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Silicon Heterojunction Solar Cells Featuring Localized
Front Contacts

Sebastian Smits,* Yifeng Zhao, Paul Procel Moya, Luana Mazzarella,
and Olindo Isabella

1. Introduction

Decades of development are behind the combination of intrinsic
and doped hydrogenated amorphous or nanocrystalline silicon
layers (a-Si:H or nc-Si:H and/or its alloys, respectively) to form
a contact that concurrently chemically passivates the c-Si surface
and selectively allows the collection of negative or positive charge
carriers. This has resulted in front/back-contacted (FBC)-silicon
heterojunction (SHJ) solar cells demonstrating high power
conversion efficiency (η) of 26.81%.[1] Much effort in the

improvement of SHJ solar cell technology
is focused on the optical performance by
optimizing both the front and rear carrier-
selective passivating contact (CSPC) layer
thicknesses, allowing SHJ solar cell effi-
ciencies to reach 24.18% in our lab.[2,3]

Due to the defective nature of the intrinsic
and doped a-Si:H layers that form the
CSPCs of the solar cell, a significant
portion of light is absorbed without
contributing to usable current in the FBC
configuration.[4] Additionally, the transpar-
ent conductive oxide (TCO) layers used
to contact the solar cells need to fulfill
two roles simultaneously, being an
electrically conductive material for lateral
transport while acting as an optically
transparent antireflective coating (ARC).
In general, these properties compete
with one another, as an increase of doping
concentration in the TCO material may
benefit its conductivity but simultaneously
reduces transparency in the infrared
due to free carrier absorption.[5] As a

consequence, η of SHJ solar cells compared to other c-Si based
technologies remains limited by its (Jsc).

[6,7] This has sparked the
development of ultrathin front-side CSPCs aimed to reduce frac-
tion of the light lost to parasitic light absorption without
compromising the charge carrier transport.[3,8,9] Alternatively,
back-contacted architectures based on heterojunction technology
offer a promising pathway forward to reduce parasitic light absorp-
tion and remove shading losses of the front metal grid.[10]

Nevertheless, the single-side contacted designs come with indus-
trial challenges such as increased processing complexity, higher
probability of shunt paths, and wafer bowing from one-sided
metallization.[11,12]

Bivour et al. offered a new perspective on the requirements of
the front TCO, after demonstrating that for (n)-type c-Si sub-
strates, lateral transport of the negative charge carriers partially
takes place within the c-Si bulk under operating conditions.[13]

This enabled the usage of less conductive and more transparent
front TCOs boosting Jsc despite limited loss of fill factor (FF).[14]

Haschke et al. elaborated on that work by highlighting that not
alone the conductivity of the charge carriers in the c-Si bulk, but
also the less-resistive coupling between the bulk and the front
TCO can promote lateral charge transport within the bulk.[15]

Combined, both aforementioned developments provide the
rationale to separate the functionality of the front contact into
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Throughout the development of silicon heterojunction (SHJ) solar cells, the
transparent conductive oxide has been regarded as an essential component
of their front electrode, facilitating lateral charge transport of photogenerated
carriers toward the front metal grid fingers. In rear junction (RJ)-SHJ solar cells,
the (n)c-Si bulk is known to support the lateral electron transport at maximum
power point injection level, provided that the contact resistance of the front
contact stack is sufficiently low. This enables experimental RJ-SHJ solar cell
architectures featuring a localized front carrier-selective passivating contact
exclusively covering the area contacted by the metal grid. Herein, a top-down
approach to the synthesis of this type of architecture is studied and its optical and
electrical performance applied to different (n)-type contacts are investigated.
Additionally, the potential of the localized contact architecture through Cu-plated
RJ-SHJ solar cells is demonstrated. These solar cell demonstrators feature
high short-circuit current density of 40.5 mA cm�2, without significantly
compromising their open-circuit voltage or fill factor, enabling efficiencies well
above 23%, a 2%abs improvement compared to their state before localization of
the front contact.
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two regions, namely the contact regions underneath the front
metal grid and the window openings. Through localization of
negative charge carrier extraction exclusively underneath the
area shaded by the front metal grid, the layers in the window
openings may be selected regardless of their electrical conductiv-
ity, should the c-Si surface passivation remain guaranteed.
Pioneering attempts of this concept include SHJ solar cells that
either omitted the front TCO,[16] featured a localized front TCO
under the metal grid,[17] or employed partially localized front
TCO and doped layers covering 50% of the front area.[18] In these
works, the localized contact concept was found mostly viable for
the rear junction (RJ) configurations. However, reported efficien-
cies remained below state of the art as a consequence of a com-
promised FF.

