RESEARCH ARTICLE

W) Check for updates

RRL

www.solar-rrl.com

Characterization of the Stability of Indium Tin Oxide and
Functional Layers for Semitransparent Back-Contact
Applications on Cu(in,Ga)Se, Solar Cells

Robert Fonoll-Rubio,* Marcel Placidi,* Torsten Hoelscher, Angelica Thomere,
Zacharie Jehl Li-Kao, Maxim Guc, Victor Izquierdo-Roca, Roland Scheer,

and Alejandro Pérez-Rodriguez

Herein, a detailed study of the stability of different ITO-based back-contact
configurations (including bare ITO contacts and contacts functionalized with
nanometric Mo, MoSe,, and MoS, layers) under the coevaporation processes
developed for the synthesis of high-efficiency Cu(In,Ga)Se, (CIGSe) solar cells is
reported. The results show that bare ITO layers can be used as efficient back
contacts for coevaporation process temperatures of 480 °C. However, higher
temperatures produce an amorphous In-Se phase at the ITO surface that
reduces the contacts transparency in the visible region. This is accompanied by
degradation of the solar cells’ efficiency. Inclusion of a Mo functional layer leads
to the formation of a MoSe; interfacial phase during the coevaporation process,
which improves the cells’ efficiency, achieving device efficiencies similar to those
obtained with reference solar cells fabricated with standard Mo back contacts.
Optimization of the initial Mo layer thickness improves the contact transparency,
achieving contacts with an optical transparency of 50% in the visible region. This
is accompanied by a relevant decrease in back reflectivity in the CIGSe devices,
confirming the potential of these contact configurations for the development of
semitransparent CIGSe devices with improved optical aesthetic quality without
compromising the device performance.

1. Introduction

windows, " skylights,["*! agrovoltaics,'® glass-based facades,

of things, etc.). Among the nontoxic thin-
film absorbers, Cu(In,Ga)Se, (CIGSe) has
achieved the highest energy conversion
efficiency (23.35%) at the laboratory scale!"
and it has been proven viable for large-scale
industrial development.”! Thus, technolo-
gies based on CIGSe play an important role
in the democratization and integration of
PV through mass production of cheap
and efficient solar cell devices.

There exists a growing interest in CIGSe
solar cells grown on transparent and semi-
transparent back contacts as this configura-
tion offers different applications such
as bifacial devices,*™ semitransparent
BIPV,®! and tandem solar cells.”™?
Focusing on BIPV, it is predicted to achieve
a relevant share of the total PV production
of electricity in the next years, leading to
strong interest in the recent years in the
development of semitransparent PV solu-
tions that will allow to achieve a relevant
increase in the surface available in the
buildings for the generation of BIPV elec-

tricity.®*! PV can be an integral part of
17]

Thinfilm photovoltaics (PV) presents numerous advantages
such as low material usage, fabrication versatility, and easy inte-
gration (e.g., building-integrated PV [BIPV], wearables, internet

and other related structures. Currently, semitransparent BIPV
products based on amorphous silicon (a-Si) are being commer-
cialized.®'*'819 However, the energy conversion efficiency of a-
Si solar cells was stuck around 10%.1"#2%*! Crystalline Si may
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also be a candidate for BIPV applications due to its high energy
conversion efficiency and high level of technological maturity,*®!
even if it lacks the potential advantages of thin-film PV technolo-
gies for the design of customized modules adapted to the char-
acteristics of the BIPV element. So, CIGSe absorbers offer an
alternative for the BIPV market that promises higher efficiencies
than a-Si, while keeping the advantages of thin-film PV.

When the solar cell absorber is of opaque thickness, which is
the case of high-efficiency CIGSe, the semitransparency of the
device is achieved by means of spatial segmentation,***%3! con-
sisting of removing parts of the absorber layer from selected
areas. Thus, solar light is absorbed in the regions with the
remaining absorber and it is transmitted in the regions where
the absorber has been removed. Increasing the space between
the absorption regions increases the transparency of the device,
but this strategy is limited by the loss of short-circuit current den-
sity (Jsc) due to reduced photoactive material™*?*? and thus a
trade-off efficiency/transparency has to be chosen depending
on the final application.

