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Abstract. The application of molybdenum oxide (MoO,) as a hole-selective contact for silicon-based solar cells
has been explored due to superior optical transmittance and potentially leaner manufacturing compared to fully
amorphous silicon-based heterojunction (SHJ) devices. However, the development of MoO,, contacts has been
hampered by their poor thermal stability, resulting in a carrier selectivity loss and an S-shaped I'V curve. The
aim of this study is to understand the influence of different passivating interlayers on the carrier selectivity of
hole-selective MoO,, contacts for crystalline silicon (c-Si) solar cells. We highlight the effect of different
interlayers on the surface passivation quality, contact selectivity, and the thermal stability of our MoO,-
contacted devices. The interlayers studied are intrinsic hydrogenated amorphous silicon (a-Si:H(4)), thermally
grown ultrathin SiO,, and a stack consisting of an ultrathin SiO, and Al,O3 layer. Additionally, we simulate the
interacting interlayer properties on the carrier selectivity of our MoO, contacts using a simplified model. Among
these interlayers, the Al,O3/Si0O, stack shows to be a promising alternative to SiO, by enabling efficient
transport of holes while being able to sustain an annealing temperature of at least 250 °C underlining its potential

in module manufacturing and outdoor operation.

Keywords: MoO, hole-selective contact / surface passivation / passivating interlayers / metal oxide /

¢-Si solar cells

1 Introduction

Currently, the conversion efficiencies of conventional
homojunction crystalline silicon (c-Si) solar cells are
mainly limited by the recombination of charge carriers
occurring at the metal/silicon interface. This limitation is
minimized by including a stack of passivating and carrier-
selective layers in between the Si absorber and metal
electrodes which effectively suppresses the recombination
at the ¢-Si surface while simultaneously being conductive to
either electrons or holes generated in the c-Si absorber.
Nowadays, the highest conversion efficiency of Si solar cells
comprising amorphous silicon heterojunction (SHJ) or
doped polycrystalline Si contacts are manufactured by
using this type of so-called passivating contact scheme
[1,2]. Nevertheless, these highly doped Si-based passivating
contacts are a source of parasitic absorption, which

* e-mail: m.t.s.k.ahsen@tudelft.nl

consequently reduces the total amount of photogenerated
carriers inside the Si absorber, resulting in a lower current.
For instance, doped poly-Si, typically used in passivating
contact structures, suffers from high parasitic absorption
when heavily doped [3]. In the case of amorphous silicon, its
direct band gap of approximately 1.7eV in combination
with its heavily doped layers hinder the short-circuit
current density (J;.) of SHJ solar cells [4,5].

In order to minimize the J,. losses sustained by these
layers, alternative transparent selective contacts, such as
metal oxides have been explored due to their wide bandgap,
capability to extract charge carriers, passivation quality on
¢-Si, and the relatively simple physical vapor deposition
(PVD) techniques that have been used to fabricate them
[6,7]. For instance, evaporated MoO, has been investigated
for its transparency in the blue wavelength region and its
ability to act as a hole-selective contact for c-Si solar cells
[8—11]. Recently, a conversion efficiency of 23.83% has been
achieved by replacing the p-type hydrogenated amorphous
silicon (a-Si:H(p")) layer with a MoO, hole-selective
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contact in a SHIJ solar cell structure [12]. Nevertheless, a
MoO,/a-Si:H () /c-Si contact has been shown to degrade
considerably at standard SHJ annealing conditions [13,14],
causing the appearance of an S-shaped current—voltage
(IV) curve, and accordingly a loss in fill factor (FF).
Additionally, while the doped a-Si:H layer is omitted in
that structure, the intrinsic a-Si:H layer is still used,
meaning that the high transparency of the MoO, layer is
not fully exploited due to the absorptive nature of the
intrinsic a-Si:H (a-Si:H(i)) layer. The lack of thermal
stability of the MoO,/a-Si:H(%) /c-Si contact is a significant
limitation in the potential manufacturing of the SHJ-like
solar cell, since an annealing temperature of about 200 °C is
often required to recover from sputtering damage after
deposition of the transparent conductive oxide (TCO)
layer and is an essential back-end treatment during
metallization and TCO post-crystallization. While a
MoO,/a-Si:H(7)/c-Si contact provides excellent surface
passivation properties, the insertion of an a-Si:H(%)
interlayer poses several transport issues which could result
in the formation of the S-shaped IV curve.

In search of alternative passivating interlayers, ultra-
thin SiO, layers (<2nm) are a potential candidate in
replacing a-Si:H (%) due to their ability to provide excellent
surface passivation and contact selectivity when combined
with doped poly-Si contacts [15]. However, unlike poly-Si
contacts where excellent passivation properties can be
achieved, the insertion of an oxide interlayer results in
apparent hole collection issues when combined with MoO,,
even though sufficient band bending is typically obtained
at the c-Si interface [16-19]. Conversely, the selectivity of
MoO,, contacts with an Al,O3 interlayer has shown to be
promising with good surface passivation and contact
resistance properties [20]. In addition, we recently showed
that an ultrathin atomic layer deposited (ALD) Al,O3/
Si0, interlayer stack does not impede the hole selectivity
provided by the MoQO, contact, resulting in good contact
selectivity and cell performance [21]. Note that the
ultrathin SiO, is naturally formed at the c-Si surface
during the initial cycles of the ALD Al,O3 process, as has
been repeatedly documented elsewhere [22,23].