The aforementioned works have relied on bottom-up
approaches to pattern the contact layers, which involved the depo-
sition of the contact layers through a shadow mask followed by
Ag screen-printed metallization. An inherent limitation of this
approach, however, is the resolution of the front contacts which
is limited by the openings of the shadow mask and the minimal
attainable screen-printed finger width and pitch (≥30 μm and
1.85mm, respectively).[18] In this work, an alternative top-down
method to fabricate the localized front contact architecture is
developed, leveraging the front metal grid as a mask for local
etching. Utilizing the ultranarrow (15 μm) features of our
previously developed Cu-plating metallization scheme,[19,20]

the top-down method can realize localized front contacts at
a significantly reduced pitch of 930 μm. The developed process
flow was systematically evaluated through solar cell demonstra-
tors featuring localized front contacts based on a range of
different (n)-type CSPC layer stacks, keeping previously opti-
mized rear (p)-type CSPC constant.[21] The optical performance
of the most promising localized structure is compared to a
similar structure equipped with a traditional full area contacted
SHJ architecture, to assess the respective parasitic light absorp-
tion losses. Finally, by comparison of the external parameters, the
potential of the solar cells featuring localized front contacts is
demonstrated, and the implications of these findings are
discussed.

2. Results and Discussion

2.1. Top-down Process Flow

The top-down process flow, depicted in Figure 1, primarily con-
sists of the regular fabrication of SHJ solar cell precursors.
Following their metallization, the front TCO and (n)-doped layers
are selectively etched from the window openings. Because of
the risk of Cu-contamination of plasma tools, the self-masked
TCO and (n)-doped layer patterning steps are restricted to wet
chemical methods. Solutions based on strong halogen acids,
such as HCl, are known to etch tin-doped indium oxide
(ITO), the material used as the front TCO in this study, effec-
tively.[22] Experiments with diluted (1:5 HCl:H2O) solutions
resulted in a controllable etching rate, removing 30 nm ITO from
a textured (n)c-Si substrate within 90 s. When masked by the
front metal grid, however, detrimental etching undercut caused
the fingers to delaminate from the sample before the front ITO
was completely removed (Figure S1, Supporting Information).
Therefore, the process was established using undiluted fuming
(37%) HCl as the etchant, which required only 12 s to remove the
30-nm-thick ITO at room temperature, without resulting in
finger delamination (Figure 1b). Additionally, the mechanical
stability of the fingers was assessed by performing the tape test
described in ASTM D3359-23 on a solar cell with and without
patterned TCO.[23] Since both samples passed the test, we con-
clude the mechanical stability to be not significantly compro-
mised by the TCO patterning step.

Figure 2a depicts a cross-sectional scanning electron micros-
copy (SEM) image of one of the front grid finger contacts of a
solar cell sample in the final state of Figure 1. The cut from
the chip-dicing machine remained too rough to identify the
100-nm-thick Ag seed layer and 30-nm-thick localized TCO
traces under the Cu finger. Therefore, additional stripping of
all Ag and Cu using HNO3 was performed, after which a top-
down SEM image was captured depicted in Figure 2b. The darker
regions in Figure 2b correspond to the window openings where
the nonconductive double-layer ARC (DLARC) was deposited.
As this layer had been deposited after metallization, the border

