Figure 1 Gantt chart — Project progress between month 8 and 21.
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Has there been any changes No Minor Substantial
in the
Consortium composition? X
Work progress? X
Expenses (vs budget)? X

Comments on the changes in the project plan

Due to the bankruptcy of one of its customer in China (for Octopus 3 tool), Indeotec went through a
difficult situation in 2021 and had to step down from the project in May 2021 (till the present report).
The Laboratory and Service Center (LSC) Gelsenkirchen has been closed and thus their activities in in
the project have stopped. The exit of the original project partner LSC does not represent a risk for the
whole project, as its part could be considered as a kind of additional benefit, the core activities should
not be affected by this decision.

The order for TCO sputtering targets from the subcontractor Sindlhauser Materials has been delayed
because the conditions under public procurement law could not yet be finally clarified between
Sindlhauser and ISE. Therefore, the scheduled expenses needed to be postponed.

4.1 WP1 Administration

In-person project meetings with the entire consortium, which were scheduled to occur every 6 months,
were not possible during the reporting period due to travel restrictions related to the Corona pandemic.
These meetings were then replaced by productive conference calls (May 2020, November 2020, May
2021). In between, constant communication (by phone and mail) of the project partners, mostly bilateral,
was continued to ensure close collaboration (joint experiments) and continuous exchange of information
and results.

The partner Fraunhofer ISE LSC left the consortium. The final agreement with PTJ was made by LSC.
The request for a cost-neutral extension of the project duration by 6 months was decided at the last
project meeting (May 2021).



42 WP2TCOs

The electrical properties of ITO layers thinner than the standard (< 70 nm) were quantified. Here the
growth and thus the electro-optical layer properties of TCOs can depend significantly on the substrate
type. For this reason, characterization methods for the electrical TCO properties on device-relevant
structures were developed. Deposited under the otherwise same conditions, thin ITO layers have a
lower resistivity than thick layers due to a higher charge carrier concentration. This can be beneficial for
the use of very thin ITO layers with the aim of reducing indium consumption.

— 160 | I on a—Si:H[;n};
_;‘ 140 F on a-3i:H (pj{
= 120 | 7
= 100 | T H
s 80 [ H
S e, &
o OH H

20 -

0 ) ]

0 25 50 75
ITO thickness (nm)

Figure 2: The sheet resistance (Rsn) measured for structures ITO films deposited with different thickness
on SHJ substrates (textured wafer, a-Si:H(p) / a-Si:H(i) / c¢-Si(n) / a-Si:H(i) / a-Si:H(n) structure) was
addressed via 4 point probe measurement in the Van der Pauw configuration. ITO was deposited on
either the a-Si:H(n) or the a-Si:H(p) side. The measured Rsh strongly depends on whether the ITO
deposited on the a-Si:H(n) side or on the a-Si:H(p) side is contacted. The low-resistance c-Si(n) / a-Si:H(i)
I a-Si:H(n) contact leads to an effective parallel connection between ITO and wafer. For an ITO thickness
of 0 nm, the Rsh of the wafer (~50 Q/sq) was measured. Then, with increasing ITO thickness, Rsh
decreased slightly. The Rsh values obtained on the a-Si:H(p) side correspond to the ITO layer alone,
which is electrically decoupled from the substrate due to the effective electrical barrier of the a-Si:H(p) /
a-Si:H(i) / c-Si(n) junction. With reduction of the ITO thickness, the Rsh increased only moderately, clearly
deviating from a linear relationship between sheet resistance and layer thickness.

UT: Taking advantage of the low damage deposition capabilities of the PLD reactor manufactured by
Solmates, different ITO PLD-deposition recipes were developed. The reactor included different modules
to reduce the amount of particles in the films and to mitigate deposition damage. Overall, it seems that
the most impactful parameters during the deposition to mitigate damage is the working pressure. Based
on this assumption, three PLD recipes were developed at three different pressures: the “low” pressure
ITO deposition performed at 0,005 mbar, the "intermediate” pressure ITO deposition performed at 0,02
mbar and the “bilayer” recipe consisting of a very thin ITO layer (about 1-2 nm thick) deposited at much
higher pressure, i.e. 0.1 mbar on top of which is another ITO layer deposited according to the low
pressure recipe done at 0,005 mbar.

