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Molybdenum oxide is an efficient hole collector for silicon solar cells. However, its optoelectronic

properties deteriorate during cell manufacturing. To assess this issue, the optoelectronic properties and

microstructure of molybdenum oxide-based hole contacts are evaluated at different steps of the

manufacturing process. Molybdenum oxide becomes more absorbing as it reduces when placed in

contact with hydrogenated amorphous silicon, triggering the formation of a 2-nm thick SiOy layer, and

when annealed after exposure to the plasma used to sputter the transparent conductive oxide. These

changes in the contact properties result in a barrier that impede hole transport when measuring /-

characteristics at room temperature. Nonetheless, cells still reach an efficiency of up to 20.7% when

using a front metal electrode screen-printed at 210 °C (21.7% for reference cells). Above 60°C, both

molybdenum oxide-based and reference cells exhibit the same efficiency as this barrier to hole transport

vanishes.

I. INTRODUCTION

In the past decade, the efficiency of silicon heterojunction
(SHJ) solar cells has been improving steadily, with record
values now exceeding 25% for front and back contacted
solar cells [1]. In the conventional SHJ design, surface
passivation and hole collection is obtained by the
deposition on the c-Si wafer of a bilayer composed of
intrinsic and doped hydrogenated amorphous silicon (a-
Si:H(i) and a-Si:H(p), respectively). This stack is then
capped by a transparent conductive oxide (TCO) to
guarantee an efficient light coupling into the device and a
lateral current flow to the metal contacts. These thin films
need to be carefully optimized, especially at the front side
of the cell, or they may cause undesired optical and
electrical losses. For example, a sufficiently thick and
highly doped a-Si:H(p) layer is needed to guarantee a good
hole collection from the wafer and a low specific contact
resistivity with the overlying TCO. However, this may lead
to undesired optical losses [2] and a degradation of the

passivation of the c-Si surface [3], [4].

In this context, transition-metal oxides (TMOs) such as
MoOx, WOx, VOx, and NiOx have been recently proposed
as possible alternatives to the a-Si:H(p) layer in SHJ cells
[5]H8]. They combine a wide bandgap with a high work-
function and can thus provide a good hole selectivity.
Promising results were recently reported for MoOx
integrated in SHJ devices [6], [7]. In Ref. [7], an efficiency
of 22.5% was achieved by employing a ~7 nm MoOx layer
that was thermally evaporated on the a-Si:H(i) buffer layer
and subsequently capped by highly conductive hydrogen-
doped indium oxide (IO:H). Yet, high efficiencies could be
reached only at the expense of the overall process
simplicity. Indeed, the conventional screen-printed Ag
metallization could not be used as the performance of the
cells dropped when using the usual contact curing
temperature of ~200 °C. In fact, 130 °C was found to be the
upper processing temperature for this cell design. To
circumvent this issue, a room temperature Cu electroplating
metallization process was required to reach the high

efficiency reported above [9].



The difficulty of integrating MoOx in a SHJ using standard
process parameters stems from the sensitivity of its
chemistry to the manufacturing parameters. MoOx can
quickly become sub-stoichiometric (x <3) when reacting
with i) charged ions such as H" [10], [11], i) adsorbed H20
molecules when irradiated with UV light [12] and iii) with
neighboring layers that present a higher oxygen affinity. All
these effects are potentially accelerated at high temperature.
These changes in the MoOx chemistry are likely to occur
when integrating it in a SHJ as it:

i)  may react with H-containing a-Si and TCO layers
[13], which may also result in the formation of a
hole-blocking layer on the TCO side of the
interface at ~200 °C [7],

i) is exposed to both UV radiations [14] and (if the
TCO is hydrogenated) H.O vapor [15] during
TCO sputtering, and

i) is in contact with Si, which may trigger the

oxidation of Si over 2-3 nm [16].