(a) (b) (c) (d)

Figure 1. a–c) Schematic representation of the self-aligned wet chemical process flow to synthesize the FBC-SHJ solar cells featuring localized front
contacts. Layer thicknesses are not to scale. In step d), we omit the hydrogenated silicon nitride (SiNx:H) film coating the Cu-plated finger due to its
negligible thickness as compared to the finger height.
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of the darker region outlines the width of the Cu finger before it
was stripped. The bright region in Figure 2b corresponds to the
patterned ITO located under the front metal grid. The difference
in width of the traces of ITO and Cu reveals still the presence of
undercut, resulting from the self-masked wet chemical pattern-
ing step, despite the mechanical stability of the fingers.
Reportedly, the addition of oxidizing agents such as FeCl3 acts
as a catalyst and reduces the degree of undercut.[24] However,
in our context the addition of oxidizing agents makes the solution
corrosive to Cu and Ag. Possibly, TCO etching step may be more
controllable with the use of organic acids such as oxalic acid,
which may simultaneously clean the sample from residual metal
ions through chelation.[25,26] Oxalic acid has, however, been
reported to affect the stoichiometry of ITO due to the different
etch rates of SnO2 and In2O3, affecting the electrical properties of
ITO and etching uniformity.[25,27]

The next step involves the wet chemical etching of the
(n)-doped layer stack from the window openings (Figure 1c).
As previously pointed out by Greil et al. etching uniformity is
challenging when wet chemical etching thin-film silicon
layers.[28] However, given that there is no selectivity of the etch-
ing solution between doped and intrinsic silicon thin-films, the
wet etching method may negatively affect the interfacial passiv-
ation quality that can be detrimental to the electrical performance
of the localized solar cell. To circumvent this issue, we intro-
duced a thin transparent (E04= 2.26 eV) (n)-type hydrogenated
nanocrystalline silicon oxide (nc-SiOx:H) layer in between the
intrinsic layer and our regular (n)-type (nc-Si:Hþ a-Si:H) contact
stack.[8] This layer, which we will refer to as the stopping layer,
allows overetching of the (n)-type stack to ensure its complete
removal from the window openings without affecting the
intrinsic layer underneath. Diluted alkaline solutions such as
tetra-methylammonium hydroxide (TMAH)(5%) or potassium
hydroxide (KOH) (1%) are commonly used to etch silicon
thin-films. A primary dip in diluted HF was used to remove
any oxide from the previous a-Si:H/ITO interface, to ensure a
more uniform etch. Reportedly, TMAH solutions result in
smoother interfaces after etching, suggesting more uniform
etching compared to KOH.[29] Besides, being based on an organic

compound, TMAH is also favorable over KOH from an ion
contamination point of view, known to cause long-term
potential-induced degradation.[30] Despite these advantages,
room-temperature experiments resulted inmore controllable etch-
ing with KOH solutions (Figure S2, Supporting Information).

The effectiveness of the (n)nc-SiOx:H stopping layer was mon-
itored by exposing symmetric test structures with and without
(n)nc-SiOx:H (depicted in Figure 3) to KOH for various durations.
Comparing the spectrophotometry reflectance measurements in
Figure 3a,c, a gradual change of the short-wavelength reflectance
can be observed throughout the exposure time for the sample
without stopping layer, whereas for the sample with stopping
layer this change seems to be limited up to 60 s of KOH exposure.
Similarly, the effective minority carrier lifetime measurements
in Figure 3b,d demonstrate the same gradual degradation of
minority carrier lifetime for the sample without the stopping
layer, whereas for the sample with the stopping layer the relative
degradation is limited to roughly 40% after 60 s KOH exposure.
Moreover, the increased degradation of effective minority carrier
lifetime in both the low- and high-injection regime of Figure 3b
indicates the formation of defects after extended exposure to the
KOH solution.[31] In Figure 3d, however, the lifetime reduction
mainly takes place in the low-injection regime with limited
change at high-injection level, suggesting that Shockley–Read–
Hall recombination from defect formation at the front c-Si inter-
face is not the main mechanism. Rather, the limited lifetime
decrease in this case may be attributed to the reduced front sur-
face field after removal of the (n)nc-Si:Hþ (n)a-Si:H contact stack
from the window openings.[31,32] Therefore, 8 nm (n)nc-SiOx:H
between the (i)a-Si:H layer and the to-be-patterned contact layer
stack is sufficient to act as a barrier inhibiting the etching of

