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Abstract

For highest efficiency Cu(In,Ga)Se; thin film solar cells the V-shaped bandgap grading can re-
sult in residual transmission through the absorber layer and parasitic absorbtance in the Mo
back contact. In order to improve the back contact reflectance, absorbers were grown in a
multi stage process on Mo/Al/InZnO substrates. Additionally, ultrathin layers of Mo and Mo-
Sex were introduced at the InZnO-absorber interface. Effects of the different back contacts on
device performance, absorber morphology and composition are characterized and discussed.
Finally, a numerical model is proposed to understand the experimentally observed increase in
device current density of 0.3-0.8 mAcm™.

1. Introduction

Recent progress in highly efficient Cu(ln,Ga)Se: (CIGS) based thin film solar cells has been
driven by the introduction of absorber post deposition treatments with the alkali elements
Na, K, Rb and Cs leading to increased device voltages and efficiencies as high as 22.6% ",
Most attempts to increase the current-densities of high efficiency devices on the other hand
have involved a replacement of the CdS buffer (and ZnO window layer) by higher bandgap
materials & # or a replacement of the conventional ZnO based transparent conductive oxides
(TCO) with a higher mobility material both in order to reduce parasitic absorption in the UV
and near infrared (NIR) spectral range. Recently, we have shown other strategies to improve
the near band edge absorption in bandgap graded absorber either by increasing the ab-
sorber Cu content ! or by widening the region of minimum band-gap (notch) © " Here, we
present implementation of Mo/Al/metal-oxide structure at the back contact in order to in-
crease the back contact reflectance and hence the device current density.

Alternative back contact designs aiming to improve the back contact reflectance have been
investigated mostly in view of their application in devices with thin absorber layers of around
or less than 1 um thickness. To do so, Mo was replaced by alternative metals such as W, Ta or
Nb® or dielectrics such as ZrN ' Al,03; or MgF. 'V layers were introduced at the CIGS/Mo
interface and in all cases improved rear contact reflectance was reported to some degree. In
addition, texturing of the rear contact to enhance light trapping was proposed "> ™3 Thicker
absorbers >2 um were thereby usually only discussed as a limiting case or references.

However, in solar cells with highest efficiencies a double grading of the energy band gap is
targeted in the CIGS absorber layer. As a consequence of the V-shaped grading, the effective
thickness of absorber material with band gap close to the minimum is well below 1 micron.
Such thin band gap notch regions allow residual transmission in the NIR range and in combi-
nation with the highly absorbing Mo back contact to a considerable current loss.



Therefore, we focus on the implementation of a back contact reflector in highly efficient ab-
sorbers of conventional thickness >2 ym with energy bandgap double grading. We report
the introduction of a novel Al/ InZnO (1ZO) back contact on SLG/Mo substrates. From prelimi-
nary simulation (see SI 1) we estimate that the achievable current gain for a device with
graded absorber is around 1 mAcm™ with an 1IZO/Al layer combination. More extensive simu-
lations for a variety of back contacts with increased reflectance were reported recently ',
Room temperature sputtered IZO was chosen because of the rather low NIR absorption as
well as its amorphous/flat morphology. Also, we study how thin Mo or MoSe interlayers at
the 1ZO/CIGS interface affect the device properties. Such interlayers were reported to be
mandatory for growth on metal oxides in order to improve the interface resistance "> '8, Fi-
nally, Al was chosen because of the suitable optical properties and its expected benign[™ ef-
fect in case that residual diffusion into the absorber layer would occur.

2. Experimental:

Figure 1 displays the different back contact designs considered here. First, a layer of 500 nm
Mo was sputtered onto SiOy (alkaline diffusion barrier) coated soda lime glass (SLG) sub-
strates. Then ~100 nm Al was thermally evaporated by electron beam deposition. The layer
thickness was controlled by quartz crystal monitor. For samples A, B and C a layer of IZO
(IN0.893ZN0.1070x) with 260 nm thickness was deposited by room temperature (RT) pulsed DC
magnetron sputtering. The resistivity of the IZO in the as deposited state was found to be in
the range p = 5x10™ Qcm. Thicknesses of IZO was chosen based on preliminary optical mod-
eling by transfer matrix method (TMM) aiming to maximize the expected current density, see
supplementary material S1. In all cases the same oxide thickness was chosen to facilitate
comparison of the samples. Then, for samples B and C a layer of 2.6 nm Mo was deposited by
RF sputtering at RT. Finally, sample C was annealed for 10 min at 450 °C in a rapid thermal
processing (RTP) system in N, atmosphere with addition of ~200 mg of elemental Se at a
base pressure of 625 mBar. In preliminary test on SLG it was observed that such RTP treat-
ment can transform the metallic Mo to NIR transmissive material, presumably a MoSe, com-
pound. Notably, Mo was observed to remain metallic when exposed to Se in a simulated
CIGS deposition environment. This is likely related to the reduced Se partial pressure as com-
pare to the RTP process. In addition, one reference sample REF with conventional
SLG/SiO/Mo back contact was fabricated. Substrate size in all cases was 2.5 cm x 5 cm.

