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Abstract

This work presents a novel method of local contact openings formation in an Aluminum Oxide
(Al,0s3) rear surface passivation layer by the selenization of the Lithium Fluoride (LiF) salt on
top of the Al,O; for ultra-thin CIGS solar cells. This study introduces the potentially cost-
effective, fast, industrially viable, and environmentally friendly way to create the nano-sized
contact openings with the homogeneous distribution in the thick, i.e., up to 30 nm, Al,O3
passivation layer. The passivation layer is deposited by atomic layer deposition (ALD), while
the LiF layer is spin-coated. Selenization is done in the H,Se atmosphere and the optimal
process parameters are deduced to obtain nano-sized and uniformly allocated openings as
confirmed by scanning electron microscopy (SEM) images. The contact openings were
produced in the different thicknesses of the alumina layer from 6 nm to 30 nm. Furthermore,
the aluminum oxide rear surface passivation layer with the contact openings was implemented
into ultra-thin CIGS solar cell design, and one trial set was produced. We demonstrated that the
created openings facilitate the effective current collection through the dielectric Al,O3 layer up
to 30 nm thick. However, the upper limit of aluminum oxide thickness in which the contact
openings can be created by the described method is not established yet. The produced
passivated CIGS solar cells show increased EQE response due to the optical enhancement of
the passivated cells. However, the production of solar cells on the Al,O3 passivation layer with
the openings created by selenization of LiF is not optimized yet.
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1. Introduction

Among existing thin-film solar cell (SC) technology, the
most efficient is Copper Indium Gallium (di)Selenide - Cu(In,
Ga)Se; (CIGS) with a world record of 23.35% in lab-scale [1].
However, the usage of rare materials with high price is the
limiting factor for industrial production of CIGS SC as 1 GW
CIGS photovoltaic module requires about 31 tons of indium
[2]. One way to decrease the production cost is to use an ultra-
thin absorber layer with a thickness of less than 1 pm.
However, for ultra-thin CIGS SC achieving efficiencies as
high as the thick one is highly challenging due to increased
back-contact recombination and incomplete light absorption
[3].

Rear surface passivation is a proven method to enhance the
SC efficiency by decreasing the level of rear surface
recombination and increasing the reflectance at the rear-
contact. One way to passivate the rear surface is using a
dielectric material in between CIGS absorber layer and back
contact. Aluminum Oxide (Al,Os3) is one of the most efficient
materials used for this aim [4]-[7]. Such a dielectric layer acts
as a barrier for charge carriers as well as for Sodium (Na)
diffusion from the soda-lime glass (SLG) substrate. However,
to be able to collect charge carriers from the absorber layer
electrical contact is facilitated by local point contact openings.

Existing contacting approaches applied to Al,Os rear
surface passivation layer are previously described [8].
However, these methods either significantly increase
production expenses, ie., e-beam lithography,
photolithography, nano-imprint lithography or using Mo
nanoparticles, or are limited to a thin alumina layer of 5 nm
[8].

It is published recently that alkali salt (Sodium Fluoride,
NaF) on top of the passivation layer (alumina) during CIGS
deposition process leads to the openings creation in the
passivation layer due to the selenization [9], [10]. However,
exceeding 6 nm alumina layer is not possible to obtain
sufficient openings with NaF [10]. After trying different alkali
salts to determine their effects on the creation of the openings,
we investigated that LiF is one of the best options to create
nano-sized openings in the thicker passivation layers. As a
result, this work investigates the new cost-effective method of
local point contact openings creation in the Al,Os rear surface
passivation layer by Lithium Fluoride (LiF) salt selenization
for ultra-thin CIGS SC.

2. Method

2.1. Openings creation in the Al,O3 layer

The used substrates consist of SLG with a barrier layer
(SiOxNy) and a sputtered Mo layer that serves as back contact
for the final device. The layers’ thicknesses in the
SLG/SiOxNy/Mo stack are approximately 3 mm, 50 nm, and

Table 1. The annealing parameters used for selenization
of the samples with the Al,O3 layer. The temperature and
time are given for each alumina layer thickness.

