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Abstract

We report the facile hydrothermal synthesis of p-NiO nanoflakes (NFs)/n-Si (100) heterojunction architecture and its pho-
toresponse behavior. The vertically grown NiO NFs architecture is clearly seen on the Si substrate, as evidenced from the
field emission scanning electron microscopy images. The elemental composition of the grown nanostructure on the Si
substrate was estimated using energy-dispersive X-ray spectroscopy, and resonant Rutherford backscattering spectrometry
measurements. The grazing incidence X-ray diffraction measurement reveals the grown NiO NFs architecture is of face
centered cubic phase. The I-V characteristics of p-NiO NFs/n-Si heterojunction architecture shows good rectifying behavior
in the dark and the increased photocurrent in the reverse bias imply the formation of p—n junction at the interface of p-NiO
NFs and n-Si substrate. The voltage-dependent sensitivity of the device reveals the highest sensitivity at reverse bias of
3 V. The time-dependent photoresponse measurements of the device show good stability and repeatability under blue light
illumination. The response and recovery time of the device is found as 6.18 s and 1.83 s under the reverse bias of 3 V. Our
experimental studies demonstrate that the fabricated p-NiO NFs/n-Si heterojunction device has considerable promise for

the practical photodetector applications.

1 Introduction

In recent years, low-dimensional nanostructured materials
have attracted wide-spread attention for the fabrication of
novel optoelectronic and sensing devices due to its large
surface-to-volume ratio, good electrical conductivity, high
carrier mobility, high optical transparency and tunable opti-
cal properties [1-5]. In particular, the development of effi-
cient photodetectors is of current interest due to its potential
applications in image sensing, missile tracking, flame detec-
tion, and optical communications etc [6, 7]. In this regard,
two dimensional (2D) wide bandgap nanostructured mate-
rials such as ZnO, TiO,, GaN, SiC, NiO have been consid-
ered as the excellent candidates for the fabrication of effi-
cient photodetectors [7-11]. Among them, NiO is a p-type
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semiconductor with a band gap in the range of 3.6-4.0 eV,
has received considerable interest due to its excellent elec-
tronic, optical and electrochemical properties desirable for
making the smart windows, cathodes for the dye-sensitized
solar cells, electrochemical capacitors, gas sensors, electro-
chemical devices, field emission displays and optoelectronic
devices etc [12—14]. In addition, NiO has strong absorption
in the UV-blue region owing to its d—d band transitions and
found that its resistivity depends on the concentration of the
cation (Ni) vacancies suggesting NiO is a promising candi-
date for the photodetector based applications [15].

To develop high efficient photodetectors, several strat-
egies have been employed such as the fabrication of p—n
homojunctions, p—n heterojunctions, Schottky junctions,
and metal-semiconductor-metal photodetectors [12,
16-19]. The fabrication of p—n heterojunction photode-
tector based on NiO nanostructures on the Si substrate is
an effective way for obtaining the UV-blue photodetec-
tors due to the strong electric field built at the interface
between NiO and Si reduces the leakage current, which in
turn improves the photocurrent, as well as recovery speed.
Until, recently p-NiO/n-Si heterojunction photodetectors
have also been reported for the UV and visible photode-
tection [12, 20, 21]. Zhang et al. have fabricated NiO/
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Si heterojunction diodes by UV oxidation of metallic Ni
deposited on the n-Si substrate and observed that NiO/n-
Si heterojunction shows the rectification of two orders
of magnitude higher than NiO/p-Si heterojunction for
the voltage sweep—2 V to +2 V [21]. Parida et al. have
reported the photoresponse behavior of NiO/n-Si hetero-
junction photodetector by using spin coating of colloidal
Ni(OH),, subsequently annealed at 400 °C in air ambient
and observed photocurrent of 0.125, 0.21 and 0.27 pA for
UV, green and red light sources of power densities 1.1,
0.69 and 0.22 mW/cm?, respectively [12]. However, it is
reported that the fabricated NiO/Si heterojunction pho-
todetectors have also been severely suffered by the large
leakage current due to the diffusion of Ni into the Si sub-
strate due to the high-temperature deposition techniques
adopted for the fabrication process [11, 20, 21]. To over-
come these issues, we have adopted a facile hydrother-
mal technique for the synthesis of NiO nanoflakes (NFs)
architecture on the Si (100) substrate, as it is simple, low
cost, large scale production, shape and the dimension of
the NiO nanostructures can be controlled by the growth
parameters. The current—voltage (I-V) characteristics and
photoresponse performance of p-NiO NFs/n-Si heterojunc-
tion architecture was investigated, and the mechanism on
blue light detection has also been discussed in detail.