(a)

(b)

Figure 2. a) SEM images of the cross section of a Cu finger of a localized
solar cell corresponding to Figure 1d. b) A top-down view after wet
chemical removal of the metal finger.
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Figure 3. Reflectance and photoconductance measurements of symmetric
test structures a,b) without and c,d) with 8 nm (n)nc-SiOx:H stopping
layer, respectively. Dark-to-light traces represent the cumulative exposure
time to KOH ranging from 0 to 240 s. Insets represent the lifetime
evaluated at 1015 cm�3 as a function of etching time, normalized by its
value before etching.
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the (i)a-Si:H layer. Additional experiments showed similar
results for samples based on 4-nm-thick (n)nc-SiOx:H (Figure S3,
Supporting Information).

Besides providing lateral transport of charge carriers, the front
TCO also acts as an ARCmitigating the large difference of refrac-
tive index between silicon and air.[33] Therefore, following the
removal of the contact layers, a more transparent replacement
DLARC is deposited to promote light in-coupling (Figure 1d).
With the patterning of the (n)-doped contact layer stack, the win-
dow opening regions of the front interface contain fewer active
dopants than previously present in the (n)-type CSPC, as in these
regions only 8-nm-thick (n)nc-SiOx:H remains. Because of the
reduction of the front surface field in these regions, hole concen-
trations become less suppressed near the front c-Si interface,
degrading the passivation quality of the solar cell.[32] In order to
enhance the front surface field, a 70-nm-thick SiNx:H ARC is
deposited via plasma-enhanced chemical vapor deposition
(PECVD) in a dedicated PECVD reactor. The fixed positive charges
in the SiNx:H film are known to attract electrons near the c-Si
surface, inducing a field effect that restores passivation of the front
c-Si interface.[34] In conjunction with SiNx:H, an additional
100-nm-thickMgF2 optical capping layer is deposited through elec-
tron beam physical vapor deposition to complete the DLARC.[35]

The optimal thicknesses of the respective ARC layers were deter-
mined by optical simulations (Figure S4, Supporting Information).

2.2. Internal Series Resistance

Charge carrier transport within a solar cell featuring the localized
front contact architecture is expected to differ from the transport
in the traditional architecture, as negative charge carrier collec-
tion can no longer occur through the front TCO in the window
opening regions of the cell. Following the methodology described
in ref. [36], using J–V and Suns–Voc characteristics, RS was

determined before and after patterning of the front TCO.
Figure 4 depicts the evaluation of RS for solar cells featuring var-
ious (n)-type contact stacks as schematically depicted in the cor-
responding diagrams above the plot.

The first batch depicted in Figure 4 is based on a 4-nm-thick
(n)nc-SiOx:H stopping layer combined with a variable thickness
of (n)a-Si:H. Despite good initial performance, the RS signifi-
cantly increases after patterning of the front TCO, depending
on the (n)a-Si:H thickness. This demonstrates that for these
structures, lateral carrier transport relies heavily on a conductive
front TCO in the traditional architecture. Substitution of the (n)a-
Si:H with a variable thickness of (n)nc-Si:H is capable of realizing
similar performance before TCO patterning, but results in nota-
ble reduction of RS increase after TCO patterning. These (n)-type
layer stacks, however, require impractically thick layers of over
20 nm to minimize the change of RS, challenging the uniformity
of the subsequent doped-layer patterning step. Upon the combi-
nation of our regular 3 nm nc-Si:Hþ 2 nm a-Si:H (n)-type stack
with a variable thickness of (n)nc-SiOx:H stopping layer, both
before but more notably after patterning, RS is first negatively
affected by the incorporation of (n)nc-SiOx:H regardless of its
thickness. Interestingly, however, a significant reduction of RS