Al20s Iayﬁ:nthmkness’ Temperature, °C Time, s
6 540 450

8,10, 15 550 500

20, 25, 30 550 560

300 nm, respectively. To remove possible organic residues
and native oxide on top of the Mo layer, the substrate surface
is cleaned with, first, isopropanol and, second, ammonia
solution. The alumina layer is deposited on top of the Mo back
contact by ALD at 300°C. The precursors used for a process
are H,O and trimethylaluminum (TMA). The thickness of the
alumina layer is determined by the number of the cycles with
a nm/cycle rate of 0.17 as determined for Si substrate. The
tested Al,O3 thicknesses are 6 nm, 8 nm, 10 nm, 15 nm, 20
nm, 25 nm, and 30 nm. A water solution (1.6 M) of LiF is
spin-coated on top of the Al-Os layer by at 3000 rpm with an
acceleration of 3000 rpm/s. An Annealsys modulus is used for
samples selenization. During the selenization process, 4
samples are placed into the tool using a graphite sample
holder. The samples are heated in H,Se atmosphere and are
annealed at the specific temperature/time given in Table 1.
The parameters are experimentally investigated by aiming the
lowest thermal budget possible that results in repeatable
openings profile, see section 3.1 for details.

2.2. Rear surface passivated (RSP) CIGS SCs

2 types of the SC devices are produced: a reference and a
rear surface passivated (RSP) device, see Figure 1. For the
RSP device the Al,Os passivation layer with openings is
implemented as described in the previous part, while for the
reference sample the CIGS layer is deposited on the Mo back
contact. An ultra-thin 500 nm CIGS layer is co-evaporated
from open-boat sources in a high-vacuum chamber. The thin
5 nm NaF layer is deposited further as alkali post deposition
treatment (PDT) which is known to enhance the cell
performance [11]. Cadmium Sulfide (CdS) buffer layer is
deposited by Chemical bath deposition (CBD) and is followed
by intrinsic Zinc Oxide (ZnO) and Aluminum (Al)-doped
Zn0O (i-ZnO/AZ0) window layer RF sputtering. The front
contact Ni/Ag/Ni grid is evaporated through a shadow mask.
Finally, the device is mechanically scribed with a stylus, to
produce the individual test cells of 0.5 cm?. The back contact
is also reached by scribing. To avoid Mo oxidation, Silver
(AQ) paste is put on the reached part of the Mo back contact
immediately.

The finished ultra-thin CIGS SCs are characterized by
current-voltage (J-V) measurement under standard test
conditions of 1000 W/m? irradiation (AM 1.5 spectrum) at 25
°C. A one-diode equivalent circuit is used to interpret the
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Figure 1. Schematic representation of the produced devices:
A - reference sample, B - RSP sample.

obtained J-V characteristics. Using J-V curves, the Vo, Js,
FF, and efficiency values are deduced. For the External
Quantum Efficiency (EQE) measurements, a SC is
illuminated with monochromatic light of 350-1300 nm with
10 nm steps. More details on the data analysis are available in
the Supplementary materials.

Atomic force microscopy (AFM) measurements were
carried out using the NX10 AFM of Park systems. A SCM-
PIT-V2 probe was used (Nominal k = 3 N/m) and the
topography was measured using pinpoint mode. Pinpoint
mode ensures a uniform gentle force applied to every pixel in
the image, reducing lateral forces that act on the sample due
to the lateral movement of the probe.

3. Results and discussion

3.1. Openings in the Al,Os passivation layer

The described method of contact openings creation, i.e.,
selenization of alkali salt (LiF) on top of the Al,O5 passivation
layer, succeeds to create openings in all tested alumina layer
thicknesses from 6 to 30 nm, as confirmed by SEM images,
see Table 2. The far view images demonstrate the

homogeneous distribution of the openings. The close view
images show a typical openings profile, while the white
bubble-like dots on the images are the not released openings.
Experiments were conducted several times ensuring the
repeatability of the method. To demonstrate that the open
white structures observed with SEM are actually holes in the
alumina layers reaching the molybdenum layer, AFM and I-
V measurements were used. In Figure 2, an AFM topography
image and depth profile are shown for a single opening in the
thickest tested alumina layer of 30 nm. If the green line is
followed simultaneous with the depth profile, it is seen that
the opening follows a crater like profile going all the way
down through the Mo layer to the back contact. The thickness
of the hole is around 330-400 nm. As during the measurement,
the needle goes all the way down to the SLG, so the scale
includes the thickness of alumina (30nm) and Mo (=330nm)
layers. Debris of about 150 nm thick can be seen around the
hole, implying that the material within the hole is deposited
around it. This latter is confirmed with the 1-V curve for CIGS
solar cell produced on the thickest tested alumina layer of 30
nm -which is given in Supplementary material on Figure S4
- to demonstrate the current collection through the openings.

