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Abstract
Silver (Ag) nanoparticles (NPs) were synthesized by glancing angle deposition (GLAD) technique on indium oxide (In2O3)
nanowires (NWs) over n-type Si substrate. The In2O3 NWs and Ag NPs were morphologically characterized by field emission
scanning electron microscopy (FESEM) and electron dispersive spectroscopy (EDS). The complete growth of In2O3 NWs was
observed by high-resolution transmission electron microscopy (HRTEM) and corresponding selected area electron diffraction
(SAED) pattern was also studied. The structural analysis was done by high-resolution X-ray diffraction (HRXRD), and relevant
peaks were identified to calculate the crystalline size. The HRXRD patterns displayed the peak for Ag NPs and monoclinic
crystal structure of Ag3O4. The optical properties were analyzed by photoluminescence (PL) emission spectrums. The presence
of Ag NPs over In2O3 NWs reduced the PL intensity. Atomic force microscopy (AFM) was also studied to estimate the surface
roughness for both the samples. The semi-logarithmic I-V (ln(I)-V) characteristics revealed the enhancement in photoconduction
for the n-Si/In2O3 NWs/Ag NPs device at − 4.5 V using a 100-W tungsten filament source. The total ~ 2.6 fold enhancement in
photosensitivity were recorded for the n-Si/In2O3 NWs/Ag NPs device at an applied voltage of − 2.4 V. This n-Si/In2O3 NWs/Ag
NPs device possessed high detectivity and low noise equivalent power (NEP) as compared with the bare n-Si/In2O3 NWs device.
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Introduction

In the field of optoelectronics technology, indium oxide
(In2O3) is a most frequently used direct bandgap (~ 3.6 eV)
semiconductor material [1, 2]. Many nanocrystalline oxides
materials like TiO2, ZnO In2O3 etc. are broadly used because
of their remarkable physical and chemical properties [3–6].
Among all the metal oxides, In2O3 shows flawless advantages
in optoelectronics applications like solar cells [7], sensors [8],
photodetectors [9], organic light-emitting diodes (OLEDs)
[10] etc., due to very good electrical transparency, synthesis
method, large-area uniformity and mechanical flexibility.
There are numerous physical techniques that have been intro-
duced to fabricate the In2O3 nanostructures like sputtering
[11], laser ablation [12], electron beam evaporation [13] and
thermal evaporation [14], which make it too costly to be

commercially produced. Earlier, It was reported that the plas-
monic metal NPs like Cu [15], Au [16] and Ag [17] reduces
the reflection of incident photons and it exhibits robust surface
plasmon resonance (SPR) behaviour. Nevertheless, to control-
ling SPR, the behaviour size, shape and separation between
two NPs assume a noteworthy role. Glancing angle deposition
or GLAD is an attractive option for fabricating In2O3 photo-
detectors because, in addition to being a reliable, sophisticated
technique with in situ characterization and control, it is a
cheap, one-step process. It has been already reported that
Au/TiO2 nanorod arrays having imminent applications in the
efficient solar energy conversion [18]. NWs and NPs are very
appealing for photodetectors for their high surface-to-volume
ratio compared with their sizes and high controllability in
growth with advanced techniques [19, 20]. In this research
paper, the authors were fabricated In2O3 NWs (~ 400 nm)
and Ag NPs (~ 10 nm) based In2O3 NWs over n-type silicon
(Si) substrate using a double step glancing angle deposition
(GLAD) cum electron beam (e-beam) evaporation technique.
It has been shown that the plasmonic Ag NPs-based device is
superior compared with the In2O3 NW device in terms of
photoconduction. Therefore, simply employing structural
phenomenon, the optical properties of metal NPs can be
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transformed [21]. Gorurla et al. reported that Au-ZnO plas-
monic device has greater photoresponsitivity than Ag-GaN-
based device [22]. Li et al. also reported that plasmonic en-
hancement by metal NPs deals with novel opportunities to
progress the performance of optoelectronic devices [23]. So,
the fabrication of metal NPs is relatively a very challenging
task. Fabrication of metal NPs was reported by J. Fu et al.
using GLAD technique [24]. Mehta et al. reported In2O3:Ag
nanocomposite layers by chemical capping and dip-coating
method for the application of gas sensing properties [25].
Zhou et al. also reported that the GLAD technique was an
incredible and active technique for monitoring the morpholo-
gy, thickness and shape of the nanostructured samples [26].
So, Ag NPs oriented In2O3 NWs device is one of the effective
and unique structure to develop photodetector in the optoelec-
tronics applications, and to the best of our knowledge, no such
reports have been published regarding the combined NPs-
NWs structure using GLAD-assisted e-beam evaporation
technique, thus making it more attractive with commercial
off-the-shelf devices.