Fig.1 a The schematic illustra-

tion of synthesis process of NiO

NFs architecture grown on the

Si substrate and b the fabricated

p-NiO NFs/n-Si heterojunction (a)
photodetector

Si substrate
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2 Experimental details

Figure 1a, b illustrates the schematic synthesis process of
NiO NFs architecture grown on Si substrate and the fab-
ricated p-NiO NFs/n-Si heterojunction photodetector. The
detailed synthesis procedure is given in our earlier report
[14]. Briefly, NiO NFs architecture was grown on the Si
substrate by a facile hydrothermal synthesis route. Prior to
the deposition of NiO NFs architecture, Ni seed layer was
deposited on ultrasonically cleaned Si substrate using pulsed
laser deposition technique. For the growth of NiO NFs archi-
tecture, Ni seeded Si substrate was kept face down in the
equimolar (0.1 M) aqueous solution of Nickel (II) nitrate
hexahydrate (Ni(NO;),.6H,0) and hexamethylenetetramine
(HMTA) mixture, and then mixture was heated constantly at
95 °C for four hours. The substrate was then taken out from
the growth solution, and rinsed with the deionized water
many times, and then annealed at 600 °C in air ambient for
1 h. Finally, p-NiO NFs/n-Si heterojunction photodetector
was fabricated by taking the Ag electrodes on p-NiO NFs
architecture and the underlying Si substrate as schematically
shown in the Fig. 1b.

The surface morphology of the grown sample was
investigated using field emission scanning electron micro-
scope (FESEM; Carl Zeiss-Neon 40). The elemental com-
position of the sample was analyzed by energy-dispersive

NiO NFs on Si

p-NiO NFs/n-Si heterojunction



Journal of Materials Science: Materials in Electronics (2019) 30:6811-6819

6813

X-ray spectroscopy using an EDX detector (INCA,
Oxford) and the resonant Rutherford backscattering spec-
trometry (RRBS) measurements using the 3.045 MeV
He** particles from 1.7 MV Tandetron accelerator
(HVEE, The Netherlands). The crystalline structure of the
grown sample was investigated using Inel Equinox 2000
X-ray diffractometer operating at 40 kV, 30 mA with Cu
K, radiation of wavelength, 1.5406 A by the grazing inci-
dence method. Raman and photoluminescence measure-
ment of the sample was recorded using WITech Alpha300
RA spectrometer with the excitation wavelength of 532
and 355 nm, respectively in the backscattering geometry.
The current—voltage (I-V) characteristics of the p-NiO
NFs/n-Si heterojunction photodetector was performed
using Hewlett Packard 34401 A multimeter and Keithley
6517A Electrometer/High Resistance Meter with the volt-
age sweeps from —5 V to +5 V. The time-dependent pho-
toresponse measurements were performed in the dark and
illumination with the blue LED of wavelength, 450 nm
and power of ~2.5 mW at different bias voltage ranging
fromto—1to—-3 V.