The three deposition processes were independently optimized to reach similar electronic and optical
ITO properties in the as-deposited state as close as possible to a sputtered ITO reference (Sheet
resistance (Rs) < 100 Q/sq; Carrier concentration (Ne) about 1,5.102° cm-3 , Hall mobility (u) > 30
cm?(V.s) ") optimized to meet the requirements of a front electrode of Silicon Hetero-Junction Solar cells.
More specifically the films were optimized to meet comparable sheet resistance (about 60 Q/sq as
deposited) which takes a key role in lateral transport. The PLD deposition parameters were designed to
reach about 100 nm thick ITO films (on a planar substrate) for all three recipes while keeping optical
absorptance as low as possible (< 10% in the spectral range of interest).

The ITO films were co-deposited on SHJ precursors and pieces of glass following the three recipes, the
ITO films properties were measured on the pieces of glass:
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Figure 3: optoelectronic properties of PLD-deposited ITO on flat glass at three different working pressures.
Left: Electrical properties before and after annealing process including sheet resistance (Rsh); Carrier
concentration (Ne), and Hall mobility (uHall). Right: Optical properties of the films before (dashed lines) and
after annealing (solid lines)

Figure 3 shows the sheet resistance (Rsh) of the three ITO films as deposited and after annealing. The
three films are showing similar Rsn about 60 Q/sq as deposited. “0,005 mbar” and “0,1 + 0,005 mbar”
ITO also display similar Rsh about 60 Q/sq after annealing but “0,02 mbar” ITO has a higher sheet
resistance of 100 Q/sq. The cause of this difference will be discussed in the next section about structural
properties.

Figure 3 shows the carrier concentration increasing with the working pressure from 2,5.102° cm-3 for
“0,02 mbar” to 5.102° cm-3 for the “0,1 + 0,005 mbar” as deposited. For the “0,02 mbar” and “0,005 mbar”
ITO, the carrier concentration drops after annealing to 1.102° and 2,25.102° cm respectively. Note that
for the “0,1+0,005 mbar”, carrier concentration increases very slightly after annealing to 5,5.E2° cm3.
Interestingly, the “0,1+0,005 mbar” is displaying the highest carrier concentration of the three samples.
The 0,1 mbar buffer layer (sublayer of the “0,1+0,005 mbar” film) is so thin, it actually is difficult to
characterize. Clearly the 0,1 mbar buffer layers influences the film properties but so far, the state of the
interface between the two sublayers is unknown and so forth how the two sub-layers synergize together
remain unclear.

Mobility displayed on figure 3 is about 25 cm?(V.s)' for “0,005 mbar” and “0,1+0,005 mbar” ITO and 46
cm?(V.s)' for “0,02 mbar” as deposited. After annealing mobility increases to 55 cm?(V.s)™! for “0,02
mbar” and 41 cm?(V.s)"' for “0,005 mbar”. Similarly to Ne, the “0,1+0,005 mbar” mobility remain virtually
unchanged with a value of 23 cm?(V.s)'.Here, the “0,005 mbar” and “0,02 mbar” deposited films follow
the trend of mobility increase with annealing, but same as for the carrier concentration, the “0,1+0,005
mbar” ITO does not follow the trend. One hypothesis is that the “0,1 mbar” sub-buffer-layer is deposited
at so high pressure that it is not as dense as the other films and thus may lead to a lower mobility
(rougher/poorly designed grain - interface due to nano porosity making electronic motion more difficult
in other words there probably is a higher energetic barrier to overcome ta with an accurately designed
film).

The optical properties, absorptance and transmittance of the three ITO films before and after annealing
are displayed on the right panel of Figure 3.

All three films present a low absorptance (< 20 %) over the whole spectral range of silicon heterojunction
solar cells (300 — 1200 nm). In the UV-Vis range (300 — 400 nm), we also observe a very slight Burstein-



Moss shift with the increasing working deposition pressure in accordance with the carrier density
reported.

