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ABSTRACT: Thin SiOx interlayers are often formed naturally during the
deposition of transition metal oxides on silicon surfaces due to interfacial reaction.
The SiOx layer, often only several atomic layers thick, becomes the interface
between the Si and deposited metal oxide and can therefore influence the electrical
properties and thermal stability of the deposited stack. This work explores the
potential benefits of controlling the properties of the SiOx interlayer by the
introduction of pregrown high-quality SiOx which also inhibits the formation of
low-quality SiOx from the metal-oxide deposition process. This work demonstrates
that a high-quality pregrown SiOx can reduce the interfacial reaction and results in
a more stoichiometric MoOx with improved surface passivation and thermal
stability linked to its lower Dit. Detailed experimental data on carrier selectivity,
carrier transport efficiency, annealing stability up to 250 °C, and in-depth material
analysis are presented.
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■ INTRODUCTION

Passivated contacts are a promising alternative to conventional
heavily doped crystalline silicon (c-Si) and metal contacts for
c-Si solar cells.1−4 They typically feature an external thin
passivating layer of either silicon oxide (SiOx) or hydrogenated
intrinsic amorphous silicon [a-Si:H(i)] and a carrier-selective
layer, which together serve to enhance the conductivity for one
type of charge carrier while providing surface passivation to the
c-Si interface. A wide group of carrier-selective contacting
materials are actively investigated for application in c-Si solar
cells with the potential to supersede the use of doped silicon
(Si) layers.5−11 Among those, the transition metal oxides
(TMOs) are the most widely studied subgroup contact
material owing to their superior optoelectronic properties:
wide band gap and extreme work function.12−14 When
deposited on c-Si wafers, depending on the band alignment
and interface defect density, these materials induce a band
bending at the c-Si surface, permitting the collection of one
type of charge carrier. A silicon solar cell efficiency of 23.5%15

has been obtained with thermally evaporated molybdenum
oxide (MoOx) as the hole-selective contact, demonstrating its
potential to edge device efficiency further. Moreover, such a
contact can be deposited using low-temperature and simpler
processes such as atomic layer deposition (ALD),16 sputter-
ing,17 and solution processing,18 potentially reducing the cost
and fabrication complexity.

Despite the demonstrated potential of MoOx on c-Si solar
cells, its poor thermal stability remains to be addressed. A
moderate temperature anneal is known to be a crucial part of
solar cell fabrication. For example, the transparent conductive
oxide layer (TCO) that is usually applied to increase lateral
conductivity is typically annealed to achieve optimum
conductivity and recover damage from sputtering.19,20 To be
compatible with high-throughput metallization techniques
which involve screen-printing silver (Ag) paste, a low-
temperature curing process at ∼200 °C is generally required.
However, Gerling et al. reported that annealing in a N2

atmosphere at 160 °C for 10 min deteriorates the open-circuit
voltage (Voc) and short-circuit current (Jsc) of the MoOx cells
fabricated without an interfacial passivating layer, resulting in
an efficiency reduction of ∼2%.21 For MoOx cells fabricated
with an a-Si:H(i) interface passivation layer, annealing above
130 °C causes an S-shaped current−voltage characteristic and
a reduction in fill factor to below 70% irrespective of annealing
ambient.10 Attempts have been made to investigate the thermal
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stability of MoOx films on c-Si and a-Si:H(i) surfaces, and it
was found that the passivation quality and hole transport
ability degraded with annealing temperature, strongly related
to the increased thickness of the SiOx interlayer formed
between MoOx and c-Si/a-Si:H(i).22 The work function of the
MoOx films decreased when annealed on both Si surfaces, with
the reduction of MoOx on a-Si:H(i) being partly caused by the
hydrogen effusion from the a-Si:H(i) layer.23

It has been reported that when depositing MoOx directly on
Si surfaces including c-Si and a-Si:H(i), chemical reaction leads
to the natural formation of a thin interfacial SiOx layer (2.2−4
nm) regardless of its deposition method.18,24,25 We shall refer
to this layer as the “naturally formed SiOx” from this point
onward for the sake of clarity and differentiation from other
oxides used in this work. The Si surface is oxidized by the first
monolayer of TMOs, resulting in MoOx being reduced and
affecting its carrier collection capability. The SiOx interlayer is,
however, of great importance as it has been shown to provide a
certain level of surface passivation24 and strongly affects the
thermal stability of the transition metal oxide layer.22 This
naturally formed SiOx layer is difficult to control, and its
properties can change with thermal treatment, affecting
passivation and contact performance of the MoOx contact.

