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Abstract: Cu(In,Ga)Se, (CIGS)/CdS thin-film solar cells have reached, at laboratory scale, an
efficiency higher than 22.3%, which is one of the highest efficiencies ever obtained for thin-film
solar cells. The research focus has now shifted onto fabrication processes, which have to be easily
scalable at an industrial level. For this reason, a process is highlighted here which uses only the
sputtering technique for both the absorber preparation and the deposition of all the other materials
that make up the cell. Particular emphasis is placed on the comparison between different precursors
obtained with either In,Se; and Ga;Ses or InSe and GaSe as starting materials. In both cases,
the precursor does not require any heat treatment, and it is immediately ready to be selenized.
The selenization is performed in a pure-selenium atmosphere and only lasts a few minutes at a
temperature of about 803 K. Energy conversion efficiencies in the range of 15%—16% are reproducibly
obtained on soda-lime glass (SLG) substrates. Similar results are achieved if commercial ceramic
tiles are used as a substrate instead of glass. This result is especially useful for the so-called building
integrated photovoltaic. Cu(In,Ga)Se,-based solar cells grown directly on ceramic tiles are ideal for
the fabrication of ventilated fagades in low impact buildings.
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1. Introduction

The price of photovoltaic (PV) systems has decreased by about 75% in the last 10 years. Nowadays,
PV appears as a cost-competitive, reliable, and sustainable electricity source [1]. Thin-film solar cells
are one of the most promising technologies for the production of “clean” and low-cost energy. This is
due to a greatly reduced consumption of semiconductor material and to the fact that solar cells can be
manufactured on inexpensive large-area substrates. In this way, PV modules with a final cost well
below US $0.50 per peak Watt (Wp) can be produced.

One of the most promising thin-film solar cells is represented by the Culn;_xGaxSe;-based
cell because it has a high optical absorption coefficient in the visible part of the solar light and a
tunable band gap that varies from 1.04 eV (for CulnSe;) to 1.68 eV (for CuGaSe;) [2]. As Cu(In,Ga)Se;
(CIGS)-based solar cells are normally built in substrate configuration, the substrate must not necessarily
be transparent, and this device structure makes it possible to use different substrates in addition to the
typical soda-lime glass (SLG). CIGS-based devices have been successfully grown on opaque substrates
such as ceramic tiles and on flexible substrates such as polymers and thin metal sheets (stainless steel,
titanium, tantalum, copper, aluminum, molybdenum) [3,4].
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Recently, Solar Frontier has announced a record efficiency of 22.3% on a 0.5 cm x 0.5 cm
CIGS-based cell. This result represents a world record for all thin-film solar cells [5].

Here, we review the latest work performed by our Thin Film Laboratory (ThiFiLab) and, in
particular, the comparison between devices obtained with different starting precursors, namely, In,Se;
and Ga,Ses versus InSe and GaSe. In both cases, the precursors are deposited by sputtering and
selenized immediately afterward. The selenization stage is performed in a pure Se atmosphere, which
makes this technique environmentally sustainable.

The work’s main objective is to identify which particular sequences of precursor layers—crucial
agents for the formation of a CIGS absorber film—yield the highest value for both solar cell
photovoltage and photocurrent. One such sequence of starting layers, which was found to bring
about a V-shaped distribution of Ga inside the CulnGaSe; film, has been discovered and examined.
The following points summarize the benefits of this special Ga distribution:

e  The greater the concentration of gallium is, and the larger the gap of CulnGaSe;.

e A high-gap material in the junction region ensures a high built-in potential allowing for
greater photovoltage.

e  Where the concentration of gallium is lower, the energy gap of the material is also narrower,
increasing its ability to absorb photons with longer wavelengths. As a result, a higher photocurrent
can be achieved.

e A high-gap material at the back contact could repel the minority carriers back into the grains,
increasing their lifetime.

If all these requirements are complied with, the resulting solar cells will exhibit energy conversion
efficiencies well above 16%. This process can effectively yield high-efficiency solar cells, and it is easily
scalable at an industrial level. The devices fabricated on commercial ceramic tiles obtained similar
results, with efficiencies as high as 14%. The PV tiles are particularly suitable for the production of
ventilated walls, widely used in the construction of low energy-consumption buildings.