The typical architecture of CIGSe devices consists of a soda-lime
glass (SLG) substrate (3 mm), molybdenum back contact (800 nm),
CIGSe absorber layer (2 pm), CdS buffer layer (10-60 nm), zinc
oxide (i:Zn0), and a transparent conductive oxide (TCO) such
as indium tin oxide (ITO) or aluminum-doped zinc oxide (AZO)
window layers.**2”) However, the replacement of the Mo back
contact by semitransparent contact configurations based on the
use of TCOs, such as ITO, offers different advantages. First, a
metallic back contact, such as Mo, reflects the light at the back sur-
face and, in combination with the glass substrate, generates a “mir-
ror effect” when looking at the module from the substrate side, that
is, people see their own reflection in the module back side, which
compromises the aesthetic quality of the devices for semitranspar-
ent BIPV applications. Taking this into account, TCOs provide a
drastic reduction of the back-contact reflectance, which improves
the aesthetical quality of BIPV products viewed from the interior
of the building by avoiding the mirror effect, a relevant point to
ensure a higher level of acceptance of these solutions in the
BIPV market. In addition, using a transparent back contact allows
also to simplify the segmentation process, as in this case only the
CIGSe and upper layers have to be removed in the light-
transmitting regions. Finally, the use of semitransparent back
contacts allows also the development of nonsegmented semitrans-
parent devices that are based on the use of semitransparent absorb-
ers (including wide-bandgap and/or ultrathin absorbers). This is
strongly relevant for the development of devices with higher
transparency levels and very high optical quality. Availability of
optimal semitransparent back contacts is also required for the
development of bifacial devices with improved efficiency, as well
as for the development of higher-efficiency tandem device config-
urations using a wide-bandgap chalcogenide top cell.

Replacement of Mo by a semitransparent back contact in chal-
copyrite devices has already been demonstrated using
ITO,P#73U fluorine-doped SnO, (FTO),P?%*% AZ0,?%3% and
hydrogen-doped In,0; (IOH).****! In some of these cases,
high-efficiency devices were obtained by applying bare ITO with
a CIGSe coevaporation deposition temperature of 520°C
(efficiency of 15.2%)**! or bare IOH with a coevaporation
deposition temperature of 550°C (up to 16.1% efficiency in
(Ag,Cu)(In,Ga)Se, devices and 11% in Cu(In,Ga)Se,
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devices).?*?] Nevertheless, in the case of CIGSe absorbers on
ITO back contacts, the formation of a Ga,O; layer at the
TCO/CIGSe interface has been reported by Nakada et al. for
deposition temperatures higher than 520 °C,”** and such a layer
has been associated with the deterioration of the device perfor-
mance due to increased resistivity. To solve this problem, imple-
mentation of an intermediate functional layer (FL), such as Mo,
between the TCO back contact and the CIGSe absorber has been
proposed to avoid the formation of the Ga,0O; layer.”) While
the implementation of an FL on TCO back contacts is no novelty,
the impact of the absorber fabrication process on the back contact
and on the optical properties of the FL/TCO back-contact struc-
ture has not been deeply studied. Only a deterioration of the
transparency of the ITO back contact is reported after deposition
of a CuGaSe, absorber film,?" but no systematic analysis is
made on the impact of these processes on the optical character-
istics of the back contact. Optimization of these processes
requires for back-contact configurations to keep a high degree
of transparency and good electrical properties after fabrication
of the solar cell, and this implies the need for a systematic analy-
sis of the impact of the processes on the optical and electrical
characteristics of the back-contact configurations.

In this framework, this work reports a detailed study of the
stability of ITO-based back-contact configurations under the
coevaporation processes that are developed for the synthesis
of high-efficiency CIGSe solar cells. Previous works developed
on chalcogenide device technologies closely related to CIGSe
as kesterites (Cu,ZnSn(S,Se), compounds) have shown the
potential of nanometric chalcogenide FLs such as MoSe, on
TCO-based back contacts for the achievement of high-efficiency
devices.% In this work, different bare ITO, ITO/Mo, ITO/
MoSe,, and ITO/MoS, back-contact configurations have been
studied as the function of both the CIGSe synthesis temperature
and the thickness of the FLs, and we have analyzed the impact of
such back contacts on the optoelectronic properties of the CIGSe
solar cells. The results show that bare ITO layers can be used as
efficient back contacts for coevaporation process temperatures of
480 °C. However, higher process temperatures lead to the forma-
tion of an amorphous In-Se phase at the ITO surface that
reduces drastically both the transparency of the contacts in the
visible region and the efficiency of solar cells. Inclusion of Mo
FL leads to the formation of MoSe, interfacial phase during
the coevaporation process, and the presence of this phase has
been observed to improve significantly the efficiency of the cells,
achieving device efficiencies similar to those obtained with ref-
erence solar cells fabricated with standard Mo back contacts.
Optimization of the thickness of the initial Mo layer also allows
to improve the contact transparency, achieving contacts with an
optical transparency of 50% in the visible region. This is also
accompanied by a relevant decrease in back reflectivity in the
CIGSe devices, confirming the potential of these contact config-
urations for the development of semitransparent CIGSe devices
with improved optical aesthetic quality without compromising
the device performance. Further optimization of the processes
is required to achieve higher AVT values as required for
higher-transparency devices and high-efficiency tandem device
configurations. This gives interest to further research on alterna-
tive FLs as those based on MoO3 nanometric layers, which show
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interesting optical properties as recently reported from first sim-
ulation studies.l*”)

2. Results and Discussion

2.1. Impact of Coevaporation Process Temperatures on ITO
and ITO/MoSe, Back Contacts

The substitution of the standard metallic Mo back contact by
semitransparent ITO and ITO/MoSe, back contacts was studied
at different temperatures of the CIGSe coevaporation process to
determine the impact of the temperature on such back contacts.
In this section, and for all the process temperatures, MoSe, was
obtained by depositing an ultrathin Mo metallic layer with a nom-
inal thickness of 20 nm on the surface of the ITO contact, and
this Mo layer was selenized in situ during the CIGSe coevapora-
tion process.