The aim of this work is to further understand the
interaction between the salient factors of the passivating
interlayer, or interlayer stack, and MoO, contact that
influence contact selectivity. A comparative study between
different interlayers, notably a-Si:H(4), SiOs, and Al,O3/
Si0, is made where the non-ideal carrier extraction
behavior, caused by the insertion of an interlayer on our
MoO,-based contact, is addressed. Since the carrier
transport mechanisms of the aforementioned contacts
involve different transport mechanisms, such as band-to-
band tunneling, defect-assisted transport, thermionic
emission, and pinhole aided transport, a simple model is
developed to encompass the different transport properties
of these interlayers. In this model, the carrier transport
through the interlayer is represented by a thin layer with
limited effective charge carrier mobility. This simplified
approach facilitates a meaningful comparative interpreta-
tion of the impact on majority carrier transport across the
interlayers in relation to the observed loss in carrier
selectivity.

2 Methodology
2.1 Solar cells fabrication and characterization

To investigate the impact of the different interlayers on
the solar cell performance, n-type c-Si solar cells with
MoO,-based contacts at the front are studied. A rear poly-
Si(n”) contact is used because of its excellent surface
passivation quality, contact resistance, and thermal
stability, such that the front MoO,-based contact is
limiting in the measurements and not the rear poly-Si
contact.

The manufacturing steps of the solar cells with front
side thermal SiO,, Al,O3/S1i0, or a-Si:H (%) interlayers and
the cell schematic are shown in Figure 1. The 6-inch,
180 pm-thick pseudo-square Cz ¢-Si(n) substrates with a
resistivity of about 3 ) cm were processed as follows:
textured in a KOH solution, pre-gettered with POCI;
diffusion followed by phosphosilicate removal, surface
smoothing etch, and finally cleaned in RCA 1 and 2, and
nitric acid oxidation step (NAOS) solutions. Note that the
surface smoothing is only a minor surface treatment in the
sense that the textured morphology is still preserved
overall. The substrates were dipped in a 1% HF solution
prior to the formation of the rear SiO,/poly-Si(n”)
contact. The SiO, interlayer (~1.3nm) was thermally
grown in a low pressure chemical vapor deposition
(LPCVD) chamber at 610 °C using an Oy and Ny mixture.
Subsequently, the poly-Si(n”) layer was formed through a
two-step process: initial deposition of a 20 nm thick a-Si:H
(n”) layer using plasma-enhanced chemical vapor deposi-
tion (PECVD), followed by a 20 minute thermal annealing
in Ny at 900 °C to induce crystallization. After this poly-Si
(n”) formation process, the contact was subjected to a
hydrogenation process using PECVD with NH3 plasma at
375°C to reduce interface defects and improve passiv-
ation. In the case of an ultrathin SiO, interlayer, the
thermal oxide at the front side was preserved. The samples
with a-Si:H(4) and Al,O3/SiO, interlayers were dipped in
a 1% HF bath to remove the front thermal oxide.
Subsequently, the a-Si:H(i) and Al,O3/SiO, interlayers
were deposited using PECVD and spatial ALD tools,
respectively. 8 cycles of spatial ALD Al,O3 were used to
deposit a 1.5nm thick Al,O3/Si0, stack. These layers
were deposited using a Levitrack deposition tool without
any subsequent post-deposition annealing treatment. The
samples without interlayer only received an HF dip prior
to MoQO, deposition. Next, the samples were transferred to
an electron beam physical vapor deposition (PVD) tool
where a 5nm MoOx layer was deposited in a high vacuum
(7 x 10" °®mbar) environment. Note that minimal X-ray
damage to the surface passivation of the MoO, contacts
was observed after the electron beam deposition, likely
due to the low deposition power used, as shown in
Appendix A. Finally, indium tin oxide (ITO) films were
deposited in a sputtering tool on both sides of the samples
and a full area Ag sheet was also deposited at the rear side
by sputtering. To finalize the solar cells, a front Ag grid
was screen printed using a low temperature Ag paste
and the device was cured in air at different temperatures
(190-250 °C).
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Fig. 1. Process flow for the manufacturing of the solar cells with different interlayers (left) and a schematic of the solar cells (right).

