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Abstract: Ultrathin Cu(In,Ga)Se> solar cells are a promising way to reduce costs and to

increase the electrical performance of thin film solar cells. In this work, we develop an optical
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lithography process that can produce sub-micrometer contacts in a SiO> passivation layer at
the CIGS rear contact. Furthermore, an optimization of the patterning dimensions reveals
constrains over the features sizes. High passivation areas of the rear contact are needed to
passivate the CIGS interface so that high performing solar cells can be obtained. However,
these dimensions should not be achieved by using long distances between the contacts as they
lead to poor electrical performance due to poor carrier extraction. This study expands the
choice of passivation materials already known for ultrathin solar cells and its fabrication

techniques.
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Cu(In,Ga)Se> solar cells have reached impressive values of power conversion efficiency,
close to 23 %, with the introduction of a post-deposition treatment based in the introduction of
alkali-metals that lower front interface recombination.'31 By showing that the CIGS
interfaces can improve significantly, passivation strategies also for the rear electrode have
gained interest. It has been shown that a nanostructured Al>Oz layer with point-contacts can
lead to significant increase in the efficiency of ultrathin devices by reduction of rear interface
recombination.’% It has been demonstrated that due to low CIGS carrier lifetime values, the
point contacts need to be separated by distances on the order of magnitude of the diffusion
length (500-2000 nm),[*8-14 meaning that for a passivation area higher than 95 %, contacts
with dimensions of one order of magnitude lower (50-200 nm) are needed. Hence, in previous
studies, where the passivation effect has been demonstrated, the nanopatterning was made
using e-beam lithography by creating a square array of contact circles.[®*1% Attempts to use
optical lithography have been reported that include the use of etched lines, or trenches, in an
Al;O3 layer with a width of 3 pm and pitches varying from 6 to 30 pm.® In this work, we
expand the study of using photolithography to create a patterned insulator layer with etched
features with 700 nm and 1400 nm which allow to increase the total passivation area while
keeping the distance between the contacts the same order of magnitude as the carrier’s
diffusion length. Furthermore, according to recent studies indicating that SiO: is a promising

passivation material, we choose to work with that dielectric material.[*6-2!]

In this work, we study rear passivation effects on ultrathin CIGS solar cells. This passivation
is performed by applying a SiO2 layer, in a trench configuration, on top of the rear-contact
electrode (Mo).[??

Atomic force microscope (AFM) is used in tapping mode with a scan rate of 1 Hz. J-V
measurements are performed under a simulated and calibrated AM1.5 spectra (Oriel

Instruments - PVIV Test Solution). External quantum efficiency (EQE) is measured using a
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QEX10, with a monochromatic light scanned trough the wavelength interval of 300 nm to
1100 nm with a step of 10 nm. Solar cell cross section images were taken with a Fei-
NovaNanoSEM 650 high-resolution scanning electron microscope (SEM), with an
acceleration voltage of 3 and 5 kV.

The SiO> layers are deposited using a SPTS CVD tool, with a 25 nm thickness on top of the
Mo layer at a temperature of 300 °C. Prior to the photolithography process, the samples are
coated with photoresist AZ1505 with a thickness of 600 nm. The exposure is done using a
Direct Write Laser Lithography (DWL 2000) with a 405 nm laser line using a focus setting of

50 and an intensity of 60 % of the total laser output. The used pattern had dimensions of

40000 x 40000 ;tm and the exposures took around 20 minutes. Afterwards, the sample is

developed for 60 seconds, using the developer AZ400K:H.O 1:4. Afterwards, a physical
etching process is performed through the dielectric exposing Mo, allowing for contact of the
rear electrode to the CIGS. For this purpose, a reactive ion etching (RIE) process on SPTS
ICP is used which according to our experience, does not change the contact properties of the
Mo with CIGS.[?®l The system is capable of etching deep sub-micron features with near
vertical sidewalls (anisotropic) and provides good selectivity. Helium gas is used for aiding
backside cooling of the substrate. Ar, BClz and Cl, are introduced into the main chamber.
3000KW & 13.56MHz RF Power Supply is used on the source generator achieving a
selectivity of 0.4:1 of Al.O3 to AZ1505. Finally, to remove the remaining resist, the samples
are dipped in acetone and put to ultrasound for 20 minutes. After that, the procedure is
repeated using deionized water for 5 minutes.