Figure 1a shows the average visible transmittance (AVT), which
is defined in Equation (1) in the Experimental Section, of mechan-
ically exposed ITO and ITO/MoSe, back contacts as a function of
the coevaporation process temperature. Reference (as-grown) ITO
layers have a high level of transparency with a value of AVT around
80%. However, processing of the CIGSe layer leads to a decrease
in AVT of the bare ITO back contact with the processing tempera-
ture, down to a value of 43% for the highest process temperature
of 625 °C. In the case of the ITO/MoSe, back contacts, the AVT is
much lower than the value obtained on the corresponding bare
ITO back contact with the same CIGSe processing temperature,
showing a minimum value of 22% for the lowest processing tem-
perature of 480 °C. In this case, increasing the processing temper-
ature leads to a gradual increase in AVT of the exposed contact, in
contrast with the process temperature dependence obtained on the
bare ITO back contacts.

Figure 1b shows the relative energy conversion efficiencies of
CIGSe devices with ITO and ITO/MoSe, back contacts as a func-
tion of the coevaporation process temperature by normalizing to
the efficiency achieved with a reference CIGSe single cell
processed in the very same batch and using a standard Mo back
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contact. It can be observed that the relative efficiency of the device
with bare ITO back contact notably decreases with temperature,
while the relative efficiency of the device with ITO/MoSe, back
contact tends to increase when increasing the temperature. At
highest temperatures, the relative efficiency of the device with
ITO/MoSe, back contact is much higher than that of the device
with bare ITO back contact.

Current density-voltage (J—V) curves are shown in Figure S1,
Supporting Information, for the different temperatures.
Table S1, Supporting Information, summarizes the main
optoelectronic parameters of the devices. A clear current block-
ing behavior can be observed at 540 °C on the bare ITO sample,
with a roll-over effect (current saturation at high forward bias).®!
This observation is discussed at the end of this section. So, in the
case of bare ITO contacts, the worsening of the optical transpar-
ency is also accompanied by worsening of the optoelectronic
properties of the CIGSe solar cells fabricated with these contacts.
Only for the lowest process temperature of 480 °C, the solar cell
shows a relative efficiency which corresponds to more than 80%
of the efficiency achieved in the Mo-based reference devices.
This, together with the high transparency of the layer (of 79%,
as shown in Figure 1a), gives interest to the use of bare ITO back
contacts for the fabrication of semitransparent CIGSe devices.
However, the efficiency of the devices is limited by the low value
of the process temperature, that is below 500°C, and the
efficiency of the reference solar cells produced with this process
is of the order of 10% (Table S1, Supporting Information).

Achievement of high-efficiency CIGSe devices normally
requires the use of process temperatures higher than
500 °C1*** and this is in particular the case with the baseline
process using the Mo substrate, as described in the study by
Jarzembowski et al.**! This allows to increase the efficiency of
the reference cells to values up to 15.6% (Table S1,
Supporting Information). As shown in Figure 1b, the inclusion
of an interfacial MoSe, layer between the CIGSe absorber and
the ITO back contact allows to achieve contacts with good elec-
trical properties, obtaining relative efficiency values higher than
80% obtained with the devices processed at 540 and 625 °C.
However, the improvement of the optoelectronic properties is

(b)
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Figure 1. a) AVT of exposed ITO and ITO/MoSe, back contacts on glass substrate as a function of the coevaporation process temperature. Back contacts
are exposed by mechanical removal of CIGSe and upper layers. b) Normalized energy conversion efficiency of CIGSe devices with ITO and ITO/MoSe,
back contacts as a function of the coevaporation process temperature. Energy conversion efficiency values are normalized to those of a CIGSe device with

a standard Mo back contact synthesized in the very same batch.
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compromised by a strong reduction of the optical transparency
with respect to that achieved with the bare ITO back contacts.

Figure 2 shows Raman spectra obtained on the exposed bare
ITO and ITO/MoSe, back-contact surfaces as a function of the
co-evaporation process temperature using 785 nm excitation
wavelength. On the one hand, the Raman spectra (blue line) from
the bare ITO back contacts are characterized by the presence of
broad bands, and the most intense ones are located in between
400 and 600cm™' spectral region (with peaks at 433 and
550cm ™) and in between 200 and 300cm™' spectral region
(with a peak at 225 cm™"). Increasing the process temperature
leads to a relevant increase in the intensity of the Raman bands.
The presence of these bands indicates the formation of a surface
phase that is likely located at the CIGSe/ITO interface, and the
width of these Raman bands indicates a low level of crystallinity
for this phase. In consideration with Figure 1a, the presence of
this phase is likely responsible for the degradation of the trans-
parency of the ITO layers. Increasing the processing temperature
leads to an increase in the formation of this phase, as shown by
the relevant increase in intensity of the Raman bands in the mea-
sured spectra, and this likely leads to the observed strong
decrease in AVT of the bare ITO back contact with increasing
processing temperature in Figure 1la.