26

In this work, we investigated the impact of a pregrown SiOx
on the carrier selectivity and thermal stability of MoOx
passivated contact. Specifically, the two key properties
determining the performance of a passivated contact device,
surface recombination and contact-resistive properties of the
MoOx with pregrown SiOx, were examined and discussed in
correlation with their compositional and electronic properties
and compared to that with naturally formed SiOx.

■ EXPERIMENTAL SECTION
Phosphorus-doped ∼10 Ω cm Czochralski (Cz) Si wafers were used
for X-ray photoelectron spectroscopy (XPS) measurements; phos-
phorus-doped 2 Ω cm float zone (FZ) Si wafers (n-Si) were used for
photoconductance-decay (PCD) measurement; and boron-doped 2.5
Ω cm FZ Si wafers (p-Si) were used for capacitance−voltage (C−V),
conductance−frequency (G−ω), PCD, and contact resistance
analyses. Prior to film deposition, all c-Si substrates were cleaned
using the standard wafer cleaning sequence developed by the Radio
Corporation of America (RCA)27 followed by immersion in 1−2%
(w/v) hydrofluoric acid (HF) for about 2 min.
Three groups of MoOx-coated samples were prepared for this work.

First, the control group had MoOx film deposited directly onto the
cleaned c-Si wafers immediately after HF etch to minimize the
presence of atmospheric-grown native-oxide layers. Second, a group of
wafers had pregrown chemical SiOx via boiling 68 wt % HNO3 for 30
min, resulting in a SiOx thickness of approximately 1.6 nm. Third, a
group of wafers had pregrown SiOx via thermal oxidation performed
at 600 and 700 °C for 5 min, resulting in SiOx thicknesses of 1.1 and
1.5 nm, respectively. The thickness of the pregrown SiOx layers was
measured using a JA Woollam M-2000D spectroscopic ellipsometer
and fitted with a Cauchy model. The thickness of the pregrown SiOx
layer may have been changed after the subsequent MoOx evaporation
(see Supporting Information Table S1). The MoOx film of 10 nm was
deposited on all samples via thermal evaporation of MoO3 powder
(99.95% purity) with a rate of 0.35 Å/s. A thin capping layer of 5 nm
Pd was thermally evaporated subsequently without breaking the
vacuum for XPS and PCD measurements.
The XPS, C−V, and G−ω techniques were performed before and

after annealing samples in 5% H2 and 95% Ar at 250 °C for 30 min.
The stoichiometry of the as-deposited and annealed MoOx films was
characterized using XPS (Escalab250Xi, Thermo Fisher Scientific)
under ultrahigh vacuum (<2 × 10−9 mbar). The X-ray source was
monochromated Al Kα (energy 1486.68 eV) with the binding energy

calibrated using C 1s (284.5 eV) as a reference. Photoelectrons were
collected in the surface-normal direction. Because the sputtering
process used for depth profiling has a charging effect that
unintentionally reduces the metal oxide, XPS core-level spectra
presented here were for the surface analysis only (without Ar+

etching) for better comparison.
Metal−insulator−semiconductor (MIS) test structures were

fabricated for C−V and G−ω measurements formed by evaporating
100 nm thick aluminum (Al) through a shadow mask over the SiOx/
MoOx-coated samples, forming an array of circular dots of diameter of
∼750 μm.28 AC parallel capacitance and conductance were measured
using an HP 4284A Precision LCR Meter. To minimize charge
injection during the first measurement, a high-frequency sweeping
from 0 V was performed to determine the flatband voltage (VFB) by
matching the measured capacitance with flatband capacitance. The
G−ω measurement was also carried out on the same contact samples
at room temperature in the voltage range between 1.5 and 2.5 V, using
modulation frequencies between 10 Hz and 1 MHz. The surface
potential (ψs) in the depletion region was calculated using the
depletion approximation from the high-frequency C−V curve.29 Only
the peak conductivity was used to analyze the interface state density
(Dit)

