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1. Introduction

The human eye is a natural photodetector with high sensitivity 
to different wavelengths and their respective intensities in the 
visible spectrum. However, for manmade single material based 
photodetectors, it is difficult to distinguish even two different 

Traditional photodetectors generally show a unipolar photocurrent response 
when illuminated with light of wavelength equal or shorter than the optical 
bandgap. Here, it is reported that a thin film of gallium oxide (GO) decorated 
with plasmonic nanoparticles, surprisingly, exhibits a change in the polarity 
of the photocurrent for different UV bands. Silver nanoparticles (Ag NPs) are 
vacuum-deposited onto β-Ga2O3 and the AgNP@GO thin films show a record 
responsivity of 250 A W−1, which significantly outperforms bare GO planar photo-
detectors. The photoresponsivity reverses sign from +157 µA W−1 in the UV-C 
band under unbiased operation to −353 µA W−1 in the UV-A band. The current 
reversal is rationalized by considering the charge dynamics stemming from 
hot electrons generated when the incident light excites a local surface plasmon 
resonance in the Ag nanoparticles. The Ag nanoparticles improve the external 
quantum efficiency and detectivity by nearly one order of magnitude with high 
values of 1.2 × 105 and 3.4 × 1014 Jones, respectively. This plasmon-enhanced 
solar blind GO detector allows UV regions to be spectrally distinguished, which 
is useful for the development of sensitive dynamic imaging photodetectors.
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wavelengths. Essentially, traditional photo-
detectors register photons with an energy 
higher than the material’s optical bandgap 
(hν  ≥ Eg) with a consistent response 
(polarity).[1] Distinguishing spectral 
regions without diminishing the sensi-
tivity is particularly challenging in the UV 
where most materials show strong absorp-
tion. UV photodetectors are important for 
applications in, e.g., space and astronom-
ical research and ozone layer monitoring.[2] 
The UV spectral region is sub-divided 
into three bands: UV-A (320–400  nm), 
UV-B (280–320  nm), and the UV-C band 
(10–280  nm). UV-C (solar-blind) photo-
detectors are for instance used to monitor 
the antarctic ozone hole.[3] UV-A (visible-
blind) photodetectors are utilized for com-
munication applications.[2a,4] To date, 
UV-A and UV-C photodetectors have been 
separately designed due to the integration 
issues which would otherwise lead to high 

manufacturing costs. Also, it is challenging to realize spectrally 
distinctive photodetection with a single absorber material of a 
specific bandgap (Eg). Sandvik et  al. have demonstrated dual-
SiC photodiode devices for two-band UV detection.[5] However, 
in this example the individual sensing components exhibited 
low peak responsivities of 60 mA W−1 in the range from 290 to 
320  nm, respectively, without any spectrally distinct response. 
Wide bandgap semiconductors are being used to detect short 
wavelengths in the UV regime. Among all, gallium oxide (GO) 
is a promising and inherently solar-blind material with a direct 
bandgap of ≈4.9  eV. It shows excellent chemical, mechanical, 
and thermal stability,[6,22] which makes it an attractive material 
for the development of the UV-C photodetectors.[6a,b,d,7] Never-
theless, existing GO based UV-C photodetectors usually have a 
too large bandgap to also detect the UV-A light.

Recently, plasmonic nanoparticles (PNPs) have been utilized to 
enhance the performance of photodetectors and simultaneously 
provide a possible pathway to realize dual-band photo detection 
with high wavelength selectivity via electric field enhancement 
and the generation of hot carriers.[8] However, dual-band photo-
detection with a spectrally distinct response experiences limita-
tions due to the lack of fundamental understanding of multipole 
resonances in metallic nanoparticles.[8c,9]

Here, we demonstrate that silver nanoparticles (Ag NPs) 
boost the sensitivity of gallium oxide (β-Ga2O3) thin film 
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photodetectors, such that they show a very high responsivity in 
the UV-A and UV-C bands, and we show that the Ag nanopar-
ticles are the cause of a reversal in the sign of the photocurrent 
for these two UV bands. The Ag nanoparticles deposited with a 
shadow growth technique amplify the light absorption through 
their localized surface plasmon resonance (LSPR) in UV-C 
region and cause a new absorption peak in UV-A region.