The photoconductance of charge carrier lifetime samples
was measured by using a Sinton WCT-120 system, as well as
the internal voltage expressed in terms of the implied open
circuit voltage i V.. The external V,,. of the half-fabricated
cells were measured by a SunsV,,. Sinton tool which does not
require metal contacts due to the conductivity of the ITO
films, as shown in Figure 2. The solar cells were characterized
by IV measurements in a Wacom AAA solar simulator at
standard test conditions. The results were corrected for
spectral mismatch. Dark I'V measurements were performed
at varying temperatures between 25 and 65 °C using the
Wacom solar simulator. The interlayer films were deposited
on single-side polished c-Si wafers with unpolished backsides
to eliminate back reflections during ellipsometry measure-
ment. The thickness of the interlayers was determined using
a spectroscopic ellipsometer (J.A. Woollam Co., Inc.).
Ellipsometric data was collected at three angles of incidence
(60°, 70°, and 80°) and over a photon energy range of 1.1 to
5eV. The Cauchy model was used to analyze oxide layers.

2.2 Simulations and calculations

2D simulations were performed by using the Atlas package
of Silvaco [24]. Figure 3 depicts the cell structure used in
the simulations. The front contact consists of an ultrathin
interlayer with limited carrier mobility, hole-selective layer

20 nm poly-Si(n*)

Fig. 2. Solar cell precursors with front MoO, and rear poly-Si
(n") contacts for iV,, and SunsV,. measurements.

with a varying work function (WF), and a metal electrode.
The rear electron contact is built similarly to the hole
contact but consists of optimized parameters that minimize
the recombination and contact resistivity.

This model intends to simulate the effects of the surface
passivating interlayers and MoO, layer on the carrier
selectivity of the hole contact. Therefore, for the sake of
simplicity, we mimic the effect of MoO, by using the
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Hole contact (WF varied)

Interlayer (u, varied)

c-Si(n)

Electron contact

Fig. 3. Schematic of the cell structure used in Atlas to simulate
the contact selectivity of the cell with varying interlayer ) and
hole WF.

properties of a p-type material based on a poly-silicon
contact as shown in [25]. In this regard, the transport of
holes is simplified at the hole contact and metal electrode.
This assumption is only valid for comparison purposes as
we focus on the study of interlayer with different WF for
the hole contact layer. In this simplification, the variation
in the WF of this contact is represented by changing the
doping level of the p-type poly-Si hole contact. We assume
the carrier mobility in the interlayer as the parameter
affecting the selectivity of the hole contact [26,27]; the hole
mobility (u;) value characterizes the actual physical
mechanism of the charge transport across the interlayer
[25]. This simplified approach facilitates a meaningful
comparative interpretation of the impact on majority
carrier transport across the interlayers in relation to the
observed loss in carrier selectivity, while avoiding unnece-
ssary complexity introduced by incorporating different
possible transport mechanisms throughout the interlayers.

Accordingly, in this study, simulations with different
mobility values emulate the behavior of the device using
different interlayer materials. Table 1 shows the values of
the simulation parameters for the c-Si(n) absorber as well
as the hole and electron contacts. The interlayer is modelled
as a 1.5nm c-Si(4) thick layer where u; is varied. Mobility
values are varied between 10 % and 10~ em? V™! s ! in this
simulation work. Mobility values around 10™% cm?- V™. s7!
are indicative of an interlayer with minimal transport
resistance. Conversely, an exceedingly low value of
107" em®- V'.s7' or lower corresponds to resistances
calculated for the quantum tunnelling of holes through an
ideal, defect-free SiO, interlayer [25,282]. The electron
mobility of the interlayer is set at 10~° cm*- V~'-s~ " which
represents electron carrier mobility for a tunneling SiO, and
a-Si:H(7) interlayers. The effective surface recombination
velocity (S.z) of the hole contact is a crucial parameter in our
simulation model, as it directly influences the recombination
losses at the interface. In our analysis, the S value is

systematically varied over a wide range, from 10cm/s
(representing a nearly ideal passivated surface) to 10° cm/s
(indicating a highly defective interface). By simulating the
device performance across this range, we can assess
the sensitivity of AV,. and FF to variations in S.j and
therefore quantify the impact of the hole contact quality on
overall the solar cell efficiency.

