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ABSTRACT

In this work, the authors report the use of pulsed laser deposition to fabricate nickel oxide layers on silicon and assess the applicability of
this structure as a hole selective contact. Films were deposited at temperatures of 300, 500, 700, and 900 °C. Results from reflective high
energy electron diffraction patterns indicate increasing crystallinity with temperature up to 500 °C. However, layers deposited at 900 °C are
amorphous. Nevertheless, results from atomic force microscopy, contact resistance measurements, and photoluminescence lifetime imaging
indicate that films deposited at 900 °C have the best film smoothness, lowest specific contact resistivity, and highest lifetimes, and therefore,
they are best suited for hole selective contact applications. Kelvin probe force microscopy and x-ray photoelectron spectroscopy were also

carried out to study the effects of deposition temperature.

Published under license by AVS. https://doi.org/10.1116/1.5124840

1. INTRODUCTION

Following recent record-breaking device results obtained using
amorphous silicon as carrier selective contacts (CSCs),' the hetero-
junction structure cell (p-aSi:H/i-aSi:H/Si/i-aSi:H/n-aSi:H) and var-
iants are being widely studied. The low doping efficiency and
optical losses when using a-Si are limitations that need be over-
come.' Transition metal oxides (TMOs) have been suggested as
alternatives for CSCs such as molybdenum oxide (MoOx), vana-
dium oxide (VOx), and nickel oxide (NiOx).”™* TMOs have been
widely used in dye-sensitized/organic photovoltaics as hole trans-
porting layer or electron transporting layer.” Such materials have
also recently been used as CSC for c-Si solar cells, reaching power
conversion efficiency as high as 22.5% for thermally evaporated
(MoOx/i-aSi:H/n-Si/ i-aSi:H/n-aSi:H) heterojunction cells.”

NiOx has good conductivity for holes, optical transparency,
the chemical stability, as well as the tuneable work function,” and
is, therefore, regarded as a good hole transporting material. Nickel
oxide (NiO) is one of the very few wide bandgap p-type oxide semi-
conductors. Pure, stoichiometric NiO is an excellent insulator, with
a room temperature conductivity in the order of 107" S/cm.
Nonstoichiometric NiO is a p-type semiconductor™ with tunable
bandgap and work function as stoichiometry is varied altering the
amount of Ni vacancies and/or interstitial oxygen in the NiO crystal.”

In this work, the feasibility of NiOx layers deposited by pulsed
laser deposition (PLD) for use as a hole transporting layer has been
investigated. Ten nanometer thick NiOx layers were deposited at
temperatures between 300 and 900 °C. In-situ monitoring of the
surface during deposition and ex-situ surface studies by atomic
force microscopy (AFM) indicate that deposition at 900 °C gives
the smoothest layer of amorphous NiOx. This deposition tempera-
ture also gives the best specific contact resistivity when Al metal is
deposited and the best passivation quality.

Il. EXPERIMENT

Nickel oxide films were deposited on 1x 1cm?® p-type float
zone c-Si (100) substrates with a resistivity of ~2.5Qcm and a
thickness of ~200um in a PASCAL Mobile-Combinatorial Laser
MBE System. All wafers were cleaned using the RCA procedure
and dipped in a 1% diluted hydrofluoric acid solution to remove
any remaining oxide prior to film depositions. An NiO target
(99.99% purity, Hefei Ke Jing Materials Technology Co., Ltd) was
used for NiOx thin film deposition. The target, ~25 mm in diame-
ter, was rotated at 5 rpm, and the laser pulses were swept cyclically
across the target radius to prevent localized heating. NiO was
ablated using a Q-switched second harmonic generation SHG
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Nd-YAG laser of 532 nm wavelength (repetition frequency of 6 Hz,
pulse width of 7 ns).

The films were prepared under vacuum pressure of
~5x107% mbar with the substrate heated at constant temperatures
of 300, 500, 700, and 900 °C using a halogen lamp with 1000 laser
pulses. The surface of the substrate was monitored in-situ using
reflective high energy electron diffraction (RHEED) during deposi-
tion. After removal from the system, the samples’ surfaces were
studied using AFM (The Bruker BioScope Catalyst™). Thicknesses
of the deposited films (~10nm) were determined by analyzing
results from Spectra Ellipsometer (M-2000VI) measurements using
the double Tauc-Lorentz oscillators model.'’ Kelvin probe force
microscopy (KPFM) measurements were carried out using an AFM
(AIST-NT SmartSPM 1000) in a vacuum. KPFM measurements
were performed using a gold-coated Si tip with a radius of
curvature of 6 nm (HYDRA6R-100NG-10, APPNANO) as the
probe in a noncontact mode with an AC voltage of —1 to +1 V. The
stoichiometry of NiOx was determined by x-ray photoelectron spec-
troscopy (XPS; ESCALAB250Xi). For transmission line measurement
(TLM), an array of metal (~500nm Al) contacts with different
spacings was evaporated via a shadow mask on NiOx (deposited at
different temperatures for each sample). Current—voltage (I-V)
measurements were taken at room temperature using a Keithley
2425 source-meter.