In this research paper, an easy and inimitable fabrication
technique has been illustrated to synthesize Ag NPs coated
In2O3 NWs by GLAD technique. This technique was con-
trolled inside the e-beam evaporator system. The growth of
In2O3 NWs and Ag NPs was observed and relevant informa-
tion was extracted through FESEM and HRTEM analysis.
Manifestation of Ag NPs and formation of Ag3O4 compound
was identified by HRXRD investigation. Further, the PL in-
tensity was studied and subsequent degradation in PL intensi-
ty was observed. The surface roughness was calculated using
AFM analysis. With all morphological and structural charac-
teristics, the photoconduction properties were analysed
through In contact, and relevant results were studied. The
improvement in photoconduction was observed for the
In2O3 NWs/Ag NPs device and the improved detectivity,
low noise equivalent power response was also recorded.

Experimental

In2O3 NWs (~ 400 nm) (Highly pure 99.999%, MTI
Corporation, USA) and Ag NPs (~ 10 nm) were deposited
over the pre-cleaned Si wafer (Highly pure 99.999%, n-type,
< 100 >, 4″ dia × 0.525 mm, bulk resistivity: 10 Ω cm, sheet
resistance: 190 Omega/sq.) using a double-step GLAD tech-
nique by e-beam (Hind High Vacuum Co. (p) Ltd., 15F6)
evaporator. The n-Si substrates were cleaned with tetrachlo-
roethylene (C2Cl4), methanol (CH3OH) and DI water (H2O).
The solution of hydrofluoric acid (HF) + DI water (H2O) was
used at a volume ratio of 1:50 to etch native oxide from the n-
Si substrate. The vacuum chamber pressure of ~ 2 × 10−5 mbar
and the deposition rate of 1.2 ÅS−1 are maintained during
entire experimental work. The highly pure In2O3 and Ag

pellets were placed perpendicularly ~ 25 cm from the substrate
in the vacuum chamber with an azimuthal angle of 85° and
GLAD rotation of ~ 130 and ~ 460 rpm was maintained for
both the depositions, respectively. In2O3 and Ag pellets were
evaporated between the melting current of ~ 10 mA to 40 mA.
Here, Fig. 1 shows the full GLAD setup for the fabrication of
In2O3 NWs and AgNPs inside the e-beam evaporator. Total five
successful depositions were carried out to deposit the ~ 400 nm
of vertical In2O3 NWs. Indium (In) (Highly pure 99.999%, MTI
Corporation, USA) contact has been fabricated on the GLAD:
In2O3 NWs and In2O3 NWs/Ag NPs sample at a melting current
less than 30 mA through the metal mask hole. The area of de-
posited In contact was ~ 1.96 × 10−7 m2 and thickness of the
contacts was ~ 33 nm. The two devices thus fabricated are n-
Si/In2O3 NW/In and n-Si/In2O3 NW/Ag NP/In.