The optical absorptance of the films in the near-infrared region increase with the carrier density as
expected, showing the highest free carrier absorption (FCA) for the bilayer film and the lowest FCA for
the films deposited at “0,02 mbar”, for which the absorptance remains below 10% over the whole spectra

range.

Quantification of these parameters is clearly showing the relationship between the carrier density and
the optical performances. Overall, the intermediate pressure ITO displays better performances: lower
absorptance especially in the NIR range because of its lower free carrier absorption thanks to its lower
carrier concentration, the film also displays higher mobility (still un-explained) but a higher sheet
resistance after annealing. It seems that the “0,02 mbar” ITO lays in some “deposition pressure soft
spot”, displaying different but interesting properties.

In order to investigate the causes of for the films properties, structural properties were studied.
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Figure 4: XRD spectra of ITO deposited at three different working pressures on pieces of flat glass before
and after annealing at 200 °C. b) ITO spectra deposited at intermediate pressure on pieces of flat glass as
deposited, after annealing at 200 °C and after annealing at 250 °C. Data were vertically translated for clarity
but relatives intensities of the different spectra were kept unchanged for fair comparison.

Investigation of structural properties of the three ITO before and after annealing were done using
Grazing-Incidence XRD. Results are presented on figure 4: before annealing only the classic halo
(around 26 = 33°) from glass is present for all three films, describing the amorphous nature of the as
deposited films. After 200 °C annealing, “0,005 mbar” and “0,1 + 0,005 mbar” ITO display (211), (222),
(400) and (440) as main reflections corresponding to the In203 bixbyite reference pattern. The presence
of these multi-reflections highlights the polycrystalline nature of the films. Interestingly “0,05 mbar” and
“0,1 + 0,005 mbar” ITO show different preferential orientations, (111) and (100) respectively. This may
be due to the different deposition working pressures as previously suggested by other studies.

The case of 0,02 mbar ITO is different because after 200 °C, the film still does not show any reflections
and remains amorphous. Figure 4 shows the GI-XRD of ITO films annealed at different temperatures,
study conducted to investigate the amorphous/polycrystalline transition temperature of this film.

The diffractogram of 0,02 mbar ITO, recorded after 250 °C ex-situ annealing, exhibits the same
reflections as the two other polycrystalline ITO. The film follows the (111) preferential orientation, same
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as the “0,1 + 0,005 mbar” ITO. This highlights the relationship between working deposition pressure,
kinetic energy of the landing species during PLD process and the crystallization energy. It seems that
high working deposition pressures induce (111) orientation whereas lower pressures give rise to (100)
preferential orientations. Note that the orientation of the 0,1 + 0,005 mbar ITO may be induced by the
first very thin (1-2 nm) ITO layer deposited at high pressure, e.g., 0,1 mbar.

Interestingly, the ITO with highest mobility is the one that seems amorphous even after annealing, but
the effect of microstructure and carrier density on the mobility of the films needs to be further
investigated. For the 0.02 and 0.005 mbar deposited films, the amorphous or polycrystalline nature could
explain the increase of mobility after deposition.

UT: Indium Free TCO

As detailed in the last project report, development of indium free TCO are based on Ta:SnO:2
compositions. More specifically at this early stage, the starting material composition is 14 weight %
Ta20s in SnO2, the PLD-depositions and subsequent characterizations have been performed. For these
preliminary results, oxygen content in the PLD-deposition atmosphere was investigated.
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Figure 5: Optical properties of Ta:SnO: films, deposited by PLD at 5/ 25 /50 and 100 % O2/Ar content.
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Rsh (Q.sq") 3080 1025 2015 1915
Ne (1020 cm3) 1,9 1,8 2,6 0,33
M (cm2.(V.s) ") 1,5 6,6 1 10,5

Table 1: Electronic properties of Ta:SnO: films, deposited by PLD at 5 /25 /50 and 100 % O2/Ar content

These data show that higher oxygen content leads to better films properties. Both in terms of optical
properties such as low absorptance and higher electronic conductivity. For the annealing of these films,
the annealing atmosphere was changed to 5%H2/Ar and the temperature was increased to 500 °C.
Indeed, films annealed in air were showing poor or no conductivity. In order to increase films properties,
usage of TiO2 anatase as a deposition substrate is considered based on the following paper: High
Mobility Exceeding 80 cm2 V-1 s-1 in Polycrystalline Ta-Doped SnO2 Thin Films on Glass Using Anatase
TiO2 Seed Layers, Shoichiro Nakao et al 2010 Appl. Phys. Express 3 031102.