Mo 26nm @Mo/RTP
Al 100nm _ _
REF A B C

Figure 1: Schematic representation of thin film stacks that were implemented as back contacts
in CIGS solar cells.



The CIGS absorber layers were then deposited in one single run by multi stage co-evapora-
tion from elemental sources at substrate temperatures around 450 °C compatible with depo-
sition on flexible polyimide. In order to isolate the expected effects of the back contact varia-
tions on the apparent series resistance, only NaF but no other alkali-fluoride was added in a
post deposition treatment (PDT). Details on the absorber deposition process can be found

elsewhere [©

. The absorber metal ratios were estimated for each sample individually by means
of X-ray fluorescence (XRF) from the intensity of the Kq emission lines. The devices were final-
ized by deposition of ~50 nm CdS from chemical bath followed by nominally 60 nm ZnO and
100 nm Al:ZnO (2 wt% of Al,Os) by RF magnetron sputtering. Ni/Al grids were thermally

evaporated through a metallic mask and for each substrate 6 cells of ~0.57 cm? area were de-

fined by manual scribing. More details on device fabrication can be found in Reference!".

Compositional depth profiles were measured by time-of-flight secondary ion mass spectrom-
etry (SIMS, ION-TOF GmbH TOF SIMS) with an O** sputter ion source for depth profiling and
a primary Bi* ion gun for analysis. Secondary electron microscopy and quantitative EDX
(Bruker, Quantax) were measured at 10/20 keV respectively without any conductive coating.
The solar cell photovoltaic parameters were characterized by means of current-voltage (JV)
measurements in 4 terminal configuration under simulated AM1.5G conditions at 25 °C. Ex-
ternal quantum efficiency measurements (EQE) with a spectral resolution of approximately 5
nm were done by using lock-in technique under halogen bias illumination of about 0.2 sun
intensity. The total reflectance R on finished devices was measured on spots of ~0.23 cm?
area with a UV-3600 Shimadzu UV-VIS-NIR spectrophotometer equipped with an integrating
sphere. Grid shading ratios were around 4.5 % for JV and 2 % for EQE and reflectance meas-
urements.

3. Results:
3.1 Influence of back contact design on opto-electrical device properties

Dark and illuminated JV curves of the best efficiency samples for each case are displayed in
Figure 2 a) and the corresponding PV parameters are compiled in Table 1. The reference
sample yields an efficiency of 17.3 % with a current density of 32.1 mAcm™. Notably, for all
samples these values were obtained without KF or RbF PDT and without deposition of an
anti-reflective coating (ARC). Highly efficient samples with RbF-PDT and ARC will be pre-
sented in section 3.3.

Sample A, grown without Mo interlayer, displays current blocking in forward bias direction.
Similar observations in case of ITO back contacts were explained with an unfavorable band
alignment between the absorber and the oxide layer!.. In contrast, samples B and C show di-
ode behavior, confirming that a thin layer of Mo respectively MoSe, enables formation of a

more ohmic contact as was reported before ['>8,

Table 1 shows that samples B and C yield efficiencies comparable to the REF case. Both show
reduced Vo and FF in comparison to the REF case. Furthermore, it can be seen that these
losses are compensated by a Jsc increase of about 1 mAcm™. The 1-diode model parameters



extracted from curve fits suggest that the reduced FF for B and C can be related to an appar-
ent series resistance R; that is increased by about 0.5 Qcm?. The saturation current Jo and ide-
ality factor A on the other hand appear smaller than for the reference case, indicating the be-
nign influence on the junction recombination properties. More extended statistics for the PV
parameters can be found in SI 2.

EQE and reflectance measurements on the same set of devices are presented in Figure 2 b).
The UV-VIS parts of the EQE and reflectance spectra are similar in cases REF, B and C indicat-
ing comparable CdS growth and similar properties of the window/TCO layer stack. For sam-
ple A the UV-VIS EQE is somewhat decreased mainly due to an increased reflectance in that
region, which partially can be explained by a somewhat larger grid shadowing (+1.2% of total
area compared to REF). Additionally, it is possible that the back contact barrier described
above might reduce photo carrier extraction.