2. Results and Discussion

Figure 1a shows the temperature profile for the high tempera-
ture seed-layer assisted growth of the gallium oxide thin film on 
a Si substrate. The Ag nanoparticles are deposited on the gal-
lium oxide thin film using the glancing angle deposition (GLAD) 
technique to obtain a higher uniformity of the NPs.[10] The dis-
tribution of Ag nanoparticles is shown in inset of Figure  1b 
(field-emission scanning electron microscope, FE-SEM image). 
Figure 1c shows the schematic illustration of the complete fab-
ricated photodetector decorated with Ag NPs. Energy dispersive 
X-ray analysis (EDS) (Figure S1b, Supporting Information) con-
firms the presence of Ga, O, and Ag in AgNP@GO thin film. 
The crystalline nature of the grown gallium oxide thin film 
is investigated using grazing incident angle X-ray diffraction 

(GIXRD) and the results are shown in Figure S1c in the Sup-
porting Information. The intense (400) diffraction peak of the 
GO film at 30.07° indicates a good crystallinity. All the detect-
able peaks of the GO can be indexed to the monoclinic Ga2O3 
(Joint Committee on Powder Diffraction Standards (JCPDS) 
Card No. 041-1103) structure. Further, we have also calculated the 
crystalline size of β-Ga2O3 and observed to be 13.24 nm.[11] The 
X-ray photoelectron spectroscopy on AgNP@GO is also shown 
in Figure S1d–f in the Supporting Information and confirms the 
presence of Ag on the gallium oxide thin film. The histogram 
of Ag NPs size distribution is given as shown in Figure S2 in 
the Supporting Information. The obtained results show that 
the Ag NPs particle size ranges between 4 and 34 nm and most 
particles have a size around 5–8  nm. The interaction of light 
with plasmonic NPs shows better light harvesting properties for 
smaller Ag NPs[12] and for this reason the present study utilized 
smaller Ag NPs. A more detailed discussion of size effects can 
be found in the Supporting Information.

The high resolution of cross-section SEM image of GO thin 
film is shown in Figure S3a, in the Supporting Information. 
The figure clearly shows the microstructure of thin film. The 
2D surface morphology of the GO thin film sample investi-
gated using atomic force microscopy (AFM) and the results are 
shown in Figure S3b,c in the Supporting Information. The root 
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Figure 1. a) Schematic of the GO on Si thin-film growth. b) Glancing angle deposition (GLAD) of Ag NPs on GO film. Inset: The FE-SEM image of 
the surface is shown. c) Schematic illustration of AgNP@GO thin film photodetector. d) Absorption spectra of bare GO thin film and GO@Ag NPs. 
The inset shows the absorption of bare Ag NP.
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mean square surface roughness is found to be 3.49 ± 0.75 nm 
for GO thin film on 1 µm2 scale. The generated thin film shows 
a homogeneous deposition without any voids as shown in 
Figure S3b,c in the Supporting Information.

Figure  1d shows the UV–vis absorption spectra of the GO 
and Ag@GO thin films. The Ag@GO thin film exhibits two 
bands at around 400 nm (UV-A) and a broad band in the deep 
UV range (200–280  nm).[13] In addition, the absorption inten-
sity increases around the deep UV region after GO is decorated 
with the Ag NPs. The band at ≈400  nm (UV-A) seen in the 
Ag@GO thin film, in contrast to pure GO, can be ascribed to 
the excitation of a surface plasmon resonance in the Ag NPs 
and hence the injection of hot electrons from the Ag to the GO.