The samples were morphologically characterized by field
emission scanning electron microscopy (FESEM, Carl-
ZEISS) and energy dispersive spectroscopy (EDS, Carl-
ZEISS). The growth of NWs was characterized by high-
resolution transmission electron microscopy (HRTEM,
JEM-2100) and corresponding selected area electron diffrac-
tion (SAED) was done on the sample. The atomic force mi-
croscopy (AFM, Bruker Multimode 8) and high-resolution X-
ray diffraction (HRXRD, Bruker D8 Advanced, Cu-Kα radi-
ation, 1.542 Å) were done to study the structural characteriza-
tion. The room temperature (T = 300 K) PL study was done on
the samples using Hi tachi F-7000 Fluorescence
Spectrophotometer with an excitation wavelength of 350 nm
to study the optical characteristics. The photoconduction anal-
ysis was done using a Keysight B2902A source and

Fig. 1 Experimental setup of GLAD for the fabrication of In2O3 NWs
and Ag NPs inside the e-beam evaporator
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measurement unit (SMU) on the devices using a 100-W tung-
sten filament source.

Results and Discussions

FESEM and EDS Analysis

The FESEM images were displayed to study the morpholog-
ical and structural characteristics of the fabricated samples.
Figure 2(a), (b) and inset Fig. 2(b) show the 55° tilted view
of In2O3 NWs, top view of Ag NPs and side view of Ag NPs

decorated In2O3 NWs. The careful observation of FESEM
images confirms the Ag NPs were densely filled and evenly
distributed all over the surface. Likewise, the 55° tilted view
also reveals the much attired and uneven formation of In2O3

NWs over the n-type substrate. The individual NWs and Ag
NPs are interconnected to each other due to the high substrate
temperature [20]. The average diameter of the fabricated sin-
gle In2O3 NW was calculated around ~ 24 nm from the Fig.
2(a). In GLAD technique, the Ag NPs were fabricated due to
self-atomic shadowing effect on the arbitrarily deposited
seeds. Though, this type of physical evaporation technique is
a very classy technique, due to GLAD rotation speed (~ 130

Fig. 2 (a) Tilted view FESEM images of In2O3 NWs, (b) Top view of the FESEM images of AgNPs (inset side view of AgNPs decorated In2O3 NWs),
(c) Ag NPs size histogram image, (d) EDS analysis and (e) Colour mapping
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and ~ 460 rpm for In2O3 NWs and Ag NPs), deposition angle,
evaporation rate, substrate temperature etc. [13, 27].

According to Fick’s law, diffusion coefficient (Dcoff) can be
found from the equation;Dcoff α exp (− Ed/KbTs), where, Ed is
called diffusion energy,Kb is Boltzmann constant and Ts is the
temperature of the substrate. The substrate temperature (room
temperature) effects in a large diffusion coefficient, which
may be the reason for the formation of In2O3 NWs over the
substrate [20]. R. Lahiri et al. reported that the formation of
different length In2O3 NWs due to inherent atomic shadowing
property by GLAD technique [28]. A low deposition rate of
1.2 ÅS−1 and substrate temperature (room temperature) were
maintained for the deposition of Ag NPs, thus formed the
connected Ag NPs throughout the sample surface due to the
large diffusion coefficient of Ag molecules [20]. Figure 2(c)
indicated the particle size histogram image, which is extracted
from Fig. 2(b). This histogram image shows that the Ag NPs
consists of different NPs size ranging from ~ 6 to ~ 14 nm.
The maximum number of particles diameter was measured
between the sizes of ~ 10 to ~11 nm. Q. Zhou et al. and G.
Wang et al. reported that the high substrate temperature (room
temperature) indicated thick and connected nanostructures
likewise low substrate temperature (approximately − 40 °C)
indicated thin and separated nanostructures [29, 30].