Two other targets of the Ta:SnO2 containing 7 wt.% Ta20s and 2wt.% Ta20s are also ready to start
material development and determine the optimum dopant concentration. Note that the next steps of the
CUSTCO project will focus on Indium free TCO development.

4.3 WP3 Silicon thin films

Microcrystalline silicon oxide thin films are currently being studied by various groups which have
implemented them in solar cells. The main advantages of this material is a reduced optical absorption,
a better thermal stability and hopefully a high enough conductivity. However, the fine optimization of
these materials, in particular when p-type doped, turns out to be very much challenging, with unexpected
effects such as an improvement in the conductivity of the films upon annealing at 250 °C and 300 °C
(Figure 3), while their crystalline fraction decreases (Figure 4).
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These results have been presented at the last EUPVSEV conference. The optimized p-type and n-type
pc-SiOx:H layers are currently being implemented on solar cells.

4.4 \WP4 Device integration

In addition to the electrical bulk properties of the ITO layers (WP2), the contact resistance (poc) of the c-
Si/ a-Si:H / ITO / metal system, which is decisive for cell integration, was investigated as a function of
ITO thickness. With respect to metallization, two methods were compared: screen printing of a silver-
containing paste (SP-Ag), which is considered the industry standard, and vapor deposition of a metal
layer stack (PVD metal). The results show that the ITO layer not only affects lateral transport and light
coupling, but in the case of SP-Ag is also crucial to enable low contact resistance to the a-Si:H layer. It
can be concluded that TCO-free SHJ cells are not feasible with conventional screen-printed metallization
and can only be realized with PVD metal contacting. This approach, in turn, is compatible with an
electroplating-based metallization sequence (industrially scalable), where contacting takes place
through PVD metal seed layers. Besides the significant TCO savings, such a metallization approach
(Cu plating) also allows the significant reduction of Ag consumption.
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Figure 6: Electrical test structures to determine contact resistance (pc) as a function of ITO layer
thickness were fabricated to further understand how the vertical component of series resistance of SHJ
cells behaves as a function of (front side) ITO thickness. Two metallization methods were compared.
Here, a fundamental difference between metallization via screen-printed silver paste (SP-Ag) and a vapor-
deposited metal (titanium, PVD metal) is revealed when the ITO layer is omitted (0 nm ITO, direct metal -
a-Si:H(n) contact). While the a-Si:H(n) layer cannot be contacted electrically by SP-Ag, the PVD metal
allows very good contact (pc < 5 mQcm?) without an ITO interlayer. For the conventional ITO layer
thickness of 75 nm, both metallization processes are at a very similar pc level (difference less than the
resolution limit of the using these test structures). The reason why the contact resistance increases for
ITO thicknesses in the range between 21 and 8 nm for thinner ITO (for both metallization methods) is
currently still under investigation.