As experimentally investigated, to obtain such openings in
the alumina layer, three conditions should be satisfied
simultaneously:

i) enough LiF on top of the Al,O3 layer
The volume of LiF solution (1.6M) used to spin-coat on 5x5
cm? sample must be at least 3.2 mL. If the amount of the salt
is less, openings are not formed homogeneously, see
Supplementary material Figure Sl-a. While higher salt
content nearly has no influence on the openings distribution,
however, requires increased material wastage.
i) Selenium (Se) presence during annealing
(selenization)

Selenization can be done in pure Se or in H,Se atmosphere.
The second approach is preferable due to shorter process time,
homogeneous openings distribution, and nearly zero defects
on the surface, unlike the first approach, see Supplementary
material Figure S2.
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Figure 2. AFM image of the single opening in the 30 nm Al,Os layer. A — topography image, B — depth profile measured along

green line on A.
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Table 2. SEM images of the openings released in the Al,O3 layer by LiF after selenization at time/temperature given in

Table 1.

Al:Os

thickness 6 nm

6 nm

Far view
image

10 nm 15 nm

Close
view
image

AlO3
thickness

Far view
image

Close
view
image

iii) enough annealing time and temperature
Sufficient annealing time and temperature should be ensured,
otherwise, openings formation is suppressed, see
Supplementary material Figure S1-b. For the cost-efficient
technique, it is important to keep the thermal budget as low as
possible. Thus, the lowest temperature in combination with
the shortest time that ensures the repeatable process of the
openings creation with the homogeneous distribution is
considered as an optimal. Moreover, the increase of the
selenization temperature/time leads to the unwanted increase
of the openings size. As a result, the optimal parameters, see

Table 1, change slightly with the increasing thickness of the
alumina layer.

The importance of homogeneous distribution of the
openings and their size variation comes from the theoretical
calculation based on analogy with Si SC with the Al;O3
passivation layer. Assuming the electron diffusion length of
0.75-1.5 pm, the openings’ size of 200-400 nm with 1.5-3 um
pitch is considered as the optimal. For such distribution, the
contacting area for CIGS SC should be around 2-5 % for the
efficient current collection [12].
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3.2. Mechanism of the openings’ creation

It is probable that the origin of the openings creating is
caused by degassing of alumina ALD layer. It is supposed that
trapped gases inside the alumina layer elongate the alumina
surface during the selenization process. Thus, the “bubbles”
are created that can explode due to pressure difference and
result in openings formation. Similar blistering of ALD Al>O3
layer as a result of gaseous desorption during temperature
treatment was described previously, see [13]. However, such
effect was observed only for a thick alumina layer and no
blistering was observed for the thin one that is used in current
research. The possible reason is that a thinner Al.O; layer
contains less trapped gases inside. Thus, additional gas
encapsulation into thin alumina layer is needed, and possibly
is provided by the high temperature local reactions between
H2Se and LiF. This hypothesis explains the requirement of
LiF and HSe presence for the openings production.

Existing experience of local contact openings creating
with alkali salts includes only fluorine salts. To check if the
presence of Fluorine (F) during the selenization is essential
for the openings production, experiments with NaCl instead
of LiF are conducted. The 6 nm thick alumina layer is used
for this experiment with the same selenization parameters as
for LiF salt, i.e., 540 °C during 450 s in H,Se atmosphere. The
resulted SEM image after selenization is presented in Figure
3, where the openings are seen. The difference in the obtained
openings profile comes from alkali element change, which is
Na instead of Li, and non-optimized process for NaCl. As a
result, it is found that alkali element of alkali salt has the key
role in the openings formation process. However, the
complete mechanism of openings production is still
investigated.

3.3. Openings characterization

To investigate the openings’ size and distribution, close
view SEM images are further used for analysis with
GWYDDION software [14], see Supplementary material.

If the distribution of the equivalent diameters of the
openings plotted for each alumina layer thickness is
investigated, it is seen that there is no correlation between the
alumina layer thickness and the size of the created openings,
see Supplementary material. Thus, in Figure 4, the
summarized openings distribution is represented, while
including the results from all tested samples regardless the
Al,O3 layer thickness. According to Figure 4, at average

Figure 3. SEM images of the openings released in the
6 nm alumina layer with NaCl after selenization at 540 °C
during 450 s in H,Se atmosphere (10-kx magnification).

around 95% of the produced openings have the equivalent
diameter of less 700 nm.