To inspect the presence of deposited materials, room tem-
perature EDS analysis was performed. Figure 1(d) established
the EDS spectra for GLAD: In2O3 NWs and In2O3 NWs/Ag
NPs. The elements like silicon (Si), indium (In), silver (Ag)
and oxygen (O) molecules are present on the samples. Apart
from In, Ag and O, no other extra peak for any other element
has been found. EDS spectrum also shows the emission from
In L, Ag L and O K shells with the colour mapping of EDS
images of the samples depicted in Fig. 2(e), where oxygen (O)
shows the green colour, indium (In) shows the blue colour and
silver (Ag) shows the orange colour. Moreover, there was a
high peak emission from K shell to Si substrate.

HRTEM and HRXRD Analysis

To observe the growth of vertical NWs and examine the mi-
crostructural morphologies of the same HRTEM (JEM-2100),
analysis has been done. A pull-out portion of single NW was
depicted in Fig. 3(a), which shows the classic growth In2O3

NWs having an average top diameter of ~ 25 nm and bottom
diameter of ~ 16 nm. The dusky part of the single NWwas due
to the existence of silicon, and the dazzling part indicates the
presence of oxygen molecules. Figure 3(b) displays the select-
ed area electron diffraction (SAED) pattern which did not
contain any fringe spacing and that revealed the amorphous
nature of the NW [31]. The ‘d’ spacing of the crystal plane
was found from the SAED pattern, and it was obtained as 2 Å,
1.1 Å and 0.8 Å (JCPDS 653170).

To investigate the structural characteristics, HRXRD pro-
file was obtained using Bruker D8 Advanced using Cu-Kα
radiation source, the wavelength of 1.54 Å in the 2θ range of
30 to 75° for GLAD: In2O3 NWs and In2O3 NWs/Ag NPs,
displayed in Fig. 3(c). The bare GLAD: In2O3 NWs shows the
amorphous nature of the sample, which was also revealed in
HRTEM analysis. The HRXRD diffraction peaks for GLAD:
In2O3 NWs were emerging at 2θ = 38.26°, 44.47° and 64.85°
with the corresponding plane of (400), (422) and (444), re-
spectively. All the peaks were matching with the JCPDS data
(JCPDS card no. 06–0416) [32]. The In2O3 NWs/Ag NPs
shows same diffraction peak with a new diffraction peak at
2θ = 38.06° due to the presence of Ag NPs which corresponds
(111) plane (JCPDS card no. 04–0783) [33, 34]. Overall 50%
magnified graph of Fig. 3(c) shows a clear image of a diffrac-
tion peak at 2θ = 38.06° displayed in Fig. 3(d). Likewise, its
revealed another diffraction peak at 2θ = 50.68° corresponds
to (031) plane (JCPDS card no. 84–1261) for the monoclinic
crystal structure of Ag3O4 [35]. The formation of the Ag–O
compound shows (031) diffraction plane which indicated the
monoclinic crystal structure, which was formed due to oxygen
attached with the Ag NPs by attracting the oxygen molecules
[36]. The average crystalline size was calculated ~ 38 and ~
87 nm for the bare GLAD: In2O3 NWs and In2O3 NWs/Ag
NPs, respectively, using Debye Scherrer equation, which was
shown in equation 1.

D ¼ 0:9λð Þ= β*cosθð Þ ð1Þ

whereD is crystalline size, λ is the wavelength of the incident X-
ray (Kα),β is the full-width halfmaximum (FWHM) in radians of
Gaussian distribution of the HRXRD data and 2θ is the Bragg’s
angle measured in radians. The authors have reported the method
of extraction of crystalline size [37]. The average crystalline size
was increased for In2O3 NWs/Ag NPs due to the difference in
atomic radius of Ag (144 pm) and In (167 pm). The tendency for
agglomeration of Ag NPs during the process in the high ambient
temperature of the chamberwasmaybe the reason for the increase
in dimension. Lattice strain was also calculated ~ 0.0073 and ~
0.0221 for both the same samples displayed in Fig. 3(e) (inset of
Fig. 3(d)) usingWilliamson-Hall (W-H) plot equation, whichwas
shown in equation 2.

