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Abstract: Ultrathin Cu(In,Ga)Se, (CIGS) absorber layers of 550 nm were grown on Ag/AlOy stacks.
The addition of the stack resulted in solar cells with improved fill factor, open circuit voltage and
short circuit current density. The efficiency was increased from 7% to almost 12%. Photoluminescence
(PL) and time resolved PL were improved, which was attributed to the passivating properties of
AlOy. A current increase of almost 2 mA /cm? was measured, due to increased light scattering and
surface roughness. With time of flight—secondary ion mass spectroscopy, the elemental profiles were
measured. It was found that the Ag is incorporated through the whole CIGS layer. Secondary electron
microscopic images of the Mo back revealed residuals of the Ag/AlOy stack, which was confirmed
by energy dispersive X-ray spectroscopy measurements. It is assumed to induce the increased
surface roughness and scattering properties. At the front, large stains are visible for the cells with the
Ag/AlOy back contact. An ammonia sulfide etching step was therefore applied on the bare absorber
improving the efficiency further to 11.7%. It shows the potential of utilizing an Ag/AlOy stack at the
back to improve both electrical and optical properties of ultrathin CIGS solar cells.

Keywords: Cu(In,Ga)Sep; ultrathin films; silver doping; AlOy; passivation; optical enhancement

1. Introduction

Ultrathin Cu(In,Ga)Se; (CIGS) solar cells are being studied as an option for large-scale
application of this technology. Thinner absorber layer reduces the amount of In (and
Ga) required, and could speed up the processing time. When going to ultrathin absorber
layers, losses due to incomplete absorption and recombination at interfaces needs to be
compensated for. In the case of CIGS solar cells, electrical losses due to recombination
at the CIGS/Mo interface can be reduced by applying a high Ga gradient or a di-electric
passivation layer [1,2]. As di-electric, AIOx has been widely applied and proven to reduce
the recombination at this interface [3]. Optical losses can be reduced by increasing the
path length of the longer wavelengths. This can be achieved by texturization-inducing
scattering [4], reflective mirrors at the back, reflecting the light back into the solar cells [5]
or even plasmonic coupling, enhancing the electromagnetic field locally [6].

Application of textured structures or reflective mirrors are commonly seen in thin film
silicon. In the case of a standard CIGS absorber layer thickness, this was not required, as
the absorption coefficient is high enough to absorb all the light. For ultrathin CIGS absorber
layers, this is not the case anymore, and light management is required to absorb all the light.
Most light management techniques have been applied at the CIGS/Mo interface, since
the internal reflection between the CIGS and Mo layer is rather low, and causes parasitic
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absorption losses. As the light management structures are generally placed at the CIGS/Mo
interface, a technical difficulty is added in the choice of applicable optical structures. These
applied structures should withstand the harsh environment in which CIGS layers are
grown, which is usually in Se excess and at temperatures above 500 °C. Di-electrics and
some transparent conductive oxides (TCO) withstand this environment well, and may
increase the reflection and reduce the parasitic losses at the CIGS/Mo interface due to the
change in the refractive index [7]. In combination with a metal, higher internal reflection
is calculated and thus higher current generation [8]. Practically, current improvements
are observed upon applying structured SiOy islands [9,10], using metallic mirrors [10-12],
TCO layers [13] and encapsulated Au nanoparticles [14]. These methods are based on
advanced nano-lithography techniques, or rather thick metallic layers, making it expensive
or difficult to upscale the methods. In addition, in most cases these optical improvements
are counteracted by losses in fill factor (FF) and/or open circuit voltage losses (Voc) as the
optimal CIGS/(MoSe;)/Mo contact is negatively affected.

In this contribution, we studied the potential of using an Ag/AlOy stack at the back
of ultrathin CIGS solar cells to increase both the optical and electrical properties. Ag is
used as it is known not to harm the CIGS layer properties. Silver replaces copper in the
lattice, and does not introduce detrimental point defects. Additionally, due to the lower
melting point of Ag-containing chalcogen, the crystallinity may improve when grown at
the same temperature [15]. We will first study the effect of Ag incorporation, and secondly
the application of an Ag/AlOy stack. The thickness of the AlOy layer was chosen in such
a way that holes are formed during the CIGS growth in the presence of evaporated NaF.
These holes are required to make electrical contact with the Mo at the back [16,17]. It is
assumed that only after formation of the holes, the Ag diffuses into the CIGS layer. Lastly,
ammonium sulfide treatment, which is a known etchant for removing copper selenide [18],
was also performed. An efficiency increase from 7% to almost 12% was achieved due to
both passivation and optical enhancement.

