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The stoichiometry and work function of molybdenum oxide (MoOy) are of crucial importance for
its performance as hole selective contact for crystalline silicon solar cells. Hydrogenated
amorphous silicon (a-Si:H) is typically used as an interface passivation layer in combination with
MoOjy to reduce surface recombination. As the fabrication process of a solar cell typically contains
subsequent high-temperature processes, the consideration of thermal stability of MoO, with and
without a-Si:H becomes critical. In this work, in situ x-ray spectroscopy (XPS)/ultraviolet photo-
electron spectroscopy and Fourier transform infrared spectroscopy in the temperature range from
300K to 900K are used to investigate the thermal stability of MoO, with and without a-Si:H. In
addition, both the passivation and contact performance are studied by evaluating the surface satura-
tion current density J;, carrier lifetime t.¢, and contact resistivity p.. The XPS results reveal that
the as-evaporated MoO, on top of both c-Si and a-Si:H is sub-stoichiometric, and the work function
of both films is higher than 6 eV. While after in sifu annealing, the evolution of MoO, phase on top
of a-Si:H shows a different behavior compared to it on c-Si which is attributed to H diffusion from
a-Si:H after 600 K, whereas the work function shows a similar trend as a function of the annealing
temperature. The Jy; of a p-type Si symmetrically passivated by MoOy is found to be 187 fA/cm?
and the p. is ~82.5 mQ-cm? in the as-evaporated state. With a-Si interface passivation layer, Jj is
significantly lower at 5.39 fA/cm?”. The J,, and the p, increase after post-deposition annealing. The
evolution of these functional properties can be attributed to the material properties. Published by

AIP Publishing. https://doi.org/10.1063/1.5041774

I. INTRODUCTION

Traditional carrier selective contacts for crystalline sili-
con (c-Si) solar cells use highly doped silicon regions to
effectively separate and extract light generated carriers.
Higher carrier selectivities can be obtained by using a thin
tunneling oxide in combination with polycrystalline silicon
(poly-Si) or a stack of intrinsic and doped hydrogenated
amorphous silicon (a-Si:H), and these types of contacts have
enabled silicon solar cell efficiencies above 25% in recent
years. However, these contacts have drawbacks, such as
enhanced Auger recombination, parasitic absorption, and
low thermal stability, which restrict their application.' To
avoid these drawbacks and push the efficiency further to the
efficiency limit of silicon solar cells, transition metal oxides
(TMOs) are widely studied as alternative carrier selective
materials. These TMOs usually have an extreme high or low
work-function relative to silicon which results in significant
band bending in the silicon to assist the collection of one par-
ticular polarity (electrons or holes).* For example, high work
function (>6eV) TMOs can move the Fermi level in c-Si
close to the valence band, which aids the extraction of holes
and blocks the electrons. Therefore, they provide an efficient
way for the collection of holes and reduce the carrier
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recombination significantly, vice versa, for electron selective
metal oxides with very low work functions. Initially adopted
in organic or perovskite solar cells, molybdenum oxide
(MoOx),5 -6 tungsten oxide (WOX),7’8 vanadium oxide
(VO,),”'* and chromium oxide (CrO,)'! have shown excel-
lent optical and electronic properties to work as a hole col-
lector. More recently, researchers have started to investigate
the application of these oxides as hole selective contacts on
silicon-based solar cells. Among these high work function
TMOs, MoO, is the most extensively studied.'*™'® It is gen-
erally accepted that oxygen vacancies in MoOy act as n-type
dopants which contribute to its electronic properties, and
high oxygen vacancies can form new stable oxidation state
of the cation. Therefore, the oxygen vacancy density in
MoOy, is critical for its application."” Most studies have
shown that as-prepared thermal evaporated MoOy is sub-
stoichiometric (x <3) and has a high work function of >6
eV.'"*!® Thermal evaporated MoOy can achieve a relatively
low contact resistivity p. of 1 mQ-cm?® on p-type silicon
wafers and the contact saturation current density is found to
be ~300 fA/cm? on n-type silicon,'® which is promising for
its application as the hole selective contact. Battaglia et al."?
managed to achieve an open circuit voltage of 711 mV and
an efficiency of 18.8% using a thermal evaporated MoOy
hole selective layer in combination with an a-Si:H interface
passivation layer. More recently, an efficiency of 22.5% was