More importantly, all modified back contact structures feature increased NIR EQE and reflec-
tance as compared to the reference. First, the EQE is increased and more pronounced inter-
ference fringing is observed in the 900 nm -1100 nm range. Second, the average device re-
flectance in the region above 1000 nm is increased compared to the reference case. In the
range above 1200 nm the reflectance is increased by approximately 20 abs.% for sample B
and by approximately 30 abs.% for samples A and C as compared to the reference sample.
Finally, the NIR EQE onset for A, B and C is found to be shifted towards longer wavelengths.
In order to quantify this shift, estimates for the apparent absorber bandgaps were derived
from a Tauc fit (eV * In(1 — EQE))? of the EQE curves in the value range [0.3, 0.9], see Table 1.
A difference of around 20 meV was found which is similar, or in case B even more than the
observed reduction in Voc indicating that the Voc loss did not increase for cases B and C. In
the following these findings are discussed in view of more detailed optical and compositional
characterization.
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Figure 2: a) Dark and AM 1.5 illuminated JV curves of the best devices for all four sample con-
figurations. b) EQE and R spectra as measured on the same devices. The NIR signals are in-

creased for cases with back reflectors.

Table 1: PV parameters of the JV curves in Figure 1a) representing the best cells obtained for
each sample. The Rs, R, Jo and A were obtained from 1-diode model fitting. Full parameter sta-

tistics is given in Sl 2.

Sample Vo Jse FF Ni%] Rs Rp Jo*10°® A Ec Tauc
[mV] (mAcm] [%] [Qcm?]  [kQcm?] [mAcm?] eV
REF 703 32.1 765 173 0.3 1.6 1.9 1.65 1.19
A 640 331 672 135 - - - - 1.17
B 693 33 755 173 06 1.6 0.9 1.55 1.17
C 685 335 751 172 0.7 1.3 0.7 1.51 117

3.2 Influence of back contact design on absorber layer growth



In order to estimate the integral absorber metal ratios [Ga]/([Ga]+[In]) (GGI) and
[Cul/([Ga]+[In]) (CGI) XRF measurements were done on finished devices. If the In signal would
be taken into account, the GGl and CGI would be underestimated due to the In containing
back contacts. To avoid this, the GGl and CGI were calculated from XRF Cu/Se and Ga/Se ra-
tios (see Sl 3 for detailed description of analysis). It was found that all samples, independent
of the back contact have very similar GGl and CGIl around 0.41 and 0.87, respectively
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Figure 3: GG/ depth profiles derived from SIMS measurements and scaled with the respective
integral GGI as obtained from XRF. It can be seen that for cases A, B and C the Ga contents in
the notch are reduced and somewhat increased towards the rear part of the absorber. The hori-
zontal lines indicate GGlIs as derived from EDX at 20 keV measured from front and rear side of
the absorber layers. A similar trend as for SIMS can be observed.

In Figure 2b) a redshift of the EQE onset for the cases A, B and C was observed when com-
pared to the REF case. Thus, in order to estimate the minimum bandgaps, GGI depth profiles
were calculated from SIMS measurements. The leading and trailing edges of the absorber
layer were defined to be at the sputter times where the SIMS count rate for Ga reaches half
plateau values. Within that range, the Ga/In SIMS yield ratio y was scaled until the integral
SIMS GGl siys = X Ga/ (X Ga +y Y. In) reached the aforementioned GGl obtained from XRF.
For absolute scaling, the layer thickness was extracted from SEM measurements. Notably,
very similar gradings are obtained if layer boundaries are derived from Cu or Se half maxi-
mum positions in analogous manner. The GGI profiles in Figure 3 show that in all cases dou-
ble graded absorbers with a GGI minimum (notch) were obtained, typical for the multi-stage
deposition process ?%. The curves suggest that for the cases with modified back contacts, the
minimum GGl level is reduced when compared to the REF case which is in qualitative agree-
ment with the shifted EQE onset shown above. As a complementary measurement, estimates
for the front and rear GGI were established by EDX with 20 keV acceleration voltage. The
frontside measurements were performed on CIGS pieces etched by diluted HCL to remove
the ZnO and CdS layers (10%, 1’ sonication). The backside spectra were measured on the de-
laminated slabs of absorber. Based on CASINO ?" simulations, the EDX information depth
(here 1/2 of maximum photon yield position) at 20 keV can be estimated to be around 500



nm from the sample surface. Hence, the horizontal lines in Figure 3 show the EDX derived
GGl values for the different samples (same colors as SIMS profiles). Their position along the
x-axis gives an indication for excitation range of the EDX signal. It can be seen that the EDX
estimates qualitatively reproduce the differences in front and rear GGls between the REF and
the other samples.