4.5 WP5 Solar cells and modules processing

Complementing the preliminary investigations on the influence of ITO thickness on lateral (Rsn) and
vertical (pc) current transport, a batch of monofacial SHJ cells (with rear side p/n junction) was prepared
at ISE, where the front side ITO thickness was varied between 0 and 75 nm. Here, ITO deposition was
performed in an inline sputtering system. To optically compensate for the missing ITO to ensure anti-
reflection conditions, a TiOx capping layer (refractive index very similar to ITO) was deposited after the
screen-print metallization using the vacuum-free and scalable spray-coating method. While the
efficiency level can be maintained up to an ITO thickness > 20 nm, the series resistance increases
significantly for even thinner front-side ITO layers, with a corresponding negative impact on cell fill factor
and efficiency. If the front-side ITO layer is omitted entirely, the very high pc at the SP-Ag / a-Si:H(n)
interface (see WP4) leads to non-functional solar cells, although lateral current transport would still be
provided by the Si wafer.
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Figure 7: |-V parameters of monofacial SHJ solar cells with p/n junction on the rear side and different
design of the front electrode. The short-circuit current (Jsc) is lower when the ITO layer thickness on the
front side is reduced (36.5 mA/cm? for the standard 75 nm thick ITO layer and 34.7 mA/cm? for 21 nm
ITO), due to nonideal antireflection conditions. The fill factor (FF), on the other hand, suffers only
moderately from the thickness reduction (81.7% —81.3%). After supplementing the 21 nm thin ITO layer
with ~50 nm of sprayed-coated TiOx, the antireflection properties improve significantly, leading to a Jsc
(36.6 mA/cm?) even slightly higher than that of the 75 nm ITO single layer. The average efficiency of the
cells with 75 nm ITO (21.9 %) is comparable to that of the cells with the ITO / TiOx double layer (21.8 %).
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Figure 8: This figure shows the Rs extracted from the I-V curve of the cells partially shown in Figure
(batch1). In another experiment (batch2) the ITO thickness on the front side was now further reduced.
For front side ITO thicknesses < 20 nm, the Rs increased now noticeably, which accordingly also led to
a reduced cell efficiency (not shown). The pc studies (Figure ) indicate that in addition to the thickness-
dependent ITO sheet resistance, the increased contact resistance also contributes to this Rs increase.
Cells where the ITO layer was omitted completely showed no functionality in combination with screen-
printed contacts, which can be attributed to the contact barrier between SP-Ag and a-Si:H(n) (WP4).

UT: PLD deposited ITO at the three different pressures described in WP2 were applied as front and
back contacts in SHJ solar cells and solar cells performances were evaluated.
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Figure 9: Integration of PLD-grown ITO at three different working pressures as TCO for SHJ solar cells. a)
efficiency, b) Vo, €) Jsc and d) Fill factor of the batch of cells.
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Figure 10: Integration of PLD-made ITO at three different working pressures as TCO for SHJ solar cells:
series resistance of the batch of cells

Jsc measured on the cells for the three types of ITO follow the overall trend of the ITO films properties
measured on pieces of glass: “0,005 mbar” < 0,1 + “0,005 mbar” < “0,02 mbar”. There were no impactful
differences among the cells measured in terms of Voc. The series resistance of the cells match the sheet
resistance trend observed for the ITO films. Cells with the “0,02 mbar” ITO show the highest series
resistance similarly to the “0,02 mbar” ITO films displaying the highest sheet resistance. Sheet
resistance of the ITO film may have an impact on the series resistance observed at the cell level. Another
hypothesis to explain the high series resistance is the formation of a native SiOz2 very thin layer at the
TCO/a-Si:H interface. Indeed, the higher pressure (therefore higher oxygen content- stoichiometry wise)
used for this “0,02 mbar” deposition may lead to the formation of a very thin native oxide layer. Moreover,
the lower kinetic energy of the ions in the plasma (also linked to the higher pressure e.g. 0,02 mbar)
may not be high enough to punch through that native oxide layer if that layer is present (compared to
the higher kinetic energy of the “0,005 mbar” and “0,1 + 0,005 mbar” deposition processes that may be
high enough to punch through). TEM and EDX with partner CNRS, and ToF-SIMS investigations are
ongoing to unravel the possible presence of the native oxide layer and the status of the TCO/a-Si:H
interface. As a result, the efficiencies reported for these cells follow the series resistance trend. The
higher series resistance of the cells containing “0,02 mbar” ITO leads to about 19,3% efficiency
compared to about 20,6% for the cells containing the two other kinds of ITO. These parameters were
also compared with the ITO-SHJ baseline from Fraunhofer ISE reporting about 22% efficiency.