Published by AIP Publishing.
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obtained for a solar cell with a MoO, as the hole selective
contact."” Except for thermal evaporation, other popular
techniques for synthesizing MoOy thin films include atomic
layer deposition (ALD),***!' radio frequency (RF) sputter-
ing,?? and solution processing.”> However, the performance
of MoOy films prepared by these techniques is still inferior
compared with films prepared by thermal evaporation.

On the other hand, the thermal stability of thermal evapo-
rated MoOy is rarely studied, although it is critical during the
fabrication process of solar cells. For example, the transparent
conductive oxide (TCO) layer which usually is applied to
increase the lateral conduction is typically annealed to obtain
optimal conductivity,'>***> which makes it important to take
the thermal stability of TMOs into consideration. There are stud-
ies indicating that the performance of MoO, based solar cells
degrades after annealing, e.g., the fill factor of SHJ solar cells
dropped from 76.6% to 69.7% after stepwise annealing from
130°C to 200°C" or the efficiency decreased from 12.6% to
11% after 160°C annealing of the solar cell,”® yet no detailed
analysis was done to show the cause of this degradation.

In this work, we use in situ x-ray/ultraviolet photoelec-
tron spectroscopy (XPS/UPS) to study the material proper-
ties of thermal evaporated MoO, during post-deposition
annealing. The MoOjy films were deposited directly on top of
c-Si or with an interface a-Si:H passivation layer. In combi-
nation with Fourier Transform Infrared (FTIR) spectroscopy
analysis, the material properties of thermal evaporated
MoOy, such as the film stoichiometry, work function, and
the interface evolution, will be studied after annealing at dif-
ferent temperatures. Furthermore, the surface saturation cur-
rent density Jy, carrier lifetime t.¢, and contact resistivity p.
of the films are also studied and further explained by the
material properties derived from the XPS/UPS and FTIR.

Il. EXPERIMENTAL

~280 um thick 4 Q-cm p-type float-zone (FZ) c-Si wafers
were used for material analysis and surface passivation experi-
ments. Prior to deposition, all wafers went through a standard
RCA (Radio Corporation of America) cleaning process and
were dipped in 2% w/v HF solution to remove the native sili-
con oxide. The MoO, films were deposited by thermally evap-
orating molybdenum (VI) oxide powder (99.97% purity,
Sigma Aldrich) using a commercial evaporator (Daedong
Hightechnologies, Solar-Dual Bridge). A-Si:H was deposited
by plasma enhanced chemical vapor deposition (PECVD,
Oxford Plasmalab System 100) at 300 °C. The sample without
and with a-Si will be referred to as MoO,/c-Si and MoO,/a-Si
sample in the remaining part of this article.