A possible explanation for the observed difference in GGI grading can be that a modified
sample IR emissivity and also the increased NIR reflectance of samples A, B and C reduce the
heating from the source side as compared to the more absorptive Mo back contact for the
REF case. Notably, in order to reach the nominal measured sample temperature the substrate
heating had to be increased slightly if substrates with reflectors were co-processed. A some-
what reduced surface temperature in case of the samples with reflector could lead to reduced
Ga interdiffusion and thus more pronounced Ga grading.
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Figure4: a) Cross section SEM micrographs of all samples. Absorber layer thickness in all cases
was similar and in the range 2.1-2.2 um. The Al and 1ZO layers are visible at the rear contact.
b) The Na content as measured by SIMS is increased in the rear half for the REF sample as com-
pared to the others.

Next, we discuss the influence of the different back contacts on absorber morphology. Figure
4 a) shows SEM micrographs of the device cross sections for all samples. Looking at the ab-
sorber layers first, it can be seen that all cases show typical grain sizes in the micrometer
range. For the absorbers grown on the alternative back contact structures it appears that
more grains of larger size are found in the rear part of the layer than for the REF case. A close
up of the top interface region on the other hand shows, that for samples with reflector a layer
with reduced crystal size of about ~100 nm thickness can be observed at the absorber sur-
face.

The corresponding SIMS Na profiles are presented in Figure 4 b) (the absorber layers extend
from about 100 s to 1000 s sputtering time). The pronounced Na peaks around 1000 s are lo-
cated at the IZO/absorber interface. It can be seen that the Na content in the rear half of the

absorber layers A, B and C is reduced significantly when compared to the REF sample. The Na
distribution as observed in the REF case is similar to the typical one observed in layers grown
on Mo substrates. As the Na was supplied during a PDT and the substrate SLG was coated



with a SiOy diffusion barrier no significant difference in Na supply from the substrate during
the growth is expected. It was observed that Na mostly aggregates at grain boundaries #% 23,
thus the observation of smaller crystallites and increased Na content in the rear of samples A,
B and C are inline. In turn, during the PDT less Na could be incorporated as the density of
grain boundaries is reduced. On the other hand, the Na distributions at the 1ZO/absorber in-
terface also show differences. Quantitative comparison of the Na concentrations at these dif-
ferent interfaces is not reliable, thus we cannot exclude another scenario in which the 1ZO

back contact could act as Na sink reducing the absorber Na content after the PDT.

The Na content is found to be increased in the front part of the absorbers A, B and C. As
mentioned above this goes along with a reduced crystal size. Furthermore, it can be observed
that in this top layer the SIMS Cu signal is reduced by about 10-20% (see Sl 4). We note that,
for simultaneous growth on sets of 2.5 cm x 5 cm substrates with and without reflectors, a
fluctuation of the measured sample temperature is observed that is in phase with the sub-
strate rotation. This fluctuation can be due to the sample positioning on the substrate holder
but possibly also stem from the aforementioned differences in substrate temperature. These
effects hinder a well-controlled process, especially detection of the second stoichiometry
point in case of co-processing of REF and modified substrates. We note, that the differences
in absorber grading were observed also in a very similar type of experiment as the one de-
scribed here, i.e. this effect is reproducible. The differences in the absorber surface morphol-
ogy and composition on the other hand were less pronounced. This indicates that the differ-
ences observed at the absorber surface might be highly dependent on the details of a
specific process, especially during the third stage. For these reasons, we cannot give a conclu-
sive model of the effects of the substrate and back contact layer stack on absorber growth at
the moment.

The back reflector layers Al/IZO are visible in Figure 4 for the samples B, C and D and their
thicknesses can be estimated to be <100 nm for Al and approximately 260 nm for IZO. Figure
4a) also indicates that the 1ZO layer changes from amorphous in the as deposited state to a
polycrystalline structure. Also variations of grain sizes are observed not only between the dif-
ferent samples, but in case of sample B also from one side of the substrate to the other. By
SIMS measurements no Al impurities were detected in the bulk of the absorber but the Al
counts in the 1ZO layer and at the 1ZO/absorber interface tended to be increased where the
IZO showed larger grains. In the specific case of sample B a correlation between a decreased
device performances (especially FF) with increased degree of IZO granularity and Al content
in the 1ZO is observed (see large, systematic spread of FF for sample B in Sl 2). These results
indicate that the processing does affect the microstructure of the 1ZO layers which is plausi-
ble as the crystallization temperature of IZO is reported to be in the around 500 °C, i.e. close