2. Materials and Methods

Ultrathin CIGS layers are grown by a three-stage co-evaporation process. As substrate,
glass/Si(O,N))/Mo is used, in which the Si(O,N) layer suffices as an alkali barrier. The
Na is added separately prior to the CIGS growth by NaF evaporation. To make ultrathin
CIGS absorber layers, the same three-stage process as for thick (~2 um) layers is used, with
one small adaptation. During the temperature change to go from copper poor to copper
rich, the shutters were closed. The shutter is opened again when the elemental fluxes are
stable. This will result in a rather flat gallium profile, similar to the single stage process [19],
although there was still a copper rich stage during the growth. The substrate temperature
was set at 550 °C for all the stages. The final thickness was about 550 nm. During growth, a
sample without Ag was added to measure the composition with XRF. For all samples, the
average [Cu]/([Ga] + [In]) was ~0.8 and [Ga]/([Ga] + [In])~0.3.

The Ag layers were evaporated on the Mo substrates, and are 10 or 20 nm. A 3 nm
thin AlOy layer was grown on top of the Ag layer by atomic layer deposition (ALD) at
150 °C. Trimethylaluminum (TMA) was used as the Al precursor, and H,O was used as
a reactant. The samples were then placed in the co-evaporation chamber, and NaF was
evaporated at room temperature. During the CIGS growth, the Na ions react with the AlOx
in the presence of Se, and holes in the AlOy are formed [16,17]. The silver is assumed to
diffuse through these holes into the CIGS layer. It is assumed that the Ag will not diffuse
through the AlOy layer itself, and thus remains below the AlOy layer. The back contact
will then consist of local CIGS/Mo contacts with Ag/AlOy passivated areas. Furthermore,
a sample without AlOx was prepared as an Ag reference. A scheme of the different back
contact approaches is presented in Figure 1.
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Figure 1. Schematic overview of the different samples: (left) standard CIGS layer on Mo; (middle) CIGS layer grown on
10 nm Ag; (right) CIGS layer grown on Ag/AlOy stack. The AlOx was 3 nm and the Ag layer 10 or 20 nm.

The samples were further processed into solar cells by chemical bath-deposited CdS,
sputtered i-ZnO/aluminum-doped ZnO window layers and evaporated Ni/Ag/Ni grids.
A second set of 10 nm and 3 nm AlOy was prepared, of which one sample was etched and
the other was further processed, as described above. The etching was performed in pure
ammonia sulfide solution by immersing the sample for 10 minutes in the solution at room
temperature. After washing the absorber layer in deionized water, the sample was further
processed into a solar cell.

The cells were electrically characterized by current voltage (JV), and quantum effi-
ciency (EQE) measurements. The solar cells were measured with a Keithley 2400 source
meter using a four-point probe under A.M. 1.5 spectra. Per sample, at least six cells were
measured. A part of the sample with the 20 nm Ag layer was shunted, and cells with FF
below 30% were excluded from the analysis. EQE spectra of at least two cells were mea-
sured using a Bentham EQE setup with 10 nm resolution. The cells were further measured
by photoluminescence (PL) and time resolved PL (TR-PL) using a picoquant 300 fluotime
photospectrometer setup. The excitation wavelength was 532 nm, time resolution 25 ps and
the repetition rate 3 MHz. Per sample, at least three spectra and TRPL decay curves were
obtained. Time of Flight—Secondary Ion Mass Spectroscopy (ToF-SIMS) measurements
were performed using ION.TOF NCS instrument (ION.TOF GmBH, Muenster, Germany).
Sputtering was carried out with a 2 keV O, ion beam. The sputter area of 350 x 350 um?,
and an analysis area of 100 x 100 um? was used for the depth profiles, with a raster of
128 x 128 pixels. 15 keV Bi* was used as an analysis beam. Scanning electron microscopy
(SEM) imaging and energy dispersive X-ray spectroscopy (EDS) analysis was done using a
Tescan and Bruker SEM. The composition of the bare absorber layers was measured using a
20 kV electron beam. The top layers were removed by diluted HCl solution before the EDS
measurement. The back contact was measured using a 10 kV electron beam, to be more
surface sensitive. Diffuse and total reflection spectra of the bare absorber layers were mea-
sured with an integrating sphere using a Si (350-1100 nm) and Ge detector (1000-1400 nm).
The spectra was measured between 350 and 1400 nm with 10 nm resolution. The system
was calibrated with a reference reflection spectrum. With a Keyence confocal microscope,
the line roughness was measured using 150 x magnification.