Inset of Figure  1d clearly shows that the Ag NPs deposited 
on a bare quartz substrate absorb radiation via an LSPR nearly 
at 370  nm (i.e., at UV-A). On the basis of the optical proper-
ties, we can say that Ag NPs play a significant role to increase 
the absorption of a photon in UV-A region and render the 
photodetector sensitive in two spectral regions. The shift in the 
absorption peak of the AgNP@GO film is due to the change of 
the dielectric medium around the Ag nanoparticle.[14]

Figure 2a,b shows the typical I–V characteristics of the 
GO thin film with and without Ag nanoparticles both in dark 
and under UV illumination (UV-C, 44  nW  cm−2 and UV-A, 
167  nW  cm−2). The I–V curves with no illumination for the 
two devices are nonlinear, which indicates that the Au elec-
trodes and the GO thin film have typical Schottky contacts. 
Rectifying contacts based on Schottky barriers are essential for 
better device performance. In contrast to the Ohmic-type con-
tact, linear I–V characteristics, a Schottky-type contact offers 
a barrier to the thermally generated and light induced photo-
generated carriers. This barrier decreases the dark current in 
the photodetector and improves the performance reduces min-
imum incident power that can be detected by the photodetector. 
Figure  2b shows that the dark current of AgNP@GO photo-
detector is less than the bare GO photodetector. The electron 
affinity of GO is 4.0 eV which is lower than the work function 
of Ag, 4.26 eV. Thus, when Ag NP contacts with GO, a Schottky 
barrier is formed with a barrier height of 0.26  eV, thereupon 
inhibiting the motion of electrons from the metal to the semi-
conductor.[15] Hence, the depletion region formed by the Ag 
metal NPs on the GO photodetector is seen to reduce the dark 
current.

To evaluate the photoresponsivity, external quantum effi-
ciency (EQE), and the detectivity of GO and AgNP@GO detec-
tors, we applied a bias voltage between the source–drain. We 
quantified the photoresponse of the GO and AgNP@GO detec-
tors at a fixed bias of 5 V in a wavelength range of 250–555 nm. 
The responsivity of the photodetector is given by

Ph dark

optical
R

I I
P

= −
 (1)

where IPh, Idark, and Poptical are, respectively, the photocurrent, 
dark current, and power of the incident light.
Figure 3a shows a photoresponsivity of 88.02 and 251.74 A W−1 

for GO and AgNP@GO photodetectors at an incident intensity 
of 44  nW  cm−2, implying the capability of detecting very weak 
signals. It is seen that the responsivity of our photodetector 
increases ≈285% by introduction of Ag NPs over the bare GO 
surface. Moreover, the AgNP@GO shows an additional peak 
in the UV-A region with a responsivity of 12.62  A  W−1. Thus, 
in comparison to the bare GO photodetector, which shows low 
intrinsic photoresponsivity restricted to the UV-C region, the 
AgNP@GO photodetector exhibits a high photoresponsivity not 
only in UV-C regime but also in a broad UV spectral range from 
250 to 400  nm. The performance of the AgNP@GO photode-
tector is better than that of commercially available UV photo-
detectors, which show comparatively low responsivities in the 
range of 0.048–25  A  W−1 at room temperature.[6c,d,16] The EQE 
is a useful physical parameter to determine the performance 
of the photodetector. EQE is defined as the number of photoin-
duced carriers per adsorbed photon and per unit time

EQE Rhc
eλ=  (2)

where R, h, c, e, and λ are, respectively, the responsivity, 
Planck’s constant, speed of light, charge carrier, and the wave-
length of the incident light.

Figure  3b shows the variation of EQE with a wavelength 
for bare GO and AgNP@GO photodetectors to determine the 
efficiency of light to total current conversion of photo detector. 
The GO photodetector showed an EQE of 4.5 ×  104% in UV-C 
region; however, for AgNP@GO, the EQE measured in UV-C 
region is enhanced by nearly one order of magnitude to 
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Figure 2. I–V curve under dark and monochromatic illumination of UV-C@44  nW  cm−2 and UV-A@167  nW  cm−2 for a) GO and b) GO@Ag 
photodetectors.
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≈1.24 × 105%. Moreover, the EQE of AgNP@GO photodetector 
shows a remarkable enhancement over a broad UV range, as 
shown in Figure 3b. The EQE of 3.91 × 103% at 400 nm in the 
UV-A region is observed for the AgNP@GO photodetector.