Element

3 Results and discussion

Surface morphology and elemental composition of NiO NFs
architecture was examined using FE-SEM and EDX analyses
and is presented in Fig. 2. The low and high magnification
images of NiO NFs architecture shown in Figs. 1b and 2a
exhibits vertically aligned, densely packed, well intercon-
nected NFs forming a network on the Si substrate. EDX
spectra of NiO NFs architecture on the Si substrate is shown
in Fig. 2c. The inset of Fig. 2c shows the compositions pro-
file of the elements present in the grown nanostructure. EDX
spectrum of NiO NFs architecture clearly reveals the pres-
ence of Ni, O and Si elements. The enlarged peak observed
at about 1.8 keV is attributed to the Si peak emerged from
the substrate. The prominent peaks observed at about
0.6 keV, 0.85 keV, 7.45 keV and 8.25 keV, are attributed to
the O-K, Ni—L/ﬂ, Ni—Kﬂl, and Ni-K,,; shells, respectively
[22]. Besides the nickel, oxygen, and Si, no other elements
were observed, indicating the high purity of the grown
nanostructure.

The elemental composition and thickness of p-NiO
NFs/n-Si heterojunction architecture was performed by
RRBS measurement using the oxygen resonant energy

O K

Ni K
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Fig.2 FE-SEM micrographs of a low-magnification b high-magnification images of NiO NFs architecture on the Si substrate ¢ EDX spectrum

of NiO NFs architectures and its composition profile as the inset
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of 3.045 MeV He™™ particles and is shown in Fig. 3. The
experimental RRBS data was simulated using the SIMNRA
program [23]. The symbols in the RRBS spectrum represent
the experimental data, whereas the solid traces corresponds
to its best simulations. The backscattered signals of the ele-
ments such as Ni, O as well as Si substrate are clearly seen
in the RRBS spectrum. Besides, the RRBS spectrum of p-
NiO NFs/n-Si heterojunction shows the well distinct Si and
Ni peaks, which implies that Ni does not diffused into the
Si substrate. The thickness of NiO NFs architecture on the
Si substrate estimated from the RRBS spectra is found to
be ~400 nm.

Figure 4 presents the GIXRD pattern of p-NiO NFs/n-Si
heterojunction architecture. The diffraction peaks centered
at about the 20 values of 37.6°, 43.8°, 63.4°, 76.2° and 80.2°
corresponds to the reflection from the (111), (200), (220),
(311) and (222) planes of face centered cubic phase of NiO
and are found to be agree with the reported values [24, 25].
The diffraction pattern observed in the XRD spectra was
indexed according to the standard JCPDS Card #47-1049.
Besides the diffraction pattern of NiO, the broad peak cen-
tered at 20 values of ~56°, corresponds to the reflection from
the (311) plane of the Si substrate. No diffraction peaks other
than NiO and the Si substrate were detected, suggesting high
purity of the grown nanostructure. Our XRD result is in
concurrence with the elemental analyses performed using
EDX and RRBS measurements.

Raman spectroscopy is a powerful tool to the study the
crystalline structure, structural disorder and defects in the
nanostructured materials [26]. Raman spectra of p-NiO
NFs/n-Si heterojunction excited using 532 nm laser line is
shown in Fig. 5. The strong peak centered about 521 and
980 cm™ ! are ascribed to the Si substrate peak, and found
to be in good agreement with the previous reports [27]. It is
reported that Raman peaks below 1200 cm™' are originates

% Experimental
—— Simulated

Yield (arb.u.)

A ! A 1 A ! 2 L % i ‘; ,
100 200 300 400 500 600 700 800
Channel no.

