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Introduction

Nickel oxide has drawn interests for its unique
combination of optical transparency, electrical
conductivity, and wide energy gap of 3.6~4eV. Itis a
potential material for transparent conducting oxides,
UV LEDs, and sensors [1, 2, 3]

Stoichiometric nickel oxide is known to be insulator
with resistivity around 1011~103Qcm [4]

However, nickel oxide normally contains native
defects of metal deficiency (Ni; ,0) that results in p-
type conductivity for generation of uncompensated
holes. Lithium is a promising dopant material to
enhance p-type conductivity of NiO.

In order to realize a functional-high-quality NiO films,

optimization of MOCVD growth parameters is
detrimental.

This research focuses on the MOCVD growth
optimization of NiO film followed by Li doping.

Objectives

To investigate the optimum 0,/Ni gas flow ratio for
the growth of NiO films.

To attempt and study the effect of Lithium doping on
NiO thin films.

Experimental details

Precursors and source:
Nickel: Allylcyclopentadienylnickel (CgH,,Ni)
Lithium: Li,CO;
Oxygen: Pure 0, gas

Substrate preparation:

Approximately 5cm? Al,0; with surface plane
(0006).

Ultrasonic-cleaned with acetone, ethanol, and
deionized water.

Carrier gas: N,
Schematic of AP-MOCVD

ventline

sample holder

MO precrsor

Optimization of 0,/Ni ratio

NiO were grown at substrate temperature of
500°C for 5 hours

Ni flow rate was varied while maintaining a fixed
0, flow rate to obtain O,/Ni ratio of 542, 1354,
2617, and 5641. These ratio are represented as
0.5k, 1k, 2k, and 5k.
Li doping
Li,CO; powder was directly placed on top of
200nm thick NiO films, fully covering its surface.
The set s annealed at 500°C for 2 and 4 hours.
Characterization

XRD, SEM, transmittance spectroscopy, 4-point-
probe resistivity, Hall effect.

O,/Ni ratio optimization

The NiO films are epitaxially grown on sapphire
substrate with preferred orientation towards
NiO[111]. It exhibits twinned structure along the
growth direction by 60°. [5]

The crystalline quality improves with increasing
0,/Ni ratio as indicated by decrease in FWHM of
(111) rocking curve scan. [6]

Consistently, the
surface of sample
with lower 0,/Ni
ratio appears
more granular
‘with non-uniform
islands and some
voids. The surface
of sample with
the highest 0,/Ni
ratio is smooth
and compact with
coalesced
triangular
pyramid.

As confirmed by WDS mapping, islands are formed as
there is a lack of oxygen required for reaction with
nickel. The islands and voids diminish with increasing
0,/Ni ratio as the increased availability of O, provides
‘way for more uniform growth throughout the films
resulting in a smoother surface.

The visible transparency (390nm-700nm) increases
with increasing 0,/Ni ratio with average
transmittance 22%, 44%, 56%, and 87%. The
decreased transparency in lower 0,/Ni ratio films can
be attributed to the rougher surface and formation of
defects in the films which scatter light incident on the
samples. The fundamental absorption edge shifts
towards lower wavelength with increasing 0,/Ni ratio
which indicates an increase in optical bandgap.

w— 3000

s Transmittance . Resistivity
2500

@)
2000

p(0cm)

o —d
W0 40 500 600 700 o 2000 4000 6000
Wavelength (nm) 02/Niratio

Resistivity decreases with increasing 0,/Ni ratio.
Decreased resistivity may be caused by suppressed
defects in higher 0,/Ni ratio. Besides, decreased
resistivity could also be associated with enhanced
formation of metal deficient sites which is
compensated by generation of holes according to the
following defect equation.

1 B
Eoz(g) Svy +0X+2h

Lithium doping

The resistivity of the 200nm thick NiO film was over
the limit of four-point-probe measurement. Attempt
of Li doping by annealing for 2 hours did not produce
the desired effect either: the resistivity was still over
the limit of measurement. However, annealing for 4
hours decreases the resistivity to 2.24x10-* (Qcm).
The introduction of Li into metal deficient Ni; ,O
increases the electron hole concentration as Li
substitution of Ni is compensated with generation of
electron hole according to the following defect
equation.

1 .
Liz0(5) + 5 0,(g) & 2Lig; +205 +2h

As indicated by XRD 6-26 scan result, the Li-doped
NiO film was epitaxially grown on (0006) sapphire
with preferred orientation towards NiO(111).

The presence of Li in the NiO films was confirmed by
XRD grazing incident angle scan which shows peaks
corresponding to LiNiO, (PDF# 62-468). LiNiO,
exhibits rhombohedral (hexagonal) structure. The
small intensity indicates that LiNiO, is formed as a
separated thin layer on the surface of pre-grown NiO
film.

T
NO (111) | XRD@-20

Al om0) Moz AL 000

Log ntenslty (arb. untt)

w(““ﬂ*ﬂﬂi:

0 0 50 &0 70 100
200)
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The visible transparency
(390nm-700nm) drops
with Li doping from
79% to 17%. The
approximated bandgap
also decreases with Li
doping.

Transmittance

400 s 600
‘Wavelength (nim)

Conclusion

Optimum 0,/Ni ratio was found to be 5k for the
growth of NiO by AP-MOCVD which results in high
crystalline quality, smooth surface morphology, and
improved conductivity.

Lithium was successfully diffused into NiO films by
direct solid diffusion on top of pre-grown NiO film at
500°C.

The films’ resistivity decreases significantly as a result
of 4-hours annealed Li doping.
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