30−32 using the following equation

ω
≈

i
k
jjjjj

y
{
zzzzzD

q

G2.5
it

p

max (1)

where q is the elementary charge; Gp is the equivalent parallel
conductance; and ω is the angular frequency. The error bars were
determined from the variation in the measurements between two
different dots of the same sample.

The PCD measurements were performed on MoOx/Pd symmetri-
cally passivated samples. A thin layer of Pd of ∼5 nm was evaporated
on MoOx to mimic a contacted device and to reduce the chance of
MoOx being exposed to air and moisture while still allowing sufficient
light to be transmitted for the PCD measurement. The optical
constant of the MoOx/Pd-passivated samples was obtained by fitting
the effective minority carrier lifetime (τeff) curves measured using the
quasi-steady-state (QSS) mode to that measured using the transient
mode. The surface saturation current density (J0) values were
extracted from the τeff measurements using the Kane and Swanson
technique,33 assuming strong accumulated and inverted surfaces were
induced by MoOx on undiffused p-Si and n-Si wafers.34 The contact
resistivity (ρc) of the c-Si/MoOx hole-selective contact was assessed
on p-Si wafers with single-side-deposited MoOx. An array of 40 nm
Pd/300 nm Ag circular pads with diameters ranging from 0.05 to 1
cm were thermally evaporated on the front surface of the contact
samples through a shadow mask. The rear surface of the test
structures was HF fumed (to remove any native and pregrown SiOx
layer) prior to the evaporation of a full area Al (500 nm) contact. It is
noted that the rear Si surface of the contact structures was heavily
doped with boron diffusion to ensure an ohmic contact with Al. All
current−voltage (I−V) measurements were recorded at room
temperature in the dark using a Keithley 2425 source meter. The ρc
was estimated by fitting the measured resistance at ∼420 mA/cm2

(consistent 10% contact surface on a solar cell) with a spreading
resistance model over a series of contact diameters as described by
Cox and Strack.35 The thermal stability of various SiOx/MoOx/Pd
stacks was evaluated by annealing the lifetime and the contact samples
in 5% H2 and 95% Ar at 250 °C for 30 min with measurement done
after every 10 min.

■ RESULTS AND DISCUSSION
XPS Compositional Analysis. X-ray photoemission

measurements were performed to evaluate the chemical
composition of as-deposited and thermally annealed MoOx
films on HF-dipped Si surfaces with naturally formed SiOx and
Si surfaces with pregrown chemical and thermal SiOx. The
presence of the various Mo oxidation states (Mo6+, Mo5+, and
Mo4+) in each MoOx film was identified by analyzing the XPS
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spectra of the Mo 3d core-level peaks as presented in Figure 1.
The percentage of various Mo oxidation states was estimated
by integrating the areas under the photoelectron peaks fitted
with symmetric Gaussian−Lorentzian curves and calculating
the ratio between the stoichiometric Mo6+ component and the
Mo components of lower oxidation states (Mo5+ and Mo4+).
The key observation from this data is the stark difference in

the cation composition between MoOx deposited on HF-
dipped Si versus the ones deposited over a pregrown SiOx

layer. Figure 1(a) shows the Mo 3d core-level spectrum of as-
deposited MoOx film on the HF-dipped Si surface with
naturally formed SiOx. The spectrum is rather broad and

consists of three spin−orbit doublets, indicating the as-
deposited MoOx is substoichiometric. The two peaks (blue)
at a binding energy of 233.0 and 236.1 eV are close to the 3d5/2
and 3d3/2 doublets reported for Mo cations in the higher
oxidation state (Mo6+),36,37 which accounts for the highest
portion (55%) of the total Mo cations. The presence of the
Mo5+ lower oxidation state is evident by the observation of the
Mo doublets 3d5/2 centered at 232.0 eV and 3d3/2 centered at
235.1 eV (green),38 representing 33%. The third doublet (red)
with peaks at 229.2 eV (3d5/2) and 232.2 eV (3d3/2) reveals
that Mo in the lowest oxidation state Mo4+ is present39−41 and
accounts for 12% of the total Mo states. However, the lowest