3 Results

3.1 Interlayer surface passivating properties of MoO,
contacts

In this section, we investigate and compare the influence of
different interlayers, i.e. a-Si:H(¢), ultrathin spatial ALD
Al,03/Si0,, and thermally grown SiO,, on the surface
passivation provided by the contact structures. The
thickness of the thermal oxide — measured by ellipsometry
— isaround 1.3 nm and the oxide layer is combined with our
poly-Si contacts. In comparison, the combined thickness of
the Al,O3/8i0,, stack is around 1.5 nm after 8 spatial ALD
cycles to grow Al,O3. To analyze the surface passivation
properties of the interlayers on our MoO,, contacts, the iV,
value is monitored after the deposition of MoO, and ITO
layers, and a subsequent annealing at 190 °C, as shown in
Figure 4. The distribution of iV, values for each group,
represented by box and whisker plots, is based on
measurements from five samples per group. The MoO,
contact without an interlayer shows poor surface passiv-
ation, which can be mainly attributed to the poor surface
passivation properties of the sub-stoichiometric oxide
formed during the initial growth of the evaporated MoO,,
layer [31]. However, the surface passivation of our MoO,,
contacts improves by introducing the thermally grown
SiO5 and ALD grown Al;,03/Si0, interlayers. On the other
hand, excellent surface passivation is achieved by using an
a-Si:H(7) interlayer. iV, above 700 mV is achieved after an
annealing treatment at 190 °C. Subsequently, ITO layers
were sputtered on the front and rear contacts. Interestingly,
iVy. improves for cell precursors with an Al,O3/SiO,
interlayer and without interlayer. In contrast, iV, .decreases
for precursors with SiO, and a-Si:H(%) interlayers due to the
sputtering damage originated from the ITO deposition
[32,33]. However, the sputtering damage can be partially
recovered after an annealing treatment. Samples with an
Al,03/8i0  interlayer and with no interlayer show no change
in iV, after annealing at 190 °C.

3.2 Effect of interlayer properties on the contact
selectivity of MoO, contacts

To investigate the contact selectivity of our MoO,
contacts, we use the difference in internal and external
Ve (AVoe=1VoeVoe) as a simple figure of merit with low
values signifying a high carrier selectivity [34]. In case of
low contact selectivity, the external V. of the cell is much
lower than the internal V., resulting in a high A V. value.
This implies that the transport of majority carriers to the
electrode is hindered. Note that the cell precursor used to
measure the iV, and V,. is shown in Figure 2.
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Table 1. Atlas simulation parameters for the different layers.
Parameter Value
c-Si(n) absorber Thickness 180 pm
Resistivity 5 Q.cm
we and Klaassen model [29]
SRH lifetime 3 ms
Fermi level 4.74 eV
Intrinsic concentration 8.6 x10° cm™®
Auger lifetime Richter model [30]
n-contact Doping level 3x10%* ¢cm™?
up and u, at interlayer 1072 ecm?V st
Interlayer thickness 1.5 nm
p-contact up and u, at interlayer 10721077 em?V st
Work function 491 — 5.33 eV
Interlayer thickness 1.5 nm
Sefr 10 — 10°cm/s

Figure 5 shows AV, for different MoO, contacts in
their as-deposited states and as a function of annealing
temperature. These samples were annealed in air at a
starting temperature of 190 °C — which represents the
standard SHJ annealing conditions — followed by cumula-
tive annealing up to 250 °C, with a 20 °C temperature step.
The insertion of a-Si:H(4) and Al,O3/SiO, interlayers does
not affect the AV,. prior to annealing and results in
comparable A V. to the MoO,/c-Si contact. In the case of a
thermal SiO, interlayer, a high A V. value of about 258 mV
is observed prior to annealing and no major change in A V.
is observed after subsequent annealing. For the MoO,/a-Si:
H(4) contact, a steady increase in AV, from 15 to 30 mV is
measured upon an increase in thermal budget, consistent
with previous literature [14,35]. This decrease in selectivity
is attributed to a reduction in the induced band bending at
the MoO,, contact. This reduction in band bending is likely
due to a decrease in the MoO, WF, potentially caused by
hydrogen effusion from the a-Si:H(%) interlayer and/or the
formation of a parasitic layer at the MoO,/a-Si:H(1)
interface [14,35]. In comparison, the contact selectivity of
the MoO,/Al,03/Si0, contact improves upon annealing at
190 °C and remains stable after further increases in
annealing temperature; an average AV, of about 5mV is
measured after an annealing treatment at 230 °C with a
slight increase observed following annealing at 250 °C.

3.3 Effects of passivating interlayers on IV
characteristics

In this section, we investigate the influence of the
passivating interlayers on the light IV parameters. The
light IV curve and characteristics of the solar cells are
shown in Figure 6 and Table 2. As expected, a MoO,/a-Si:
H(4é) contact results in a high V,. due to the excellent
surface passivation of the a-Si:H(4) interlayer, but is limited
by the contact selectivity loss after annealing. On the other
hand, while ultrathin Al,O3/SiO, and SiO, interlayers

have shown a similar surface passivation quality (as shown
in Appendix B), the high carrier selectivity loss of the
MoO,/SiO, contact results in a lower V,. and FF in
comparison to the MoO,/Al,03/SiO, contact. Finally,
solar cells with a-Si:H(%) and Al,O3/SiO, interlayers at the
hole contact result in comparable conversion efficiencies
just above 18%; the J,, and FF values are higher for the
MoO,/Al,03/Si0,, contact due to superior transparency
and carrier selectivity, respectively.