The role of higher EQE is quantified in terms of higher 
photo conductive gain.[17] The photoconductive gain is defined 
by the relation

where1

2
2

2

G
d

V

τ
τ

τ
µ

= =  (3)

where τ1 and τ2 are the charge carrier lifetime and charge car-
rier transit time, V is bias voltage, and d is the thickness of 

sample.[18] According to the relation, it can be seen that τ2 is 
inversely proportional to the carrier mobility. This indicates that 
photoconductive gain (G) is directly proportional to the mobility 
of the charge carriers. A higher mobility of the charges is attrib-
uted to a high photoconductive gain in the photo detector which 
further directly contributes to the higher external quantum effi-
ciency of the device. Apparently, the higher EQE for Ag coated 
GO photodetector might be due to the Ag NPs induced high 
absorption and efficient hot electron transfer from the metal 
NP to semiconductor through Schottky barrier. Apart from 
this, the possibility of the new defect state generated at the Ag/
GO interface and their role in separation of the charge carriers 
cannot be neglected and required further detail investigation. 

Adv. Optical Mater. 2020, 2000212

Figure 3. a) Comparison of photoresponsivity versus wavelengths and b) external quantum efficiency versus wavelength of GO thin film photodetec-
tors deposited with and without Ag NPs. c) Comparison of the detectivity versus wavelengths and d) linear dynamic range (LDR) of the photodetector 
for bare GO and AgNP@GO photodetectors. e) Responsivity versus optical power at a fixed wavelength of 250 nm for the Ag@GO photodetector.  
f) EQE versus optical power at a fixed wavelength of 250 nm for the Ag@GO photodetector.
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The most fundamental performance metric for any photo-
detector is the detectivity, i.e., the input–output signal with 
respect to the output noise. For a photodetector, this metric 
has been illustrated by the noise equivalent power (NEP). The 
most fundamental performance metric for any photodetector is 
the detectivity, i.e., the input–output signal with respect to the 
output noise. For a photodetector, this metric has been illus-
trated by the NEP. The NEP is defined as the incident illumi-
nation power at which the signal-to-noise ratio is unity, It is 
related to the responsivity (Rλ) and the noise current (Id) by

NEP
1

2 d ph
R

e I I( )= +
λ

 (4)

Taking into consideration the shot noise as a result of 
the dark current, which has a major contribution to the 
total noise, the NEP is computed to be 0.0292  ×  10−13 and 
0.0465  ×  10−14  WHz−1/2 for GO and AgNP@GO photo-
detector, respectively. The inverse of the NEP normalized to 
the square root of the photodetector device active area (A) 
is the specific detectivity (D* in cm Hz1/2 W−1 or Jones). As 
indicated by the above equation, D* can be assessed directly 
from the NEP. The detectivity of the GO and AgNP@GO 
photodetectors at 250  nm have a maximum of 5.38  ×  1013 
and 3.38  ×  1014  Jones, respectively, (Figure  3c) at room 
temperature and at a bias of 5  V. Moreover, working under 
400  nm illumination a specific detectivity of 6.23  ×  1011 
and 1.69  ×  1013  Jones was recorded for GO and AgNP@GO  
photodetectors at 5  V, respectively. The results reveal that 
GO@Ag NP photodetector shows significantly higher perfor-
mance in the UV-A and the UV-C regions and thus qualifies 
as a dual-band photodetector.

The linear dynamic range (LDR) is another significant 
photodetector metric and is characterized in dB. The LDR can 
be inferred by 20 times the logarithm ratio of incident photo-
current to the dark current. The LDR of GO and AgNP@GO 
detectors are 3.33 and 17.5  dB, respectively, and the results 
are shown in Figure  3d. The photoresponse and EQE of the 
AgNP@GO photodetector at a wavelength of 250  nm with a 
bias of 5, 3, and 1 V are shown in Figure 3e,f, where the respon-
sivity and EQE, respectively, increase with decreasing power. 
The power of the incident monochromatic 250 nm beam was 
controlled from 4.55  ×  10−8 to 2.22  ×  10−5  µW using neutral 
density filters. An extraordinary high responsivity and EQE is 
observed. Similar barrier lowering has been reported in bare 
GO photodetectors.

The data of the photoresponsivity, EQE, and detectivity of 
GO and AgNP@GO photodetectors are summarized in Table 1. 