These effects hinder the hole extraction capabilities of
MoOx as its work function decreases with oxygen content, a
trend also measured when studying WOx thin films [17]. As
reported by Bivour and co-workers, this reduction in the
work function becomes particularly severe when MoOx-
based SHIJ cells are annealed at temperatures on the order
of 180 °C [6].
The points raised above highlight the need for a careful
analysis of the TCO/MoOx and MoOx/a-Si:H(i) interactions
to enable a successful integration of this TMO in SHJs. In
that regard, this work presents a detailed assessment of the
optical ~ absorption,  electrical ~ conductivity  and
microstructure  of these films in different stack
configurations and at different temperatures. The aim is to
understand the key features governing the overall properties
of MoOx-based SHJ contacts during cell manufacturing.
Then, solar cell results that employ an optimized carrier
selective MoOx/a-Si:H(i) contact stack are discussed and
compared to the conventional a-Si:H(p)/a-Si:H(i) front

passivating contact.

II. EXPERIMENTAL DETAILS

For solar cell fabrication, high quality 4 Q cm n-type
<100> float zone wafers were textured in a KOH solution
and subsequently cleaned. The remaining chemical oxide
was then stripped off in 5% diluted HF, immediately
followed by the deposition of a 10-nm intrinsic a-Si:H(i)
film by plasma enhanced chemical vapor deposition
(PECVD) on both wafer sides. The electron collector was
realized by subsequent plasma deposition of a 10-nm thick
n-doped a-Si:H film on the rear side for all the devices. For
hole collection, a ~10-nm thick MoOx layer was thermally
evaporated from a MoOs source at room temperature with a
growth rate of 0.5 A s at a base pressure of 3-10° mbar.
Alternatively, a 10-nm thick p-doped a-Si:H film was
deposited by PECVD as a reference. The thin film
thicknesses of a-Si:H and MoOx layers were measured on
cleaned and flat glass substrates by fitting a Tauc-Lorentz
model to spectroscopic ellipsometry data (a-SE Woollam).
The thicknesses of ITO, Ag and Al layers deposited on
glass were measured with a mechanical profiler. The rear
electrode consists of an ITO/Ag stack deposited by DC
magnetron sputtering, while the front electrical contacts are
fabricated by depositing 110 nm of hydrogen-free ITO (65
nm on textured Si) and a screen-printed Ag grid. The
sputtering of ITO (front and rear) was performed at a
substrate temperature of 80°C in an Ar/O: plasma, while
the Ag at the rear was sputtered in pure Ar at 60°C. The
low temperature Ag paste (Namics N10) was cured with
cumulative annealing steps, increasing the temperature up
to 210°C with steps of 10 minutes. The Ag paste line
resistance was calculated from 5 cm long lines on textured
substrates. The resulting 2x2 cm? solar cells were then
characterized by light -V (Wacom solar simulator, Keithley
2601A sourcemeter) and external quantum efficiency
(EQE) measurements. Photoconductivity decay
measurements were carried out with a Sinton Consulting
WTC-100 apparatus to evaluate the surface passivation
properties, for which symmetric test structures were
specially designed. The optical absorption of individual a-
Si:H(i), MoOx, ITO films and stacks deposited on
borosilicate glass was measured using a spectrophotometer
(Lambda 950, Perkin Elmer), equipped with an integrating

sphere. The electrical contacts for dark conductivity



measurements were fabricated by thermal evaporation of
300-nm thick Al strips through a shadow mask. The
microstructure of ITO/MoOx/a-Si:H(i) deposited on mirror-
polished c-Si <111> wafers was characterized by means of
high-resolution TEM (HRTEM) and high-resolution
scanning TEM (HRSTEM) high-angle annular dark-field
(HAADF) imaging in an FEI Titan Themis transmission
electron microscope (TEM) operated at 200 kV. The latter
technique was combined with electron energy-loss
spectroscopy (EELS) using a Gatan GIF Quantum ERS
high-energy resolution spectrometer and energy-filter to
assess the spatial distribution of elements within the stack.
The STEM EELS convergence and collection semi-angles
were 28 mrad and 47.3 mrad, respectively, while the beam
current was set to 200 pA. The thin TEM lamellac were
extracted using the conventional focused ion beam (FIB,
here a Zeiss Nvision 40 crossbeam) lift-out method and
thinned to their final thickness with a Ga* acceleration
voltage of 5 kV.
ILRESULTS