In Table 3 the percentage of the released opened area in
the different alumina layer thicknesses is given. Again, no
dependence of the opened area values on the thickness of the
passivation layer is observed. The average opened area of the
alumina rear passivation layer is around 2.5%. The difference
between the maximum and minimum values of the opened
area is caused by a small size of the analyzed region (30 um
x 30 pm) presented on one SEM image, as high magnification
images allow to precisely see and further characterize the
single opening precisely. However, the general homogeneity
of distribution is not represented on the close-view images.
Consequently, it is essential to analyse at least four close-view
images from one sample to estimate the representative
average value of the opened area of the whole sample.

To summarize this part, the openings in the alumina layer
produced by LiF selenization are nano-sized and well
distributed over the sample. Moreover, the low average
opened area value indicates that around 97.5% of the alumina
layer is kept unopened. Based on theoretical predictions, such
distribution is believed to be preferable for the rear surface
passivation of the ultra-thin CIGS SC [15]. Moreover, this is
the first time that nano-sized local contacts are created in a
thick, i.e., 8-30 nm, ALD alumina layer using such a low-cost
technique.

Table 3. The opened area (average, minimum, maximum values) released for the samples with the alumina passivation
layer. The values for each Al,O3 layer thickness are indicated. The average values are calculated for 3 samples, while
analyzing 4 images per sample. The minimum and maximum values are obtained from the single image analysis. The

average value for all tested RSP samples is given.
Opened area,

Al203 thickness, nm

Average for all

% 6 8 10 15 20 25 30 RSP samples
Average 2.4% 2.7% 1.9% 1.8% 3.6% 2.2% 2.9% 2.5%
Minimum 0.5% 0.8% 0.9% 0.7% 1.4% 0.4% 0.9% 0.8%
Maximum 3.7% 5.4% 3.3% 3.0% 7.5% 3.5% 6.7% 4.7%
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Figure 4. Total size distribution of the equivalent
diameters of the openings created in the Al,O3 dielectric layer
for all tested Al,O3thicknesses from 6 nm to 30 nm.

3.4 Electrical and optical characterization of RSP CIGS
SCs

To test the passivation effects of the Al,Os dielectric layer
with openings created by selenization of the LiF salt, one trial
set of ultra-thin CIGS SCs is produced. The parameters of SCs
are obtained from the J-V measurements, see Figure 5. For
the most efficient cells, the Jsc values are extracted precisely
from EQE spectral response, the procedure is described in

Supplementary material. These values are indicated as black
dots in Figure 5-A.

The low V. values, see Figure 5-B, are observed for all
RSP samples compared to the reference. However, it was
expected that the introduced alumina passivation layer
increases the Vo, due to reduced rear surface recombination
and decreased concentration of the rear surface defects. The
low Vo values of the passivated samples might be caused by
detrimental impact of LiF [16] on CIGS absorber layer
composition and, thus, band gap. Moreover, double annealing
of the dielectric layer can also affect the V. values due to
degradation of alumina passivation properties, see more
information in Supplementary material. These parts are still
open to further investigation.

On the other hand, a slight increase of Js; values of the RSP
SCs compared to the reference is noticed in Figure 5-A.
However, as explained in detail in [17], there is a barrier for
photocurrent, and under AM 1.5 illumination, the high current
density is not able to pass that barrier. However, the small
current density can pass that barrier during the quantum
efficiency measurement. Besides the difference in measured
instrument, this minor increase can be related to either
compositional and/or thickness differences, or the optical
effect due to introduced rear passivation layer with nano-sized
contact openings [18]. Since this is the first attempt of the
solar cell production with this method, it is open for further
improvements.