Figure 1 shows a summary of the trenches fabrication steps used in this work and a schematic
of the layers and the structures fabricated for the implementation of the rear contact

passivation.
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Figure 1 — Description of the fabrication process of the passivation layer.

Six sets of samples were fabricated. Each sample had a specific pattern and had 32 cells
fabricated. The first set is a reference solar cell with the regular CIGS solar cell structure,
SLG/Mo/CIGS/CdS/i-Zn0/ZnO:Al/Ni/Al/Ni grid. On all the other samples, SiO2 was
implemented as passivation layer, with the following structure: SLG/Mo/SiO2/CIGS/CdS/i-
ZnO/ZnO:AI/Ni/Al/Ni grid. The solar cell processing is explained in detail elsewhere 24 and
for the CIGS, the layer was co-evaporated at 550 °C resulting in a thickness of 450 nm and
composition [Cu]/([Ga]+[In])=0.7, [Ga]/([Ga]+[In])=0.3 as measured by X-ray fluorescence.
Na was introduced as a NaF precursor layer with 3 nm. For the passivation sets, a trench
configuration was implemented with line widths of 700 nm and 1400 nm, with variable pitch
distances of 2, 4 and 8 um. The pitch is defined as the inter-distance between the start of two

consecutive lines, as shown in Figure 2.

700 ny 2000 nm,

Dielectric
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Figure 2 - Schematic showing some of the structures used: on the left sample HO.7Pitch2 and on the right
sample HO.7Pitch8.

Summarized information is found in Table 1 where the values of the contact and passivation
area are also shown. With regards to the reference sample, we note that the substrates that
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were used as references were from the same Mo batch and that these substrates were moved

between processing together with the patterned substrates to ensure a fair comparison.[?°!

Table 1 - Summary of the samples produced in this work as well the exposure details. The sample naming
follows the convention “Hx.x” for hole dimension, “Pitch” for the distance between holes with dimensions given
in micrometers.

Exposure details
Sample name Line Width Pitch Contact area
(nm) (nm) (%)
HO.7Pitch2 0.7 2 35
HO.7Pitch4 0.7 4 17.5
H1.4Pitch4 1.4 4 35
HO.7Pitch8 0.7 8 8.75
H1.4Pitch8 1.4 8 17.5
Reference No passivation layer

As sub-micrometer features can be challenging to be fabricated using standard
photolithography processes, a study of the substrate preparation is needed. Hence, AFM was
used to investigate if the desired pattern is produced, as shown in Figure 3 a) and b). All of
the substrates showed precise well-defined trenches, however, here we only report on the
results of a single pattern for simplicity reasons. The analysis shows a trench that is quite
vertical with dimensions similar to the desired ones as expected since the RIE etching process
we use provides quite vertical structures and has been optimized for these substrates. The line
scan clearly shows that the SiO2 layer was fully etched, i.e. Mo is exposed, as the hole has a
depth of ~ 37 nm and the SiO> etched layer has a thickness of 25 nm, as showed in Figure 3
c). The thickness difference is due to over-etching of the Mo, which we performed to ensure
that the SiO> layer is uniformly open through the whole sample. A sub-micrometer opening of
the SiO2 layer is achieved, hence, the desired objective of having sub-micrometer openings
performed by photolithography was accomplished.

Next, we performed SEM cross-section images of the complete solar cells to analyze if the
SiO; layer located at the rear would significantly influence the morphology of the CIGS layer
and to evaluate film adhesion. This analysis is also important to verify if the passivation layer

survives the harsh CIGS growth conditions.
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Figure 3 - AFM analysis of SLG/Mo/SiO, substrate. Both a) and b) show a 3D representation of sample
HO0.7Pitch2 and c) a depth line scan.

The reference solar cell and two samples, HO.7Pitch2 and HO.7Pitch8 were analyzed and the
resulting images are shown in Figure 4. The SiO> layer, with 25 nm, is challenging to observe
due to its thin thickness and its insulating properties, however, in Figure 4 b) and c), dark
layer is observed in between the Mo and the CIGS layer. In fact, in the case of the Figure 4 c),
a hole is present at the left part of the image (highlighted by a circle). These images show that
the SiO2 layer survives the harsh CIGS growth conditions and that there are no adhesion
problems. Furthermore, all the samples show the same CIGS morphology with similar grain

size, indicating that the SiO layer did not make significant changes to the CIGS structure.
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Figure 4 - SEM cross-section images of the following complete solar cells: a) refe
HO.7Pitch8. The circular area of ) represents an opening in the SiO. layer.