Fig.3 Resonant Rutherford backscattering spectra of p-NiO NFs/n-Si
heterojunction recorded using 3.045 MeV He*™ particles
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Fig.4 GIXRD pattern of p-NiO NFs/n-Si heterojunction

from the first and second-order Raman scattering by the
phonons in NiO, whereas the peaks above 1200 cm™ ! are
originates from the scattering by two-magnons (2M) in NiO
[28]. The p-NiO NFs/n-Si heterojunction exhibits phonons
scattering modes about 469 cm™!, 508 cm™1, 568 cm™ !,
1162 cm™', 1396 cm™!, and 1562 cm™!, respectively. The
intense peak centered at ~469 cm™! originates from the dis-
order induced one-phonon (1P) scattering transverse opti-
cal (TO) mode. Raman peak centered about 508 cm™!is
induced by the strong phonon-magnon interaction at the sur-
faces of the NiO NFs architecture, so called one-phonon plus
one-magnon (1P + 1M) interactions, which reveals the sur-
face defects present in the NiO nanostructure [29]. Raman
peaks at about 568 cm™! and 1162 cm™! are ascribed to the
first and second-order longitudinal optical (LO) vibration
modes of cubic NiO nanostructures, respectively, the peaks
around 1396 and 1562 cm™! correspond to the two-magnon
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Fig. 5 Raman spectra of p-NiO NFs/n-Si heterojunction
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(2M) scattering mode, which is mainly associated with
Ni**-0,-Ni** super-exchange interaction [30, 31]. Accord-
ing to the group theory analysis, the first-order Raman mode
is originated from symmetry-breaking due to the presence of
defects in the crystal lattice. It is evident that 1 LO and 2 LO
phonon modes in NiO NFs architecture on the Si substrate
has originated from the defects. To elucidate the defects
present in the grown NiO architecture, photoluminescence
(PL) measurement has been performed and presented in the
subsequent section.

PL spectrum of NiO NFs architecture recorded using
355 nm laser excitation is shown in Fig. 6. In general,
in metal oxide nanostructures, PL emission is broadly
divided into two regions: (i) UV/near band-edge emission
is influenced by the stoichiometric arrangement of cations
and anions, and (ii) visible emission related to the intrin-
sic defects such as Ni interstitials (Ni;), oxygen vacan-
cies (Vo), oxygen interstitials (Oi), and oxygen antisite
(Oy;) respectively, present in the nanostructures, which
are serves as the trapping centers for the electrons [32,
33]. Adler and Feinleib et al. have reported a series of
absorption peaks below —4 eV for the NiO nanostructure
and are ascribed to the transition involving 3d®-electrons
of Ni** ions [34]. In the present study, emission bands
are observed about~413 nm (~3 eV), 435 nm (2.85 eV),
462 nm (2.68 eV) and 486 nm (2.55 eV), in addition with
the Raman modes at 362, 370 and 376 nm. The observed
Raman modes in the PL spectrum correspond to 1 LO,
2 LO and 2M phonon modes of NiO. It is reported that
vacancies/interstitials on the cation sublattice are the pri-
mary defects in NiO and is known to be a metal-deficient
compound [35, 36]. The cation defects in NiO nano-
structure forms the energy levels below the conduction
band-edge and the transition between the cation defects
in NiO to the valance band gives rise the visible emission.
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Fig.6 Room temperature photoluminescence spectra of p-NiO
NFs/n-Si heterojunction

The emission bands centered at 413 nm, corresponds to
the violet emission, which is ascribed to the transition
of trapped electrons at Ni interstitial (Ni;) energy level
to the valence band, blue emissions centered at 435 nm
and 462 nm are ascribed to the transition of trapped elec-
trons in singly ionized (V,,), and doubly ionized (V},.)
nickel vacancies to the valence band, respectively. The
green emission centered ~486 nm is ascribed to the oxy-
gen vacancies. The observed emission bands are found to
be consistent with the earlier reports [32, 37-40]. In the
present study, the strong visible emission observed in the
blue region reveals the presence of cationic defects and are
found to be dominant in the grown NiO NFs architecture.
The strong blue emission from the p-NiO NFs/n-Si hetero-
junction architecture reveals that the grown nanostructure
can be used as the potential candidate for the blue light
detection.