I1l. RESULTS AND DISCUSSION

A selection of RHEED patterns taken during deposition is pre-
sented in Fig. 1. Streaks are observed on films deposited at 300 °C
[Fig. 1(a)], which become sharper at 500°C [Fig. 1(b)]. This
suggests that the best crystalline material is obtained when deposi-
tion temperature equals to 500 °C. When the deposition tempera-
ture was increased further to 700°C, a diffused pattern is seen

a) b)
c) d)
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[Fig. 1(c)], indicating an amorphous layer has been deposited.
A similar pattern was seen at 900 °C [Fig. 1(d)].

After the samples were removed from the deposition system,
AFM tapping mode scans were performed, and results are pre-
sented in Fig. 2. Using software NanoScope Analysis included
with the AFM, root mean square roughness values were obtained
for NiOx deposited at 300, 500, 700, and 900 °C, which were
around 0.848, 0.811, 0.399, and 0.231nm, respectively. These
results suggest that deposition at 900 °C gives the best result, in
terms of surface smoothness.

The work function of NiOx deposited at different temperatures
was measured by KPFM in the dark. KPEM is a surface potential
detection method that determines the contact potential difference
(Vepp) during scanning by compensating the electrostatic forces
between the probe and the sample. The Vcpp between the tip and
the sample is defined as

(Dtip - q)sample

Vepp = ——m8m—, (1)
e

where @y, and @g,pp1e are the work function of the tip and the
sample, and e is the elementary charge.'' The work function of the
measured sample can be extracted based on Eq. (1) when Vcpp
and @y, are known. Images of Vpp were analyzed with software
Gwyddion.

As shown in Fig. 3, the mean values of Vcpp are —0.130,
0.135, 0.274, and 0.278 V for NiOx deposited at 300, 500, 700, and
900 °C, respectively. Since the work function of the gold probe
tip is 5.1 eV,'” the extracted work function of the 300, 500, 700,
and 900 °C NiOx is 5.23, 4.965, 4.826, and 4.822 eV, respectively,
which fall in the medium of the range reported in the literature
(44-54eV).°7"

FIG. 1. In-situ reflective high energy
electron diffraction (RHEED) patterns
of PLD NiOx taken at the end of each
deposition at temperatures of 300, 500,
700, and 900 °C. The bright streaks as
highlighted in (a) indicate planar crys-
talline growth while the diffuse pattern
as highlighted in (c) indicates an amor-
phous layer, suggesting 500 °C deposi-
tion results in the best crystalline
material.
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FIG. 2. Atomic force microscopy
tapping mode surface scan of PLD
NiO deposited at (a) 300, (b) 500, (c)
700, and (d) 900 °C.
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0.0949 FIG. 3. Vgpp images of the PLD NiOx
films deposited at (a) 300, (b) 500, (c)
700, and (d) 900 °C.
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To shed light on the stoichiometry of PLD NiOx, XPS spectra
of PLD NiOx deposited at 500 and 900°C were recorded. As
illustrated in Figs. 4(a)-4(d), the defect state (Ni**) in all O 1s and
Ni 2ps/, spectra is prominent, which demonstrates that both NiOx
samples are oxygen rich. Oxygen-rich NiOx is known to form
oxygen interstitial defects’ that act as p-type dopants increasing
the work function. The work function of PLD NiOx measured by
KPEM decreases with increasing deposition temperature, indicating
that the oxygen interstitial defect density, namely, the percentage of
oxygen in NiOx decreases with increasing deposition temperature.
The trend agrees well with the XPS results of NiOx deposited
under 500 and 900 °C (the ratio of Ni’" to Ni** decreases with
deposition temperature). Similar behavior has also been observed
previously for sputtered NiOx.'*"”

The NiOx/Al contact selectivity toward holes can be evaluated
via its specific contact resistivity p..'® The specific contact resistivity
p. for these samples was measured using the TLM. Figure 5 shows
a series of I-V measurements of a sample with an ~10 nm NiOx
film deposited by PLD at different temperatures, along with one
representative I-V measurement of a sample with Al metal directly
deposited on p-Si. The resistance versus contact spacing trend is
fitted with a spreading resistance model, allowing for the accurate
extraction of p..