3.4 Interlayer transport: temperature-dependent dark IV

Further insights to explain the difference in AV,
associated with different oxide interlayers can be acquired
by performing a temperature-dependent dark IV analysis.
Series resistance (R;) is extracted from the 2-diode model
for temperatures in the 25-65 °C range for the SiO, and
Al,O3/8i0,, interlayers, as shown in Figure 7. An indirect
measurement of the band offsets between the c-Si and the
interlayer can be made by extracting the activation energy
E, from the slope of the temperature-dependent series
resistance R, by assuming an Arrhenius dependency [36].
As aresult, we obtain E, values of 117 meV and 2390 meV
for the MoO,/Al,03/8i0, and MoO,/SiOy contacts,
respectively. E, of the Al,O3/SiO,, interlayer is consider-
ably lower than the thermally grown oxide which indicates
that an inefficient hole carrier transport exists for the
thermally grown SiO, interlayer. To further determine the
effect of hole majority transport on the carrier selectivity of
the contact, we simulate the effect of the interlayer hole
mobility and contact WF on the hole contact properties.

3.5 Simulation of MoO, contacts
3.5.1 Effect of surface passivation on the carrier selectivity
In this section, the influence of the surface passivation and

p, properties of the interlayers on the carrier selectivity are
simulated with respect to varying hole contact WF. We
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Fig. 4. iV, of half-fabricates after deposition of MoO, and ITO layers and subsequent annealing at 190 °C. Note that the order of the
interlayer configurations (no interlayer, Al,O3/Si0,, a-Si:H(i), and SiO,) is consistent across all figures.

first investigate the influence of the surface recombination
properties of the interlayer on the hole selectivity.
Figures 8a and 8b show the simulation results of the
dependence of the hole selectivity on S5, contact WF, and
. As expected, a lower hole contact WFE'leads to a loss in
AV,. due to a decreased hole concentration near the
interface. The decrease in concentration elevates the hole
resistance (Rj) across the contact, which is inversely
proportional to the both carrier concentration and the hole
mobility [26].

Additionally, S, of the interlayer has a significant
influence on the AV,. of the contact, particularly for
interlayers with low mobility (u,=10"" cm?® V' s1).
Interestingly, an increase in AV,. is observed with

decreasing S, This counterintuitive behavior can be
explained by the competing contributions of hole
resistance within the interlayer (R), ;,;) and the absorber
(R}, aps), as highlighted by Onno et al. [37]. AV, depends
on both components, and the relationship is described
by:

A‘/oc = (Jr,surf + Jr,m)'Rh,abs + J’r,m'Rh,int (1)

where J,. grand J, ,, are recombination current density at
the Si surface and metal contact, respectively. Conse-
quently, for an interlayer with u,= 1077 em?® V7 s
decreasing S.sshifts the recombination dominance towards

the surface, increasing J,. s,,r at the expense of J,. ,.
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Fig. 6. Influence of passivating a-Si:H(¢), Al,O3/Si0,, and SiO,
interlayers on the light I'V characteristics of the solar cells with
MoO, contacts and different interlayers (right).

3.5.2 Effect of interlayer hole mobility on the carrier
selectivity

Figures 9a and 9b show the simulated interacting effect of
wuy, and contact WF on the cell AV, and FF, respectively.

Sy of the contact was set to 33cm/s (as shown in
Appendix B) which approximately represents the surface
passivation of the MoO, contacts with Al,O3/SiO,, and
Si0O, interlayers. At WF > 5.25eV, AV, is minimal since
the majority concentration is high enough which effectively
reduces Ry, .5 (referring to Eq. gl)), even for a interlayer
with low mobility (1, =10"" ecm® V' s7!). This reduction
in Ry 4 allows for efficient hole extraction, minimizing
recombination losses and maintaining a high V., even with
less optimal interlayer transport properties. However, for
this high WF, a steep decrease in FF is noted at ;= 10"
em® V7! 571 At moderate WF (5.1-5.2¢eV), noticeable
selectivity and FF losses are observed with a strong
dependence on uj; a decrease in w,, of the interlayer yields
higher AV, and FF losses. However, at WF < 5.1eV,
contact selectivity cannot be maintained anymore even for
high u; of the interlayer. The simulation results indicate
that for both the SiO5 and Al,O5 interlayers the MoO, WF
in the range of 5.1-5.2eV is found. This estimation is
supported by the close agreement between the simulated
AV, values and the experimental measurements presented
in Figures 5a and 9a, respectively. The moderate WF range
is defined as the values where a good selectivity can be
achieved with sufficient hole mobility provided by the
interlayer. The significantly high AV,. and FF losses,
measured for our MoO,,/SiO,/c-Si(n) contact, suggest that
the SiO, interlayer corresponds to a u, in the vicinity of
1077 to 107® em? V! s7'. This observation is consistent
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Table 2. Measured IV characteristics for solar cells with different interlayers and without an interlayer.