Figure 1. XPS Mo 3d core-level spectra of as-deposited MoOx on Si wafers with (a) naturally formed SiOx (HF dipped), (b) pregrown chemical
SiOx, and (c) pregrown thermal SiOx at 600 °C. Effect of annealing in H2−Ar (250 °C for 30 min) on XPS Mo 3d spectra for MoOx on wafers with
(d) naturally formed SiOx, (e) pregrown chemical SiOx, and (f) pregrown thermal SiOx at 600 °C.
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oxidation state Mo4+ is not observed in MoOx films deposited
on Si surfaces with a pregrown chemical SiOx [Figure 1(b)] or
thermal SiOx [Figure 1(c)]. The Mo6+ state accounts for ∼80%
of the total Mo cations, and the lower oxidation state Mo5+

makes up the remaining ∼20% of the Mo species. This result
reveals that the thermally evaporated MoOx is substoichio-
metric, and its stoichiometry depends on the finishing
condition of Si surfaces where the as-deposited MoOx is the
least stoichiometric on HF-dipped Si samples compared to that
on samples with a pregrown SiOx. It has been reported that the
chemical reaction between the highly reactive HF-dipped Si
surface42 and the MoOx during deposition leads to the natural
formation of an SiOx interlayer on c-Si.18,24 This partial
oxidation of Si possibly associates with a partial reduction of
the MoOx, resulting in a higher proportion of lower oxidation
Mo states (Mo5+ and Mo4+) being observed. A pregrown SiOx
at the interface can potentially reduce the interfacial reaction
and hence preserve the higher oxidation states Mo6+ of
deposited MoOx.
The Mo XPS 3d core-level spectra for MoOx films after a 30

min annealing in H2−Ar are shown on the right column of
Figure 1. Two different trends are observed here. The first
trend observed on HF-dipped Si samples with naturally formed
SiOx [Figure 1(d)] is that all three cations (Mo6+, Mo5+, and
Mo4+) of Mo are still present. The percentage of the higher
Mo6+ cation increases to 78%; however, the lower Mo5+ state
declines to 18%, and the lowest Mo4+ state reduces to 4%. This
indicates the MoOx has been further oxidized after H2/Ar
anneal. There could be many possibilities leading to this

further oxidation. One possible cause could be the lower
oxygen content and the presence of the Mo4+ oxygen vacancy
sites in the MoOx film when deposited on the naturally formed
SiOx sample [Figure 1(a)], making it more prone to be
oxidized.43,44 The oxidation could possibly happen when
loading the sample into the annealing tube where it is exposed
to air and moisture at elevated temperature. Further experi-
ments are however needed to confirm this. The other trend
noticed for annealed MoOx on pregrown chemical [Figure
1(e)] and thermal [Figure 1(f)] SiOx surfaces is that, apart
from the initial Mo6+ (∼80%) and Mo5+ (∼20%), the lowest
Mo4+ state can be detected at ∼7−8% of total Mo species. The
portion for the stoichiometric Mo6+ state is reduced to ∼65−
67%, whereas the lower oxidation state Mo5+ is increased to
∼25−29%. This indicates that with the presence of a pregrown
chemical or thermal SiOx at the interface the MoOx film can be
further reduced when annealed in a H2−Ar environment. This
is consistent with other work where MoOx has been reported
to be reduced to a form containing all three states (Mo6+,
Mo5+, and Mo4+) when exposed in a hydrogen atmosphere not
only at elevated temperatures (350−730 °C)45 but also at
room temperature.46

C−V and G−ω Analyses. To understand the properties of
recombination occurring at the interface with the pregrown
SiOx, the electrical properties of the MoOx−SiOx−Si interfaces
were investigated with C−V and G−ω experiments. The two
parameters VFB and Dit were extracted from the measurements
conducted before and after an anneal (250 °C for 30 min in
H2−Ar) on p-Si surfaces with naturally formed SiOx and

