=
3]
@©
8
= B60f — AEc=75meV _
w —— AE; =50 meV —— AE_ = - 25 meV
AEg =25meV —— AE = - 50 meV
b) 55L AEC:i 0OmeV — AEg =- 75]meV I i
— s = 1010 em® — npg=1.0-10" cm”®
. 15 -3
—~ 70 — N =1.810" em® = ngs=1.810"cm
B 4 15 3 —
X — e =3.2:10" em® — Ngg=3.2-10" cm
~ E 15 3
w frs = 5.6-10" cm® = Ngis =5.6'10" cm
w — g =1.0-10"° cm™®
5 65r
2]
3]
@©
L
= 60r-
(I
55 C | I | 1 -
0 5 10 15 20 25
Thickness dg;g (nm)
Fig.4. Simulated trend of the F'F" in dependence of the thickness of the RIS-

layer for two different parameter sets. (a) Variation of the CBM-offset AE¢.
(b) Variation of the carrier concentration ngrys. If not varied, the following
parameters were used for the RIS-layer: AEc = 75 meV, nrrs = 10'* cm 2.

IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 11, NO. 1, JANUARY 2021

a) ——r———— T ——
70 -
=
< B0+ ) 4
W IF1: CdS/RIS
w
o 50} — dris=0.1nm -
_g —— dgig =5 nm
—— dgis =10 nm
© L RIS i
TR 40 dris =15 nm
= — dgis =20 nm
w 30r — dris =25nm n
b) 20, f— it ettt} i
70 =
X
< 60 i
& IF2: RIS/CIGSe
5 50 — dris=0.1nm
o = dgig =5 nm
© 40+ = dgis = 10 nm
w s = 15 nm
s L —— dris =20 nm a
- 30 — dris =25 nm
206, il sow il
92 468102 468112 46812
10 10 120 10
Npet iFx (cm )
Fig. 5. Simulated trend of the F'F" in dependence of the defect density of the
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as well as the thickness of the RIS-layer dr1g. If not varied, the following param-
eters were used for the respective other IF-defect: Npeg 1rx =1 - 10Mem 2.
For the RIS-layer, the default parameters given in Fig. 4 were used.

reduction of F'F due to its barrier effect for the photocurrent.
Given a certain band line-up, F'F' is also reduced in case of
lower conductivity of the RIS-layer, i.e., low nris. Both effects
are more pronounced with the thickness of the RIS-layer dgjs.
Please note that we generally assume niyg to be rather low due to
the fact that the conductivity of RIS reference thin films is below
the detection limit of a standard four-probe measurement.

As can be seen from Fig. 5, the IF-defects can further reduce
F'F by increasing the barrier at the respective interface due to
accumulated charges. Due to this barrier, electrons tend to ac-
cumulate in the surface area of the absorber layer under forward
bias. This leads to a kink in the j-V -curves if the accumulation
of electrons is strong enough to induce a flow of electrons back
into the absorber where they recombine leading to a reduced
photo current [12]. However, the severity of this effect can be
tailored by moderate interface recombination. If some electrons
recombine via the interface defect, the accumulation of electrons
at the barrier is reduced and the current-flow less influenced [12].
Due to the lower capture probability for electrons from the
CIGSe in case of a defect at IF1, the kink is more severe in
this case compared to a defect at IF2. However, the defect at [F2
affects the capacitance of the device slightly stronger compared
to a defect at IF1 (see Fig. 6), because it is located closer to
the Fermi level in the dark [see Fig. 1(b)]. Combining these
effects of the IF-defects on j-V- and C-V -curves, it seems more
likely that an interface defect at IF2 is present at a significant
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Fig. 6. Simulated influence of the defect density at the interfaces on the

C-V -characteristics. (a) Influence of the defect density Npef 171, i.€., at the
CdS/RIS-interface. (b) Influence of the defect density Nper, 12, i.€., at the
RIS/CIGSe-interface. If not varied, the following parameters were used for
the respective other IF-defect: Npef 1rx = 1+ 10'""em 2. For the RIS-layer,
the default parameters given in Fig. 4 were used.