It can be clearly seen that the introduction of the Ag NPs has 
increased the performance of bare GO photodetector.
Figure 4a,b shows the photoresponse measured for 

multiple on/off cycles for bare GO photodetectors with UV-A 
and UV-C light sources. The transient photoresponse of the 
GO photodetector was investigated under unbiased, UV-C 
and UV-A light illuminations. The bare GO photodetector 
shows good performance in the solar-blind region while the 
response of the photodetector in the UV-A region is negli-
gible. Moreover, the UV-C and UV-A response are unipolar 
in nature. This type of unidirectional photocurrent transient 
response is known for GO photodetectors. However, the 
AgNP@GO photodetector shows the opposite polarity in its 
photoresponse when illuminated with UV-C or UV-A light 
(Figure  4c,d). In Figure  4c,d transients of the photocurrent 
signals of AgNP@GO can be reversibly switched at 254 and 
at 365  nm in contrast to the traditional GO photodetector. 
The photodetector also demonstrated repeatable and con-
sistent output currents during the periodic on/off meas-
urements. Although the AgNP@GO photodetector shows 
a high performance, it is accompanied by a relatively slow 
response time. Hot electrons generated by surface plasmons 
are eventually damped, therefore the inevitable nonradiative 
plasmon decay of hot electrons by Ag NPs serves as a para-
sitic process that limits the performance of the AgNP@GO 
photodetector.[19]

Comparison of the performance of our photodetector with 
gallium oxide heterostructures and nongallium oxide based 
photodetectors is provided in Table 2. Compared with litera-
ture reports of GO photodetectors, the performance of our 
AgNP@GO photodetector is superior to a number of different 
UV photodetectors (see Table 2).

The obtained performance parameters of the 
AgNP@GO photodetector not only shows spectrally dependent 
photocurrents and surpasses traditional GO photodetectors but 
also beats the commercially available UV photodetectors based 
on silicon (Thor Labs), AlGaN and diamond.[20]

A mechanism of the Au/GO/Au self-powered UV photode-
tector can be rationalized based on band theory. The electron 
affinity (χ) of the GO is ≈4.0 eV, which is lower than the work 
function (ϕM) of the Au metal (5.10 eV). So, the Fermi level of 
GO lies above the Fermi level of the Au metal. Hence, an equi-
librium can be achieved by transporting the electrons from the 
Fermi level of the GO to that of the Au metal. This equalizes 
the mismatch in Fermi levels of both GO and the Au metal.[15] 
Ultimately the Au metal has more electrons compared to that 
of GO. Thus, a net negative charge develops at the Au metal 
side, while the GO side develops a net positive charge, cre-
ating a  potential barrier height when Au metal and GO are 
aligned together which generally refers as Schottky  barrier 
height. However, it was noted that the Schottky barrier height 
in metal–semiconductor–metal (M–S–M) junctions with two 
back-to-back contacts is also critically affected by the interfacial 
defects and adsorption at the interface of metal and semicon-
ductor.[15,25] Therefore, the variance in the interfacial defects on 
the surface of metal/semiconductor/metal cause asymmetric 
behavior of Schottky barrier height at the two interfaces and 
responsible for photoconduction even at zero bias condition 
of photodetector. The similar behavior of asymmetric Schottky 
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Table 1. Photoresponse properties. Calculated photoresponse proper-
ties for the fabricated photodetector under monochromatic 250  nm 
illumination.

Sample Rƛ [A W−1] D* [Jones] EQE [%]

GO UV-C
UV-A

88.02
1.02

5.38 × 1013

6.23 × 1011

4.36 × 104

3.16 × 102

AgNP@GO UV-C
UV-A

251.74
12.62

3.38 × 1014

1.69 × 1013

1.24 × 105

3.91 × 103
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barrier height was also observed in our previous study and 
other studies reported in literature.[3,a,25,26]