The detected broad bands appear within the spectral regions
that are characteristic of amorphous In-Se phases.***’! For the
same chemical composition, Raman spectra of amorphous
phases change notably with respect to the spectra of crystalline
phases.***® It has been reported that the amorphous In,Ses
presents a broad band with a peak at 255 cm ™" and a broad band
with a peak at 490 cm ™', * while In,Se;_, presents a broad band
with a peak that ranges from 190 to 255 cm™" depending on the
In/Se ratio."®! According to this, the Raman bands observed in
Figure 2 for bare ITO back contacts have been attributed to the
presence of an amorphous In—Se phase, and the composition of

& |[A=785nm —ITO
= * ax — |TO/MoSe,
S
o
[
S,
> 625 °C
2 *
| ]
§ * - L o
£ ww 540 °C
g *
qﬁ * * K *- *
= 480°C
&
—
o
Z Ref.

100 200 300 400 500 600 700 800
Raman shift [cm™]

Figure 2. Raman spectra obtained on exposed bare ITO and ITO/MoSe,
back contacts as a function of the coevaporation process temperature
using 785 nm excitation wavelength. Star symbols indicate Raman peaks
related to vibrational modes of MoSe, phase®" and square symbols indi-
cate Raman peaks related to an amorphous In-Se phase.[*™") The spectra
are normalized to the noise of the baseline.

Sol. RRL 2022, 6, 2101071 2101071 (4 of 9)

www.solar-rrl.com

this phase is responsible of the changes of the bands in relation
to those characteristic from stoichiometric In,Ses;. This means
that the surface of the ITO back contact is selenized during
the coevaporation process, forming an amorphous In—Se phase
at the ITO/CIGSe interface that reduces the transparency of the
back contact and degrades the optoelectronic properties of the
device. It is not known whether Sn or Ga atoms are incorporated
into this amorphous phase. The presence of some CIGSe contri-
bution to the Raman peak located at ~175 cm ™" from residual
CIGSe on the exposed back contact after the segmentation
process cannot be excluded. However, the dependence of the
intensity of this peak with the coevaporation process temperature
strongly suggests this peak to be mainly related to the amorphous
In—Se phase. This also agrees with the absence of this peak in the
Raman spectra from the samples processed at 480°C, where for-
mation of the In—-Se phase does not take place.

The detected Raman peaks do not correspond to the reported
ones for Ga,O; phase,*>*” whose formation was suggested
when growing CIGSe on ITO back contacts at high tempera-
tures!®?®: however, these results do not discard the Ga,0;
formation, as the used excitation wavelength is not optimum
for the Raman detection of this phase.

On the other hand, the Raman spectra (red line) measured on
the exposed ITO/MoSe, contacts show the presence of the
Raman peaks characteristic of the MoSe, phalse.[5 11 Note that
the relative intensity of the peaks can be influenced using reso-
nant excitation conditions,”! possible preferential orientation of
the MoSe; layer,”? and/or by the nanometric thickness of this
layer.**! These measurements confirm the formation of MoSe,
interfacial phase during the CIGSe coevaporation process due to
the in situ selenization of the ultrathin Mo layer deposited on the
ITO. Increasing the process temperature leads to an increase in
the intensity of the peaks, and this is likely due to an increased
thickness of the MoSe, layer formed during the process, in spite
of the same thickness of the Mo layer in the as-grown ITO/Mo
contacts. This indicates that for these process conditions the ini-
tial Mo layer is not fully selenized and there is a remaining Mo
layer that is located between the MoSe;, layer and the ITO contact.
The presence of this Mo metallic layer would explain the strong
decrease of the transparency of these contacts with respect to the
bare ITO ones, as shown in Figure la. Increasing the process
temperature leads to a decrease in the remaining Mo layer,
related to the increase in the thickness of the MoSe, layer,
and this explains the increase in transparency of these contacts
with the process temperature.