Figure 2. (a) Normalized C−V curves for 10 nm MoOx on the thermally grown SiOx (600 °C for 5 min) sample before and after H2−Ar anneal.
The star shows the VFB value extracted from the corresponding C−V measurement. (b) Normalized C−V curves for 10 nm MoOx deposited on
naturally formed SiOx and chemically and thermally grown SiOx samples after H2−Ar anneal for comparison purposes. (c) Measured conductance
as a function of frequency for different applied voltages on the sample with pregrown thermal SiOx and as-deposited MoOx. (d) Estimated Dit from
the peak conductance. The columns represent the average Dit value, and the error bars show the variation between two dots measured from the
same sample.
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pregrown chemical and thermal SiOx. It is noted that before
anneal the measurements were hindered by a significant
leakage through the as-deposited MoOx on naturally formed
SiOx and pregrown chemical SiOx samples but successful on
the pregrown thermal SiOx sample, indicating the as-deposited
MoOx on naturally formed SiOx and pregrown chemical SiOx

has a higher leakage current compared to that on the thermally
grown SiOx sample. The higher leakage current is likely to be
caused by higher Dit.

47 A higher Dit has been reported to
correlate with higher interfacial suboxide contents (Si1+, Si2+,
and Si3+) in the ultrathin SiOx layers,

48 suggesting that with as-
deposited MoOx the naturally formed and chemically grown
SiOx have a higher amount of Si-rich suboxides than that of
thermally grown SiOx, consistent with previously published
findings on chemically and thermally grown SiOx alone ∼1.6
nm.49 After annealing, the leakage currents were significantly
reduced for all samples, likely through the reduction of Dit,

47,48

enabling reliable measurements. Consistent with the XPS
results, the pregrown SiOx and H2−Ar anneal have a great
impact on interface properties.
Effective band bending at the c-Si interface is required to

achieve asymmetry in carrier concentration for high
selectivity.50−52 There are many factors affecting band bending
with one of them being the MoOx bulk work function. MoOx

has a relatively high work function ranging from 6.9 to 4 eV
depending on the deposition method and post-treatment
processes.22,37,53,54 Generally, MoOx with a higher oxygen
content (more stoichiometric) is correlated to having a higher
work function which can induce a higher accumulation of holes
at the interface and hence stronger band bending. Others also
stated the MoOx work function at the MoOx/SiOx interface as
being the controlling factor and is different from the MoOx

bulk work function, which can be affected by subsequent
capping and annealing.55 Furthermore, any charge stored in
the SiOx and at the SiOx/Si interface

56−58 can potentially affect
the surface band bending. In this work, given that the property
of both the MoOx and SiOx varies significantly, the shift in
measured VFB represents the relative change in band bending
caused by the entire stack consisting of both the MoOx and
SiOx.

Figure 2(a) shows the normalized C−V curves and extracted
VFB values for MoOx deposited on the thermally grown SiOx
sample before and after H2−Ar anneal. It can be seen that an
H2−Ar anneal reduced the VFB from 2.6 to 2.3 V, indicating a
reduction in band bending. This could be attributed to a
decrease in the MoOx work function in accordance with less
stoichiometric MoOx, as observed in Figure 1(c) and (f),
where the portion of the Mo6+ state decreased and the Mo4+

state appeared after annealing in H2−Ar.
The impact of a pregrown SiOx on the effective band

bending is also studied by comparing VFB after H2−Ar anneal
as shown in Figure 2(b). Samples with pregrown chemical (red
circles) and thermal (blue triangles) SiOx have the same VFB of
∼2.3 V. In contrast, the sample with naturally formed SiOx
(gray squares) has a higher VFB of 2.7 V. The same VFB
extracted for chemically and thermally oxidized samples
coincides with roughly the same composition of MoOx on
both surfaces as observed in Figure 1(e) and (f) after
annealing. The post-annealed MoOx on pregrown SiOx
samples has a slightly higher portion of Mo suboxide states
compared to that on the naturally formed SiOx sample,
suggesting the reduced MoOx may have a decreased work
function, hence the band bending at c-Si. Moreover, it may
also be possible that the positive charge as often reported for
thermal59 and chemical58 SiOx at the Si surface is larger than
that of naturally formed SiOx, hence attenuated the upward
surface band bending.
Figure 2(c) plots the G−ω measurements for as-deposited