3. Results
3.1. Opto-Electrical Characterization

The JV parameters of the Ag containing solar cells are presented in Figure 2. Addi-
tionally, an ultrathin three-stage baseline sample without Ag is presented. The solar cell
with Ag only has similar performance as the three-stage cell without Ag. They have a Voc
of ~585 mV, FF of ~56% and current of 20 mA /cm?2. The maximum efficiency is about 7%.
It shows that the Ag itself is not harming the solar cell performance. This is consistent with
reports about Ag incorporation into CIGS [20,21]. When the AlOy is deposited on top of
the Ag layer, all solar cell parameters improve (see the red and blue data). The increased
Voc and FF are likely due to passivation. The current increase is about 2 mA/cm?. In
Figure 3, the EQE curves and tauc plots of the Ag-containing solar cells are presented. We
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indeed found that the Ag/AlOx cells have a higher EQE response compared to the cell
with Ag only. The integrated current densities were 24.3, 25.8, 26.1 mA /cm? for the 10 nm
Ag without and with 3 nm AlOx and 20 nm Ag/3 nm AlOj, respectively. The increase
in current is about 1.5-1.8 mA /cm? when there is also an AlOy layer. This is more than
observed in previous studies using only AlOy, and we therefore believe that this is due to
the Ag/AlOy stack [17,22]—this will be explored later on. From the tauc plots, we find that

the band gaps are about 1.2 eV. These values are summarized in Table 1.

625
701 T
600 | —— == |—_'_—|
S — — 60 ]
8 575+ L
> L 50+
l = -
550 A 1 40
525 . . . . 30 . . . .
Ref 10nmAg 10nmAg/ 20 nmAg/ Ref 10nmAg 10nmAg/ 20 nmAg/
3nmAIO, 3 nmAIO, 3nmAIO, 3nmAIO,
24 T 10
T = T
~ 2 = [ |
N
§ T —~ &
S 201 ] — —1—
X —
- 61 o
184 4 —
16 . . . . 4 . . . .
Ref 10nmAg 10nmAg/ 20 nmAg/ Ref 10nmAg 10nmAg/ 20 nmAg/
3nm AIO, 3 nmAIO, 3nmAIO, 3nmAIO,

Figure 2. JV parameters of Ag-incorporated CIGS solar cells with and without AlOy.

Additionally, an ultrathin three-stage solar cell without Ag is presented. (Top left) Voc;
(top right) FF; (bottom left) Jsc; (bottom right) efficiency.
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Figure 3. (Left) EQE of the Ag containing solar cells; (right) tauc plots from EQE data.
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Table 1. Bandgap values from EQE and peak maxima from PL measurements.

Sample Band Gap EQE (eV) PL Peak Max (eV)
10 nm Ag 1.199 1.187
10 nm Ag/3 nm AlOy 1.199 1.190
20 nm Ag/3 nm AlOy 1.193 1.197