Having shown that sub-micrometer features could be prepared with the desired specifications
and that these substrates survive the CIGS growth process, we measured the J-V and EQE
behavior of the resulting cells. Representative curves are shown in Figure 5 and average and
standard deviations values of the solar cell figures of merit are shown in Table 2. We note
that the presented Jsc values are corrected with the EQE behavior using the AML1.5 spectra to
obtain correct Jsc values which is a procedure usually needed in ultrathin devices. Hence, a
small mismatch between the J-V representative curves and the EQE representative curves
might exist. First, we note that this CIGS run has average quality as the reference device only
achieves a power conversion efficiency value of 5 % and this cell suffers from shunting and
series resistance as seen in the J-V plot. The reasons for this poor performance might be due
to the low GGI composition, the use of a non-optimized alkali concentration, etc. If we only
evaluate efficiency, then we notice that there are three passivation patterns that provide cells
with an increase in efficiency of almost 1 % (abs.) compared with the reference devices. What
is common to these three patterns is that its pitch distance is 2 and 4 um. We note that sample
HO0.7Pitch4 has a slightly high V¢ and low Jsc value, which might be due to a small difference
in the composition (GGI) and thickness values, however, the values are still close enough to
be comparable. Nonetheless, we can gather the samples in two groups, the first group is where
the samples both have an efficiency and a value of Vo * FF higher than the reference one.
These samples, HO.7Pitch2, H0.7Pitch4 and H1.4Pitch4, show the typical effects of rear

passivation by showing a moderate improvement in Vo, a small improvement in Jsc and
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similar values of FF as the reference devices.[®®171% Hence, the hypothesis that SiO2 could be
used as a passivation material in CIGS is confirmed. The second group of samples with
HO0.7Pitch8 and H1.4Pitch8, are the ones where the pattern has a pitch of 8 um between the
SiO2 openings. These samples show significant problems in carrier extraction as seen by its
low values of FF and Vo * FF, which results in efficiency values lower than the ones of the
reference device. Such low values are indications of a high contact resistance of the rear
electrode. The high contact resistance can be explained by hole accumulation in the rear
interface and large values of current density in the small contacts that can lead to Auger
recombination with negative impact in the solar cell performance.l?®! With regards to the
passivation effect, we can focus on samples with the same pitch, so that the contact resistance
is comparable, HO.7Pitch4 (580 mV) versus H1.4Pitch4 (521 mV) and HO.7Pitch8 (518 mV)
versus H1.4Pitch8 (400 mV). Here, for the patterns with the same pitch, it is demonstrated
that the pattern with the smaller trench dimension (i.e. the pattern with the highest passivation
area) always shows the highest values of Vo, a good indication that the rear recombination
still has an effect. These results show that there are two effects that influence the electrical
behavior of these solar cells. The first effect is connected with the pitch distance and in this
experiment it is the dominant effect. If the pitch is too large, it will lead to high values of
contact resistance resulting in a degradation of the solar cell performance. The second effect is
the rear recombination, for the same pitch distance, high values of passivated area provide
cells with better performance. A method to estimate contact resistance between these layers,
like transmission line measurement (TLM), would be needed to extract definitive conclusions
on the contact properties.

Furthermore, all of the passivated solar cells show a higher optical reflection in the long
wavelength regime of the EQE behavior and also an increased Jsc. From modelling results it is
known that the passivation of the rear interface leads to some increases in Voc and to moderate

increases in Js.[*8% Henceforward, part of the Js increase can be explained from the
9
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passivation effects of the SiO> layer. However, the increased reflection of the devices is from
light that is not absorbed by the CIGS, is reflected at the Mo/SiO», and exits the solar cell.
Hence, the introduction of the SiO> layer changes the rear reflection but compared with the
reference some light still exits the solar cell. Light trapping is then needed to take advantage
of the rear increased optical reflection, in good agreement with other studies.[t7:19-2127-30]
From these simple measurements, it is hard to find a quantification on the increase of the Js

between the increase in the reflection and the passivation effect.
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Figure 5 - a) J-V and b) EQE representative curves of a reference and of rear passivated solar cells. Figure b)
also shows the reflectance relative to a BaSO4 reference.

Table 2 - Average and standard deviations of 32 cells. The figure of merit Voc*FF, ideality factor, Gshun: and
Rseries are also presented.