defect density, because no kink is observed in either of the
experimental j-V'-curves, but a strong capacitance increase is
observed in the C-V -curve of the RbF-PDT-sample. Therefore,
in the simulations, Npefr1 = 6 - 10! em ™ was fixed, while
Nper,r2 was used as a free fit-parameter (see Table II for fit
results). As can be seen from Table II, the RbF-PDT leads to a
stronger loss in F'F' than the RIS-deposition although a thicker
RIS-layer forms in the latter case. This is due to the fact that
the RIS-deposition also leads to a better passivation of defects
at [F2 and in the bulk of the CIGS compensating the F'F'-loss
more effectively than in case of the RbF-PDT. The last feature of
the model to be discussed is the roll-over effect observed in the
RbF-PDT sample. The severity of the roll over of the j-V -curve
is most accurately described by a variation of the barrier height at
the back contact . While the barrier height of the RbF-PDT
sample is about 100 meV higher than in the reference, in the RIS-
case, P is strongly reduced. In addition to the back contact
barrier itself, the roll over in the RbF-PDT-case is pronounced
by the rather high pcigse of this sample. Fig. 7 demonstrates
how the manifestation of the roll-over effect interdepends on
®pc and porgse. If a rather strong barrier is present at the back
contact, the adjacent region of the absorber layer is depleted of
holes and the current under forward bias is carried by electrons
in the CB [25]. Depending on the bandgap-gradient towards the
back contact and the doping density of the absorber layer, an
additional barrier for these electrons evolves due to the band

g 400 ' 15 3
— Peigse =110 cm™, @ = 150 meV

Ng 300 = = Pcicse = 1" 10156m_3, Dy = 250 meV ’
é) — Pcigse =9 ° 10"°cm”, D =150meV /7
E — = Pcicse =9 10"°cm”, Dy = 250 meV
~
2> 2001 , |
2
u’ -
o _ -
= 100} -]
o
5
O

0.0 0.2 0.4 0.6 0.8 1.0
Voltage V (V)

b)
' E ' Eledtron-current under fordard bias
C /
—~ E, e
> F.p m
L, Z
w Ey ®>
>
o
g Barrier-induced hole-depletion
w under forward-bias 7
15 -3
— Pcigse =110 " cm
_ 15 -3
— Pcigse =510 " cm 7]
I | I |
0.0 0.5 1.0 1.5 2.0
Distance from Heterojunction (um)
Fig.7. (a) Influence of the back contact barrier height and the absorber doping

on the severity of the roll-over of the j-V -curve. Starting from the reference
model, it is shown that only a combination of rather high ¢ and pcrgse lead
to a strong roll-over at room temperature. (b) Corresponding band-diagrams for
the case of ®gc = 250 meV. It can be clearly seen how the combination of a
Ga-gradient towards the back contact, a high doping density of the absorber layer,
and a narrow space charge region at the Schottky interface to the back-contact
lead to a barrier for the electron current under injection conditions.

bending at the Schottky interface, further suppressing the diode
current, i.e., pronouncing the roll over of the j-V-curve. In
Section III-C, the origin of the back contact barrier and its
interaction with the two different Rb-strategies will be further
discussed using experimental data.