MoOx on the pregrown thermal SiOx sample conducted at six
different applied voltages, probing various energy levels in the
depletion region. The Dit values were extracted at ∼0.6 eV
above the valence band (midgap) using the peak conductance
as denoted in eq 1. Figure 2(d) shows the Dit for the thermal
SiOx sample before annealing together with all three samples
after annealing. The H2−Ar anneal significantly reduces Dit at
the interface between c-Si and thermally grown SiOx from ∼1
× 1013 to ∼3 × 1012 cm−2 eV−1, in agreement with findings
from Stegemann et al.48

The naturally formed SiOx during MoOx deposition yields
the highest Dit (1 × 1013 cm−2 eV−1) after annealing, followed
by samples with pregrown chemical (4 × 1012 cm−2 eV−1) and

Figure 3. Extracted J0 values for c-Si wafers with naturally formed SiOx (HF dipped) and pregrown chemical and thermal SiOx coated with 10 nm
MoOx and 5 nm Pd on both sides before and after 250 °C annealing in H2 and Ar. (a) and (b) show the change in J0 on p-Si and n-Si, respectively.
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thermal SiOx (3 × 1012 cm−2 eV−1). This suggests that after
annealing the amount of substoichiometric Si species
contained in the naturally formed SiOx sample could be
more than that in chemical and thermally grown SiOx. Gerling
et al.24 detected a fairly constant concentration of atomic Si3+

states in the interfacial layer after depositing various
thicknesses of V2O5 on c-Si and suggested the SiOx formation
takes place during the initial deposition stage, which could also
be the case here. Moreover, the Dit observed in this work is
almost 1 order of magnitude lower than that found for
sputtered MoOx on Si,60 possibly due to fewer fabrication-
induced defects resulting from thermal evaporation versus
sputtering.
Surface Recombination. To form efficient contact with c-

Si, undesirable recombination at interfaces should be
prohibited. MoOx has been shown to provide surface
passivation when deposited directly on Si. The naturally
formed thin SiOx during the deposition of MoOx on the HF-
dipped Si surface has been claimed to provide chemical
passivation for Si dangling bonds.18,24 In addition, the high
work function of MoOx induces an “accumulation” layer at the
c-Si interface when in contact with p-Si and an “inversion”
layer with n-Si, suppressing minority carriers from recombin-
ing.13 In addition to the three sets of samples prepared for
XPS, C−V, and G−ω analyses, thermal SiOx grown at 700 °C
for 5 min is also included for further comparison and
understanding. To be able to assess and compare the surface
recombination property of the MoOx/Pd stack on wafers with
pregrown SiOx to that with naturally formed SiOx, J0 values
were extracted for both p-Si and n-Si before and after heat
treatment as plotted in Figure 3.
Irrespective of wafer type, the J0 extracted from the PCD

measurements for the as-deposited MoOx/Pd stack was found
to be ∼320 fA/cm2 on samples with naturally formed SiOx but
∼150 fA/cm2 and ∼60 fA/cm2 on thermally oxidized Si
samples at 600 and 700 °C, respectively. This clearly shows
that thin thermal oxides improved the overall surface
passivation quality with higher temperature, leading to lower
J0 values, possibly resulting from a much lower Dit. However,
interestingly, the pregrown chemical SiOx samples show
different passivation behavior on n-Si and p-Si with as-

deposited MoOx/Pd. The J0 is reduced to ∼270 fA/cm2 on p-
Si, whereas it is almost doubled on n-Si compared to that
extracted from the HF-dipped Si surfaces with naturally
formed SiOx, indicating the growth and resulting material
properties of chemical SiOx may depend on substrate wafer
doping.58,61 It is also noted from previous work that the
addition of a pregrown UV/O3 SiOx layer before the MoOx
deposition did not seem to improve the overall passivation.62