A. Optical Properties of ITO/MoOx/a-Si:H stacks

The optical absorptance of single layers and stacks of as-
deposited a-Si:H(i), MoOx and ITO films are compared
before and after annealing in Fig. 1. Individual as-deposited
MoOx films are transparent up to 2 eV, hence indicating a
composition close to the stoichiometric MoOs phase [18].
The a-Si:H(i) layer is also transparent when deposited on
glass. On the other hand, the as-deposited MoOx/a-Si:H(i)
bilayer has a broad absorption peak at 1.4 ¢V, which does
not change upon annealing. This observation tends to
indicate that the Mo®" cations may already reduce once
evaporated on the a-Si:H(i) layer, presumably due to the
presence of H in this second layer. Indeed, a report by
Borgschulte ef al. demonstrates that MoOx reduces already
at room temperature when in contact with atomic hydrogen
[19]. The same effect was reported for WOx/a-Si:H(i)
interfaces [17]. A similar absorption peak appears at 1.4 eV
when annealing individual MoOx layers in air, in agreement
with the observations of Refs. [14], [18]. Mo cations may
reduce due to the desorption loosely bound O, an effect that
might be more significant than Oz adsorption, dissociation

and diffusion into the film in this low temperature range (an

effect observed e.g. in SnOz thin films [20]). The effects of
plasma luminescence and ion bombardment during
sputtering of the TCO become detrimental only after
annealing, with a loss of transparency of 2 % absolute
measured in the range 1 to 2 eV (Fig. 1b). This increase in
absorptance occurs even if the MoOx layer is exposed only
during 1 s to the plasma employed for ITO deposition.
Literature indicates that MoOx may reduce when exposed to
a N2 or Ar plasma (O is preferentially sputtered when
exposed to an Ar plasma [21] and when exposed to UV
radiations [22]). These plasma-induced processes may
damage the structure of the hole contact stack (e.g. by
disturbing locally both the MoOx and a-Si:H(i) atomic
structure), but these do not appear to result in a reduction of
the Mo cations unless the temperature is increased. O (from
the MoOx) or H (from the a-Si:H) may be more mobile and
hence more likely to desorb or diffuse with temperature
after plasma irradiation, overall resulting in a further
reduction of the Mo cations. The subsequent sputtering of
the ITO layer does not induce additional optical losses at
1.4 eV when compared to the stack exposed 1 s to the
plasma.

Overall, as an annealing step is necessary to manufacture
SHJ cells, both the presence of an a-Si:H(i) layer and the
TCO sputtering process will reduce the optical transparency
of the MoOx layer. Nonetheless, ITO/MoOx/a-Si:H(i) stacks
have a lower absorptance when compared to an ITO/a-
Si:H(p)/a-Si:H(i) contacts due to the increased MoOx
transparency when compared to that of a-Si:H(p) (discussed

later, see Fig. 5a).



—— MoO, —— a-Si:H(i)) —— ITO - - -MoQ, / a-Si:H(i)
ITO (1s) MoO, /a-Si:H(i) —-— - ITO/ MoO, /a-Si:H(i)

Wavelength (nm)
2480 1240 827 620 496 413 354

(a) as deposited

Absorptance (%)
[00]

Absarptance (%)
[0

0 15 20 25 30 35
Energy (eV)

FIG. 1. Optical absorptance of MoOx, ITO and a-Si:H(i) films deposited
separately or sequentially on borosilicate glass measured (a) before and (b)

after annealing at 180°C in air during 20 min.