Graph Ideality

EQE * N
C:’(',z:’ (mjz\c/cmz) (k\c/) (5/:) f;f) Vf;vsF Factor (mc;s::ur:'z) (o: m.cm?)
HO.7Pitch2 180'.2321 i057 i’é’é 577+0.99 315 2.4 11(5?1?6 1.5+0.1
HO.7Pitch4 J_}%"zg igf i‘é 5.84+0.50 @ 342 2.2 ;f; 1.440.2
H1.4Pitch4 37535 3232 ji'.lz 577+058 | 307 2.0 iz‘lz.g 1 1.00.3
HO.7Pitch8 1}71?)3) 51186 :66'.31 428+0.79 | 240 3.4 illzfg . 2.6:0.7
H1.4Pitch8 iii; fgg 3232 2.83+0.44 | 168 3 ;f;; 3.3+1.0
Reference i%%(i :3166 jzi 4,93 £0.57 294 2.3 12(.)?558 1.740.5

In this paper we have shown that SiO> is a material that passivates the CIGS rear interface of
ultrathin solar cells with gains in power conversion efficiency of 1 % (abs.) compared with

reference devices. This study expands the choice of passivation materials already known 2234
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and its fabrication techniques. The most important conclusion from this paper is that for flat-
Ga ultrathin CIGS solar cells, the pattern of the contacts on the passivation layer is quite
important since two competing effects take place. On one hand, low values of contact area are
needed to increase the effect of passivation, however, these values must not be made with
large electrode distances as these increase contact resistance and lead to low FF and Voc
values. Hence, a passivation pattern that has very low contact areas that keeps its electrodes
separated at sub-micrometer distances would be ideal.
We have shown that conventional lithography can be used for the creation of a passivation
layer that leads to solar cells with power conversion efficiency values higher than reference
devices, however, these patterns are likely not optimal and the use of this industrial-friendly
technique needs to be optimized in future works. Furthermore, the SiO; layer itself can be
optimized in terms of fixed electrical charge and thickness, important parameters for interface
passivation.
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HO0.7Pitch2 and c) HO.7Pitch8. The circular area of c) represents an opening in the SiO: layer.
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Figure 5 - a) J-V and b) EQE representative curves of a reference and of rear passivated solar
cells.
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Table 1 - Summary of the samples produced in this work as well the exposure details. The
sample naming follows the convention “Hx.x” for hole dimension, “Pitch” for the distance
between holes with dimensions given in micrometers.

Exposure details |
Sample name Line Width Pitch Contact area
(nm) (rm) (%)
HO.7Pitch2 0.7 2 35
HO.7Pitch4 0.7 4 17.5
H1.4Pitch4 14 4 35
HO.7Pitch8 0.7 8 8.75
H1.4Pitch8 14 8 17.5
Reference No passivation layer ‘

Table 2 - Average and standard deviations of 32 cells for each pattern.. The figure of merit
Voc*FF, ideality factor, Gshunt and Reseries are also presented.

AN g v Bt Vo FE oo G Recris

code (mA/cm?) | (mV) (%) (%) (mvV) (mS.cm2) | (Ohm.cm?)
HO.7Pitch2 i%.z;l i057 5229 5.77 £0.99 315 2.4 1162.31?6 1.5+0.1
HO.7Pitch4 _j%ig isf jii 5.84 £0.50 342 2.2 izi.6:7 1.440.2
H1.4Pitch4 iiéi jéé jilz 5.77 £0.58 307 2.0 i'zlzgl 1.0+0.3
HO.7Pitch8 ;-1:); jllz :2‘1 4.28 +0.79 240 3.4 ilf:(?4 2.6x0.7
H1.4Pitch8 iii; :gg 3232_’ 2.83+0.44 168 3 i7i,3:9 3.3t1.0
Reference 12?4 ji‘; jzi 4.93 £0.57 294 23 12(.)?558 1.7+0.5
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Figure 2 - Schematic showing some of the structures used: on the left sample HO.7Pitch2 and
on the right sample HO.7PITCN8. ........coiiiii s 5
Figure 3 - AFM analysis of SLG/Mo/SiO; substrate. Both a) and b) show a 3D representation
of sample HO.7Pitch2 and c) a depth 1IN SCAN. ........ccoviiiiiiiiiiie e 7
Figure 4 - SEM cross-section images of the following complete solar cells: a) reference, b)
HO0.7Pitch2 and c) HO.7Pitch8. The circular area of ¢) represents an opening in the SiO; layer.
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