the substrate temperature during CIGS processing!®,

3.3 Application in high efficiency devices



Highly efficient devices are expected to be most susceptible to slight deterioration of the
electronic properties. Therefore exploring the approach on highly efficient devices gives a
sensitive test for its compatibility with high quality device electronics. In order to explore if
the novel back contact is compatible with our high efficiency baseline process, we present re-
sults from another batch of samples where the absorber thickness was 3 ym and underwent
RbF PDT. Furthermore MgF. ARC was deposited on both samples. Table 2 presents PV pa-
rameters of a reference and a sample with back contact of type B deposited in the same run.
Similarly to the present series, with reflector we observe increased Jsc while again the Vo, Jo
and A were somewhat decreased with reflector. The reference shows rather low parallel re-
sistance and thus also a bit reduced FF. Overall, an efficiency as high as 19.9% could be real-
ized with a device grown on an IZO based back reflector, showing that the concept can be
successfully implemented in highly efficient devices.

Table 2: The table shows PV parameters of a reference and a device with back contact of type
B. The values represent best cells obtained on these samples. Full statistics of the parameters is
given in Sl 2. In this case RbF-PDT and MgF ARC was applied to both samples.

Reflector Vo Jsc [MACcm™  FF N[%] Rs Rp Jo*10°® A
[mV] 2] [%] [Qcm?]  [kQcm?] [mAcm?]

REF 726 35.8 748 195 0.18 1.7 20 2.0

Type B 721 36.5 756 199 0.55 24 1.6 1.7

4. Discussion

In the following, we analyze the origin of the gain in current density observed for samples A,
B and C. In order to do so, the devices were modeled in the framework of the transfer matrix
method (TMM*)) under the assumptions of flat layers, fully coherent light propagation and
ideal collection. Shortcomings of these assumptions will be discussed below.

Figure 5 displays simulated EQE and reflectance curves for all back contact structures intro-
duced above. In SI 1 the detailed descriptions of the model stacks are presented. The (n,k)
datasets for the different layers were taken from 2629, see details in SI 1. Furthermore, SI 5
shows simulated and measured EQE and reflectance curves for each sample individually. For
the simulations, the layer thicknesses of Al:ZnO, ZnO, CIGS and IZO were estimated from SEM
measurements. Thickness of CdS was estimated by fitting the UV range of the EQE spectra
and confirmed with SEM. For the Mo interlayer in case of sample B, the nominal thickness of
2.6 nm was used in the simulation. This thickness was estimated from fitting the layer thick-
ness to reflectance and transmittance data measured on a Mo layer deposited on a glass
substrate with identical sputter parameters and using (n,k) values presented elsewhere . For
sample C, we assume full transformation of Mo to MoSe; with a thickness increase by a factor
4 (based on observations in preliminary experiments). For the Al layer we take the nominal



thickness of 100 nm as determined by profilometer measurements of Al layers on glass sub-
strate.
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Figure 5: Simulated EQE and reflectance curves for cases REF and A, B, C. Details of the optical
model are given in the text and in SI 1.

Comparing the simulations to the measurements in Figure 2 b), it can be seen that the main
characteristics of the four samples are qualitatively reproduced. Improved NIR reflectance
and more pronounced EQE fringes in the range 900-1100 nm are apparent for cases with
added back reflector.

In the REF case the simulations give accurate reproduction of the NIR range of reflectance
and EQE curves, see Figure SI 5.1 a). Some deviation can be observed in the onset of the EQE
indicating that the minimal bandgap energy as estimated from SIMS and XRF might be
somewhat overestimated in case of the REF sample. Thus, we expect that the following analy-
sis gives a lower bound for the current gain achieved from implementation of the back reflec-
tor.

Some differences between simulations and the measurements can be observed. First, the
simulation overestimates the UV-VIS reflectance but underestimates the EQE by about 5 % in
that range as compared to the measurements. This is mainly due to the assumption of flat
surfaces in contrast to optically smoothened transitions in case of real layers with surface/in-
terface roughness. Introduction of a Bruggeman effective medium % layer was found to im-
prove accuracy in the UV-VIS range but does not considerably affect the relevant NIR region.
Thus, to reduce the complexity of the model no EMA roughness layers are included in the fol-
lowing discussion.

Second, the most notable differences observed are the somewhat more pronounced ampli-
tudes of the EQE fringes and especially the up to 10% higher average EQE level in the 900-
1100 nm range in the simulations see Figures Sl 5.1 a)-d). Essentially, this difference can



originate from a reduced charge carrier collection for samples A, B and C and from a non-suf-
ficient accuracy of the optical model. Further discussion of these scenarios is given in the SI 5.