The film thickness was determined by spectroscopic
ellipsometry (SE, M-2000VI, JA Woollam). The cross-
sectional nanostructure and elemental distribution across the
c-Si/MoO, interface were detected using a JEOL JEM-
ARM200F (200 kV) aberration-corrected scanning transmis-
sion electron microscopy (STEM) equipped with an energy
dispersive x-ray spectroscopy (EDS) system. XPS was per-
formed to investigate the film stoichiometry, while UPS was
used to extract the work function. The molecular bond com-
position of the films was analyzed by FTIR. XPS was done
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with a Thermo Scientific ESCALAB 250Xi spectrometer,
using monochromatic Al Ko X-ray source with an energy of
1486.68 eV. The system was also equipped with a He dis-
charge lamp for UPS (He I at hv = 21.2eV and He II at hv
=40.8 eV). The background vacuum in the measuring cham-
ber was lower than 2 x 10~° mbar. The measurement spot
size was 500 um. The samples were loaded into the XPS
chamber directly after deposition to avoid excessive contam-
ination by ambient exposure. After the desired background
pressure was obtained, the measurement was carried out at
room temperature (300K). Then, the sample was heated
stepwise from 300K to 900K with an increment of 100 K.
XPS/UPS data were collected at each temperature. Ar" ion
sputtering is normally used to clean the sample surface
before XPS/UPS measurement. However, as the previous
work indicated that Ar" ion sputtering can induce the unin-
tentional reduction of the oxidation state of Mo,>”*® this
cleaning was not performed in this work. This potentially
results in a higher surface contamination of the sample and is
taken into account in the analysis of the measurements. As a
complementary analysis, FTIR was performed to further
investigate the composition of the thermal evaporated films.
The FTIR (Thermo Fisher Nicolet 5700) measurements were
done in transmission mode. The absorption spectra of the
films were obtained by comparing the sample’s IR transmis-
sion before and after the deposition. A sample holder at
Brewster’s angle (~74°) with a p-type polarizer was used to
eliminate the impact of interference in the c-Si substrate on
the measurement. Symmetrical structures were used for the
FTIR analysis to improve the signal-to-noise ratio and in
addition ensured that the oxidation or contamination at the
uncoated side did not affect the measurement. Both samples
were measured at room temperature first, following which
they were annealed in 5000 sccm N, gas in a rapid thermal
process system (Modular Process Technology RTP-600xp)
from 400K to 900K for 10 min at each temperature. After
each annealing step, an FTIR measurement was taken. The
effective minority carrier lifetime t.¢ and surface saturation
current density Jy; of the MoOy and a-Si/MoOjy stack before
and after annealing were evaluated by quasi-steady-state
photoconductance (QSSPC, Sinton WCT-120). Single side
deposited samples were prepared to assess the contact resis-
tivity using the Cox and Strack method.”® 2 Q-cm p-type
Czochralski (Cz) Si wafers with a thickness of ~180 um
were used in this case. The structure was made by evaporat-
ing a Pd (40nm)/Ag (300 nm) metal stack on top of MoOy
through a shadow mask with a pattern of 10 circular pads
with a diameter ranging from 0.l1cm to 1cm with 0.1cm
increment. A full area Al (~1 um) layer was evaporated
directly on the other side of c-Si. The samples were also
annealed in an N, atmosphere from 400 K~ 900K for 10
min. Before and after annealing, dark /-V (current-voltage)
measurements were performed using a four-probe station.

lll. RESULTS AND DISCUSSION
A. Material properties

A 9nm MoO, film was thermally evaporated directly on
top of c-Si with or without a PECVD a-Si:H interface
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FIG. 1. (a) Bright field STEM image of the as-deposited MoO,/c-Si sample. (b) High angle annular dark field (HAADF)-STEM image and the direction and
region for EDS line scan and (c) resulting compositional distribution extracted from the EDS line scan.

passivation layer. The a-Si:H thickness used for the XPS/
UPS measurement was ~9nm, while it was ~5nm for the
other experiments. A typical STEM image of the MoO,/c-Si
sample and the corresponding EDS analysis are shown in
Fig. 1. Prior to the STEM measurement, a carbon layer was
deposited on top of the MoOy film to increase the contrast in
the STEM measurement. The cross-sectional image and EDS
spectra reveal the presence of a SiO, interlayer, which is
commonly observed when depositing metal oxide films on
top of ¢-Si.*>° Please note that the film thickness extracted
from the STEM image was not identical to the one extracted
from the SE measurements before the STEM image was
obtained. The MoOy appears to be only ~6.4 nm rather than
9 nm. This is most likely attributed to the fact that the dielec-
tric contrast between MoO, and SiOy is not very large, mak-
ing it challenging to differentiate between them in an
ellipsometry measurement, particularly for a total film thick-
ness of only ~10nm. However, once the SiOy thickness was
known from the STEM image, the re-fitting of ellipsometry
data revealed the same results as the STEM image. The
TEM image of MoO,/a-Si revealed an interfacial SiOy layer
with a similar thickness as the MoO,/c-Si sample. This can
be found in the supplementary material.