Figure 3 also shows the impact of H2−Ar annealing on the
extracted J0 for the SiOx/MoOx/Pd stack. The J0 for both n-Si
and p-Si samples with naturally formed SiOx increased
significantly upon Hr−Ar annealing from ∼320 fA/cm2 to
over 3200 fA/cm2. This is presumably due to the unstable
nature of the SiOx formed during MoOx deposition, and
annealing may have caused significant compositional changes
at the c-Si/SiOx/MoOx interface, adversely affecting the
passivation quality of the stack [Figure 1(a) and (d)]. The J0
for 700 °C thermally oxidized samples was demonstrated to be
much more stable and only slightly increased from ∼60 fA/
cm2 to ∼70−80 fA/cm2 after annealing. In a directly opposing
trend, the J0 value of 600 °C thermally oxidized samples was
reduced by ∼30 fA/cm2 after annealing, with a final J0 value of
∼115 fA/cm2 for p-Si and ∼130 fA/cm2 for n-Si. Although the
MoOx may have been reduced when annealed in H2−Ar,
which reduced the effectiveness of band bending according to
decreased VFB [Figure 2(c)], a slight drop in J0 is observed and
can be attributed to the reduction in Dit by almost 1 order of
magnitude, therefore limiting the recombination at the
interface. A H2−Ar anneal on chemically oxidized samples,
however, leads to opposing trends in J0 where an increase from
270 fA/cm2 to 395 fA/cm2 on p-Si and a decrease from 515
fA/cm2 to 335 fA/cm2 on n-Si were recorded.
The J0 results in this section show good correlation to the Dit

values obtained from C−V measurements, where the samples
with lower J0 were measured to also have a lower Dit. This
strongly suggests that the lower surface recombination is
related to the lower suboxide contents at the Si−SiOx
interface.48,49,63 Although the band bending may have been
more significant on the naturally formed SiOx sample [Figure
2(d)], a high-quality interface with a lower density of defect
states offered by a pregrown chemical or thermal SiOx is

Figure 4. (a) Dark I−V measurements and (b) extracted ρc values with 10 nm MoOx on p-Si surfaces with naturally formed SiOx and pregrown
SiOx before and after 30 min H2−Ar anneal at 250 °C. The top-left inset in (a) shows the schematic diagram of the test structure used for the
measurements.
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paramount in achieving high passivation quality. Moreover, a
stable pregrown SiOx layer at the interface is also necessary for
retaining the passivation quality during heat treatment in H2−
Ar, demonstrating it to be the pathway in developing thermal
stable MoOx contact on Si.
Contact Resistivity. To improve the photocurrent

collection efficiency for passivated contact devices, not only
is a low interface recombination required but also charge
carriers have to be effectively transported and collected by the
corresponding contact with a minimum resistance. This
section presents the impact of a pregrown SiOx and H2−Ar
anneal on the contact resistivity of the MoOx on p-Si. Figure
4(a) plots the I−V measurements on an identically sized metal
dot for all samples before and after H2−Ar anneal. The as-
deposited MoOx on the p-Si surface with naturally formed SiOx
exhibits a linear I−V curve, indicating MoOx as an effective
carrier transport layer as has also been demonstrated in the
literature.5 However, the samples with pregrown SiOx and
samples with H2−Ar anneal show increased resistance and
exhibit nonlinear I−V behavior. The as-deposited MoOx
directly on c-Si (with naturally formed SiOx) yields a ρc <
0.001 Ω cm2, compared to 0.18 Ω cm2 on pregrown chemical
SiOx, 0.27 Ω cm2 on thermal SiOx grown at 600 °C, and 0.49
Ω cm2 on thermal SiOx oxidized at 700 °C [Figure 4(b)]. The
extracted ρc for as-deposited MoOx on pregrown SiOx is more
than 2 orders of magnitude higher than that on HF-dipped c-Si
(with naturally formed SiOx).
It is notable that the thickness of the natural SiOx formed

from the interfacial reaction between HF-dipped Si and the
evaporated MoOx has been reported to be ∼2.2−4 nm,18,24,25