β*cosθ=λ ¼ k=Dþ 4εsinθ=λ ð2Þ

where k is the shape factor, ε is lattice strain and 2θ is the
Bragg’s diffraction angle. Correspondingly in that case, the
lattice strain was increased, and it offers the work hardening
process in the material [38].

PL Emission

Room temperature PL emission has been done between the
wavelengths of 350 and 650 nm using an excitation
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wavelength of 350 nm by Hitachi F-7000 Fluorescence
Spectrophotometer with a Xenon light source of 150 watt
for the bare GLAD: In2O3 NWs and In2O3 NWs/Ag NPs
samples presented in Fig. 4.

The GLAD: In2O3 NWs and In2O3 NWs/Ag NPs indicated
the PL emission spectrums at 440 nm (~ 2.81 eV) and 466 nm
(~ 2.66 eV) with the full-width half maximum (FWHM) of ~
71 nm and ~ 48 nm, respectively. In2O3 shows the PL emis-
sion spectrum between 400 and 500 nm due to the existence of
oxygen vacancies in the material [39]. The blue region emis-
sion arises at 440 nm for the GLAD: In2O3 NWs attributed
new energy levels in the forbidden energy gap. This type of
emission occurred due to the recombination of electron-hole
pairs at the surface of the samples. Zheng et al. reported that
the PL emissions of 429 and 460 nm occurred for the In2O3

NWs samples [40]. It was apparent that the high PL intensity
manifested a higher rate of recombination of electro-hole pairs
and the low PL intensity indicates a lower rate of recombina-
tion of electro-hole pairs. Additionally, The Ag NPs created a

Fig. 4 PL emission spectrum for GLAD: In2O3 NWs and In2O3 NWs/Ag
NPs using an excitation wavelength of 350 nm

Fig. 3 (a) HRTEM analysis of In2O3 NWs, (b) SAED pattern of In2O3 NWs, (c) HRXRD spectrums of GLAD: In2O3 NWs and In2O3 NWs/AgNPs (d)
50% magnified spectrums of In2O3 NWs/Ag NPs and (e) Lattice strain of GLAD: In2O3 NWs and In2O3 NWs/Ag NPs (inset of Fig. 3(d))
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precise bond with the GLAD: In2O3 NWs and formed an
inorganic silver compound particle like Ag3O4. This type of
inorganic silver compound was observed in the room temper-
ature (T = 300 K) through HRXRD analysis. These Ag3O4

particles act as trap particles to capture the photo-induced
electrons in the forbidden energy gap and thus defeat the re-
combination of electron and holes [41]. In the experiment, a
decrease in ~ 8.5-fold PL intensity was observed for the In2O3

NWs/Ag NPs sample due to the aforementioned reason. Here,
with the reduction in PL intensity, a ~ 26-nm red shift had
been observed for the In2O3 NWs/Ag NPs samples as com-
pared with that of the bare GLAD: In2O3 NWs samples due to
the SPR effect. Kim et al. reported a similar type of emission
due to oxygen-related defect states [39]. Fong et al. also re-
ported that the Ag NPs attached with In2O3 NWs and pro-
duced SPR effect, which shifted the resonance peak to longer
wavelength [42]. Conclusively, the presence of Ag NPs over
In2O3 NWs shifted the resonance peak and enhanced the emis-
sion at ~ 466 nm. Therefore, the PL emission analysis deliv-
ered the SPR effect using the Ag NPs over the In2O3 NWs.

AFM Analysis

Figure 5(a) and 5(b) shows the three dimensional (3D) AFM
images for the bare GLAD: In2O3 NWs (height: ~ 400 nm)
and In2O3 NWs/Ag NPs samples. The overall scan area of
10 μm× 10 μm and resolution of 2 μm were maintained for
both the samples. The Ag NPs were milled up with In2O3

NWs and created Ag NPs–In2O3 layer because of the electro-
static charge-charge interaction between metal-semiconductor
junctions [43]. The root mean square surface roughness (Rp)
was calculated ~ 6.10 nm for the GLAD: In2O3 NWs sample
and ~ 5 nm for In2O3 NWs/Ag NPs sample, which will be
reduced by ~ 1.22-fold. The packing density of In2O3 nano-
structures was predisposed by the newly formed Ag NPs over

In2O3 NWs that leads to the reduction in surface roughness.
Antonio Ruiz Puigdollers and others also reported that the
same theory on the formation of Ag and Au clusters over the
different materials [44].