Summarizing the impact of the CIGSe coevaporation process
temperature on the semitransparent back contacts, it has been
observed that bare ITO back contacts have an AVT of 79% after
the coevaporation temperature at 480 °C and produce solar cells
with relative efficiencies which correspond to more than 80% of
the efficiency achieved using a standard Mo back contact.
However, increasing the process temperature results in seleniza-
tion of the ITO back contact, thus forming an amorphous In—
Se at the back interface that decreases the AVT of the back contact
and the efficiencies (mainly due to the V¢ and fill factor (FF)) of
the devices. The presence of the In—Se phase could be responsi-
ble for a Schottky barrier at the back interface and would explain
the roll-over effect observed.?® At 625 °C, the J-V curve is per-
fectly linear, and the device behaves like a photoresistor. Such an
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observation can be related to either a high series resistance or low
shunt resistance. As current and voltage are only marginally
affected, it is currently not possible to discriminate between both
hypotheses without additional material characterization. A thick,
insulating, InSe layer could lead to a strong series resistance,
while a small shunt resistance could be ascribed to process
imperfections (pinholes) or metallic phases bypassing the p-n
junction. In consequence, bare ITO does not appear suitable
as a back contact for CIGSe devices fabricated at process temper-
atures of 540 °C or higher. At such high temperatures, the appli-
cation of an ultrathin Mo layer on the ITO, that is selenized
during the coevaporation process, thus forming an ITO/
MoSe, back contact, prevents the degradation of both the trans-
parency and the optoelectronic properties when increasing the
process temperature, as clearly seen in the J-V curves. With this
ITO/MoSe, back contact, relative efficiencies higher than 80% of
those of a reference CIGSe device with a standard Mo back
contact are achieved. However, though it is not degraded with
process temperature, a remaining Mo layer reduces the optical
transparency of the back contact, so it must be optimized for
ensuring its viability for BIPV applications.

2.2. Thickness Control of FL on the ITO-Based Back Contacts
Processed at 625 °C

According to the experimental data described in the previous sec-
tion, optimization of the transparency of the ITO/MoSe, back
contacts could be achieved by suitable tuning of the thickness
of the initial Mo layer deposited onto the ITO back contact, trying
to avoid the presence of a residual Mo metallic layer in the
processed devices. To clarify this, the impact of the thickness
of the initial Mo FL on the characteristics of the contacts has been
investigated, using initial Mo FLs with nominal thicknesses
between 10nm and 30nm. For the devices analyzed in this
section, the CIGSe absorbers were grown using a coevaporation
process temperature of 625 °C, which allows to achieve higher
device efficiency values.

Figure 3 shows the AVT values measured after the solar cell
process of the different mechanically exposed ITO/MoSe, back

55

~M-Bare ITO
@ —©®-ITO/MoSe, (selenized in situ)
50 ITO/MoSe, (pre-selenized)
45
]
=)
S, 40
|;
< 351

301 N\
251 \.

201

T T T T

0 10 20 30
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Figure 3. AVT after the coevaporation process of exposed ITO/MoSe,
back contacts as a function of the nominal thickness of the initial Mo layer.
The AVT of an exposed bare ITO back contact processed with the same
conditions is included.
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contacts as a function of the initial Mo FL nominal thickness. As
shown in this figure, decreasing the thickness of the Mo initial
layer down to 10 nm allows to achieve, after the coevaporation
process, a relevant increase in the transparency of the
ITO/MoSe, contact selenized in situ (with an AVT value of 52%).
This is likely related to the full selenization of the initial Mo layer.
The transparency of this contact is also higher than the transpar-
ency achieved with the bare ITO contact (of about 43%). This
suggests that the MoSe, interfacial layer that is formed in situ
during the coevaporation process prevents the formation of
a-In—Se phase on the ITO surface; in this case, the loss of trans-
parency in relation to the bare ITO as-deposited layer is likely
related to optical absorption in the nanometric MoSe, layer.
Increasing the thickness of the initial Mo layer leads to a strong
decrease in transparency, and this has been attributed to the pres-
ence of a remaining unreacted metallic Mo layer between the
MoSe, layer and the ITO back contact for the FLs obtained with
thicker Mo layers. This interpretation is supported by the Raman
measurements performed on these layers, as shown later. It is
worth noting that, even in the case of the fully selenized ITO/
MoSe, back contact, no peeling problems were observed after
CIGSe deposition. This might be related to the formation of a
MoSe, layer with the crystalline c-axis parallel to the substrate.>

Synthesizing the MoSe, layer before the CIGSe coevaporation
process leads to contacts with a transparency value that does not
depend on the thickness of the layer. However, in this case, the
transparency achieved is much lower than that obtained with the
Mo thinnest layer that is selenized in situ during the coevapora-
tion process, as the transparency values are in the range 28-30%.
This behavior has been attributed to a degradation of the ITO
surface during the selenization process that is performed before
the coevaporation of the CIGSe absorber. This process is
performed at a temperature of 500 °C during strongly selenizing
conditions, which would explain the formation of ITO selenized
phases at the surface of the ITO back contact.

Table 1 shows the average reflectance values measured in the
visible spectral region on the back glass surface of the CIGSe
devices fabricated with different ITO/MoSe, back contacts
produced with an initial Mo layer thickness of 20 nm. The table
shows also the values measured on the back glass surface from
reference cells fabricated with a standard Mo back contact and
from cells fabricated with a bare ITO back contact. It can be
observed that the reflectance is reduced from a high value of
43.4% for standard Mo back contact to 9.1% for ITO/MoSe, back
contact that is selenized in situ during the coevaporation process.
In addition, the reflectance of the ITO/MoSe, back contact can be
further reduced from 9.1% to 6.9% if the nanometric Mo layer is
preselenized before the coevaporation process. Finally, a bare
ITO back contact offers the lowest reflectance with 6.4%. This
confirms the interest of these contact configurations for the

Table 1. Average reflectance measured in the visible spectral region
(380-780 nm) from the back glass surface of CIGSe cells produced
with different back-contact configurations.