above the threshold limit for carrier tunneling (usually ∼2
nm64). Though the thickness of the pregrown chemical and
thermal SiOx may become similar to that of naturally formed
SiOx after MoOx deposition (see Supporting Information
Table S1), the measured resistivity for the natural SiOx sample
is ∼100 times lower, strongly implying that the carrier
transport efficiency is not dictated by SiOx thickness alone.
This can be explained by either one or a combination of two
possibilities. The first being the naturally formed SiOx contains
a higher concentration of suboxide states (lower stoichio-
metric) than pregrown SiOx after MoOx deposition, allowing
more effective trap-assisted conduction to occur via defect
states created by oxygen vacancies.24,25 The other possibility is
the higher portion of Mo5+ and Mo4+ states [Figure 1(a)] as
observed in the MoOx film deposited on the HF-dipped Si
surface due to a more pronounced interfacial reaction. With a
high oxygen vacancy concentration, the Mo cations can be
reduced and occupied by additional electrons which can fill
additional valence states and create a new occupied valence
feature. These valence features can be broadened and shifted
to lower binding energy as the oxygen vacancy concentration
increases, therefore facilitating more efficient transport of
holes.37 Furthermore, any occurrence of the Mo element in the
natural SiOx interlayer can also facilitate the transport of
holes.25

Annealing the contact samples in H2−Ar increases the ρc
regardless of the presence or type of pregrown oxide. The ρc of
the sample with naturally formed SiOx increased to 0.17 Ω cm2

after 30 min of annealing and exhibited nonohmic behavior.
The ρc of samples with pregrown chemical SiOx and 600 °C
thermal SiOx increased to ∼0.3−0.35 Ω cm2 after annealing.
Although the XPS results show that MoOx can be further
reduced when annealed on Si samples with pregrown SiOx, the

C−V analysis suggests a decrease in leakage current which
could be attributed to the elimination of interface states as
evidenced by lower Dit values after annealing. Furthermore, the
elimination of SiOx gap states as observed by Kobayashi et al.
when annealing thin chemical SiOx in H2−N2 at 200 °C65

could also contribute to the reduced leakage current and
increased ρc witnessed in this work upon 250 °C anneal in
H2−Ar. Possible interfacial reaction and potential migration of
elements between the MoOx and metal electrode (Pd/Ag)
could also be responsible for the increase in contact resistivity
for all samples upon annealing.66,67

An increase in thermal oxidation temperature tends to
reduce the surface recombination but, unfortunately, further
impedes the charge transport. Therefore, although a pregrown
high-quality SiOx can improve the surface passivation of MoOx
contact and shield the surface from degrading upon H2−Ar
annealing, its reduced ability to collect charge carriers needs to
be considered as well.

■ CONCLUSION

We have demonstrated that a pregrown chemical and thermal
SiOx on c-Si can significantly alter the compositional,
electronic, and carrier-selective properties of the MoOx contact
stack. The addition of a pregrown SiOx in this work has been
shown to inhibit the natural formation of poorly passivating
SiOx layers and also induces the deposition of a more
stoichiometric MoOx. This resulted in an improved surface
passivation of the MoOx stack, with the lowest J0 being
achieved for thermal SiOx grown at 700 °C (60 fA/cm2)
compared to ∼320 fA/cm2 with naturally formed SiOx. More
importantly, upon annealing in H2−Ar at 250 °C, the MoOx
contact with naturally formed SiOx was found to deteriorate
severely, whereas in the presence of a pregrown SiOx, the
surface passivation was more stable and even showed
improvement for the case of chemical SiOx and thermal SiOx
grown at 600 °C, with correlating data presenting a reduction
of Dit. The reduction in J0 achieved by the pregrown SiOx
comes, however, at an expense of increased ρc. This suggests
that a high-quality ultrathin layer not impeding charge carrier
transport would be ideal for improving carrier selectivity and
the thermal stability of the MoOx-passivated contact on c-Si.
These findings may provide insight into the understanding and
development of thermally stable metal oxide contact for c-Si
solar cells.
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