B. Electrical Properties of of ITO/MoOx/a-Si:H stacks
To investigate the electrical properties of MoOx and

MoOx/a-Si:H(i) layers on glass, coplanar dark conductivity
measurements (odark) were performed from 180 to 25 °C in
1 mbar of inert N> atmosphere (Fig. 2). To minimize the
effect of annealing in N2 during the measurement, these
samples were pre-annealed in air at 180°C for 20 min
before the dark conductivity measurements to stabilize the
layers. The electrical conductivity of MoOx films increases
as Mo cations reduce, hence making the layer less
transparent as shown in Fig. 1 [12]. Indeed, as shown in
Fig. 2, the odark of M0Ox of layers deposited on 10 nm of a-
Si:H(i) is more than 1 order of magnitude larger than that of
MoOx films deposited on glass. As the gdgakx of a-Si:H(i)
films is typically only ~10® Ohm-cm™ [23], the increased
conductivity should originate from the MoOx layer, hence
confirming the reduction of the Mo cations when in contact

with a-Si:H(i) [16], [24]. Interestingly, the values of dark

conductivity for MoOx layers are larger than those of a-

Si:H(p)/a-Si:H(i) stacks, indicating better electrical

transport in MoOx.
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FIG. 2. Dark conductivity of MoOx, MoOx/a-Si:H(i) and a-Si:H(p)/a-
Si:H(i) stacks deposited on glass.

C. Structural Properties of ITO/MoOx/a-Si:H stacks
To characterize the interfaces of the MoOx-based SHJ

contact, ITO/MoOx/a-Si:H(i) stacks were investigated by
high-resolution (S)TEM before and after annealing (Fig. 3).
The MoOx layer is found to be amorphous before and after
annealing. A 2-nm amorphous O-rich Si layer is observed
at the a-Si:H(i)/MoOx interface in both cases, highlighting
the presence of a SiOx interlayer. This oxygen-rich layer
may originate either from the oxidation in air of a-Si:H
during the transfer from the PECVD reactor to the
evaporator (here exposure to air of ~30 min) or from a
transfer of O* from the MoOx layer to the a-Si:H(i). As air
exposure of a-Si:H(i) thin films is known to form a SiOx
layer of only a few A (even after days of oxidation in air at
room temperature [25], [26]), a significant part of the 2 nm
of oxide observed here is thought to arise from the
interaction of a-Si:H(i) with MoOx, as already observed in
Refs. [16], [17]. In agreement with the data shown in Figs.
1 and 2, it is indeed likely that MoOx reduces and a-Si:H(i)
oxidizes when in contact due to the higher oxygen affinity
of Si [27]. As the SiOx layer does not appear to thicken
further when annealing at 180 °C (Fig. 3b), its growth
kinetics seems controlled, at least in this temperature range,
by the energetics of the MoOx/a-Si:H(i) interface rather
than by a thermally activated diffusion process [28]. The
electric-field that forms at the interface appears to drive the

migration of O%* to the Si side [29], [30]. The fact that



MoOx and a-Si:H(i) do not interact further when annealing
at 180 °C is in agreement with the optical data shown in
Fig. 1 (see MoOx/a-Si:H(i) stacks before and after
annealing). As reported for the case of MoOs deposited on
metals [29], this reduction of the Mo cations at the expense
of Si increases the conductivity of MoOx layer compared to
when deposited on glass (see Fig. 2).