Figure 5c,d describes the band alignment of Ag NP with 
the GO thin film. The higher work function of the Ag NPs 
(4.26  eV) compared to the GO electron affinity (χ) leads to 
downward band bending of GO which creates a  Schottky  bar-
rier as shown in  Figure  5c,d. Figure  5c demonstrates the 
working of the AgNP@GO photodetector when irradiated 
with 254  nm (4.88  eV)  deep UV-C light. At UV-C the Ag NP 
does not show a plasmonic response and as a result it is not a 
source of hot electrons. For simplicity, the excitation of charge 
carriers and nonradiative interband transition by Ag NP is not 

discussed. Simultaneously, at UV-C illumination there is a pro-
nounced generation of e–h pairs at the GO. The electrons rise 
from the valence band (VB) of GO to its conduction band (CB) 
while leaving the holes in VB. These e–h pairs separate at the 
semiconductor/metal interfacial region, which causes a change 
in the direction of the photocurrent as shown in Figure 5c.

However, in Figure  5d when the AgNP@GO photodetector 
is irradiated with the UV-A light, then a reversal in the direc-
tion of the current is observed. Herein, the Ag NP dominantly 
absorbs the UV-A light as Ag NPs has a high absorbance band 
in the UV-A region (Figure 1d). Under UV-A illumination, the 
electrons are excited to an electron energy higher than the EC 

Adv. Optical Mater. 2020, 2000212

Figure 4. a,b) Repeated on–off I–T switching of the GO photodetector at 0 V bias with a) UV-C and b) UV-A light and c,d) repeated on–off I–T switching 
of the AgNP@GO NP photodetector at 0 V bias with c) UV-C and d) UV-A illumination.

Table 2. Comparison of AgNP@GO photodetector with other UV photodetectors. The AgNP@GO photodetector shows higher performance and a 
unique spectrally distinct polarity of its photocurrent.

Materials Rƛ [A W−1] EQE [%] Detectivity [Jones] Comments Dual-mode Ref.

GO/Au nanowire array 1 × 10−5 – – Ultrafast No [6c]

GO/Ga:ZnO
ZnO/Ga2O3

GO
GO/NSTO
GO
AgNP@GO

0.76 × 10−3

9.7 × 10−3

1.4 × 10−3

2.6 × 10−3

150
251.74

–
–

≈0.5
≈2.1 × 104

7.39 × 104

≈1.24 × 105

–
2.58 × 1012

–
–
–

3.38 × 1014

–
–
–
–

Spectrally distinctive 
Polarity-switchable 

response

No
No
No
No
No
Yes

[21]
[22]
[23]
[7c]
[24]

This work
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of GO. Now, both nonradiative and radiative plasmon cause 
the injection of hot electrons into the GO, which increase the 
conductivity of the Ag@GO photodetector. Since, the wave-
length of the UV-A light is larger than the bandgap of GO, the 
direct carrier (VB to CB) generation is negligible. Thus, the 
photocurrent changes its direction.

Our experimental validation (Figure  5e,f) under UV-C and 
UV-A illumination (an off-resonance and on-resonance condi-
tion) verified our hypothesis (see Figure 5e,f). Comparisons pre-
sent that the UV-C illuminated AgNP@GO photodetector has a 
positive photocurrent of 5.43 × 10−10 A and a photoresponsivity 
of 0.157 × 10−4 A W−1 (Figure 5e). In contrast, the UV-A irradi-
ated AgNP@GO photodetector shows a negative photocurrent 
of −6.47 × 10−10 A with a photoresponsivity of 3.53 × 10−4 A W−1 
(Figure 5f).

3. Conclusions

In summary, the introduction of Ag NPs on a GO surface 
enhances the UV photoresponsivity of the GO and gives rise 
to photocurrents with opposite sign for UV-C and UV-A illu-
mination, making it a promising dual band photodetector. The 
AgNP@GO based photodetector shows a dramatically enhanced 
responsivity, EQE, photoconductivity, and detectivity compared 
to bare GO thin films. The vacuum-based fabrication permits the 
tuning of the NP shape and material composition which can be 

used to further engineer the spectral bands of this UV detector. 
Our study suggests a new class of AgNP enhanced gallium oxide 
composites as promising UV-sensitive optoelectronic devices.