Photoconduction Analysis

To study the electrical behaviour of bare GLAD: In2O3 NWs
and In2O3 NWs/Ag NPs samples, indium (In) metallization
was performed in the e-beam chamber. Figure 6(a) and 6(b)
shows the 3-D layout design of the bare n-Si/In2O3 NWs/In
(device-1) and n-Si/In2O3 NWs/Ag NPs/In (device-2) de-
vices. Figure 6(c) displays the room temperature semi-
logarithmic I-V (ln(I)-V) characteristics for both the devices
using B2902A source and measurement unit (SMU) and a
100-W tungsten filament source. In this case, almost no
changes in dark current conduction and trifling changes in
light current conduction had been observed under the forward
bias condition. Likewise, under reverse bias mode, a low dark
current conduction was observed for device-2, moreover light
current for device-2 (~ 4 mA) was higher than device-1 (~
3.2 mA). The enhancement in light current may be due to
trapping of electrons at the interface of the In2O3 NWs/Ag
NPs followed by trapping and de-trapping process of electrons
[45, 46]. Trapping of electrons at the interface was started
under dark current measurement likewise de-trapping of elec-
trons was started under light current measurement. The en-
hancement of current attributed to the abovementioned de-
trapping process and due to oxygen-related trap states, it re-
duces the depletion region in the structures and allows the
tunnelling of electrons [47]. Lee et al. also reported a similar
type of observation in their research work [45]. The ideality
factor (η) was calculated ~ 20 and ~ 11 for device-1 and de-
vice-2, respectively, from the slope and intercept of semi-
logarithmic forward bias of I-V characteristics, represented

Fig. 5 AFM images of (a) GLAD: In2O3 NWs and (b) In2O3 NWs/Ag NPs
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in Fig. 5(c). The method of extraction of the ideality factor for
a diode was reported by Devi et al. using equation-3,

η ¼ q
kT

1
∂ ln Ið Þð Þ

∂V

ð3Þ

where k is called Boltzmann constant, T is absolute tempera-

ture, q is an electron charge and ∂ ln Ið Þð Þ
∂V is the slope of the semi-

logarithmic I-V curve [48, 49].
The photosensitivity (Ilight/Idark) for both the devices was

calculated in reverse biasmode from the applied voltage of − 1
to − 4 V, displayed in Fig. 6(d). At − 2.4 V applied bias, ~ 2.6-
fold enhancement was observed for the device-2 as compared
with that of the device-1. This enhancement in photosensitiv-
ity was due to the SPR effect and a sufficient number of
dangling bonds at the surface of In2O3 NWs/Ag NPs device,
which can easily attract the oxygen molecules and hence the
maximum electron tunnelling happened [47]. The SPR effect
and dangling bonds enhanced the oxygen molecules over the

surface of device-2, and thus, photosensitivity was increased.
A clear colour change from deep blue to light blue confirms
the formation of Ag NPs on the device-2 (Fig. 6(d), inset).

The barrier height was calculated of ~ 0.6 eV and ∼ 0.5 eV
for bare GLAD: In2O3 NWs device and In2O3 NW/Ag NPs
device, respectively, at zero bias voltage using the following
equation.