A previous TEM analysis of a SHJ front stack composed of
10:H, MoOx and a-Si:H(i) suggested the formation of an
interlayer at the MoOx/IO:H interface during annealing [7].
In contrast, the ITO/MoOx interface appears here largely
unaffected by a temperature of 180 °C (Fig. 3b): the Mo
M3 EELS edges are seen to decrease quickly across the
interface, with the In Mass intensity increasing
simultaneously (see colored regions Fig. 3). This difference
is likely to arise from the use of a hydrogenated TCO in [7],
as H may have migrated across the interface with MoOx
during annealing. It should be mentioned that the
ITO/MoOx interface appears here to be slightly more
diffuse in projection in the as-deposited state when
compared to the annealed state (see small overlap in
colored regions in Fig. 3a). This is likely due to a
combination of a small roughness of the MoOx layer, which
in projection appears as ITO/MoOx intermixing, and a
difference in FIB-prepared sample thickness (~60 nm for
the as-deposited specimen compared to ~30nm after
annealing, estimated from the low-loss EEL spectrum using
the log-ratio method [31]). The increase in absorptance of
the a-Si:H(i)/MoOx/ITO stack after annealing observed in
Fig. 1 is not linked to the formation of an interlayer
between MoOx and ITO as that observed in Ref. [7]. As
discussed in Section III.D, it appears more likely that MoOx
reduces uniformly due to a combination of plasma exposure
and temperature. While an analysis of the fine structure of
the Mo M, and O K edges could provide this information
[32], no noticeable changes could be measured here,
presumably due to a lack of sensitivity of the EELS data.
Furthermore, it should be mentioned that MoOx was found
to crystallize under the electron beam when acquiring core-
loss STEM EELS data, an effect that may influence its
stoichiometry [33], [34].
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FIG. 3. (From left to right) high-resolution TEM, STEM HAADF
micrographs and corresponding EEL spectra of the ITO/MoOx/a-Si:H(i)
stacks (a) as deposited and (b) annealed at 180°C during 20 min. The TEM
and STEM EELS data were taken from different regions of the sample as
the MoOx layer was observed to crystallize under the electron beam when
acquiring EELS spectra. The spectral regions where the Mo Ma3, In Mys
and O K edges are detected are colored in red, green and blue, respectively
(see [35] for the EELS edges references).

D. Interface passivation with MoOx/a-Si:H
Fig. 4 shows the carrier lifetime of symmetric test

structures consisting of MoOx/a-Si:H(i) or a-Si:H(p)/a-
Si:H(i) before and after ITO deposition and annealing.
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FIG. 4. Carrier lifetime versus minority carrier density of (a) MoOx/a-
Si:H(i) and (b) a-Si:H(p)/a-Si:H(i) symmetric structures following MoOx
and reference cell fabrication flows, respectively. The carrier lifetime was
measured before (black squares), after ITO deposition (blue circles) and
after annealing in air at 180°C for 20 min (red triangles).

In either case, the carrier lifetime is much lower after ITO
sputtering, as metastable defects are created in the a-Si:H(i)
layer. This affects its c-Si surface passivation properties, as
also observed in standard SHJ solar cells [36]. The

passivation quality is partially recovered by annealing the



samples at 180°C for 20 minutes. A small carrier lifetime is
observed at low injections for the a-Si:H(p)/a-Si:H(i)
reference, likely due to an incomplete recovery of
sputtering defects during annealing. Consequently, the ¢c-Si
surface potential — and thus band-bending in the Si wafer —
is reduced, increasing carrier recombination at low injection

[37]. Remarkably, this ‘tailing’ of the lifetime curve is less
pronounced for MoOx based samples, indicating that the c-

Si surface potential is better maintained. This difference

indicates that MoOx screens better the c-Si surface potential
from the work function of the TCO, when compared to a-
Si:H(p). The improved passivation of the MoOx-based
symmetric structures shown in Fig. 4 enables to thin down
the a-Si:H(i) layer from 10 nm (reference thickness) to 7
nm (thin a-Si:H(i)) at the p-side and thereby potentially
reducing parasitic absorption and also improving carrier

transport, as it will be discussed in the next sections.

E. Annealing resilience of SHJs with ITO/MoOx/a-Si:H
Generally, an annealing process is necessary in SHIJ

solar cell production to i) reduce the line and contact
resistances of the printed Ag paste, i) recover the

passivation damage of the amorphous Si layers induced by

TCO sputtering and iii)) improve the opto-electrical

properties of the TCOs integrated in the final device. To

find the 1ideal trade-off between

these different

technological requirements and the fact that MoOx-based
cells may degrade under annealing, the impact of annealing
(10 min steps at increasing temperatures of 100 °C, 130 °C,
180 °C and 210 °C) was tested on final devices. For this,
SHJ cells with the proposed ITO/MoOx/a-Si:H(i) stack,
using the 7 and 10 nm a-Si:H(i) layers, were fabricated and
compared to a reference SHJ cell that employs a
conventional front side structure. In all cases, a Ag paste

screen printing metallization process was used to form the
metal lines.
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FIG. 6. EQE and 100-R of cells with different hole-collecting stacks after
the annealing at 210°C: (a) a-Si:H(p)/a-Si:H(i) reference; (b) MoO./ a-
Si:H(i); (¢) MoOy/ thin a-Si:H(i). (d) Parasitic optical absorption calculated
from the EQE and reflectivity of the cells. In the table inset, the J;. values

are obtained by integrating the EQE data in the different regions of the
spectra.