Finally, we give quantitative estimate for the lower boundary for the current gains due to in-
troduction of the back contact reflector. For that purpose, we calculate the current density
difference due to changing the bandgap grading by means of TMM, see Table 3. For all
cases, the back contact model of sample B was fixed. It can be noted that for the other back
contacts very similar differences between the different gradings were obtained. It can be seen
that the change in grading alone may only account for an increase of current density in the
range 0.2-0.7 mAcm™. In comparison to the measured current gains of around 1 mAcm this
gives an effective current increase of about 0.3-0.8 mAcm™ due to the back contact reflectors
alone.

Table 3: The table shows a summary of simulated Jsc for the different band gap gradings of
samples A, B and C while the back contact model was fixed to the one of sample B. In each
case, the second column shows the calculated current and the third column the relative increase
due to the different bandgap gradings alone as compared to the reference.

GGl grading used for simulation* | Jsc (MAcm™) AJsc compared to REF (mAcm™)
REF 33.28 -

A 33.92 +0.64

B 33.84 +0.56

C 33.49 +0.21

* In all cases the back contact model of type B was used.
5. Conclusion and outlook

The data presented demonstrate that the current density of solar cells with 2-3 um thick and
graded Cu(In,Ga)Se; absorbers can be increased by the introduction of a Al/IZO/Mo or
Al/IZO/MoSe, back contact reflector stack. A lower bound for the realized current gain due to
introduction of the back contact reflector was estimated to be between 0.3-0.8 mAcm™ when
compared to a reference sample grown on Mo. These findings suggest that an increase in the
back contact reflectance — even for thick absorbers — can help to improve the device effi-
ciency. The introduction of the Al/IZO layers at the back contact can lead to a more pro-
nounced GGI grading with reduced minimum Ga concentrations if deposition rates during
CIGS growth are not adapted. The observed slight decrease of Vo can be explained by the
decreased minimum band gap, i.e. the Voc deficit remains unchanged. The reported FF loss
on the other hand appears to originate from an increase in the apparent series resistance and
seems correlated to the 1ZO deposition conditions. Overall, similar efficiencies were obtained
on reference samples and samples with Al/IZO back reflector.



Based on TMM modeling of the devices the optical improvement from implementation of
back reflectors was studied. We find that the internal reflection at the back may not be as ef-
ficient as expected from simulations. On the other hand, analysis of the internal quantum effi-
ciency of the device - under consideration of all parasitic losses - suggests that carrier collec-
tion losses could be limiting the EQE in samples with optical reflector. Further experiments
with re-optimized grading are necessary to study these effects in more detail. Also, further
optimization of the back contact IZO and thin Mo interlayer could further reduce residual ab-
sorption and increase the back contact homogeneity and conductance.

The approach provides a step towards light trapping strategies in highly efficient absorbers. It
provides a highly reflective back contact and preserves decent electronic back contact prop-
erties. Thus, in combination with appropriate substrate texturing we expect that a further cur-
rent gain could be realized based on the present findings.
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Supplementary information:

SI 1: TMM model of device stacks

For the TMM simulations, the devices were modeled as stacks of flat layers. For the absorber,
the different GGI grading presented in Figure 3 were discretized in slices of 50 nm thickness.
For the other layers, thicknesses were derived from SEM measurements. The table below
compiles model stacks used to model the devices with the different back contacts as shown
in Figure 1. Additionally, for all materials references for the optical constants (n,k) are given.

Figure S1 shows influence of the oxide thickness on the expected current gain for different
cases.
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Figure SI 1: Simulated Jsc in dependence on 1ZO thickness for the configurations B and C and
additionally for the case where only the oxide was added. For these simulations, the grading
of the reference sample was used, see Figure 3. The maxima and minima in the minima origi-
nate from interference conditions for waves reflected at front and backside interface of the
oxide spacer layer. For an estimated refractive index of 1.85 (at 1000 nm where increased re-

flectance is most relevant) this would suggest a reflectance maximum at A, = loionnm =135

nm which is in good agreement with the simulation. Additionally, it can be seen that the
phase of the Jsc oscillation is shifted by one half phase in case of sample B. This is likely due
to the low-high refractive index phase shift at the first Cu(In,Ga)Se/(thin)Mo interface in con-

trast to all other cases where the refractive indices are decreasing upon leaving the absorber
layer.

It is apparent that control of the oxide thickness is critical to achieve maximum current gain.
Also, it can be seen that the maximally achievable current gain is somewhat bigger than 1
mAcm-2 in case of a MoSe2 back contact interface.