Back contact Glass/Mo (ref.) Bare ITO ITO/MoSe, ITO/MoSe,
(selenized insitu)  (pre-selenized)
R [%] 434 6.4 9.1 6.9
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improvement of the aesthetic quality of the CIGSe semitranspar-
ent devices, eliminating the “mirror effect” characteristic of the
Mo back contact.

Figure 4a shows the Raman spectra measured with the
532nm excitation wavelength at the back interface of CIGSe
solar cells produced with ITO/MoSe, back contacts that are sele-
nized in situ during the coevaporation process for different nom-
inal thicknesses of the initial Mo layer. These spectra have been
measured with the laser excitation spot on the back surface of the
SLG substrate on complete solar cells. This has allowed to avoid
potential damage effects in the measurements related to the
mechanical removal of the CIGSe and upper layers. The pres-
ence of the peak at 238 cm ™' indicates that the Mo layers are
always selenized, forming MoSe, at the CIGSe/back-contact
interface.’Y However, the decrease of the absolute intensity of
both the 176 and the 238 cm™! peaks with the increase in the
thickness of the initial Mo layer suggests the presence of a
remaining metallic Mo that is likely located below the MoSe,
layer. The thickness of this Mo metallic region increases with
the nominal thickness of the initial Mo layer. This is in agree-
ment with the observed decrease of the AVT for increasing thick-
ness of the initial Mo layer shown in Figure 3. Figure 4b shows
the Raman spectra measured in the same conditions from CIGSe
solar cells with ITO/MoSe, back contacts that were preselenized

(a) (b)
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Figure 4. Raman spectra obtained using 532 nm excitation wavelength at
the back interface of CIGSe solar cells synthesized at 625 °C with a) ITO/
MoSe, (selenized in situ) and b) ITO/MoSe, (pre-selenized) back contacts
for different initial Mo layers. Circle symbols indicate Raman peaks related
to CIGSe vibrational modes, star symbols indicate peaks related to MoSe,
vibrational modes, and square symbol indicates peaks related to vibra-
tional modes of the CIGSe-ordered vacancy compounds. The back
CIGSe/FL/ITO interface was analyzed by measuring the spectra with
the laser spot on the back surface of the devices as the 532 nm wavelength
was able to penetrate through the glass substrate. c) Relative area of the
MoSe,-related Raman peaks versus thickness of the initial Mo layer.
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before the coevaporation deposition of the CIGSe layer. The pres-
ence of MoSe; (238 cm ™" peak)® is detected for samples with 20
and 30 nm initial Mo thickness, but not in the case of the 10 nm
initial Mo layer. In this case, the thickness of the MoSe, FL is too
low for efficient detection of the MoSe, peaks. Figure 4c shows
the relative intensity of the MoSe, Raman peaks versus the nom-
inal thickness of the initial Mo layer for all the processed ITO/
MoSe, back contacts. For the MoSe; layers selenized in situ dur-
ing the coevaporation process, the relative intensity of the MoSe,
peaks is constant, which confirms that the thickness of the
MoSe, layer produced during the coevaporation process is deter-
mined by the process parameters (i.e., the substrate temperature)
but does not depend on the thickness of the initial Mo layer. This
explains why for the thicker layers an unreacted metallic Mo layer
remains below the selenized layer. This contrasts with the behav-
ior observed for the MoSe, layers preselenized before the coeva-
poration process, where there is an increase in the thickness of
the MoSe;, layer with the thickness of the initial Mo layer.

Figure 5a shows the normalized energy conversion efficien-
cies of the CIGSe devices with different ITO-based back contacts
as a function of the thickness of the initial Mo layer. It can be
observed that in all cases there is relevant improvement in the
efficiency of the devices in relation to the efficiency achieved
using a bare ITO back contact. The highest efficiency values
are achieved for the thickest initial Mo layers. Contrary to the
case of the process temperature impact, the relative efficiency
increase with increasing initial Mo layer thickness is due to
an increase in Jsc, as shown in Figure 5b, while the Voc and
the FF remain more or less constant despite the thickness
increase of the initial Mo layer (not shown). In the case of the
Mo layers that are selenized in situ during the coevaporation pro-
cess, the Jsc increase, and thus the relative efficiency increase,
are likely related to the presence of a thicker Mo metallic layer
below the MoSe, one, and this determines reduction of the sheet
resistance of the back contact. In the case of the MoSe, layer that
is selenized before the coevaporation process, this could be
related to higher thickness of the MoSe, layer ensuring better
coverage of the CIGSe/back-contact interface. Nevertheless,
for all the investigated thicknesses of the initial Mo layer, the rel-
ative efficiency of the cells is higher than 80% of the efficiency of
the reference CIGSe cells fabricated with a standard Mo back
contact. This demonstrates the feasibility of these back-contact
configurations to obtain devices with efficiencies similar to those
achieved with standard Mo back contacts.