The increase in EQE response for long wavelengths
implies the optical enhancement due to created passivation
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Figure 5. Statistical representation of the electrical parameters of the CIGS SCs obtained from the J-V measurements at
global 1.5 AM spectrum. A) Short-circuit current Js, while the black circles represent Jsc values that are extracted from the
EQE measurements for the most efficient cells. B) Open-circuit voltage V.. C) Efficiency of the cells. D) fill factor FF. The
name of an RSP sample corresponds to the thickness of the introduced rear surface passivation layer, i.e., Al,O3 thickness. A
reference (REF) sample is positioned before the RSP samples that are produced in the same run.
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layer at rear surface [18], see Supplementary material Figure
S3. For the samples with Al,O3 thickness of 6 nm, 10 nm, 20
nm, 25 nm, and 30 nm, the better EQE response for all
wavelength above 550-600 nm is shown. For the thinner 6 nm
and 10 nm alumina layers, this enhancement is mainly due to
the light scattering from the edges of the nano-sized openings
[15]. Starting from the 20 nm alumina layer, the increase of
quantum efficiency is caused by both scattering from the
edges of the nano-sized openings and rear surface reflectance
improvement due to dielectric alumina layer [15]. However,
the enhancement of the quantum response for the 8 nm and 15
nm RSP CIGS SCs is shown only for the longer wavelength,
i.e., above 950 nm and 660 nm, respectively. Also, the
recalculated Jsc values from EQE measurements for these
samples are lower than for the reference samples, see Figure
5-A. However, it can be associated with the particular defects
of the measured cells and is not connected with the
passivation layer thickness.

Unfortunately, there is no FF and efficiency improvement
of the passivated SCs compared to the reference samples, see
Figure 5-C and -D. Since the creation of the openings is not
yet a controllable process like lithography, the distribution,
the size, and the population of the contact openings is not
optimized. This fact, unfortunately, could lead to the
decreased FF values for the passivated cells. This random
process leaves regions with the insufficient opened area (see
Table 3, minimum values) where openings are too small and
separated at long distances. Thus, further optimization is
needed to deduce the best value of the opened area of the
passivation layer for the ultra-thin CIGS SC production.
Moreover, as values of series and shunt resistance for
reference and passivated samples are similar, see
Supplementary material Figure S5, we suggest that low Vo
values of the RSP samples is responsible for FF and efficiency
degradation. However, if the origin of the low V. values
would be found and tackled, electrical improvement of the
ultra-thin CIGS SCs is expected.

To conclude this part, the first trial set of the ultra-thin RSP
CIGS SCs with the Al,O3 rear surface passivation layer of
thicknesses from 6 to 30 nm were produced, and decent
current collection was provided through contact openings.
However, we could not detect the passivation effect for all set
of RSP samples. Moreover, we could not find any dependence
of the electrical and optical parameters of the ultra-thin CIGS
SCs on the Al,Os layer thickness. For the further
investigation, the origin of the low Vo values needs to be
found, and the SC production process should be optimized.

4. Conclusions and outlook

This work presents the method of local nano-sized contact
openings creation in the Al,Os rear surface passivation layer
by using LiF salt selenization. The described method is a
unique, cost-effective way of contacting through the

passivation layer that succeeds to create contact openings in
the ALD alumina layer of the thickness up to 30 nm.
However, the upper limit of the Al,O3 layer thickness is not
yet established and is open for the further study. As confirmed
by SEM images, the resulted openings are nano-sized, i.e., at
average more than 95% of the openings is less 700 nm in
diameter, and homogeneously distributed over the sample. At
the same time most of the Al,Os surface is kept unopened to
ensure the effective passivation, while at average 2.5% of
surface area is left for contacting.

A one trial set of ultra-thin CIGS SC is produced on the
passivated substrates with the Al,Os layer thicknesses of 6
nm, 8 nm, 10 nm, 15 nm, 20 nm, 25 nm, and 30 nm. The
gained results demonstrate adequate current collection for all
alumina layer thicknesses up to 30 nm and thus the
effectiveness of the applied method for the openings creation.
Moreover, for longer wavelengths, EQE response is enhanced
by (i) enhanced rear surface reflectance, and (ii) light
scattering from the openings’ edges. However, due to the low
Voc values, the FF and efficiency of the RSP cells are
degraded. Thus, the source of the Vo values decrease in the
passivated samples needs to be investigated as well as the way
of the ultra-thin CIGS SCs production on top the described
passivation layer needs to be repeated and optimized.

Nevertheless, the described method of LiF selenization on
top of Al,Os layer has a potential for further use in ultra-thin
CIGS SCs. The main reasons for industrial viability are the
followings: repeatability of the process, potentially quick and
low-cost processing, possibility to create contact openings in
the relatively thick alumina layer up to 30 nm. As the
increased thickness of the passivation layer provides the better
passivation effect [15], [19], further reducing of the CIGS
absorber layer thickness while keeping its performance is
possible.
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