Passivating interlayer Joe [mA /cm?| Ve [mV] FF %] Efficiency %]
No interlayer 36.9 610 72.1 16.2
Al,04/Si0,, 36.9 651 75.6 18.2
a-Si:H(7) 36.2 679 73.8 18.1
SiO, 35.2 440 34.6 5.4
T[°C] a simple diode behaviour. The high R}, at the low-mobility
70 60 50 40 30 20 interlayer impedes hole transport, forcing the majority hole
i i i L= : carriers holes to recombine within the c-Si bulk, as shown
= Moo .0 Ri0 e by the J, in Figure 10b.
- A  MoO,/SiO,/c-Si }
4 Discussion
o~ A A
§ A—A a4 While the mobility model employed in this study simplifies
E carrier transport across the MoQO, contacts, it is essential to
e} acknowledge the complexity of the actual contacts. In
E' reality, several transport mechanisms, such as thermionic
emission, band-to-band tunneling, and trap-assisted
tunneling, exist at the interfaces of the MoO, contacts.
100 ] Additionally, the influence of the TCO layer and interlayer
o o o *— o A formation at the interfaces were not considered in this
. . . . model, potentially introducing additional transport limi-
2.9 3.0 3.1 3.2 33 34 tations. Nevertheless, as a comparative study, the
1000/T [ K" ] presented model proves valuable in discerning differences

Fig. 7. Dark JV measurements were used to extract R, as a
function of cell temperature (25-65 °C). The fitted lines are used
to calculate the activation energy.

with the characteristics of the thermal SiO, interlayer and
supports the proposed mobility for a defect-free SiO,
interlayer, with a thickness ranging from 1.1 to 1.5 nm [25].
On the other hand, the evident reduction in both AV,
and FF within our MoO,/a-Si:H()/c-Si(n) contact, as
influenced by an elevated thermal budget treatment,
exhibits a good correlation with an interlayer mobility of
about 10° cm?® V™! s~ or slightly higher. Finally, the good
AV,.and FF values obtained with the MoO,/Al,03/Si0O,,
stack imply that the interlayer presents minimal resistance
to hole carriers, and likely possesses a high u; value of
about 1072 cm? V' s,

To investigate the impact of u;, on recombination losses
and cell efficiency, we analysed the simulated JV curves
and recombination current distributions. Figures 10a
and 10b depict the simulated JV curves and
recombination current densities at the p- and n-contacts,
and within the absorber (bulk) for u; values of 10~ and
1077 em®V's™! respectively, at a hole contact WF of
5.21eV. At u,=10"" cm? V' s7!, the total current
(extracted current minus recombination current) follows a
diode-like behaviour, resulting in a high FF. Here,
recombination within the bulk absorber is the primary
efficiency-limiting factor. However, when u; is reduced to
107" em? V™' 57!, the FF decreases significantly, and the
JV curve exhibits an S-shape. This indicates that while
bulk recombination remains dominant, it no longer follows

in observed selectivity losses and recognizing the limita-
tions imposed by the interlayers on the MoO, contacts. The
following section explains the differences in contact
selectivity of the MoO,, contacts.

The combination of an a-Si:H(%) interlayer with MoO,,
contact shows excellent surface passivation properties, but
results in a decreasing hole selectivity with increasing
annealing temperature compared to an Al,O3/SiO,
interlayer. Several factors can contribute to this difference:
(1) the degradation of induced band bending with
annealing temperature which is also exacerbated by the
presence of an a-Si:H(%) interlayer — possibly attributed to
a pronounced Fermi level pinning effect [38,39]; (2) high
contact resistance resulting from an intermixed oxide
region formed at the interface between the MoO, and a-Si:
H(:) interlayer, combined with the sensitive alignment
between the MoO, conduction band and valence band of
the a-Si:H(1) interlayer [40,41]. The latter arises from the
necessity of closely aligning the conduction band of the
MoO, layer with the valence band of the a-Si:H(4) layer for
efficient tunneling transport.

By omitting the a-Si:H(¢) interlayer, good contact
selectivity and F'F'were obtained but the MoO,,/c-Si contact
lacks surface passivation properties. The surface passivation
and carrier selectivity of the MoO, contact improve by
inserting an ultrathin Al,O3/SiO,, stack, resulting in higher
FF and V,. values, low F,, and improved contact thermal
stability. This improvement can be attributed to the high
hole mobility of approximately 1072 ecm? V™' s7! of the
Al,03/8i0  interlayer, which does not impede the extraction
of majority hole charge carriers. This effect is linked to the
amorphous and non-stoichiometric nature of the ultrathin
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Electron mobility of the interlayer is set to 107° cm?V s,

SiO, layer formed at the c-Si surface, as shown in [21].
Furthermore, the considerably low E, suggests a smaller
valence band offset (VBO) between SiO, and c-Si, thereby
facilitating the transport of holes. While both thermionic
emission and tunneling can contribute to carrier transport
through thin oxide layers, the low E, value for the MoO,/
Al,03/Si0,, contact is consistent with typical thermionic
emission barriers reported for similar structures [42,43].
Similarly, several studies show that oxygen incorporation in
a-Si0,:H interlayers result in an inefficient hole transport
and consequently in an S-shaped IV curve [4,44]. In addition,
Al,03/8i0,, films on c-Si substrates typically consist of high
negative fixed charge properties which can promote the
collection of holes as majority carriers; an inversion layer near
the ¢-Si surface is created which increases the hole
concentration. The negative fixed charged of our Al,O3/
Si0,, film was, indeed, detected by conducting a corona

charge experiment. However, further work is required to
quantify the magnitude of this fixed charge of the layer due to
the quick dissipation of charges after corona charge
deposition. Further details can be found in Appendix B.