J 0 ¼ A*T2exp
−q∅B

kT

� �
ð4Þ

where J0 is the reverse saturation current corresponding to
zero bias, A* is the Richardson constant, k is the Boltzmann
constant, ∅B is the zero-bias barrier height. The decrease in
barrier height was attributed to the reduction in the depletion
region and tunnelling of charge carriers through the device
[50]. The rectification ratio (Rratio) of the two devices was
calculated to investigate the device performance, depicted in

inset Fig. 7. The Rratio was defined as jI Fj
jIRj, where IF and IR is

forward and reverse dark current. At ~ 3 V, the Rratio was
found to be maximum (approximately twofold) in case of

Fig. 6 3-D Layout design of (a) GLAD: In2O3 NWs device (device-1), (b) In2O3 NWs/Ag NPs (device-2), (c) Semi-logarithmic current (I)-voltage (V)
characteristics for GLAD: In2O3 NWs and In2O3 NWs/Ag NPs, (d) Current ratio (Ilight/Idark)-voltage graph for both the devices
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In2O3 NW/Ag NPs device compared with the bare In2O3 NW
device, which shows better rectification capability. A high
Rratio exhibited good rectifying behaviour in dark illumination
and attributed high electronmobility in the In2O3 NW/AgNPs
device [51]. Figure 7(b-d) shows the band diagram for zero
bias, forward bias and reverse bias under light illumination
condition, respectively.

In case of forward bias, the n-Si and In2O3 NW junction was
connected to negative voltage whereas In and Ag NPs junction
was connected to positive voltage. Under light illumination, the
charge carriers can be highly separated by n-Si and In2O3 NW
junction, and there was a flow of photogenerated electrons
through Ag NPs/In2O3 NW junction which can be collected
through In and Ag NPs junction. Furthermore, when the positive
voltage was applied at In contact, In and Ag/In2O3 interface
states can trap the electrons at the conduction band (ECB), as seen
in Fig. 7(c). This reduces the width of the depletion region,
barrier height and hence trap-assisted tunnelling of
photogenerated electrons happened, which enhanced the

photosensitivity [19]. Moreover, Ag has higher electronegative
value (electronegativity: 1.93) thus attracts the oxygenmolecules
in Ag NPs/In2O3 NW device. The attraction of oxygen by Ag
from In2O3 induces oxygen-assisted defect states in the Ag NPs/
In2O3NWdevice [52]. In case of reverse bias (Fig. 7(d)), the n-Si
and In2O3 NW junction was connected to positive voltage
whereas In and Ag NPs junction was connected to a negative
voltage. As a result under light illumination, the photocurrent
was enhanced, which may be due to the separation of photoex-
cited carriers by AgNPs/In2O3NW junction as well as it leads to
increase in the width of depletion region, and therefore, no
tunnelling has occurred [19].

The authors were also plotted specific detectivity (D*) and
noise equivalent power (NEP) from ln(I)-V characteristics
using the below equations to determine the detectors proper-
ties, displayed in Fig. 8(a) and 8(b), respectively.

D* ¼ Rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2e Jdark

p ð5Þ

Fig. 7 (a) Rectification ratio for GLAD: In2O3 NWs and In2O3 NWs/Ag NPs devices. In2O3 NWs/Ag NPs device band diagram for (b) zero bias, (c)
forward bias and (d) reverse bias under light illumination

44 Plasmonics (2021) 16:37–48



NEP ¼
ffiffiffi
A

p

D* ð6Þ

where R is the responsivity of the devices, e is the charge of an
electron and Jdark is current density under dark illumination, A
is the particular device area [20]. The maximum detectivity of
~ 78 × 107 jones (Fig. 8(a)) for the device − 2 was observed
from the applied voltage of − 8 to − 1 V, which possesses ~
6.5-fold boost-up as compared with that of device-1 (Fig. 8(a),
inset). The augmentation in detectivity was achieved due to
the low dark current and SPR effect in the device-2. Wang
et al. reported the enhancement in detectivity was due to low
dark current levels in the Ag NPs surrounded ZnO thin film
photodetector [53]. The low NEP was observed ~ 19 ×
10−12 W (Fig. 8(b)) for the device-2 at the same applied volt-
age, and it retains the ~ 1.8-fold low NEP as compared with
that of device-1. In our case, the calculated NEP was lower
than the previously reported values [54, 55]. The comparison
of different outcomes of this work with other reported works
based on their performance was depicted in Table 1.
Additionally, the traps reduces the occurrence of generation-
recombination, which may decrease the NEP and enhances

D*. Moreover, the low NEP results in the high detectivity
and increased in photocurrent for the Ag NPs based device,
which provides a flexible opportunity to use In2O3 NWs/Ag
NPs device as a low noise photodetector for optoelectronics
applications.