High efficiency SHJ with thinner TCO:

In this section we show a proof of the performances that can be reached with a thinner ITO. To meet
the best anti-reflective coating (ARC) conditions, the ITO layer shall be around 75 nm on textured wafers.
Following the same cell structure as previously described, and only for the cells made with 0,1 + 0,005
mbar ITO, cells with thinner front electrode (ITO) were manufactured. On top of these cells, the ITO
layer was compensated with Spay-casted TiOx to meet the ARC conditions. The cells were
characterized, and a drop of series resistance was observed, probably due to the main thermal
processes. In addition to this, a significant gain in generated current (about 1 mA/cm?) is observed.



Figure 11 shows the efficiency of the cells before and after TiOx compensation, accounting for an overall
0.7 % improvement.
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Figure 11: Efficiencies of SHJ cells with ITO (0,1 + 0,005 mbar) before and after TiOx compensation
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Figure 12: Integration of PLD-made ITO at three different working pressures as TCO for SHJ solar cells:
carrier lifetime measured before PLD ITO deposition processes, after PLD depositions processes and after
annealing process of the whole cells.

As previously mentioned, working deposition pressure is a possible way to mitigate deposition damage
and improve the cells performances. In order to measure the impact of the TCO deposition on the charge
carrier lifetime, carrier lifetime was measured at three stages of the precursor fabrication. At first on the
cells precursor without TCO, after the PLD ITO depositions following the three pressure recipes and
lastly after thermal treatment of the whole stack. The carrier lifetime drastically drops after the ITO
depositions for all three deposition pressures, note the drop is about the same for all three samples
(from about 2450 us to about 600 us). After annealing there is a partial recovery of the lifetime for the
0,005 and 0,02 mbar deposited ITO, but no recovery for the bilayer. Further investigations are ongoing
to understand these observations, including a second set of samples, to discard other effects such as
transport and sample manipulation.

4.6 WP6 Simulation and Characterization

In the starting report, electrical simulations addressing the resistive losses as a function of contact
resistance and sheet resistance of the front TCO were shown.

Now, using optical simulations, the influence of the TCO thickness on the front and back side of the cell
on the light management at cell and module level was investigated. The results show that the TCO
thickness requirements at the module level are strongly relaxed compared to the cell level. This can be
attributed to the encapsulation of the cell by the EVA/glass combination, which supports light incoupling
by a more gradual refractive index gradient compared to the cell level. More specifically, the TCO
thickness on the front side can be reduced by 10-20 nm without increasing the optical losses. Moreover,
the simulations show that from an optical point of view, the TCO layer on the rear side of bifacial cells
may even be arbitrarily thin, except in the atypical case of very high rear side illumination (albedo > 0.2 x



front side illumination). On the front side, TCO layers thinner than = 50-60 nm require a transparent
capping layer with a refractive index spectrum similar to that of the TCO to minimize reflection losses
(antireflection condition).
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Figure 3: The intrinsic bifaciality of the SHJ technology allows the fabrication of both bifacial (1 and 2)
or monofacial cells (3). For monofacial cells the rear TCO serves as an optical spacer to prevent surface
plasmon absorption in the rear metal. For this purpose, layers of considerable thickness (> 100 nm) are
used ideally. However, since no lateral conductivity is required and the TCO is completely covered by
the metal, indium-free materials are well suited here, which are otherwise often avoided due to lower
electron mobility or stability issues.