B. Comparison With Experimental Results and Limitations
of the Model

The results of the presented device simulations are gen-
erally in good agreement with the experimental results that
were observed regarding the mechanism of RbF-PDTs and can
help to understand these. This is not only shown by the good
agreement of the simulated j-V- and C-V-curves with the
experimental curves but also by the fact that all main messages
of the model can be supported by experimental data [19]. The
main assumption of this model is that the beneficial effects
of the Rb-conditioning are almost solely attributable to the
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bulk of the absorber layer, while its detrimental effects are
attributed to the altered interfaces. In the following, the central
elements of the model and the respective (main) influence of
the Rb-conditioning are discussed together with the respective
experimental results. The density of the deep defect in the bulk
representing defect-assisted recombination is reduced by both
the RbF-PDT and the RIS-deposition, improving 7,, and Voc.
Although the neutral mid-gap defect is merely a representation
of the actual defect distributions in CIGSe (see, e.g., [26]),
the general effect of Rb, passivating defects in the absorber
layer, was shown in several studies, e.g., by time-resolved pho-
toluminescence measurements [3], [6], [19]. The back contact
barrier height is increased by the RbF-PDT but decreased by
the RIS-deposition, and, therefore, leads to a roll over of the
j-V-curve only in case of the RbF-PDT. There are several
experimental hints for the presence of such a back contact bar-
rier [10], [18]. However, it is hard to unambiguously identify the
reason for an injection-current barrier and it cannot be excluded
that there is an additional blocking of the injection-current by
Rb-induced modifications of, e.g., the ZnO/CdS-interface as
discussed in [27] and [28]. The origin of the back contact barrier
and its interaction with both Rb-conditionings is discussed in
more detail in Section III-C. The carrier density of the absorber
layer is strongly enhanced by the RbF-PDT and less significantly
by the direct RIS-deposition. In both cases, this gain has a
beneficial influence on Vo but in case of the RbF-PDT, it
also enhances the roll-over effect. This is one of the most
commonly observed effects in experimental studies, e.g., by
capacitance-voltage profiling [3], [5]-[7]. The introduction of
the RIS-layer after Rb-conditioning mainly reduces the F'F.
While the formation of this RIS-layer was experimentally proven
by transmission electron microscopy and X-ray photoelectron
spectroscopy [5], [29], [30], its role is discussed controversially.
In some publications, it was assumed that the formation of a
wide-bandgap layer at the CIGS-surface during the RbF-PDT
reduces the interface recombination velocity [30]-[32], although
no direct evidence was found for this mechanism so far. On the
contrary, two studies suspect that this interface layer could—
depending on the amount of incorporated Rb—be detrimen-
tal for the device performance [9], [10]. The proposed model
supports the latter studies, although a beneficial effect of the
RIS-layer on the 2-D or 3-D properties of the devices cannot
be excluded by the simulations as they are performed here. These
might include improved coverage of the surface of the CIGSe
by the buffer layer, as suggested in the literature [33], [34]. Note
that from the results in literature it is not clear yet whether
the RIS-layer completely covers the CIGS or if it grows in
islands, similar to the RbF [5]. The introduction of an acceptor
defect at the newly formed RIS/CIGSe-interface, which slightly
reduces Vo, amplifies the effect of the RIS-layer on F'F', and
leads to the strong capacitance signal at high bias voltages. This
interface defect is a central element of the model because it
enables us to describe all major trends in the C-V -curves. Even
though an interface defect at the surface of the absorber layer
was postulated experimentally [17], its origin and charge state
as well as its interaction with the Rb-conditioning have to be
further investigated. The fact that its defect density seems to be
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higher in case of the RbF-PDT, which is done at T,;, = 280 °C,
than in case of the direct RIS-deposition, which is done at
Tsup = 530°C, (see Table II) might indicate that it is a structural
defect, which does not occur at high substrate temperatures
or that it is linked to the Na-diffusion, which is different in
both cases (see [10]). The proposed model is able to resolve
the fundamental discrepancy regarding the effect of the Rb-
conditioning on F'F'in different publications. In agreement with
the experimental findings presented in [10], the device model
shows that both Rb-conditionings have a beneficial influence on
F'F (by improving Vo [12], [35]), while on the other hand,
the RIS-layer (either formed during the RbF-PDT or directly
deposited) decreases F'F'. The severity of the latter effect and,
therefore, the resulting F'F' are dependent on the exact param-
eters of the Rb-conditioning and—most importantly—also on
the Cu-content of the CIGSe as it was experimentally described
in [10]. If one manages to sufficiently suppress the formation of
the RIS-layer, the beneficial effect of the Rb-conditioning on F'F'
becomes dominant and an overall F'F'-gain can be achieved [10].
Since the exact process parameters are different in different
laboratories, this can explain the contradictory results published
regarding the PDT’s effect on F'F'. Please note that the statement
the formation of the RIS-layer should be suppressed’ is not
contradictory to the fact that the direct RIS-deposition leads to
better solar cells than the RbF-PDT. In both cases, a RIS-layer
is formed reducing F'F' but in case of the direct RIS-deposition,
the defect passivation in the bulk is more effective (assumingly
due to the higher substrate temperature).