The schematic diagram of fabricated p-NiO NFs/n-Si
heterojunction photodetector is shown in Fig. 7a. The I-V
characteristics of p-NiO NFs/n-Si heterojunction photo-
detector recorded using blue light source (LED) of power
2.5 mW is shown in Fig. 7b. It is seen that p-NiO NFs/n-Si
heterostructure exhibits good rectifying behavior in the
dark, which implies p-n junction is formed at the interface
of the p-NiO NFs and the n-Si substrate. The device shows
the enhanced photocurrent under the blue light illumina-
tion. Under the illumination, p-NiO NFs/n-Si heterojunc-
tion exhibits very low leakage current of 3.3x 10® A, and
a large rectification ratio of ~366 at the reverse bias volt-
age of 3 V. It is observed that the photocurrent of p-NiO
NFs/n-Si heterojunction is about 227 times higher than
the corresponding dark current at an applied bias of —3 V.

To choose the appropriate bias voltage for the transient
measurements, voltage dependent sensitivity of the photo-
detector was performed from —5 to +5 V and is presented
in Fig. 7c. The sensitivity (S) of the photodetector is esti-
mated using the following formula [41]:

Iph - ]dark

S = (R3))

Idark
where, 1, 1s photocurrent, and 1, is dark current. The
voltage-dependent sensitivity of the photodetector implies
that p-NiO NFs/n-Si heterojunction is effectively work-
ing in reverse bias and exhibits maximum sensitivity of
227 at —3 V. To illustrate the mechanism of photoresponse
characteristics of reverse biased p-NiO NFs/n-Si hetero-
junction photodetector, the energy-band diagram of p-NiO
NFs/n-Si heterojunction under illumination with blue light
is presented in Fig. 7d. At the interface, p-NiO exhibits the
downward band-bending and the n-Si shows the upward
band-bending due to the different conduction (E.) and
the valence band (Ey) energy levels of p-NiO and n-Si.
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Fig.7 a The fabricated p-NiO NFs/n-Si heterojunction photodetector,
b I-V characteristics of the p-NiO NFs/n-Si heterojunction photode-
tector in the dark (black) and under illumination (red) from blue light
of power 2.5 mW and an applied bias ranging from =3 Vto +1.5V,

Under the blue light illumination, the electron—hole pairs
are generated in the p-NiO NFs/n-Si heterojunction. In the
meantime, the applied reverse-bias build the electric field
at the interface serves as an electromotive force which
drives the electrons to the underlying n-type Si substrate
as well as holes to the p-type NiO NFs.

Figure 8 presents time-dependent photoresponse switch-
ing behavior of p-NiO/n-Si heterojunction photodetector for
the applied bias ranging from — 1 to —3 V in the dark and
under the illumination of blue LED of radiation of 450 nm
and power of 2.5 mW. The time-dependent photoreponse
measurement of the device with ON/OFF switching time
period of 60 s/ 20 s exhibits almost equal photocurrent for
all the ON/OFF states, which reveals better stability and
repeatability of the device. It is observed that under the
reverse bias of 1 V, the device exhibits lower photocurrent.
On further increasing the applied reverse bias from 1 V to
3V, the device exhibits enhanced photocurrent. The lower
photocurrent at low-bias voltage is ascribed to the surface
defect states that existing in the NiO NFs architecture cap-
ture photogenerated electrons. The increased applied reverse
bias broaden the depletion region and built-in electric field
at the interface leading the effective separation of charge
carriers, resulting the large concentration of free electrons
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driven to the underlying n-type Si substrate contributing to
the higher photocurrent. The presence of surface defects in
NiO NFs architecture is well evidenced from the PL spec-
tra. From Fig. 8a, it is found that under the reverse bias, the
photocurrent of the device increases slowly and reaches the
saturation, and then return to its initial level shortly after
the illumination is turned o. The photoresponse speed of
the device is estimated by the parameters: the response time
(,), the time required to increase the photocurrent from 10
to 90% of its peak value and recovery time (z,), is the time
required to fall down the current from 90 to 10% of its maxi-
mum value [42, 43], and are illustrated in Fig. 8b, c. The
response time (7,) and recovery time (z,) of the device is
found to be ~6.18 s and ~ 1.83 s. The observed high pho-
toresponse time and the fast recovery time of the device is
described as follows: during the illumination, i.e. the device
switching over from OFF to ON state, the device required
time to transport the photogenerated charge carriers due
to the slow release of trapped photogenerated carriers by
the surface defects states, while the device switching over
from ON to OFF state, p—n heterojunction begins to deplete
further, which in turn promote fast carrier recombinations
resulting decreased recovery time. The higher photoresponse
observed at the reverse bias of 3 V is ascribed to the strong
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Fig. 8 a switching response of p-NiO NFs/n-Si heterojunction illumi-
nated by the blue light of power 2.5 mW with applied reverse bias of
voltages ranging between —1 V and —3 V. b, ¢ reveals the magnified
rising and falling edge of the photoresposne curve at the fixed bias