Bifacial cells can be integrated in monofacial (1) or bifacial modules (2), with the latter being
advantageous when a significant illumination entering from the rear side of the module (e.g. large albedo)
is expected. In both cases the local metal contacts require lateral conduction in the wafer/rear TCO
system. In Figure 4 it is shown how the light management behaves as a function of front and back TCO
thickness for the two different module designs (1) and (2).
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Figure 4: To investigate in more detail how the TCO thickness on the front (a) and rear side (b) affects
the light management at the cell and module level (expressed by the Jsc), optical simulations were
performed using SunSolve from PV Lighthouse. For the fs-ITO of a bare cell, a pronounced thickness
optimum around 70 nm is obtained, which minimizes the reflection losses in case of the direct air / TCO
interface. However, the insertion of the encapsulating EVA and the glass leads to a more gradual increase
in refractive index (nair < nNgass < nNeva < nito), improving the overall anti-reflection conditions and
significantly broadening the Jsc trend around the ITO thickness optimum. Hence, on module level, a fs-
ITO thickness reduction of 10-20 nm is easily acceptable (AJsc (70 — 50 nm) = 0.03 mA/cm?). For further
reduction, a capping layer of suitable refractive index is required to compensate for the lack of thickness.
Here SiNx was used, since nsinx = nito. Being more transparent than ITO (for the simulations already a
relatively transparent ITO layer was used with moderate doping density of 1x102°cm), the bilayer
approach increases Jsc on cell and on module level.
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Regarding the rear TCO of bifacial cells, a distinction must be made between monofacial and bifacial
module designs. For monofacial modules, the good rear reflection due to the rear EVA / backsheet
combination renders the rear TCO unnecessary regarding optical performance. The parasitic absorption
of the near-infrared (NIR) light in the rear-side ITO then gradually decreases for thinner layers, which
increases Jsc (black stars (b)). Similar results are obtained for bifacial modules with front-incident
illumination (black squares) with efficient NIR rear-reflection at the rear EVA / glass / air stack. For
illumination from the rear side, a flat ITO thickness optimum around 60 nm is again observed (blue
squares), which is due to the anti-reflection properties. However, this has little impact for the
combination of front- and rear illumination at the albedo fractions typically present below 20%. In
summary, at the rear side, the TCO is not needed for optical reasons and the required thickness can be
optimized exclusively for electrical transport.

4.7 WP7 Economical evaluation

Cost of ownership calculations were performed to quantify the cost benefit for reducing ITO thickness.
While significant savings can be achieved here, the process for any required capping layer should be
thoroughly selected to benefit from the reduced indium-consumption. Here, capping with PECVD-SiNx
may not be economically attractive and lower cost materials/processes should be used, such as has
been done experimentally with spray-coated TiOx.

Current work is focused on evaluating the process route using indium-free TCOs (e.g. AZO). Preliminary
results show that there is a clear cost advantage at the cell level when ITO is replaced by AZO. However,
it is expected that the stability issues of AZO can lead to higher module costs compared to ITO.
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Figure 5: Cost of ownership (CoO) calculations were performed for the process steps of the ITO sputter-
deposition (red line), the PECVD-SiNx (blue lines) and the combination of both (violet and greed dots), as
a function of the applied layer thicknesses on front and rear side. The cost analysis was performed using
the SCost modelling approach, which is aligned with the SEMI standards E35 and E10. The cost model
input parameters are based on latest data provided by industrial manufacturing equipment suppliers.
For ITO, inline coating can typically be performed for both sides within the same sputter tool. Since this
is not the standard for PECVD-SiNx (e.g. in PERC production lines), an additional tool is assumed for
each cell side coated with SiNx. Compared to the standard with 70 nm ITO on both sides
(A: 6.81 $ct/wafer) significant cost savings can be achieved by reducing the ITO thickness to 20 nm on
one side (B:5.22 $ct/wafer) or on both sides (C: 3.65 $ct/wafer). However, if 50 nm of SiNx
(G: 1.69 $ct/coating) is added to compensate for the optical thickness, the additional cost of the PECVD
system cancels out the savings in indium consumption.



5 Discussion of results

it was extensively investigated how the reduction of the ITO layer thickness affects the cell and module
performance and cost. For this, SHJ cells were fabricated with varying front-side ITO thickness. To
ensure proper anti-reflection conditions, the cells were spray-coated with TiOx layers afterward screen
printing the Ag grid to yield a total (ITO + TiOx) thickness of =75nm using a potentially cost-effective
capping process. Electrical test structures were fabricated to understand how the vertical and lateral
components of the cell’'s series resistance evolve as a function of ITO thickness. Optical simulations
were performed to compare the influence of ITO thickness on the front and back side on cell and module
level. Finally, cost calculations revealed how the ITO thickness reduction translates into cost savings
with and without the application of an additional capping layer on top.