The XPS measurements on as-deposited samples
revealed that the MoO, films contained both the Mo "¢ and
Mo oxidation states, which implied that the films were
sub-stoichiometric. The O to Mo ratio was calculated to be
~2.86 for both the MoO,/c-Si and the MoO,/a-Si samples.
Figure 2 shows the XPS core level spectra of Mo 3d in the
MoOy/c-Si sample before and after annealing. The deconvo-
lution of the spectra was calibrated by referencing to the
well-known adventitious hydrocarbon C 1s peak at
~284.8¢eV or to the Si 2p peak at 99.4eV when no C Is
peak was detected. A doublet of two equal-width Gaussian-
Lorentzian peaks with the binding energy of Mo 3ds/, cen-
tered at 233.1 = 0.1eV and Mo 3d3,, at 236.2 = 0.1V is the
representative of Mo™® oxidation state.’’** Similarly,
another doublet with ~3.2eV spin-orbit splitting represents
Mo * with the Mo 3ds/, peak centered at 231.9 £ 0.1eV and
Mo 3d;), at 235.1 = 0.1 eV.*33 The binding energy of Mo
3dsp, at 230.9 +0.1eV is the indication of Mo ™. There is

also a peak doublet located at a binding energy between
Mo > and Mo ™ which, according to Scanlon ez al.,** is the
result of an electron screening effect from the metallic MoO,
phase.

From Fig. 2, it is obvious that as the annealing tempera-
ture increases, the relative intensity of the Mo™ peak
increases, while the Mo ™ peak appears at 600K. This is
clear evidence that the MoO, film degraded gradually with
the increase in the annealing temperature. Conceivably, the
density of oxygen vacancies increased. The MoO,/a-Si sam-
ple shows similar results which can be seen in the supple-
mentary material. To further investigate the degradation
mechanism of the films, the O 1s spectra was also analyzed.
Four peaks were used to deconvolute O 1s spectra from the
MoO,/c-Si sample. The XPS peak of the O°~ state in MoOy
lattice is around 531.0 0.1 eV,” and the peak at
532.0 =0.1eV was associated with weakly bonded O™ in
the subsurface of transition metal oxide.***” As MoOj is
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FIG. 2. XPS spectra of Mo 3d in MoOy film at different post-deposition
annealing temperatures. It can clearly be seen that Mo™> peaks increase in
intensity at higher annealing temperatures until after 600 K annealing where
Mo appears.
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well known for absorbing water from the ambient, the peak
around 532.4 + 0.1 eV was assigned to H,0.***" In addition,
the SiOy interlayer, which was unintentionally generated on
the silicon surface, was detected by XPS. Therefore, the
peak at 532.9 = 0.1 eV was attributed to the O from SiO,.*'
For the MoO,/a-Si sample, an additional peak should be
taken into consideration,*” which is related to hydroxyl
groups at a peak position of 531.5 = 0.1eV due to H diffu-
sion from the a-Si:H interface passivation layer at high tem-
peratures.”®*® Figure 3 shows the O 1s core level spectra of
the two samples. It is obvious that the signal from SiO, and/
or OH™ was not prominent in the as-prepared films. Except
from the difference due to the absorbance of H>O, the rela-
tive O density is roughly the same for both samples. The rel-
ative share of the three different oxidation states of Mo, i.e.,
Mo ™, Mo™, and Mo ™™ is shown in Fig. 4. For both sam-
ples, the Mo"™® related peak keeps decreasing with the
increase in the temperature, and the Mo related peak inten-
sity first increases and then decreases when Mo ™ appears.
However, in the MoO,/c-Si sample, Mo # appears at 600K,
while it appears at 700 K in the MoO,/a-Si sample. It seems
that the presence of a-Si:H, more particular the release of
hydrogen, influences the stability of the MoOy film.