To gain more insight on the passivating effect of the AlOy layer, the solar cells were
measured with PL and TRPL. The results are presented in Figure 4. The PL spectra are
measured under the same condition for all cells, and the intensities may be compared. For
the cell without AlO,, the measurement conditions resulted in a relatively high amount
of background noise. The peak maxima are visualized with the solid lines and the corre-
sponding energies are given in Table 1. The band gap is usually slightly below the peak
maxima [23]. We find again that the peak maxima are at almost the same position for the
different Ag concentrations, and with or without AIO,. We also find that the intensity
is 3—4 times higher in the presence of the AlOy layer—this could be the effect of passiva-
tion [24]. While the PL is coming from the absorber layer, the PL yield depends on all the
recombination paths. Thus, reduction of interface recombination will also increase the PL
yield. TRPL decays are measured of 1040 nm emission; this is presented in Figure 4 on
the right. The TRPL decays are averaged over three measurements. Also presented is the
instrumental response function (IRF). We find that the decays slightly increase when AlOx
is present. In the case of 10 nm, this is only marginal, but for the 20 nm this is significant.
This increase cannot be only due to AlOy, as in that case the cells with 10 and 20 nm Ag
layer with AlOy should have similar decays. The presence of more Ag in the absorber layer
also probably improves the absorber layer properties [15].
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Figure 4. PL (left) and TRPL (right) data of Ag containing solar cells. IRF is the instru-
mental response function.

3.2. Elemental Profiles of Bulk and Back Contact

The elemental profiles of the complete stack of the Ag-containing solar cells were
measured with ToF-SIMS. Figure 5 presents the [Ga]/([Ga] + [In])(GGI), ([Ag] + [Cu])/([Ga]
+ [In])(ACGI) and [Ag]/([Ag] + [Cu])(AAC) depth profiles derived from the measured
counts. The counts were not calibrated. In the Figure A1, the elemental profiles are given.
The profiles in Figure 5 are aligned to the CdS peak at front and at the back to the Mo
signal. The Al signal is also plotted. We find that the GGI profiles are indeed rather flat;
this is due to the closing of the shutter. The absorber layer is grown by stabilized elemental
fluxes, which are similar to a single stage process. The Ga gradient commonly seen for a
three-stage process arises from the change in the elemental fluxes during growth, which is
absent in this case. The resulting GGI profile is thus rather flat.
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Figure 5. Non-quantified GGI, ACGI and AAC atomic ratios determined from ToF-SIMS measurements. The sputter time
for each cell was adapted in such a way that the Cd and Mo signals were overlapping. Furthermore, the Al signal of the

10 nm sample is shown.

The ACGI again shows a flat profile. For all cells, the profile goes a bit up towards the
front, with a steeper increase in the absence of AlOy. This could be a real difference, as the
Ag source is immediately present in this case, while in the other two situations the Ag layer
is below the AlOy, see also Figure 1. Thus, the Ag will diffuse at a later stage into the CIGS
layer. The right-most figure presents the AAC profiles. Here we find that the profile of the
samples with 10 nm Ag with and without AlOy overlap, and that the AAC of the sample
with 20 nm Ag is almost twice as high—this implies that almost all the Ag diffuses into the
CIGS layer. A small part may still be left below the AlOy. All the AAC profiles go slightly
down towards the front, thus the AAC is a bit lower at the front than at the back. These
small changes observed in the ACGI and AAC profiles towards the front are induced by
the small increase of Cu towards the front (see Appendix A for the elemental profiles).

The absolute integral GGI, ACGI and AAC ratios were determined from EDS measure-
ments for the bare absorber layers, and are presented in Table 2. The values are averaged
over six different positions. The GGIs were all around 0.3. This seems in contradiction
to the GGI map, though there the signals were not calibrated and thus the ratios are cal-
culated from counts only. The AACs were about 10% and 18% for the 10 and 20 nm Ag,
respectively. The silver ratio is thus far below the 27% from which variations in band
gaps can be expected [25]. This change of the band gap for higher Ag amounts is due
to an increased conduction band, which may cause an unfavorable band alignment with
the CdS layer [26]. However, since we are below the band gap change and thus also the
increase of the conduction band, it is unlikely that our cells suffer from this unfavorable
band alignment. The ACGI ratios were about ~90% for the 10 nm silver layer, and close to
100% for the 20 nm silver layer. For CIGS, it is known that when the CGI ratio is close to
stoichiometry, Cuy.,Se phases are formed—this generally leads to shunt paths [27]. This
could explain why a part of the sample with a 20 nm Ag layer had FF < 30%. Thus, the
three-stage process as it is requires adaptation, either in the second or third stage, to avoid
the too-high ACGlI ratio in the case of 20 nm Ag.