Main outcomes here, in brief, are that due to the fact that a significant contribution of the lateral current
transport can take place within the Si absorber itself when the electron contact is located at the front
side, the requirement for the front-side-TCO sheet resistance is strongly relaxed. So far, we managed
to thin down the ITO from 75 to 21 nm, while maintaining a similar efficiency level. We showcase that
only the application of PVD metal (vs. printed Ag) would allow to omit the TCO completely, which would
be compatible with the use of alternative metallization approaches, e.g. Cu plating. Regarding the optical
performance, it was found that on module level the thickness requirements for the front- and rear side
TCO are strongly relaxed compared to cell level. This is due to the encapsulation material and glass,
both supporting the light incoupling by an improved refractive index gradient compared to the cell level.
More precisely, the ITO thickness on the front side can be reduced by 10-20 nm, while the ITO on the
back side does not provide any optical advantage for bifacial cells, except in the atypical case of a very
high albedo (> 0.2 suns). On the front side, TCO layers thinner than =50-60 nm require a transparent
capping layer with refractive index similar to ITO. While this double layer approach reduces the In
consumption, the decisive factor will be the costs for the additional capping layer. As cost calculations
showed, the capping with PECVD-SiNx is economically not necessarily attractive and either lower cost
materials / processes should be used here.

Furthermore, for WP2.3, a rotary target with aluminium-doped zinc oxide was ordered serving as an
indium-free reference material at ISE. For the "high mobility" process route the specifications for the
production of a rotary target with cerium doped indium oxide was discussed and defined with the
subcontractor Sindlhauser. For this purpose, Sindlhauser must carry out extensive preliminary work on
target production since this is not a commercial product so far. Unfortunately, it has not yet been possible
to place the order, as the boundary conditions under public procurement law between Sindlhauser and
the ISE have still not been finalized. It is assumed that this target can be installed in an industrial
sputtering system at ISE in Q4 2021.

The installation of the PLD tool from Solmates and the development of TCO processes: Because it is a
new tool, the first developments were focused on Sn-doped In203, which is the reference TCO material
also at Fraunhofer ISE. This allowed us to compare the performance of our developed PLD ITO
processes in terms of materials and device performance with those of the Fraunhofer ISE. Several
experiments were planned and performed in collaboration with Fraunhofer ISE, mainly solar cell
fabrication and lifetime measurements to determine damage effects from the deposition. The results will
be described in the WP2 section. In parallel to ITO, the development of Indium-free TCO, Ta-doped
SnOz2, has started as well. Microstructural analysis of cells fabricated at Fraunhofer ISE and with TCO
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from UT, were furthermore performed at CNRS. Analysis of these data is in progress and will be
described for the next reporting period.

The research has also focused on the development of thermally stable n-type and p-type uc-SiOx:H
layers combined with a-Si:H and a-SiOx:H passivation stacks. While n-type pc-SiOx:H has been
relatively easy to optimize (in particular thanks to in situ modulated photoluminescence) with symmetric
structures reaching high lifetimes, the optimization of p-type pc-SiOx:H films has been much more
challenging. Indeed, the crystalline fraction of the films has been found to rapidly decrease when the
oxygen concentration is increased by adding more COz2 to the SiHs-H2-TMB? gas mixture used to growth
he-Si:H films. Moreover, the conductivity of the films is rather low in the as-deposited state (~ 107 S/cm)
and requires an annealing step at 250-300 °C to activate boron atoms and achieve a conductivity of 10
5 S/cm which is controlled by the amorphous phase of the nanostructured material. Nevertheless, these
layers, when incorporated into solar cells, allow to keep a good passivation even after an annealing at
300 °C, which should broaden the process conditions for the TCO layer to be deposited on top.

6 Conclusions and outlook

Meaningful demonstration of a cost efficient, up-scalable and stable TCO for highly efficient (>24%)
silicon solar cell will show the potential for the industrialization of the next generation silicon solar cell
concepts and how this can be leveraged by TCO improvements, along with optimization of the silicon
contacts and module integration. The results of this project will enable the European industry partners
to increase their participation in expected future investments in this market, to maintain their leading
position and preserve technological leadership.

2 TMB stands for trimethyl-boron
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