Figure 5a shows that at 100 °C the overall efficiency of the

MoOx/thin a-Si:H(i) cell is superior to that of the reference

device. This

is mainly due to the higher optical

transparency at the front, leading to an increased short

circuit current (Ji) (see Fig. 5b), and to a larger fill factor

(FF, Fig. 5c). It is also observed that the thickness of the a-



Si:H(i) layer does not significantly impact the optical
transparency of MoOx-based cells, as these have similar Ji
(Fig. 5b) and external quantum efficiencies (EQE, Fig. 6).
By integrating the area between the non-reflected light
(100-R, R is the reflectance, red curves in Fig. 6a-c) and the
EQEs (black curves of Fig. 6a-c) at UV, visible and near
infrared wavelengths, the parasitic optical losses can be
evaluated (Fig. 6d). Interestingly, the cells that include
MoOx have a lower parasitic absorption than the reference
cell at the UV and visible wavelengths (green shaded area
in Fig. 6d) but a worse performance at longer wavelengths
(red shaded area in Fig. 6d). This is another indication that
the optical properties of the cells are limited by the MoOx
absorptance in the near infrared region (in the 700-1000 nm
range, corresponding to 1.2-1.8 eV), confirming the
observations of Section III.A. After the first annealing at
100°C, the FF (Fig. 5c, left axis) of the MoOx/thin a-Si:H(i)
cells is significantly higher than these including a
MoOx/thick a-Si:H(i) stack as carrier transport is increased
in the former case. Indeed, it has been shown that thicker a-
Si:H layers lead to lower FFs if a sufficient degree of
surface passivation is obtained [2]. Curing the solar cells at
higher temperatures leads to an improved FF and, for the
reference cell, it follows the improved conductivity of the
Ag-paste (see Fig. 5c). For MoOx cells, however, this FF
improvement is less pronounced. As inferred from Figs. 1
and 2, annealing causes a reduction of MoOx. As the work
function of MoOx is known to decrease with its oxidation
state [14], [29], the band alignment between a-Si:H(i) and
MoOx changes during annealing and decreases the hole
extraction capabilities of the stack, as observed by Bivour
et al. [6].

The open circuit voltage (Voc) of MoOx-based cells
decreases upon annealing (Fig. 5d). This effect is not
related to a change in passivation (Fig. 4) but rather, as it
will be shown in the next section, a consequence of an S-
shape in the [-V characteristics around the V., when

measured at 25 °C (Fig. 7a).

F. Temperature dependence of cell parameters
To assess further these losses in Voc and FF of cells

annealed at 210 °C, I-V curves were measured as a function

of temperature from 25 to 85 °C. From these measurements,
it appears that the S-shape of the MoOx cells flattens when
increasing the temperature from 25 to 85 °C (Fig. 7a). At T
< 60 °C, the non-linear behavior of the Voc(7) of MoOx cells
indicates a non-optimal band alignment and hence a
hindered carrier extraction (Fig. 7b). On the other hand,
reference 1TO/a-Si:H(p)/a-Si:H(i) cells do not exhibit any
S-shape and their Voc decreases linearly at -1.8 mV °C!
from 25 to 85 °C (Fig. 7b). A broad FF maximum is
observed at ~60°C for cells that include MoOx (Fig. 7c,
blue and green curves). On the other hand, the FF of
reference cells (black curve) monotonically decreases with
temperature. To investigate the origin of the FF losses in
MoOx cells, the series resistance Rserie 0of the solar cells is
extracted from /-V data at different illuminations with the
method described in [38]. From that analysis, it appears that
the electrical losses at low temperature are induced by the
presence of a large series resistance (Fig. 7d). At
temperatures > 60 °C, the series resistance of MoOx-based
cells decreases and approaches that of the reference cells.