In addition to ITO/MoSe, back contacts, ITO/MoS, contacts
have also been studied. Figure S2, Supporting Information,
shows the AVT values obtained on contacts processed with
MoS, FL. Use of a MoS, FL gives AVT and reflectance (see
Table S2, Supporting Information) values similar to those
obtained with the MoSe, layers selenized before the coevapora-
tion process, even if in this case the AVT tends to decrease with
the thickness in the FL. This behavior has been related to the
existence of partial sulfurization of the initial Mo layer, which
leads to a Mo metallic layer that is not selenized during the coeva-
poration process. This interpretation is supported by the Raman
measurements (Figure S3, Supporting Information), which sug-
gest a constant thickness of the MoS, layer independent of the
initial thickness of the Mo layer. This behavior indicates the need
to optimize the sulfurization process to ensure full sulfurization
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Figure 5. Normalized a) energy conversion efficiency and b) short-circuit current density of CIGSe devices with different ITO-based back contacts as a
function of the thickness of the initial Mo layer. Optoelectronic parameters are normalized to those of a CIGSe device with a standard Mo back contact

synthesized at the same conditions.

of the initial Mo layer. The presence of this Mo metallic region
below the MoS, layer explains the low AVT values achieved
within these contacts. On the other hand, the cells fabricated with
the ITO/MoS; back contacts show device efficiencies similar to
those achieved with ITO/MoSe, back contacts, as shown in
Figure S4, Supporting Information.

Summarizing the impact of the FL thickness on the semi-
transparent back contacts, it has been observed that, when
selenizing the Mo layer applied on the ITO insitu during the
coevaporation process, reducing the initial Mo layer thickness
down to 10 nm allows to achieve an AVT of 52% while keeping
energy conversion efficiency very close to that obtained with a
standard Mo back contact. In this case, increasing the initial
Mo layer thickness only increases the remaining metallic Mo
layer thickness, not the MoSe, one, which drastically reduces
the AVT of the back contact. If the initial Mo layer is preselenized
before the CIGSe coevaporation process, the thickness of the
formed MoSe, layer can be controlled by tuning the initial Mo
layer thickness; however, this strategy produces low AVT values
due to degradation of the ITO back contact during the presele-
nization process.

3. Conclusion

In conclusion, bare ITO layers can be used as back contacts with
high transparency (close to 80%) in CIGSe devices coevaporated
at temperatures T < 480 °C. However, higher process tempera-
tures lead to a partial selenization effect of the surface of the
ITO layer, with the formation of an amorphous In—Se phase.
This secondary phase leads to degradation of both the transpar-
ency in the visible region of the contacts and can also contribute
to the observed degradation of the efficiency of the solar cells.
This compromises the suitability of bare ITO back contacts
for high-efficiency CIGSe semitransparent devices.

Inclusion of MoSe, or MoS, FLs on the surface of the ITO
back contact allows a relevant improvement of the efficiency
of the cells, leading to device efficiencies similar to those
achieved with standard Mo back contacts, but processes have
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to be finely tuned to avoid the presence of a remaining metallic
Mo layer that would degrade the transparency of the contacts. In
addition, ITO/MoSe, back contacts obtained by selenizing the
Mo deposited layer before the CIGSe coevaporation process lead
to low AVT values. This has been attributed to the deterioration
of the ITO surface due to selenization of ITO as well. By tuning
the thickness of the initial Mo layer to ensure its full selenization,
AVT values up to 50% have been achieved using a 10 nm Mo FL
that is selenized in situ during the coevaporation process. Finally,
we are able to show that replacing the standard Mo back contact
by ITO-based back contacts with and without FLs leads to a dras-
tic decrease in the reflectance at the back surface of our devices,
avoiding the “back-mirror” effect that hinders the aesthetic
quality of CIGSe semitransparent devices fabricated with stan-
dard Mo back contacts.

4. Experimental Section

The synthesis process started with the sputtering deposition (Alliance
Concept CT100) of the ITO (800 nm thick, sheet resistance =5 Q.£) back
contact on a SLG substrate laminated with a 100nm SiN,
diffusion barrier. Then, a very thin layer of Mo (with a nominal thickness
between 10 nm and 30 nm) was deposited by sputtering (Alliance Concept
AC450).