Conclusion

In this paper, the authors successfully synthesized Ag NPs
over In2O3 NWs using a double-step GLAD technique.
From HRTEM image, the average diameter of ~ 25 nm and
bottom diameter of ~ 16 nm of single NW have been extract-
ed. The ‘d’ spacing of 2 Å, 1.1 Å and 0.8 Å was calculated
from SAED pattern, and it displays the amorphous nature of
the In2O3 NWs. HRXRD profile exhibits the formation of
monoclinic Ag3O4 compound over the In2O3 NWs, which
indicated the Ag–O compound with (031) diffraction plane.
The PL emission of In2O3 NWs/Ag NPs displayed the red
shifting of spectrum at 466 nm (~ 2.66 eV) due to the scatter-
ing of SPR effect by Ag3O4 compound over the In2O3 NWs.
The mitigation of ~ 1.22-fold root mean square surface

Fig. 8 (a) Detectivity vs. voltage graph for the GLAD: In2O3 NWs and In2O3 NWs/Ag NPs device. (b) Detectivity vs. voltage graph for the GLAD:
In2O3 NWs (inset of Fig. 7(a)). (c) NEP vs. voltage graph for both the same devices

Table 1 Comparison of different
outcomes of this work with other
reported works based on their
performance

Device structure Device type Detectivity

(jones)

NEP

(watt)

References

n-Si/In2O3 NW/Ag NPs Metal-oxide-semiconductor detector 78 × 107

= (7.8 × 108)

19 × 10−12 this device

Al2O3/AlGaN/Si MIS detector 4.52 × 108 48 × 10−12 [54]

GaN /Ni Schottky barrier 1.57 × 107 9.95 × 10−8 [55]

AlGaN/GaN MSM detector 2.85 × 107 1.62 × 10−8 [56]

Al/SiO2/GaN MIS detector 2.03 × 108 2.19 × 10−9 [57]
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roughness was observed for the In2O3 NWs/Ag NPs, which
affects the packing density in the In2O3 nanostructures. The n-
Si/In2O3 NWs device and n-Si/In2O3 NWs/Ag NPs devices
were created using In top contact through metallization pro-
cess. At − 4.5 V, the n-Si/In2O3NWs/AgNPs/In device shows
higher light current due to the coupling of SPR effect of Ag
NPs as compared with the n-Si/In2O3 NWs/In device under a
100-W tungsten filament source. The enhancement in light
current attributed de-trapping process due to the oxygen-
related trap states which reduces the depletion region in the
structures and allows the tunnelling of electrons. The ideality
factor of ~ 20 and ~ 11was calculated for the n-Si/In2O3 NWs/
In device and n-Si/In2O3 NWs/Ag NPs/In devices. The max-
imum ~ 2.6-fold enhancement in photosensitivity was ob-
served at an applied bias of − 2.4 V due to the SPR effect in
the n-Si/In2O3 NWs/Ag NPs/In device. The maximum specif-
ic detectivity of ~ 78 × 107 jones and low NEP of ~ 19 ×
10−12 W were observed for the devices from the applied volt-
age of − 8 to − 1 V, which possess ~ 6.5-fold enhancement in
detectivity and ~ 1.8-fold low NEP in the Ag NPs decorated
device. Therefore, the whole technical experimental process
signifies that it can be used as an efficient Ag NP-based plas-
monic photodetector for optoelectronics applications with bet-
ter photosensitivity in the existing technology.
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