C. Temperature-Dependent j-V -Measurements

In order to investigate the roll over of the j-V-curves
in more detail, we carried out temperature-dependent j-V'-
measurements. Fig. 8 shows the resulting Vo (7')-plots for all
three samples as well as a linear and a polynomial extrapolation
of the measured values to OK. Although there is a slight reduc-
tion of the extrapolated activation energy of the recombination
current (F,) after both Rb-conditionings, in all three cases F,
is in the range of the minimum bandgap energy as extracted
from external quantum efficiency measurements (E; ~ 1.10eV
for reference and RIS and E, ~ 1.09 ¢V for RbF-PDT), again
indicating recombination in the bulk as the dominant recom-
bination path. The result of the polynomial extrapolation of
Voc(T), i.e., the saturation of the measured data and, therefore,
the actual Vo (0 K), is strongly affected by the Rb-conditioning
though. As it was shown in [25] and [36], such a saturation of
the Voo (T) can be attributed to a barrier at the back contact.
Although the severity of the saturation (®;y,7) is proportional
to the back-contact barrier height $pc, it is not in all cases a
reliable quantitative measure for ®pc due to influences of, e.g.,
barriers at the hetero interface [36]. Therefore, the experimental
results are not used as quantitative measures for ®c, but as
indicators for a certain trend. And this trend, higher back-contact
barrier in the case of RbF-PDT compared to the reference and
a lower back contact barrier in the case of RIS, is in very good
agreement with the results of the simulations (see Table II).
The fact that the RbF-PDT increases, while the RIS-deposition
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contact barrier height ®p¢ is estimated by the difference of the Vo (0 K)-
values derived from both fits.

decreases P can be explained by a different Rb-Na-interaction
in both cases [5], [10]. As it was shown in [10], the RbF-PDT
leads to a strong Na-depletion near the back contact, while the
RIS-deposition leads to a slight Na-enrichment in the back con-
tact region. We attributed this behavior to the different substrate
temperatures used for both treatments. Due to the rather high
temperature during the RIS-deposition (530 °C versus 280 °C
during the RbF-PDT), more Na diffuses from the underlying
glass into the absorber layer during the RIS-deposition compen-
sating the Rb-Na-exchange mechanism. We speculate that such a
Na-enriched absorber/back contact-interface reduces the height
of the back contact barrier, e.g., by doping the MoSe,. After
the RIS-deposition, the Na-concentration near the back contact
was even higher than in the reference, explaining the observed
reduction of the barrier height even compared to the reference.

IV. CONCLUSION

A comprehensive device model is proposed explaining the
effects of the incorporation of Rb into CIGSe solar cells. We
summarize the widely accepted experimental findings and use
them to build a 1-D device model, which is in turn tested by fitting
the experimental j-V - and C-V -curves of example devices. The
proposed model is able to reproduce and explain these experi-
mentally determined curves, and can furthermore elucidate the
effect of both the RbF-PDT as well as the RIS-deposition on the
optoelectronic properties of the CIGSe-based devices. Based
on the proposed model, we find that the beneficial effects of
the Rb-conditioning are almost solely attributable to the bulk of
the absorber layer, while its detrimental effects—if present—are
attributed to the altered interfaces. While for the bulk, the main
effect is the passivation of recombination centers, at the hetero
interface it is the formation of a barrier for the extraction current.
Furthermore, we show that both the simulations and temperature
dependent j-V-curves agree in suggesting that the RbF-PDT
leads to a pronounced back contact barrier, while the direct
deposition of RbInSe; at high substrate temperatures reduces the
barrier height. Therefore, due to the fact that the RIS-deposition
takes only about 4 min, and because of the further improved
PV-performance after RIS-deposition, we recommend this pro-
cedure as an alternative to the traditional PDT. As shown by the
good agreement of the results of the model with the experimental
findings, the proposed device model can be further employed to
optimize such a RIS-deposition.
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