increase after TCO patterning is observed for a (n)nc-SiOx:H
thickness of 8 nm, outperforming the same (n)-type stack without
the stopping layer. Moreover, despite identical properties of the
c-Si wafer and metallization pitch and width throughout all
samples presented in Figure 4, several localized designs feature
RS below 1Ω cm2. Therefore, we demonstrate that the lateral
conductivity of the c-Si bulk under operating conditions is able
to replace that of the front TCO, facilitating carrier collection
without introducing significant resistive losses in several cases.

Comparing the results presented in Figure 4, we observe that
the properties of the (n)-type contact layers have a large influence
on the RS of solar cell after its front TCO is localized. The
decreasing trends upon thicker a-Si:H or nc-Si:H layers suggest
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Figure 4. Internal series resistance (Rs) obtained from 1-Sun illuminated current–voltage ( J–V ) and flash-illuminated open-circuit voltage (Suns–Voc)
measurements before and after patterning of the front TCO for various (n)-type contact stacks. Schematic representations of the corresponding solar cells
after TCO patterning are depicted above the plotted data. Crosses indicate missing data.
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that contact resistivity (ρc), which generally reduces with thicker
layers by reduction of the activation energy (Ea),

[8] plays an impor-
tant role. As proposed by Haschke et al. sufficient electrical cou-
pling between the front TCO and c-Si bulk enables significant
lateral transport within the c-Si bulk.[15] Thus, reduction of ρc
below a certain threshold removes the need of a conductive front
TCO layer in the first place, minimizing the increase of RS after
the localization of the front contact. This insight on the role of ρc
is consistent with previous findings from Sai et al. where the ρc
was identified as a critical parameter for the FF of their TCO-less
solar cells.[17] Likewise, the results in Figure 4 demonstrate that
when all negative charge carrier collection from the c-Si bulk
takes place exclusively through the area underneath the front
metal grid, the contribution of ρc to RS is amplified.

Finally, the difference between the bilayer (n)-type stack with
or without a (n)nc-SiOx:H stopping layer corroborates the
aforementioned notion. After all, incorporating (n)nc-SiOx:H,
featuring two magnitudes lower dark conductivity compared
to (n)nc-Si:H, is expected to increase ρc of the stack.[8,37] In fact,
the sudden reduction of RS before and more notably after TCO
patterning when an 8-nm-thick (n)nc-SiOx:H stopping layer is
used suggests a competing effect responsible for lowering the
ρc of the stack in this instance. This is in line with the delayed
nucleation of nanocrystals observed previously during the devel-
opment of the (n)nc-SiOx:H layer re-used in the current work ((n)

nc-SiOx:H-2 in ref. [8]). At that time, comparable FF of around
79% was demonstrated between solar cells featuring either
8 nm (n)nc-SiOx:H or 3 nm (n)nc-Si:H, whereas solar cells
featuring 3 nm (n)nc-SiOx:H yielded 76% FF. Additionally, the
oxygen alloyed in the stopping layer may in turn promote
nanocrystalline growth in the subsequently deposited (n)nc-Si:
H layer, similar to how interfaces treated with CO2-diluted plas-
mas are reported to prompt nucleation in (p)-type stacks.[38,39] A
more in-depth study of the structural and electrical properties of
(n)-type stacks on top of (n)nc-SiOx:H layers is needed to further
clarify the trend observed in the (n)nc-SiOx:H series of Figure 4.
More importantly, the fact that the structures featuring 8-nm-
thick stopping layer outperform identical samples without stop-
ping layer after localization of the front contact highlights its dual
functionality. Besides facilitating the wet chemical patterning of
the doped layers, the stopping layer concurrently reduces the
resistive losses in the localized CSPC.