Table 2. Compositional ratios calculated from elemental concentrations measured with EDS.

Sample GGI ACGI AAC
10nm Ag 0.31 £0.01 0.86 £ 0.01 0.104 £ 0.003
10 nm Ag/3 nm AlOy 0.29 £0.02 0.90 £ 0.04 0.100 £ 0.005
20 nm Ag/3 nm AlOy 0.30 £ 0.01 0.99 £ 0.02 0.178 £ 0.006

SEM images from the Ag containing solar cells are presented in Figure 6. A scratch
was made with a needle to obtain an image of the Mo back contact. Where the scratch was
made, the Mo is visible and no difference is observed whether AlOx was present or not.
Thus, the complete stack is scratched away. At the edges, however, where the CIGS peels
off and the AlOy is not scratched away, we observe distinctively different structures at the
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Mo back. We believe that these visible changes are due to some residuals of the Ag/AlOx
stack. To confirm this, the Al and Ag concentration was measured for the darker and the
lighter areas with EDS. The results are presented in Figure 7. The spectra can be found in
the Figure A2. For a complete analysis, the Se and In concentrations are also calculated, as
these peaks partly overlap with the Al and Ag peaks. The concentrations can be found in
the right graph of Figure 7. We find a clear distinguishable amount of Ag and Al between
the lighter and darker areas. From the absorber layer measurements, we know that the
concentration of Ag in the CIGS absorber layer is 2%, and that of In is 17%. At the back, we
measure an Ag concentration that is higher than that of In. This implies that indeed some
of the Ag remains below the AlOy layer, and is not diffusing into the CIGS layer.

Figure 6. SEM images of the solar cell and a scratch. The scratch itself also removes the AlOy (top), but at the edges the
CIGS peels off, leaving the Ag/AlOx back exposed (bottom).

Atom percent (at%)

Figure 7. (Left) SEM micrograph with the areas where EDS was measured. 1: ‘darker” area 2: ‘lighter” area. (Right) the
atomic percentages of Ag, Al, Se and In of the areas 1 and 2.



Energies 2021, 14, 4268

8 of 13

3.3. Morphology and Optical Enhancement

The presence of the Ag/AlOy stack at the back can alter the light absorption in two
ways. The first option is by increasing the reflection at the CIGS/Mo interface, due to
changing the refractive index between the CIGS/Mo interface [8]. Since CIGS and Mo
have closely matching refractive indices, the reflection is rather low at this interface. The
Ag/AlOy stack has a much lower refractive index, and can thus potentially increase
the internal reflection, and with that the path length of the unabsorbed light. The second
method to increase the path length for the longer wavelengths is by increasing the scattering
properties with texturization. In an earlier contribution, we found that the formation of the
contacts in the AlOy layer happens by the accumulation of the di-electric near the etches
of the contact [28]. In other words, the back contact will have a random structure with
changes in height. It is likely that the presence of the Ag layer adds to these variations in
height at the back contact, thus increasing the scattering properties.

To find whether the internal reflection and/or scattering properties are improved,
we measured the total and diffuse reflection of the bare absorber layer. Figure 8 presents
the reflection spectra. We find that the total reflection spectra are rather similar for all
three samples up to 700 nm. Between 1100 and 1200 nm, the reflection of the Ag/AlOy is
slightly higher, which could indicate increased reflectance. However, the presence of the
interference fringes makes it hard to be conclusive, as the amplitudes of the interference
fringes vary for the different layers as well. This change in amplitude itself, though, is
likely due to changes in the roughness; this can enhance the scattering properties of the
layer. Figure 8 on the right presents the diffuse reflection. We find that in the presence of
AlOy, the diffuse reflection increases almost two-fold over the full wavelength range. It
seems that the Ag/AlOy stack at the back alters the morphology of the CIGS layer to such
an extent that the light scattering increases.