It hence appears that a potential barrier for holes is present
at the MoOx/a-Si:H interface < 60 °C. This effect arises
because i) the hole extraction capabilities of the MoOx layer
worsen as its work function decrease due to a reduction of
Mo cations to an oxidation state lower than +6 during cell
processing (as inferred from Figs. 1 and 2) and ii) a
resistive SiOx interlayer forms at the MoOx/a-Si:H(i)
interface during deposition due to the higher affinity of Si
towards O (Fig. 3). As demonstrated by Seif and co-
workers [39], a thin passivating a-SiOx(i) layer placed
between the c-Si wafer and the a-Si:H(p) contact forms a
barrier that impedes hole collection up to an operation
temperature of 50 °C. Furthermore, the FF(T) evolution
reported in [39] is similar to that measured here in Fig. 7c
with a broad maximum reaching ~75% at 60°C. These
similarities indicate that the SiOx interlayer observed here
probably influences hole transport across the contact.
Overall, the hole collection capabilities of the MoOx contact
improves above 60 °C, which means that MoOx-based cells
lose efficiency less rapidly with temperature compared to
reference cells (see Fig. 7¢). While the reference 1TO/a-
Si:H(p)/a-Si:H(p) cells have a higher efficiency than MoOx-



based cells at 25 °C, even when using a thinner a-Si:H(i)
layer for the latter case (21.7% compared to 20.7%,
respectively), their efficiencies eventually match when
operating the cells above 60 °C (Fig. 7b), a condition that is
often reached in the field. These promising results are
enabled by thinning the a-Si:H(i) by 3 nm as the MoOx
layer protects more efficiently the intrinsic passivating layer
from sputter damage when compared to the conventional a-
Si:H(p). This optimization of the a-Si:H(i) layer enables to
gain > 0.5% absolute in efficiency when compared to cells
that employ the baseline intrinsic layer thickness due to an

improvement in the fill factor of about 2%.
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FIG. 7. (a) I-V characteristics of a-Si:H(p)- and MoOx-based SHJ solar
cells measured from 25°C to 85°C after annealing at 210°C. (b) Voc(7)
showing the linear decrease of Vo= -1.8 mV/°C with operating
temperature and sub-linear decrease for MoOx-based cells. (¢c) FF, (d)
series resistance (Rserie) Of the cells in the range 25 to 85°C and (e) cell
efficiency
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IV.CONCLUSIONS

The optoelectronic properties of single- or multi-layer
stacks of a-Si:H(i), MoOx and ITO were investigated before
and after annealing at the temperatures required for SHJ
manufacturing. The optical absorption MoOx increases
strongly when it is deposited on a-Si:H(i) and when
annealed after exposure to the plasma employed for TCO
sputtering. Moreover, the dark conductivity of MoOx/a-
Si:H(i) is larger than that of as-deposited MoOx on glass,
which indicates that Mo reduces when in contact with a-
Si:H(i). This affects the hole collecting capabilities of this
layer as it reduces its work function. Furthermore, a
resistive SiOx layer forms on the a-Si:H(i) side of the
interface, with O originating from the MoOx. Both effects
create a barrier for holes that limit the cell properties at
room temperature. While this barrier limits the efficiency of
MoOx-based cells that are manufactured using a standard
industrial metallization process at 210 °C, an efficiency of
20.7 % is still reached (21.7 % for reference a-Si:H(p)
cells). MoOx screens more efficiently the underlying a-
Si:H(i) from sputter damage and hence enables to thin
down this latter layer to gain notably in fill factor.
Furthermore, hole extraction is greatly improved above
60°C as the potential barrier for hole transport vanishes,
with MoOx- and a-Si:H(p)-based cells showing the same

efficiency above this temperature.
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