2.3. Solar Cell Performance

The most promising solar cell structure from Figure 4 featuring
the 8-nmþ 3-nmþ 2-nm-thick (n)nc-SiOx:Hþ (n)nc-Si:Hþ (n)
a-Si:H front contact stack was characterized spectrally to assess
the optical impact of the patterning steps introduced in
Figure 1b,c. Figure 5a depicts the measured external quantum
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Figure 5. a) Measured EQE (open circles) and reflectance (1�R, dashed lines) and simulated absorptance spectra corresponding to the window opening
regions of the traditional and b) the localized front contact architectures, respectively. c) The derived spectral parasitic light absorption (Apar) and
reflectance (1�R) including that of an intermediate structure featuring a patterned TCO and full-area doped layer.
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efficiency (EQE) and reflectance spectra of a reference solar cell
equipped with a full-area ITO/MgF2 DLARC. Likewise, the meas-
urements depicted in Figure 5b correspond to a solar cell that
underwent the complete process flow introduced in Figure 1.
Reasonable agreement between the measured EQE and the sim-
ulated absorptance contributions[40] depicted in the background
suggests the patterning steps to have cleared the window opening
regions of the cells as intended. As a consequence, the EQE
is improved resulting in a Jsc,EQE gain of 1.41mA cm�2. In
Figure 5c, the derived parasitic light absorptance and spectral
reflectances of these solar cells are compared, together with
an intermittent structure that excluded the doped-layer pattern-
ing step in Figure 1c. A small contribution of 0.19mA cm�2 is
distinguished, originating from the more favorable antireflective
properties of the SiNx:H-based DLARC as compared to the ref-
erence. The residual of the EQE increase is attributed to the
reduction of parasitic light absorption in the window layers by
1.22mA cm�2, clearly demonstrating the optical potential of
the localized front contact architecture. Moreover, the benefits
of the patterning steps comfortably exceed the 0.4mA cm�2

absorptance originating from the additional (n)nc-SiOx:H
stopping layer.

Figure 6 depicts the J–V characteristics of the champion solar
cell in this study in the first (Figure 1a) and the final (Figure 1d)
stage of the process flow. Comparing the characteristics in
Figure 6, which correspond to the same die on the same wafer,
a substantial Jsc boost of 3.3mA cm�2 can be observed. Note that
this exceeds the parasitic light absorption reduction reported in
Figure 5c as reflectance is notably reduced compared to the
single-layer ITO ARC of suboptimal thickness. Compared to a
separate standard SHJ solar cell equipped with a ITO/MgF2-
based DLARC (dashed line in Figure 6), the 1.1 mA cm�2 Jsc
advantage of the localized front contact architecture is consistent
with the results from Figure 5c. Meanwhile, open-circuit voltage
(Voc) remains unaffected despite exposure of the Cu-metallized
solar cell to various etchants and PECVD deposition of SiNx:H at
elevated temperature. The subtle improvement of Voc is attrib-
uted to the enhanced front-surface field as a consequence of

the fixed positive charges in SiNx:H. Simultaneously, FF is only
slightly affected as a consequence of the dual functionality of (n)
nc-SiOx:H, remaining nearly at 81%. Combined, the η of the
solar cell is improved by almost 2%abs, yielding a champion effi-
ciency of 23.4% that outperforms the control SHJ by 0.7%abs.