Table SI 1: The table compiles the model stacks for samples REF, A, B and C that were mod-
eled by TMM. Thicknesses and references for (n,k) values for each layer are given.

Sample REF A B C
ZnO:Al 95 nm%®!

Zn0O 61 nmt®

cds 47 nmt

CIGS ~2.2 um, see Fig 3%

MoSe; 6 nm([27] - - 10.4 nmt”
Mo - - 2.6 nm=® -
InZnO - 260 nm*

Al - 100 nm?!

Mo 500 nm*®!

*(n,k) derived from fitting of R%, T% measurements of 500 nm thick
films deposited on glass.



Sl 2: PV parameter statistics
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Figure Sl 2: The figure displays distributions of PV parameters for the samples introduced in
Tables 1 (left hand side of vertical line) and Table 2 (right hand side of vertical line). It can be
seen that all samples with back reflectors show an increase in current density in the range +1
mAcm™. The large spread in FF observed for samples of type B is not randomly distributed
but consistently decreases from one side of the substrate to the other. We presume this to be
related to deposition details of the IZO layer and a more detailed investigation of this inho-
mogeneity is topic on ongoing investigation, see also main text. No Jo and A are shown for
sample A due to strongly non-diodic behavior. Additionally it can be noted, that samples with
back contact of type C were reproduces in another separate deposition run showing similar



improvement in NIR EQE as reported here and again efficiencies similar to the reference de-
vices. Same holds for samples of back contact type B that were reproduced in two additional
deposition runs.

SI 3: GGI estimation from XRF without use of In signal

First, the XRF yield factors for the Cu, Ga and Se peaks were determined from a number of
films including CGS layers. Then, valid estimates for the Cu/Se and Ga/Se ratios can be calcu-
lated. Finally, knowing these ratios and under the assumption that the absorber can be repre-
sented as mixture of Cu,Se and (In,Ga).Ses it is possible to calculate the CGl and GGl values.

To do so the layer is represented as a mixture of {Cu,Se}+{InSes}i+{Ga>Ses}n. Then if the ra-
tios

Cu Ga
u=—andv=—
Se Se

are known from XRF, the GGl and CGI can be written as

GGl = =22 and cGI = 2%
2—-u 2—-u

Notably, this procedure reproduces CGl and GGl values as obtained from conventional XRF
data interpretation as well as ICPMS measurements on a number of samples in the composi-
tional range 0.15 < GGI < 0.6 and 0.8 < CGI < 1.

SI 4: SIMS Cu profiles
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Figure Sl 4: SIMS Cu profiles as measured on the four samples introduced in section 3.1. For
samples with modified back contact the Cu content at the front surface (around 100 s sput-
tering time) appears reduced by around 20%.



SI 5: Discussion of modeled and simulated EQE and R for all samples
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Figure SI 5.1: Simulated (solid lines) and measured (dashed) EQE and R curves for all samples.

As mentioned in the main text, for samples with modified back contact the simulated EQE is
higher in the 900-1100 nm range than the measured ones, see Figure Sl 5.1. This can essen-

tially originate from deficiencies in the optical model and from reduced carrier collection effi-

ciency in cases with reflectors. Here we discuss aspects of these two hypotheses.

First, the optical model does not include surface roughness and consequently no effects of

light scattering are considered. In order to assess this, Figure SI 5.2 shows the reflectance

haze measured for samples REF, B and C on bare absorber surfaces.
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Figure SI 5.2: The solid lines show measured ratio of diffuse over specular reflectance (haze) for
samples REF, B and C. The dashed liens show model fits according to " with two different sur-
face roughness parameters o.

The haze for the reference sample is found to be higher, indicating a larger optical roughness
o. The difference in roughness can be quantified by fitting the data with expressions from Krc
et al. BY, see dashed lines in Sl 3.2. We find values for o of around 30 nm and 35 nm for the
reference and samples B and C, respectively. For the fitting, the refractive index of CIGS was
assumed to be 2.84 and the correction factor c; was set to one, see " for details. This can be
relevant, as a larger surface roughness implies increased diffuse transmission into the ab-
sorber which would result in longer effective optical paths of the scattered light and therefore
a potentially increased EQE.