2. Process Description and Experimental Results

2.1. The InySe3, GaySes, and Cu System

The CIGS solar cell fabrication starts with a direct current (DC) magnetron sputtering deposition
in an argon atmosphere of amolybdenum back contact on a 4-mm-thick SLG substrate. Then, an In,Se3,
GaySes, and Cu sequence is deposited on top of the molybdenum film in the same sputtering chamber
without breaking the vacuum [6].

In particular, this process involves a radio frequency (RF) magnetron sputtering deposition of a
1000-nm-thick In,Ses film at a substrate temperature of about 670 K, with 3.3 W/cm? power density at
a deposition rate of 1 nm/s under a 0.5 Pa argon pressure (this deposition rate was measured with a
quartz micro-balance, while film thickness was measured with a profilometer) [7]. On top of the In,Se3
layer, a 330-nm-thick Ga,Ses film is deposited by RF magnetron sputtering, at a substrate temperature
of about 720 K, with a 1.8 W/cm? power density at a deposition rate of 0.4 nm/s under a 0.2 Pa argon
pressure. Immediately after, a 180-nm-thick Cu film is deposited by d.c. magnetron sputtering, at a
substrate temperature of about 620 K, with a 1.8 W/cm? power density at a deposition rate of 0.6 nm/s
under a 0.2 Pa argon pressure (Figure 1a). The difference between the deposition temperatures of these
layers is due to the high reactivity and diffusivity of copper. Its diffusion increases as temperature rises.
Cu reactivity is so strong that it induces surface segregation of secondary phases and partial separation
of the crystalline grains, which negatively affect film uniformity. This problem can be avoided by
depositing Cu on top of the Ga,Se; film at low substrate temperature (<620 K). By performing a
further annealing in vacuum at a temperature of 670 K, a uniform film with enhanced single-phase
crystallization is finally obtained. The compositional uniformity of the precursor material allows the
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selenization process, which is performed in a pure-selenium atmosphere for 10 min at a temperature
of about 800 K.

Cu (~ 180 nm) Cu (~ 220 nm) GaSe (~ 250 nm)
Ga,Se, (~ 330 nm) GaSe (~ 320 nm) Cu (~ 230 nm)
GaSe (~ 150 nm)
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Figure 1. The different precursor layers and sequences used to obtain the absorber material
reviewed in this article: (a) first method: deposition in sequence of InySe3—Ga,Se3—Cu; (b) second
method: deposition in sequence of InSe-GaSe—Cu; (c) third method: deposition in sequence of

InSe-GaSe-Cu-GaSe.

The CIGS absorber material prepared according to this method displays a uniform morphology

throughout the whole substrate area, as can be seen in Figures 2 and 3.
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Figure 2. SEM image of the: (a) morphology of the as-deposited InySe3-GaySe3—Cu precursor sequence;
and (b) the resulting Cu(In,Ga)Se; (CIGS) layer after selenization.
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Figure 3. X-ray diffraction (XRD) spectrum of the CIGS layer after selenization, obtained using In,Se3,

GaySes, and Cu as starting materials.
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This material can be obtained with a similar morphology and composition even when a vacuum
annealing is not performed before the selenization stage with the great benefit of a strong reduction
in the process time. The highest photovoltaic parameters exhibited by solar cells produced with this
absorber material are the following: open-circuit voltage Voc = 530 mV, short-circuit current density Jsc
=35.16 mA /cm?, fill-factor FF = 58%, and efficiency 1 = 10.81%. Measurements were performed at 298
K under 100 mW /cm? air mass (A.M.) 1.5 filtered light (standard conditions) (Current Density-Voltage
(J-V) curve in Figure Al, sample #2012). It is possible, in these thermodynamic conditions, that a
CulnSe; (CIS) matrix with a more ideal crystal structure can form, preventing the lattice defects
from trapping the photo-generated carriers and allowing them to be collected and transported more
effectively through the junction.

In order to obtain CIGS-based solar cells of higher efficiency, a proper distribution of a
Ga concentration within the absorber material is needed. In particular, an accurately tailored
double-graded Ga concentration may allow for the engineering of a specific energy gap (Eg) design
(Figure 4). If this design is followed, a back grading will provide an additional drift field for the minority
electrons, and this will in turn improve carrier collection and reduce back-contact recombination [8-10].
A second Ga grading will appear near the CIGS/CdS interface where the Ga concentration will be
made higher towards the p-n junction. This superficial grading region must be kept thin enough, well
below 20 nm, to let carriers overcome this barrier or pass through it by a tunnel mechanism. This
makes it possible to increase the Voc. In order to increase, as much as possible, the amount of solar
photons absorbed inside the space charge region, a low Eg layer has to be produced inside the absorber.
This layer, with a thickness of about 1000 nm, can increase the long wavelength absorption and thus
supply a higher amount of photo-generated carriers [11,12].