In light of these findings, new considerations can be taken
into account in the design of FBC-SHJ solar cells. The results
in Figure 4 demonstrate that the use of more conductive contact
stacks at the expense of transparency can be justified, if in turn
the lateral conductivity offered by the front TCO becomes obso-
lete. This drives new incentive behind the development of highly
conductive CSPCs, regardless of their transparency, as besides
the obvious reason of improving FF, we have shown that Jsc
can benefit too, should it enable one to localize charge carrier
extraction from the c-Si bulk. On top of that, this work also high-
lights the importance of low ρc of the front CSPC as a tool to
reduce the reliance on the critical element indium.[41]

Looking ahead, the potential performance of FBC-SHJ solar
cell featuring localized front contacts has recently been assessed
through rigorous optoelectrical simulations, demonstrating the-
oretical efficiency optimum exceeding 28%.[3,42] Among other
simulated architectures, the localized front contact architecture
is one of the most promising FBC-SHJ solar cell designs. The
current work provides a proof of concept; however, significant
room for improvement remains. The electrical performance of
this type of architecture is expected to benefit from reduced wafer
thickness as low as 60 μm and increased wafer resistivity to
10Ω cm. In terms of optical performance, the short-wavelength
losses may further be minimized should the use of the stopping
layer be circumvented and the (i)a-Si:H be localized too. The
latter will become especially important as lately the long-term
stability of the front Si─H passivating bond is challenged by
the ever-increasing short-wavelength transparency of the front
CSPC.[43–45] Materials to passivate the window opening regions
may in turn be selected for their stability against UV-induced
degradation (UVID) regardless of conductivity. Therefore, the
localized front contact architecture certainly opens pathways to
extend the efficiency potential of the current state-of-the-art,
while possibly mitigating issues related to long-term stability
and sustainability.

3. Conclusion

In this work, we have examined the possibility to rely on the lat-
eral conductivity of the (n)-type c-Si to fully support negative
charge carrier collection at the front contact of RJ SHJ solar cells.
A top-down processing method has been developed to synthesize
the localized front contact architecture by self-aligned wet chem-
ical etching of a traditional SHJ solar cell after Cu-plating met-
allization. Despite the observed undercut, the TCO and (n)-type
contact layers were patterned exclusively under the front metal
grid, without finger delamination or damage to the passivating
(i)a-Si:H layer. By comparing RS of various structures, we found
that (n)-type contacts stacks with likely sufficiently low ρc
demonstrated limited increase of RS after TCO patterning.
Leveraging the dual functionality of (n)-type nc-SiOx:H, we
empirically demonstrated sufficient lateral conductivity within
the (n)-type c-Si bulk to replace the full-area front TCO.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0

5

10

15

20

25

30

35

40

C
ur

re
nt

 d
en

si
ty

 [m
A 

cm
-2

]

Voltage [V]

Voc [mV]
Jsc [mA cm-2]
FF [%]
η [%]

 Control SHJ 
 Initial SHJ 
 Localized SHJ

Figure 6. J–V characteristics of the champion solar cell in this study after
metallization (Figure 1a) and after front contact localization and subse-
quent DLARC deposition (Figure 1d), (solid circles and triangles, respec-
tively). Dashed line represents a separate control solar cell, which is
structurally identical to the initial SHJ but includes a MgF2 DLARC.
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Furthermore, from EQE and spectrophotometry reflectance
measurements, the fraction of the light lost to parasitic light
absorption in the localized front contact architecture was
found to be reduced by 1.22mA cm�2 compared to reference
solar cells based on the same precursors, featuring the traditional
architecture. This enabled a champion localized front contact
solar cell with high Jsc of 40.5 mA cm�2, while maintaining
FF near 81%. As a result, this champion solar cell yielded η
of 23.4% (0.7%abs improvement with respect to the control),
which is to the best of our current knowledge the highest
obtained efficiency of a FBC-SHJ solar cell based on the localized
front contact architecture. The unprecedented conservation of FF
in the presented localized front contact solar cells opens new
doors for low-ρc (n)-type CSPCs enabling high-efficiency FBC-
SHJ solar cells that can reduce indium consumption and
improve resilience against UVID.