4. Experimental Section
Growth of GO Thin film: GO thin films were fabricated using radio 

frequency magnetron sputtering from a 99.999% pure 2 in. diameter 
Ga2O3 target onto p-Si (100) substrates. Prior to deposition, the Si 
substrate was cleaned by the procedure described previously.[3a] The 
well-cleaned substrates were dried with a nitrogen jet and loaded 
into the sputtering chamber (base pressure of ≈8  ×  10−7  Torr). The 
sputtering power and deposition pressure was fixed at 100  W and 
3  mTorr, respectively, for the entire deposition. Before deposition, the 
substrate temperature was increased from 25 to 650  °C in 110  min 
and the substrate was heated to 650 °C for 30 min, to facilitate surface 
reconstruction and annealing of the substrate. Subsequently, a seed 
layer of (≈15  nm) of GO at 700  °C is deposited on the substrate. 
This seed layer is used to minimize the effect of the lattice mismatch 
between silicon and the GO film. After the deposition of the seeds at 
high temperature, the substrate is post annealed at 650 °C for 30 min, 
to obtain an epitaxial-like film of GO such that the differential thermal 
expansion stresses between the silicon substrate and the GO film is 
reduced. Finally, a thin layer of GO (≈300 nm) is deposited at 650 °C. A 
schematic of the temperature profile and the different steps during the 
deposition of gallium oxide is shown in Figure 1a.

After the deposition of the gallium oxide thin film, Ag nanoparticles 
were deposited using the GLAD technique.[27] The sample was loaded 
in a high vacuum chamber with an electron beam evaporator. The 

Figure 5. a,b) Schematic representation of the AgNP@GO photodetector response under UV-C and UV-A illumination. c,d) Band alignment of  
AgNP@GO showing possible electron conduction via transfer of electrons through bandgap edge emission and internal photoemission (IPE) into 
GO from AgNPs under solar blind (UV-C) and UV-A illumination, respectively. (e) and (f) show the single cycle transient response for AgNP@GO 
showing spectrally distinctive light
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substrate was tilted so that the vapor flux was incident onto the sample 
at glancing angles (87° between the substrate normal and the vapor 
flux). During the growth, the substrate was slowly rotated in-plane to 
allow the uniform growth of the Ag nanoparticles (see schematic in 
Figure  1b). After the growth, the sample was annealed at 200° C for 
30  min which improves the uniformity of the Ag nanoparticles on the 
gallium oxide surface.

To fabricate the coplanar metal semiconductor metal structure for 
high sensitive photdetection the gold/chromium (Au/Cr) of 150/5  nm 
electrodes were deposited on top of GO and AgNP@GO thin films 
with a thermal evaporator via an interdigitated physical shadow mask. 
The fingers of the Au/Cr contact electrodes were 100  µm in width and 
2800 µm in length, with an interval spacing of 200 µm, and the sum of 
finger pairs was 8. The area of the active region after the deposition was 
0.028  cm2. The samples were annealed at 250  °C for 20  min after the 
electrode deposition, to increase the adhesion of the Au/Cr electrodes to 
the gallium oxide layer.

The morphology and elemental mapping of the AgNP@GO thin 
film was examined with a FE-SEM (Jeol) equipped with EDS. GIXRD 
(PANalytical) patterns were recorded using a diffractometer with a Cu 
Kα (λ  =  1.54  Å) source. Absorption spectra were taken with a Perkin 
Elmer LAMBDA-950 UV–vis–NIR spectrophotometer. The morphology 
of the deposited layer was examined by atomic force microscopy (Bruker 
Multimode 8) in tapping mode. The current–voltage (I–V) curves were 
recorded with a Keithley 6430 source/measure unit in the dark and under 
different light illumination conditions in the wavelength range from 
250 to 555  nm using a 75  W xenon arc lamp and chopper connected 
to a Bentham PVE300 photovoltaic EQE system and a monochromator 
(TMc 300). The time-resolved photoresponse of the photodetectors 
in UV-C and UV-A are recorded using 254 and 365  nm lamp sources 
having the intensities of 113 and 68 µW cm−2, respectively. All the above 
measurements were carried out inside an optically sealed chamber 
under ambient conditions.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
The authors sincerely acknowledge funding through the 
interdisciplinary Indian Institute of Technology (IIT) Ropar and Defence 
Research and Development Organization (DRDO) project (ERIP/
ER/201612009/M/01/1714).