In comparison, a high carrier selectivity loss is apparent
for the thermally grown SiO interlayer although surface
passivation properties similar to the Al;03/SiO, interlayer
were achieved; surface passivation affects the hole resis-
tance near the c-Si surface which ultimately influences the
hole selectivity [25,37]. Additionally, the large disparity in
the calculated F, between the two interlayers suggests
differences in transport mechanisms. The high E, for SiO,
indicates a larger energy barrier, likely hindering therm-
ionic emission and suggesting that tunneling is the
dominant transport mechanism, which is less efficient
than thermionic emission. This is in contrast to the Al,O3/
Si0y interlayer, where the low E, suggests a smaller barrier
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Fig. 11. Schematic band diagrams of hole contacts with Al,O3/SiO,, (left) and SiO (right) interlayers, illustrating the contrasting
energy barriers and hole and electron quasi-Fermi levels (Ef, ,) alignment.

resulting in a more effective thermionic emission. The
observed AV,. and FF losses of the MoO,/SiOy/c-Si
contact are likely the result of a significantly lower
interlayer u;, in the range of 107" to 107% cm? V! s,
This difference in layer mobility is likely caused by a large
VBO with ¢-Si (4.7eV) of the SiO, interlayer which
creates a large barrier for holes. As a result, a significant
step in the quasi-Fermi level of the holes (Ep,) is
introduced at the interface, as illustrated in Figure 11,
thereby reducing the current towards the hole contact.
This step acts as an additional barrier to hole extraction,
further impeding the flow of holes through the contact
resulting in an increase in J,. 4. This increases Ry, ;,; which

consequently contributes to the observed loss in carrier
selectivity.

Although the contact selectivity loss can be reduced by
increasing the contact WF, such high contact WF is often
not feasible. In practice, a more effective approach is to
enhance the interlayer mobility. For instance, in the case of
poly-Si(p") contacts, a post-deposition annealing step at
high temperature is usually required for boron diffusion
from the poly-Si to the SiO5 and c-Si absorber. The increase
in boron concentration in the poly-Si(p”) increases the
contact WF, but also causes an increase in boron diffusion
inside the Si substrate, leading to a higher defect density at
the interface. Nevertheless, this post-deposition annealing
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step is crucial in enhancing the hole mobility across the
SiO, interlayer; this process allows for the creation of
pinholes and /or to reduce the interlayer thickness, thereby
improving the transport of holes [45]. For MoO,/SiO,
contacts, a high temperature treatment is not viable due to
the lack of thermal stability of the MoO, layer [46].

Additionally, the thermal instability of the MoO,
contact poses challenges in implementing post-hydrogena-
tion techniques to enhance the surface passivation at the
Si/interlayer interface. Conventionally, the diffusion of
hydrogen to the interface of poly-Si contacts can be
achieved in several different schemes such as hydrogen-rich
capping layers or a remote hydrogen plasma treatment
[47,48]. However, in the case of MoO, contacts, similar
hydrogenation techniques are challenging since the MoO,
layer interacts with hydrogen thereby degrading the WF
value of the MoO, layer [49]. The introduction of an ALD
Al,Og interlayer addresses some of these issues, allowing for
improvement of the surface passivation without
compromising on the contact selectivity. While further
layer optimizations and post-deposition treatments on the
Al,Oj interlayer can be developed to enhance the surface
passivation properties, it must be ensured that these
processes do not compromise the interlayer hole mobility,
keeping it above 10™° cm? V"' s L,

5 Conclusion

In this work, we highlight the importance of high hole
contact WF to create a strong induced band bending near
the c-Si interface and the necessity of a sufficient hole
mobility through the interlayer to achieve an effective hole-
selective contact. An a-Si:H(4) interlayer can provide
excellent surface passivation, but the MoO, WF'loss upon a
thermal annealing treatment results in observable contact
selectivity loss. On the other hand, a dense, stoichiometric,
thermally grown SiOs interlayer will cause considerable
contact selectivity losses if no post-treatment is performed
to improve the hole mobility. An ultrathin Al,O3/SiO,
interlayer provides better transparency, hole transport,
and thermal stability when combined with MoO,. This is
because the sub-stoichiometric SiO,, layer does not hinder
the transport of holes across the Al,03/SiO,, interlayer.
Hydrogenation strategies prior to the MoO,, deposition can
be explored to improve the surface passivation provided by
the Al,O3/Si0O, interlayer stack to ultimately improve the
quality of MoO,-based contacts in ¢-Si solar cells.
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Appendix: A