In order to give quantitative estimate of this effect, equation 5 in reference B" was used to
calculate the diffuse and specular surface transmissions from air (n=1) into the absorber
(n=2.84) (Tg;ff, Tspec) With the roughness values from Figure Sl 3.2. It is assumed that the
front interface leads to lambertian scattering. Further, we consider a wavelength A where the
absorbtance (for specular propagation) of the absorber layer is Ag,..(4) = x. Then, the light
intensity that is scattered into an angle 6 can be integrated to obtain the average diffuse ab-
sorbtance

log(1-x)
cos(6)

Aqigr@) = 2 [ sin(8) cos(9)(1 - exp (~ )ae. (Eq. SI 5.1)

This spherical integral (hence sin(@)) averages the angle dependent absorbtance A(8) =1 —

T(6)=1—exp (— %) with weights cos(6) due to lambertian scattering and 2 is a nor-

malization factor from integration of the lambertian term only. Consequently, an estimate of
the EQE for a given surface roughness ¢ can be written as

EQE(A; 0') = Tspec(o-) * Aspec(l) + Tdiff(o') * Adiff(l)— (Eq SI'5.2)



Fordspe. = 0.9 (around 1000 nm) this analysis predicts a difference in EQE of less than 2% ab-
solute due to difference in surface roughness which would be less than the observed differ-
ences of about 10% between measurements and simulations for the different samples. How-
ever, this analysis can only provide a rough estimate and without detailed knowledge of the
scattering mechanism we currently cannot give a more rigorous treatment.

Another possible discrepancy can be that the optical properties of the individual back contact
layers (1ZO, Al, MoSe,) might change during absorber deposition leading to an overestima-
tion of the internal reflectance for the alternative back contacts. Based on the good repro-
duction of the reflectance in the 900 nm - 1100 nm range this however seems less likely.

Yet another possible mechanism explaining the discrepancy between simulated and experi-
mental EQE for samples A, B and C in the 900-1000 nm range is a reduced charge carrier col-
lection as compared to the REF case. This could be due to the lower minimum Ga con-
tent/bandgap in cases A, B and C or due to a different extend of the space charge region
related to the observed differences in the absorber surface morphology. Both explanations
can potentially reduce the charge extraction from the notch region. Thus, we attempt to esti-
mate the internal quantum efficiency (IQE) i.e. the ratio between extracted charge carriers and
those generated in the absorber only.
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Figure Sl 5.3: a) Simulated integral parasitic absorbtance ALzl ¢ in the NIR range in all layers
except for the absorber itself. b) Estimates of the internal quantum efficiency calculated accord-
ing to Equation SI 3.3.

In case of semi-opaque layers with consideration of parasitic absorption in front and back
electrodes it was recently proposed that a combination of experimental (EQE®*?, R¢*P) and
TMM based data (parasitic absorption in front and back layers A} ) can give an approxi-
mation of the IQER?- We used the expression

EQE®XP

(1-R®*P —A;T;g%s)

IQE (Eq. SI'5.3)



where A7 ¢ was calculated by means of TMM for the same device models introduced
above. The curves of A}5/4s are presented in Figure SI 3.3 a). For the REF case, the Mo layer
was found to be the largest source of parasitic absorption in the 900 — 1100 nm. For cases
with back reflector the IZO and Al layers still dominate absorption in that range but to a
lower extend. Furthermore, in all cases the front contact AZO contributes to parasitic absorp-
tion. Curves for the IQEs according to Equation Sl 3.3 are presented in Figure Sl 3.3 b). The
data are only shown up to 1050 nm. Above 1050 nm the absorber layer becomes more trans-
parent and the denominator of Eq. SI 3.3 (see below) is strongly determined by the simu-
lated A7 ¢ and thus minor simulation inaccuracies can lead to large errors.

The comparison shows that for the REF case the IQE is close to unity up to 1000 nm, while in
case of samples A, B and C it appears to be reduced by more than 5%. We note that this
analysis i.e. the values for AL/ . are again susceptible to errors in the optical modeling. In or-
der to check the robustness of the calculation, we artificially increased the back contact ab-
sorbtance by 20% for the samples with reflectors which is more than the observed difference
between simulated and measured reflectance in the range above 1200 nm. Still, we find that
samples with reflector showed systematically reduced IQE around 1000 nm. EQE measure-
ments were also performed under application of 1.2 V reverse bias, but no clear difference
between REF and cases B and C could be observed. This does not imply equivalent collection
properties though, as the increase in the space charge region width upon biasing is depend-
ent on the doping and defect concentrations in the region near to the pn-junction.

It can be concluded that the roughly 10% absolute discrepancy between simulated and
measured EQE at 1000 nm can be due to different roughness and or collection properties
which are not considered in the optical model. The analysis proposed here suggests that at
least 2% can be explained by differences in roughness and a somewhat larger share by differ-
ent collection properties. We note however, that the optical analysis presented only takes
into account a model case for the scattering mechanism and certainly further studies are nec-
essary to reach to a more unambiguous understanding.
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