70 T 50 T
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__ 801 ——10nmAg/3nm A0, S 40/ ——10nmAg/3nm AIO, ]
- 50 ——20nm Ag/3 nmAIO, é ——20 nm Ag/ 3 nm AlO,
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2 0] S 304 1
= T
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q’ —_
= 309 Q20 .
5 2
© 20 =
101 b
10+ E
0-— T T T T 0-— T T T T
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400
Wavelength (nm) Wavelength (nm)

Figure 8. Total (left) and diffuse (right) reflection of the various absorber layers. In the
case of the Ag/AlOy stack at the back, the total reflection shows reduced interference
amplitude and increased diffuse reflection.

Top-view images of the different absorber layers were obtained using a confocal
microscope. In this way, the height is also measured and 3D figures are created using false
colors for the height. These images are presented in Figure 9. It is clear that the surface
is rougher in the case the CIGS is grown on the Ag/AlO stack. The RMS roughness was
determined from these images using five line scans. We found that the roughness of the
Ag reference was about 50 nm, and increased up to 80 nm for the 10 nm Ag/3 nm AlOx
absorber layer. This change in roughness could easily be responsible for the increased light
absorption in the CIGS layer [29-31].
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Figure 9. Confocal microscopic images of the bare absorber layers. The height variations are enhanced seven times. The
given RMS values are averaged over five line measurements.

3.4. Etching

Lastly, the effect of etching was studied since we found stains in the SEM images
presented in Figure 6. Furthermore, the addition of Ag could possibly lead to secondary
phases [32]. While this tends to occur only at higher AAC and GGI ratios, it has to be
noted that we start with an Ag layer, and thus a very high AAC. It is therefore possible
that the stains are due to some secondary phases or segregation. The EDS did not reveal
compositional changes, making it likely that it is only at the surface. We applied a S(NH4),
etching step, which is already known to selectively remove copper selenide phase, and
to improve the surface generally [18,33]. Two samples with 10 nm Ag and 3 nm AlOx
were prepared, of which one sample was etched. The absorber layer was rinsed in water
prior to further solar cell processing. The JV parameters are presented in Figure 10, and
the best JV curves with its parameters are presented in Figure 11. Without etching, the
efficiency was about 9% on average, similar to those presented in Figure 2. This shows
the repeatability. After etching, we find that all solar cell parameters are improved. This
is clearly an indication that the efficiency was limited by defects at the front surface. The
efficiency increased to almost 11% on average, with the most efficient cell having an
efficiency of 11.7%.
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Figure 10. JV parameters of Ag/AlOx back reflector with and without ammonia sulfide etching.
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Figure 11. JV curves and parameters of the best solar cells.

4. Conclusions

Ultrathin CIGS solar cells were prepared on a thin Ag/AlOy stack. The CIGS layers
were grown by a three-stage co-evaporation process, and the Ag diffused into the CIGS
layer during the growth. This was confirmed by measuring the depth profiles with ToF-
SIMS. No difference in Ag content in the presence of AlOy or not was measured for the
samples with 10 nm Ag. The improvements in the presence of AlOx were substantial,
and an increased efficiency from about 7% to 9% was measured. All solar cell parameters
were improved, which was attributed to a combined effect of passivation and optical
enhancement. With SEM, images of the Mo back contact were made, and a thin structured
layer was seen in the presence of the Ag/AlOx back contact. With EDS, residuals of Al
and Ag were measured. This Ag/AlOy stack seems to induce an increase in roughness,
and thereby light scattering. At the front, darker and lighter spots in the SEM images were
observed in the case AlOy was present. Even though these cells had the best performance,
it is an indication of losses. When etching the absorber layer in ammonia sulfide prior to
further solar cell processing, the efficiency increased even further to 11% on average. The
results reveal a simple method to apply both passivation and optical structures at the back
without adding losses.
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Appendix A
TOEF-SIMS elemental profiles of the 3 Ag-containing sample.
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Figure Al. Elemental profiles of the 3 Ag-containing solar cells. (a) 10 nm Ag; (b) 10 nm Ag/3 nm AlOy; and (c) 20 nm

Ag/3 nm AlOy.
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Figure A2. EDS spectra of the Mo back contact with the assigned peak positions: Al, Ag, In and Se.
Also shown are O, Ga, Cu and Mo.
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