We investigate the impact of x-ray-induced surface
passivation damage, occurring during MoO, deposition,
on the surface passivating properties of the interlayers.
6 nm thick AlO, layers were deposited on both sides of a
¢-Si(n) substrate, followed by post-deposition annealing
(PDA) at 600 °C. To assess the effect of X-ray induced
damage from MoQO, e-beam deposition, a glass sheet is
placed on top of the AlO, passivated sample, preventing
MoOx deposition while allowing x-ray emission to pass
through. Figure A.1 shows the effective lifetime (7.4)
measured at a carrier concentration of 10'® cm™ for both a
reference sample and a sample subjected to the x-rays.
AlOx samples with X-ray induced damage show similar 7,
as the AlO, reference sample. The negligible difference
between the samples implies that the induced X-ray
damage has minimal effect on the surface passivating
quality. This is possibly because of the low e-beam power
used during the MoO, deposition; MoO, has a low
sublimation point and therefore only requires little energy
to evaporate.

Appendix: B

To assess the impact of the passivating interlayers on the
induced band bending, we use a corona charging setup by
Delft Spectral Technologies for samples shown in
Figure B.1. Further details about the corona charging
tool can be found in references [49-53]. The samples with
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Fig. B.1. Symmetric samples consisting of A1O,, SiO,, and a-Si:
H(4) interlayers, capped with MoO,, ITO, and AlO,.

AlO,, SiO,, and a-Si:H(%) interlayers were capped with
MoO,, a thin layer of indium tin oxide (ITO), and 6 nm of
AlO, to reduce the dissipation of charges. To ensure of
more representative stack, a thin ITO layer was added and
further capped with AlO, to minimize the potential charge
dissipation.

Note here that Sesmq, Was calculated from the wafer
thickness W and the effective minority carrier lifetime 7.
(Seffomaz= W /| 27.p) after conducting quasi-steady state
photoconductance (QSSPC) measurements using a Sinton
WCT-120TS setup in the generalized (1/64) mode. For the
QSSPC measurements we assumed n-type substrates, a
wafer thickness of 200 pm, an optical constant of 0.55 (for
chemically polished substrates) and the 7.4 values at an
injection level of 1-10'® cm ™ were used for the calculation
of Sef ,max:
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Fig. B.2. S.; against cumulative charge deposition time for
MoO, samples.

We have conducted positive charging on both sides of
all samples in an attempt to derive the fixed charge density
(Qf). Figure B.2 shows the effect of the cumulative
induced positive charges on the S, values of the samples.
However, the fixed charge density could not be reliably
determined for these samples due to a minimal change in
passivation quality after charge deposition combined with
leaky behavior. As a result, no increase in Sy, is
observed with increasing cumulative corona charging time.
For samples with ITO, no significant changes in S, 4, are
observed throughout the experiment, which can be
understood as mirror charges that appear in the top part
of the ITO layer upon corona charge deposition such that
the silicon surface is effectively shielded to the point that
no change in the field effect passivation can be realized.
For samples without ITO, a more pronounced degradation
of S.pcan be observed by which the S 4, is determined
after 600s. Nevertheless, the amplitude of the curve is
rather small resulting in a high uncertainty.

To estimate the amount of deposited corona charge up
until the maximum in S, 4, is reached, the increase in the
Kelvin probe voltage VKP over time is linearly fitted, as is
shown in Figure B.3. Although the resulting fit does not
clearly follow a linear trend, this kind of approximation is
anyway used to estimate the change in Vgpthat is required
for the evaluation of fixed charged density (Qy). The poor
quality of the linear fit further illustrates that the error on
the @ value that will be calculated below should only be
taken as a lower limit. Furthermore, it is interesting how
the slope of the fitted line corresponds to the approximate
slope corresponding to the samples with ITO/AlO,
capping, while beyond 600s the uncapped MoO,, layer is
not able to retain any additional charge due to leaky
behavior. Following the plotted fitting approach, the total
amount of deposited corona charge is estimated from
the difference in Vi p between the value at the start of the
experiment and the value after 600s of charging using the
slope of the fitted line: A Vip=T7.075 - 107 * 600 = 0.424 V.
Note here that 600s is the point in the experiment where
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Fig. B.3. Vgp as a function of cumulative corona charging time
for MoO,, contacts with different interlayers.

the maximum in S 4 is reached that can in turn be used
to calculate @) as follows:

&reo Vip

Q corona = d ° e

(A1)

where g is the vacuum permittivity (8.854 x 10~ Fm™"),
g, is the relative permittivity of MoO, (18), d is the
thickness of the layer stack (5nm), and e is the elementary
charge. Since the deposited corona charge counteracts the
fixed charge that is initially present in the layer stack, it
holds that Q;=-2.0+1.0x 10" ¢cm ™2 This moderately
negative fixed charge could be associated with traps in the
MoO,, layer that are being filled in the corona charging
experiment. If this is correct, other variations in the MoO,
layer properties, such as what is induced by different
growth temperatures, and their possible impact on @
could become detectable by further corona charging
experiments.
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