electric field built at the interface prevents the formation
electron—hole pairs, thus, favoring the transport of photogen-
erated electrons to the underlying Si substrate. The observed
response and the recovery time of p-NiO/n-Si heterojunction

Time (Sec.)

of —3 V, where, 7, is the time interval for the rise of photoresponse
curve from 10 to 90% and 7, is the time interval for the decay of the
photoresponse curve from 90 to 10% of its maximum value

photodetector is found to be efficient in comparison with the
earlier reports dealing with the metal oxides based photode-
tectors [12, 20, 42, 44—47], and are presented in Table 1. The
enhanced photocurrent at the reverse bias of 3 V is ascribed

Table 1 The comparison of the characteristics parameters of metal-oxides based heterojunction photodetectors obtained from the literature with

the present work

Materials Wavelength used/ Type of bias/ bias voltage (V) Rise/Fall time (s) Leakage current (A) Reference
detection range (nm)

p-NiO/n-Si reverse bias/—3 6.18/1.83 33x10% present work
p-NiO/p-Si 385,515, & 620 reverse bias/ —1 0.5/0.526 391x10% [12]
p-NiO/n-Si(111) 350-600 reverse bias/—2 <30 ms - [20]
NiO/TiO, NRs 365 reverse bias/0 and — 1 38.5/4.2 & 28.9/2.0 - [42]

rGO/Si 382 reverse bias/ —2 - 2.12x107° [44]
p-Si/n-ZnO NRs 360 reverse bias/ —4 11/14 - [45]
TiO,/NiO 350 self-powered 1.2/7.1 - [46]
p-NiO/n-ZnO 365 reverse bias/ —3.5 6.4/11.3 - [47]
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to the photogenerated electrons in NiO NFs driven to the
underlying Si substrate and holes to the NiO NFs under the
external electric field built at the interface.

4 Conclusion

In this work, the p-NiO/n-Si heterojunction photodetector
was fabricated and its photoresponse characteristics were
studied. GIXRD measurements reveal the grown NiO NFs
architecture is face centered cubic phase of NiO. The I-V
characteristics of the photodetector shows good rectifying
behavior in the reverse bias and the voltage-dependent sen-
sitivity measurements manifest the device has maximum
sensitivity at —3 V under blue light illumination. The time-
dependent photoresponse behavior reveals the fabricated
device exhibits good stability and repeatability and its pho-
toresponse and recovery time are found to be 6.18 s and
1.83 s, respectively. The origin of the photoresponse behav-
ior of device is attributed to the strong built-in electric field
at the interface driven the electrons to the n-Si and holes to
the p-NiO. Our experimental investigations manifested that
the fabricated p-NiO/n-Si heterojunction photodetector is a
promising candidate for high speed, high sensitive, low volt-
age, and large current photodetection applications.
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