On the other hand, the analysis of oxygen states revealed
that the O®  in the structural MoO, decreases with the
increase in the temperature, while the unstable O™ oxidation
state increases. This is consistent with our previous work
done on WO, films.** The signal from SiOy increases for
both samples as illustrated in Fig. 5 possibly due to oxygen
consumption by the underlying Si. A similar result was
observed for AlO, films grown directly on c-Si.** It is

—_— 0% o> (a)
—H,0

— ()"

—Si=0
Background
Envelop

Intensity (arb.units)

535 534 533 532 531 530 529 528
Binding Energy (eV)

FIG. 3. O 1s spectra of (a) the MoO,/c-Si sample and (b) the MoO,/a-Si
sample.
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FIG. 4. Temperature-dependent relative share of different Mo oxidation
states in (a) the MoOy/c-Si sample and (b) the MoO,/a-Si sample. The error
bars are in the range of 8%—-40%, considering possible errors in the fitting of
XPS spectra and the calculation of the atomic percentage.

interesting to note that the oxygen consumption in the
MoO,/a-Si appears to be slower compared to the MoO,/c-Si
sample for annealing temperatures below 700 K. This could
potentially be attributed to the presence of OH ™ groups as
shown in Fig. 5. There is a sharp increase in OH™ in the
MoOy film at 600 K, which undoubtedly is resulting from the
out-diffusion of hydrogen from the a-Si:H interface passiv-
ation layer, then after 700 K annealing, the signal from SiOy
in the MoO,/a-Si sample becomes higher when compared
with the sample without a-Si. This is in good agreement with
the study of Ponpon e al.*’ who showed that the oxidation
rate of PECVD a-Si:H is slower than that of c-Si and the oxi-
dation rate reduces with the increase in the hydrogen concen-
tration. Besides, the decrease in OH™ concentration for
annealing temperature above 600K could be resulting from
further diffusion of H which combines with OH™ in the
MoOy forming H,O vapor which then escapes from the

P
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FIG. 5. Temperature-dependent SiO4 concentration for the MoO,/c-Si and
MoO,/a-Si samples and OH- concentration in the MoO,/a-Si sample. The
error bars are in the range of 1%—-45%, considering possible errors in the fit-
ting of XPS spectra and the calculation of the atomic percentage.
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FIG. 6. Temperature-dependent work function of the MoO,/a-Si and MoO,/
c-Si samples. The error bars are in the range of 3%—14%, considering possi-
ble errors in the fitting of UPS spectra.

films.*® This also explains why the MoO,/a-Si sample did
not show the Mo ™ oxidation state until 700K annealing as
shown in Fig. 4. In all, the presence of a-Si:H suppressed the
growth of the SiO below 600 K. It should be noted that dur-
ing the XPS/UPS measurements, the contact between the
samples and their holder at the 900 K set-point was unstable,
thus, unfortunately, the uncertainty at this data point is sig-
nificantly higher than for lower annealing temperatures.

Figure 6 shows the temperature dependent work func-
tion of the MoOy films grown on both c¢-Si and a-Si. The
work function keeps decreasing with the increase in the
annealing temperature for both samples. Although the pres-
ence of a-Si:H improves the stability of MoOy in terms of
the Mo oxidation state, there is no such sign from the MoO,
work function. The reason could be the fact that UPS only
collects information from the top 2 nm of the film while XPS
collects signal from the first 10nm. It is quite likely that
there is a nonuniform distribution of H in the MoO, film
which could then explain the differences between the two
measurements.

The FTIR measurements of the MoO,/c-Si and MoO,/a-
Si samples are shown in Fig. 7. The peak at the wavenumber
of 1100-1300cm ™" was assigned to SiO,.*”** The intensity
of SiOy related absorption peak of the MoO,/c-Si increases
for annealing temperatures > 600 K and reaches a maximum

J. Appl. Phys. 124, 073106 (2018)

for the highest annealing temperature. This result is in agree-
ment with the XPS result shown in Fig. 5. However, the
SiOy from the spectra of the MoO,/a-Si sample at 600 K
annealing is not shown to be obviously thinner. The reason
could be that the annealing atmosphere for FTIR samples
was N, rather than vacuum, which could explain the differ-
ences between the FTIR and XPS measurements.