ARTICLE avs.scitation.org/journal/jvb

The I-V characteristics of the samples with NiOx deposited
at 300°C [Fig. 5(a)] and 500°C [Fig. 5(b)] exhibited rectifying
behavior, indicating the presence of a Schottky contact. This recti-
fying behavior is likely attributed to the Fermi-level pinning caused
by a large defect density of states.'”

Figures 5(c) and 5(d) show that Al/NiOx/p-Si ohmic contact
can be formed when ~10nm PLD NiOx is deposited at 700 or
900 °C and with much lower specific contact resistivity compared
with the Al/p-Si contact [Fig. 5(e)]. The low resistance for hole
transport provided by the Al/NiOx/p-Si structure is likely attributed
to electron tunneling through a reduced barrier width, which is
likely similar to the mechanism of the ohmic contact between the
heavily phosphorus doped p+ ¢-Si and a direct Al contact."”

To further study the passivation quality of PLD deposited
NiOx, the effective minority carrier lifetime was assessed by photolu-
minescence (PL) imaging (BT imaging LIS-R1) with a 1025nm
short-pass filter as shown in Fig. 6. Note that the PL imaging was
performed in an uncalibrated mode, and therefore, the PL counts
presented here only gave an indication of the relative change in
recombination at the silicon surfaces. However, this technique is
effective for comparison when samples are imaged at the same time.
The relative minority carrier lifetime is quantified by PL intensity as
the steady-state PL intensity scales linearly with the lifetime.”

Ni
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860 880 FIG. 4. XPS elemental scan of (a) O1 s

spectra and (b) Ni 2ps, spectra for NiOx
deposited at 500 °C; (c) O1 s spectra
and (d) Ni 2psp, spectra for NiOx depos-
ited at 900 °C.
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Figure 6 shows the average PL intensity over the whole area, which
Esms increases for NiOx deposited at higher temperatures. At 900 °C,
426.9 deposited layers show the best passivation. The possible reasons for
PL Mean . P . s
improved passivation with deposition temperature are the decrease

of oxygen defects in NiOx as indicated by Vcpp and XPS analysis

) i since the oxygen defects act as electron hopping paths through NiOx

Ft:)G5($0 I(:;I; ;ggng]dozdt)hgoiglgé, fims under the growth temperature of (2) 300, increasing recombination velocity; or less interface defect states
' ' between NiOx and Si caused by the nonstoichiometry of NiOx.”'
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According to results, PLD thin NiOx deposited at 900 °C is
best for Al/NiOx/Si contact in terms of specific contact resistivity,
providing an even better ohmic contact compared to the Al/p-Si
contact. The average PL intensity over the whole area, which is an
indicator of the passivation quality, also increases for films depos-
ited at 900 °C. These films also show best results in terms of surface
smoothness. KPFM results show that deposition temperature
affects the PLD NiOx work function, which, in turn, is affected by
its stoichiometry.

For future work, the following methods can be used to
improve the carrier selectivity of NiOx: (1) utilize a deposition that
allows better control of the growth rate and stoichiometry of NiOx,
such as atomic layer deposition;”’ and (2) perform postdeposition
treatments, such as oxygen plasma that could decrease the
Fermi-level pinning between NiOx and Si;*' and for the better pas-
sivation quality, incorporation of passivation layers like SiO, or
ALO; could reduce the carrier recombination at the interface.”’

IV. SUMMARY AND CONCLUSIONS

NiO layers have been deposited on p-type silicon wafers by
pulsed laser deposition at temperatures between 300 and 900 °C.
Results from reflective high energy electron diffraction patterns
indicate increasing crystallinity with temperature up to 500 °C.
However, layers deposited at 700 and 900°C are amorphous.
Photoluminescence imaging results suggest improved passivation
with increasing deposition temperature with 900°C deposited
layers giving the best result. A similar trend is also seen in terms of
specific contact resistivity. The best is achieved for Al/NiOx/p-Si
when NiOx is deposited at high temperatures. KPFM and XPS
measurements show that the percentage of oxygen in NiOx
decreases with deposition temperatures.
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