Front p-type Absorbing Material Back
Contact Contact
. A
Conduction band
A \
A E(:3
Eg
E;,
\ 4 Y v

Valence band
Figure 4. Band diagram of an optimized Ga double-graded CIGS absorber material [9].

Unfortunately, the precursors prepared with the aforementioned procedure that were thought to
result in a CIGS absorber layer with enhanced photovoltaic properties did not produce the desired
result, as can be seen in the in-depth profile analysis obtained with secondary ion mass spectroscopy
(SIMS) (Figure 5).

GaySes is not the ideal Ga-based starting material to allow the Ga to react correctly with the other
elements because it does not release enough Ga during the reaction of Cu and In with selenium. As a
result, an In-rich absorber layer is obtained instead of a Ga-rich surface layer.

With the aim to produce solar cells of higher performance, the reactivity of the starting materials
has to be adjusted to obtain an improved Ga distribution within the absorber layer. To achieve this
condition, In,Se; and Ga;Ses precursors have to be replaced with other materials, which can interact
more effectively with one another. For this purpose, In,Se; was replaced with InSe, whereas Ga;Se;
was replaced with GaSe.
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Figure 5. (a) Secondary ion mass spectroscopy (SINS) in-depth profile spectrum of the CIGS layer, after
selenization of InySe3—GaySe3—Cu stacked layers. To make the spectrum more legible, the Mo signal
was removed; (b) detail of the Ga/(In+Ga) ratio along the CIGS layer thickness.

2.2. The InSe, GaSe, and Cu System

By using the process conditions already optimized for the method described above, In;Se; was
replaced with InSe to obtain a more effective interaction with the other constituents [7,13]. As InSe is
more reactive than InySes, it can probably release In into the absorber material in a more uniform way.
InSe allows for the formation of a better CIS matrix with the correct stoichiometry on a larger portion
of the absorber, enhancing both its optical and electronic properties. The InSe film is deposited at a
670 K substrate temperature, by RF. magnetron sputtering with a 3.3 W/cm? power density discharge,
under a 0.5 Pa argon pressure (1.2 nm/s deposition rate).

As mentioned, Ga;Se3 was replaced with GaSe. This material exhibits a lower melting point
and decomposes at a lower temperature with respect to GaySes. It could release Ga atoms more
easily, allowing for a better interaction with the other elements, especially with copper. Furthermore,
GaSe was found to have a thermal stability similar to that of Ga,Ses, and uniform and homogeneous
polycrystalline GaSe films can be successfully obtained at deposition temperatures that are as low
as 670 K. GaSe is deposited by RF magnetron sputtering, with a 1.8 W/cm? power density under a
0.5 Pa argon pressure (0.3 nm/s deposition rate). InSe, GaSe, and Cu were deposited in sequence
as described above (Figure 1b). In this case, Cu can be sputtered onto GaSe at the same deposition
temperature (about 670 K) without causing any collateral issues inside the precursor, while improving
surface uniformity. The XRD spectra of the as-deposited precursor layers and of the same film after
the selenization process are showed in Figure 6a,b respectively [14].

u o
1 e CulnSe, e CulnosGaosSe2
— » |
=] * InSe 3 CulnosGao.sSe2
. 4
< .
et " GaSe &
) 2 .
B =
g c o
] . ks
"““LI”J L\MAJ e ° o ° g
O

10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
Two theta (degree) Two theta (degree)
(a) (b)

Figure 6. Grazing incidence XRD spectra of: (a) InSe-GaSe—-Cu-based precursor layers and (b) the
same sample after selenization.
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SEM images (Figure 7) show the superficial uniformity of the precursor stack and of the absorber
layer immediately after the selenization step. This CIGS film is more compact and dense when
compared with the CIGS film that was prepared starting with GaySes and In;Ses, and exhibits an
average grain size larger than 1 pm.
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Figure 7. SEM images of the: (a) morphology of the as-deposited InSe-GaSe—-Cu precursor sequence;
and (b) the resulting CIGS layer after selenization.