B. Passivation and contact resistivity

The as-deposited MoOjy film yielded an effective minor-
ity carrier lifetime of 211.4 us (at an injection level of
1 x 10" cm ™) and the J,, was determined to be 187 fA/cm?
as shown in Fig. 8(a). After annealing, the lifetime started to
decrease and kept decreasing with the increase in the anneal-
ing temperature. When the temperature reached 450K, the
Jos could no longer be extracted from the measurement due
to high carrier recombination at high injection level. On the
other hand, the a-Si/MoO, stack undoubtedly showed better
passivation with a Jy, value of only 5.39 fA/cm?, but this
also significantly increased for annealing temperatures
>500K. It is also noticeable that the 450K (~180°C)
annealing did not improve the effective lifetime of the sam-
ple although the J, reaches to its minimum 4.22 fA/cm?,
while this temperature is normally well known to improve
the chemical passivation of a-Si:H. It could be that in this
case the improvement in chemical passivation for the a-Si:H
was compensated by the degradation of the MoOy film.

Dark /-V (current-voltage) results for the evaluation of
the contact performance are shown in Fig. 9. The MoO,
films on bare Si generated good ohmic contact performance,
which illustrates that the holes can be conducted smoothly
through this structure. Unfortunately, the structure with a-Si
only gave a Schottky junction performance (not shown). The
reason could be the formation of SiO, at the rearside of the
sample during the deposition of a-Si:H. The p. of MoO,/c-Si
sample calculated from the I-V curves was found to be
~82.5 mQ-cm?. After annealing at temperatures of 400 and
450K, this value increased to 102 mQ-cm? and 606 mQ-cm?,
respectively. For annealing temperatures >500K, p. became
so large that this structure also showed a Schottky diode
behavior. Based on the material analysis, this can be
attributed to a decreasing MoOy work function and an
increase in the SiO, thickness at the interface. Furthermore,
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FIG. 8. Effective minority carrier lifetime and J,, of a 4 Q p-type FZ c-Si
wafer symmetrically passivated by double side (a) MoO, and (b) a-Si/MoO
stack after various post-deposition annealing treatments.

the optimization of the contact performance of the structure
with a-Si passivation layer still needs investigation.

IV. CONCLUSION

As-evaporated MoOy was found to be sub-stoichiometric
using XPS analysis, and the work function was found to be
~6.35eV when deposited on either a c-Si or a-Si layer surface.
In situ annealing in a XPS/UPS chamber revealed the degrada-
tion of MoOy, but it was found to be strongly dependent on the
underlying layer. Although the thickness of the SiOy interlayer
between MoO, and c-Si or a-Si:H was found to increase after
annealing, the increase in thickness on a-Si:H was found to be
lower compared to c-Si below 600 K. The work function of the
MoO, films was found to decrease for both cases. This can
explain the increase in contact resistance after annealing.
Although the a-Si/MoOy stack showed better passivation to
c-Si/MoOy, both were found deteriorate after annealing.
Besides, the as-evaporated MoO, on c-Si gives a reasonably
low contact resistivity of ~82.5 mQ-cm?, while it was found to
be too high for the sample with a-Si that it only shows a diode
performance. In all, this study analyzed the thermal stability of
thermal evaporated MoOy using in situ XPS/UPS and FTIR in
terms of material properties, which provided the degradation
mechanism of MoO, working as a hole selective contact for

J. Appl. Phys. 124, 073106 (2018)
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FIG. 9. Dark /-V measurement of the pSi/MoOy contact structure (a) as pre-
pared on pads of different size and (b) on the 1 cm diameter pad after differ-
ent temperature annealing.

c-Si solar cells and gave important insights for using this novel
material on higher efficiency silicon solar cells.

SUPPLEMENTARY MATERIAL

See supplementary material for the TEM image and
FTIR results of the MoO,/a-Si sample indicating the interfa-
cial SiOy and the Mo 3d core level XPS spectra evolution of
the MoO,/a-Si sample.
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