Two strategies were used to obtain the ITO/MoSe, back contact. In the
first case, the Mo layer deposited on ITO was selenized in situ during the
CIGSe coevaporation process. In the second case, Mo was specifically
selenized before the CIGSe coevaporation process. For the ITO/MoS,
back contact, a similar procedure as in the latter case was followed.
Selenization/sulfurization processes were both done within a tubular fur-
nace and reactive annealing was performed at 500 °C under an Ar atmo-
sphere with a pressure of 1 bar and with the presence of elemental Se or S.
The CIGSe coevaporation consisted of a three-stage process, described in
the study by Jarzembowski et al,**! with the second stage performed at
very high temperature, that is, at 480, 540, or 625 °C for the first experi-
ment (synthesis temperature variation) and fixed at 625 °C for the second
one (FL thickness variation). Na was incorporated at the end of the growth
process through NaF postdeposition treatment; this alkali incorporation
strategy was previously optimized on Mo/glass substrates having an alkali-
barrier layer, and the same process was transferred to the transparent sub-
strates. The absorber layers were then completed into devices by deposit-
ing first a 50 nm-thick CdS layer (made by chemical bath deposition) and

© 2022 The Authors. Solar RRL published by Wiley-VCH GmbH

85U9017 SUOLUWIOD SAIIE8.D 3|qel(dde au Aq peuisnob afe sajoliie O '8sn Jo sajn. 1oy Areiqi auluQ A3 LD (SUOTIPUOD-PUR-SLLIBI/LID" A3 1M AJe.q) 18Ul UO//SANY) SUONIPUOD pue SWs 1 8y} 89S *[2202/2T/T0] Uo ARiqiauluo A8|im ‘(‘oulende) aqnopesy Aq TZ0TOTZ0 110S/200T OT/I0P/W0Y A8 1M Alelq i ul|uoy/:sdny wouy pepeojumod ‘/ ‘2202 ‘X86T.9EZ


http://www.advancedsciencenews.com
http://www.solar-rrl.com

ADVANCED
SCIENCE NEWS

; ERRL

www.advancedsciencenews.com

followed with a 100-250 nm-thick i-ZnO/ITO window layer (Alliance
Concept EVA 450) and a Ni/Al/Ni metal grid (E-gun Telemark 247).

Raman spectroscopy measurements were performed in a backscatter-
ing configuration though a probe designed at IREC using 532 and 785 nm
lasers. The measurement spot size was ~100 and 50 pm, respectively. For
785 nm excitation, an iHR 320 monochromator from Horiba Jobin Yvon
coupled with a charge-coupled device (CCD) detector was used; for
532 nm excitation, a fHR 640 monochromator from Horiba Jobin Yvon
coupled with an InGaAs detector was used. To avoid the presence of ther-
mal effects in the spectra, excitation power density was kept below
50 W cm ™2 in the laser spot. The measurements were performed at differ-
ent surfaces of the samples. 1) The surface of exposed ITO-based back
contacts was analyzed after performing mechanical removal of the
CIGSe and upper layers in selected regions by scratching. To check if
the process induced additional damage, selected samples were removed
using a developed lift-off process using a microscope slide and an adhe-
sive epoxy. °* 2) The back CIGSe/FL/ITO interface was analyzed by mea-
suring the spectra with the laser spot on the back surface of the devices as
the used wavelengths were able to penetrate through the glass substrate.
Configuration (2) had the advantage that measurements were not affected
by potential damage effects related to the removal of the CIGSe top layer
but were compromised by a lower signal-to-noise ratio.

Transmittance measurements were performed on the exposed regions
of the ITO-based back contacts, after mechanical removal of the CIGSe
and upper layers, using an light-emitting diode table and an iHR 320
monochromator from Horiba Jobin Yvon coupled with a CCD detector.
The measurement spot size was ~1mm. Transmittance of exposed
ITO-based back contacts was measured by illuminating the samples from
the bottom side and the transmitted light was collected at the top side of
the samples. The obtained transmittance spectra allowed to calculate the
AVT, which is defined in Equation (1)

2 T(1)P(2)S(2)dA

AVT = =2 )
i P(2)S(4)da

where 4 is the wavelength, T(2) is the spectral transmissivity of the device
evaluated, P(4) is the photopic response, S(1) is the solar photon flux
(AM1.5G), and (4, A,) is the integral range.'®*®*”! Analyzing the
435-670 nm range was sufficient to cover over 99% of the visible light
spectrum[57]; in this work, the 380-780 nm range was analyzed as it
was the optimum detection range of the system.

Reflectance measurements were performed using a Lambda 950 UV/
VIS spectrometer from PerkinElmer coupled with a 150 mm integrating
sphere from the same company. The total reflectance of the back contacts
was measured from the glass substrate side, at regions where the CIGSe
absorber was not removed. Average reflectance was also calculated in the
380-780 nm spectral range as the arithmetic mean of the reflectance val-
ues measured at each wavelength.

Optoelectronic properties of the solar cells were measured with a
home-built sun simulator in a four-wire configuration. For electrical prob-
ing and sensing, a Keithley 2400 source meter was utilized. The electrical
characterization of the solar cells took place under standard testing
conditions (STCs), using a 3350 K tungsten halogen lamp calibrated to
an intensity of 1sun equivalent light.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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