The highest photovoltaic parameters exhibited by solar cells produced with this absorber material
are: Voc =560 mV, Jgc = 34.92 mA /cm?, FF = 64%, and 1 = 12.51%. Measurements were performed at
standard conditions (J-Vcurve in Figure A1, sample #3097).

The unexpectedly low values found for Voc and FF were attributed to the fact that gallium, which
is less reactive than indium, tends to diffuse towards the bottom and ends up being drained away
from the film surface.

2.2.1. The InSe, GaSe, Cu, and GaSe Layers Sequence

In order to have more gallium near the surface, a change was proposed in the sequence of the
layer deposition. The new sequence consists in depositing films of InSe (900 nm), GaSe (150 nm), Cu
(230 nm), and GaSe (250 nm) again (Figure 1c) on top of the initial Mo layer.

In order to eliminate the influence of individual sputter targets, whose behavior varies based on
different choices of procurement, on the physical properties of the sputtered layers (stoichiometry,
adhesion, thermal stability, optical and electrical behavior, etc.) the deposition parameters were
changed after every target substitution. In other words, the sputtering parameters were not fixed
but they were continually adjusted to obtain the desired film deposition, and this operation was
carried out for all sputter targets. This was the only way to make sure the precursors films were
deposited reproducibly.

The precursors are then selenized in the standard way. An analysis of the in-depth profile,
performed with SIMS spectroscopy (Figure 8), shows that this new absorber layer includes more
gallium in proximity of the surface. Moving away from the surface, the Ga concentration decreases
and then increases again when approaching the back contact.
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Figure 8. (a) SIMS in-depth profile spectrum of the CIGS layer after selenization of InSe-GaSe-Cu-GaSe
stacked layers. To make the spectrum more legible, the Mo signal was removed; (b) Detail of the
Ga/(In+Ga) ratio along the CIGS layer thickness.

The highest performing solar cells obtained with this method displayed the following parameters:
Voc = 576 mV, Jgc = 38.13 mA /cm?, FF = 0.74 and 1 = 16.25%. Measurements were carried out in
standard conditions (J-V characteristic in Figure A1, sample #4025) [15].

When the optimized stack of precursor layers (the one with an extra GaSe layer in the third
method) is used, an enhanced performance of the solar cells exhibiting energy conversion efficiencies
above 15%-16% is reproducibly obtained. This is probably due to the V-shaped Ga distribution, which
helps to maximize both the photovoltage and the photocurrent of the solar cell. A good control of
the Ga concentration is the key to engineering the profile of the energy gap of the absorbing material,
which in turn plays a fundamental role in the operation of a solar cell, as explained in this article’s
introduction. The detailed analysis of Ga concentration as a function of absorber layer thickness
will be the subject of future studies. In particular, the optimization of the thickness of the lower

Ga-concentration layer should be addressed in order to maximize the absorbing properties of the
CIGS film.

2.2.2. The Ceramic Substrate

The ceramic tiles used in this work are covered with glassy enamel which has a composition
similar to that of SLG. In this way, the tile surface becomes smoother, making this substrate suitable
for thin film deposition. The opaque glassy enamel have typical thicknesses ranging from 300 pm up
to 1000 pm. They are deposited starting from wet powders and are processed on the ceramic surface at
a temperature between 1210 K and 1250 K [16].

The structure of the precursor is composed of a 1500-nm-thick InSe film, a 200-300-nm-thick
GaSe film, a 350-400-nm-thick Cu film, and, finally, a 400-500-nm-thick GaSe film as it was for the
samples deposited on SLG. All the materials are deposited at a substrate temperature of 670 K, and
the precursor is selenized at high temperature (790 K) in a pure-Se atmosphere. In other words, the
process developed on SLG was simply transposed to the ceramic substrate, and the resulting precursor
seemed to maintain a morphology of the same quality (Figure 9).

The highest performing solar cells obtained with this method yielded the following parameters:
Voc = 610 mV, Jsc = 36.79 mA/cm?, FF = 0.61, and 1 = 13.69%. Measurements were acquired at
standard conditions (J-V characteristic in Figure A1, sample #1113).
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Figure 9. SEM images showing the morphology of the: (a) precursor made by depositing in sequence
InSe—GaSe—Cu-GaSe on ceramic substrate; and (b) same sample after selenization.