4. Experimental Section

SHJ Solar Cell Fabrication: Polished 280� 20 μm (n)-type c-Si float-zone
<100>-oriented wafers with a bulk resistivity of 3� 2Ω cm were submit-
ted to double-side random pyramidal texturing in a solution of 5% TMAH
with 2.4% ALKA-TEX 8 additive from GP-Solar-GmbH. at 80 °C and stirred
at 100 RPM for 15min.[46] After texturing, all wafer substrates were sub-
mitted to three nitric acid oxidation cycles, as specified in ref. [47] The
textured wafer substrates were exposed to 0.55% HF for 5min in a
Marangoni dryer setup prior to parallel-plate PECVD of the thin-film silicon
layers (Elettrorava S.p.A.). The (i)a-Si:H layers were deposited at
13.56MHz (RF) via previously optimized bilayer recipe, combined with
hydrogen plasma and 40.68MHz (VHF) surface treatments.[2]

Variations of the previously optimized 3-nmþ 2-nm-thick (n)nc-Si:
Hþ (n)a-Si:H stack were deposited to form the (n)-type CSPC as detailed
in Section 2.2. All rear sides consisted of the previously optimized 5-nmþ
30-nm-thick (p)nc-SiOx:Hþ (p)nc-Si:H (p)-type CSPC.[8,21] Solar cell
precursors were finalized by the front and rear deposition of 30- and
150-nm thick ITO via single-target RF magnetron sputtering (Polyteknic
AS) at room temperature, respectively. After sputtering, the precursors
were annealed at 180 °C for 5 min, and 3.92-cm2 solar cells were formed
via the Cu-electroplating metallization scheme previously developed.[19,20]

Front Contact Localization: The wet chemical patterning methods devel-
oped in Section 2.1 were conducted at room temperature using prepared
baths of: analysis grade fuming HCl (37%) (Sigma Aldrich) (TCO etching),
14mL HF (40%) (Merck) diluted in 1 L deionized (DI) water (interfacial
oxide removal), and 12 g KOH (85%) pellets (Honeywell) diluted in 1 L DI
water stirred at 300 RPM (thin-film silicon etching). Between baths, the
samples were rinsed in a constant flow of DI water to prevent cross con-
tamination between the solutions. A dedicated PECVD reactor (Elettrorava
S.p.A.) was used for the full-area deposition of SiNx:H at a temperature of
180 °C. A gas flow ratio of 5:45 SiH4:NH4 was used to ignite a plasma at
0.8mbar with a power density of 42mW cm�2. Electron beam evaporation
(Provac PRO500S) of MgF2 in crystalline form was used to subsequently
deposit the second ARC. Despite the full-area deposition of the ARC mate-
rials, the cells were contacted for characterization by physically removing
these thin films from the busbar surrounding the cell.

Thin-Film and Solar Cell Characterization: The morphology of the local-
ized front contacts was characterized using the SEM backscattered and
secondary-electron detectors (Hitachi Regulus 8230). Effective minority
carrier lifetime measurements on symmetric samples were measured
using a photoconductance lifetime tester (Sinton WCT-120) in transient
photoconductance decay mode. J–V characterization of solar cell samples
was conducted with an AAA class solar simulator (WXS-90S-L2) using
Kelvin probes to contact the samples to a source measure unit
(Keithley 2601B). Additionally, pseudo-J–Vmeasurements were made with
an illumination-voltage tester (Sinton SunsVoc-150) to extract RS. The

spectral response of the solar cell samples was evaluated using an
in-house-built EQE, in conjunction with UV–vis–NIR spectrophotometry
reflectance measurements (PerkinElmer Lambda 1050þ) to evaluate
the contributions lost to reflection. Spectroscopic ellipsometry (M-2000DI
system, J.A. Woollam Co., Inc.) of the individual layers deposited on glass
substrates was performed to obtain the n–k data used to perform optical
simulations of the window opening regions of the solar cells with the
GenPro4 simulation package.[40] The simulated absorptance, as well as
the measured EQE and reflectance spectra, were integrated with the
AM1.5G solar photon flux density distribution to obtain the reported
contributions in terms of implied photocurrent density.[48]
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[5] Z. C. Holman, M. Filipič, A. Descoeudres, S. De Wolf, F. Smole,
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