All cell parameters refer to an area of around 1 cm? (if not expressly stated otherwise).
The photovoltaic parameters were collected over 20 samples for every method. Each sample included
4 cells; therefore, we tested about 80 cells for each method to make sure that the whole fabrication
process was indeed reproducible (as the standard deviation indicates). At any rate, we here reported
the PV parameters of solar cells representative of each method. Generally, we have chosen to show
the photovoltaic parameters of devices made with layers on which morphological, structural, and
compositional investigations were carried out.

As one can see from the data in Table 1, the photocurrent of solar cells grown on ceramic tiles
is lower than the photocurrent obtained by solar cells grown on SLG. A possible explanation is that
commercially available ceramic tiles are characterized by a high number of macroscopic surface defects.
Voids and prominences are larger than the combined thickness of all the deposited films, which cannot
fill or cover them completely. If the ceramic surface is covered by glassy enamel, with a composition
similar to the SLG, the surface is much smoother, making the ceramic a suitable substrate for a thin-film
deposition. The residual defectiveness requires the use of a material poorer in Cu, as compared with
CIGS grown on SLG, to avoid a deleterious segregation of binary phases, such as Cu,Se, inside the
surface non-uniformities of the ceramic substrates. A Cu-poor material is obtained by increasing the In
concentration. However, this has a negative influence on the Ga-concentration profile as more indium
makes it flatter, inevitably leading to a loss of the benefits that come from a V-shape distribution.

Table 1. Comparison between the photovoltaic parameters of 1 cm? CIGS-based solar cells, fabricated
with the different methods on glass and ceramic substrates at the ThiFiLab, whose characteristics are
reported in Figure Al. Soda-lime glass: SLG.

Layerthickness (nm) Sample  Substrate V¢ (mV) (m{i/ccmz) FF (%)  Eta' (%)
111‘(2)383 Ggé(s)“ 1%‘(‘) #2012 SLG 530 3516 058 10.81
Ilf(;gg G;Z(S)e 2%‘6 #3097 SLG 560 34.92 0.64 12,51
I;OSOe G{;%e 2%‘(‘) G;;(S)e #4025 SLG 576 3813 074 16.25
e Gase Su G 4113 Ceramic 610 3679 061 13.79

1 Measure performed at 298 K under 100 mW/cm? A.M. 1.5 filtered light (standard conditions).
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3. Conclusions

By using RF sputtering for the deposition of chalcogenide precursors and their selenization in a
pure Se atmosphere, high-efficiency CIGS-based solar cells were produced. We showed how different
compounds were tested as starting materials. We described the process based on In;Se;—Ga,Se; and
its evolution towards the InSe-GaSe system, which granted us better control of the Ga-concentration
profile inside the absorber layer. By following this method, a fine-tuning of the absorber material energy
gap is achieved, and devices with an efficiency of 15%-16% were assembled on SLG. This process
can also be extended to ceramic substrates and leads to the production of PV tiles with efficiencies
in the range of 13%-14%, which are particularly suitable for the fabrication of ventilated walls in
near-zero-energy buildings. Moreover, this process can be easily transposed to flexible thin-film solar
cells using flexible thin metal sheets as a substrate. By using simple deposition techniques for all the
materials constituting the solar cell, this process could be easily scaled up to the industrial level.

Author Contributions: Alessio Bosio: growth, deposition, and selenization equipment design and installation,
sputtering target preparation, project coordination; Greta Rosa and Daniele Menossi: sputtering deposition
and materials characterization, device modeling and processing; Nicola Romeo: electrical characterization, lab
coordination. All together: critical interpretation of the measurement results.
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Appendix A

This figure summarizes the results obtained with absorber layers realized by using different
precursor stacked layers. It highlights the conclusive meaning of the results.
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Figure A1l. Comparison between the J-V characteristics of four different solar cells all grown
on a SLG substrate, except for the CIGS film. #1113: grown on a ceramic substrate;
#2012: first method—(InySes—GaySes—Cu); #3097: second method—(InSe-GaSe—Cu); #4025: third
method—(InSe-GaSe-Cu—GaSe); #1113: third method—(InSe-GaSe-Cu—GaSe). Measurement
performed at 298 K under 100 mW/ cm? air mass (A.M.) 1.5 filtered light (standard conditions).
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