Conflict of Interest
The authors declare no conflict of interest.

Keywords
dual wavelength, hot electrons, plasmons, polarity reversion, solar-blind 
photodetectors

Received: February 6, 2020
Revised: April 24, 2020

Published online: 

[1] J. N.  Tinsley, M. I.  Molodtsov, R.  Prevedel, D.  Wartmann, 
J. Espigulé-Pons, M. Lauwers, A. Vaziri, Nat. Commun. 2016, 7, 12172.

[2] a) D.  Basak, G.  Amin, B.  Mallik, G.  Paul, S.  Sen, J. Cryst. Growth 
2003, 256, 73; b) P. Feng, J. Zhang, Q. Li, T. Wang, Appl. Phys. Lett. 
2006, 88, 153107.

[3] a) K. Arora, N. Goel, M. Kumar, M. Kumar, ACS Photonics 2018, 5, 
2391; b) D. Guo, Z. Wu, Y. An, X. Guo, X. Chu, C. Sun, L. Li, P. Li, 
W.  Tang, Appl. Phys. Lett. 2014, 105, 023507; c) C.  Xie, X. T.  Lu,  
X. W. Tong, Z. X. Zhang, F. X. Liang, L. Liang, L. B. Luo, Y. C. Wu, 
Adv. Funct. Mater. 2019, 29, 1806006.

[4] a) C. Tian, D. Jiang, B. Li, J. Lin, Y. Zhao, W. Yuan, J. Zhao, Q. Liang, 
S. Gao, J. Hou, ACS Appl. Mater. Interfaces 2014, 6, 2162; b) J. Yu,  
C. X.  Shan, X. M.  Huang, X. W.  Zhang, S. P.  Wang, D. Z.  Shen, 
J. Phys. D: Appl. Phys. 2013, 46, 305105; c) S.  Lu, J.  Qi, S.  Liu, 
Z. Zhang, Z. Wang, P. Lin, Q. Liao, Q. Liang, Y. Zhang, ACS Appl. 
Mater. Interfaces 2014, 6, 14116.

[5] P. Sandvik, D. Brown, J. Fedison, K. Matocha, J. Kretchmer, J. Elec-
trochem. Soc. 2005, 152, G199.

[6] a) D.  Guo, H.  Shi, Y.  Qian, M.  Lv, P.  Li, Y.  Su, Q.  Liu, K.  Chen, 
S. Wang, C. Cui, Semicond. Sci. Technol. 2017, 32, 03LT01; b) P.  Li, 
H. Shi, K. Chen, D. Guo, W. Cui, Y. Zhi, S. Wang, Z. Wu, Z. Chen, 
W.  Tang, J. Mater. Chem. C 2017, 5, 10562; c) X.  Chen, K.  Liu, 
Z.  Zhang, C.  Wang, B.  Li, H.  Zhao, D.  Zhao, D.  Shen, ACS Appl. 
Mater. Interfaces 2016, 8, 4185; d) L.  Li, E.  Auer, M.  Liao, X.  Fang, 
T. Zhai, U. K. Gautam, A. Lugstein, Y. Koide, Y. Bando, D. Golberg, 
Nanoscale 2011, 3, 1120.

[7] a) Y.  Teng, L. X.  Song, W.  Liu, Z. Y.  Xu, Q. S.  Wang, M. M.  Ruan, 
J. Mater. Chem. C 2016, 4, 3113; b) Y. Qin, S. Long, Q. He, H. Dong, 
G.  Jian, Y.  Zhang, X.  Hou, P.  Tan, Z.  Zhang, Y.  Lu, Adv. Electron. 
Mater. 2019, 5, 1900389; c) D. Guo, H. Liu, P. Li, Z. Wu, S. Wang, 
C.  Cui, C.  Li, W.  Tang, ACS Appl. Mater. Interfaces 2017, 9, 1619; 
d) Y. An, X. Chu, Y. Huang, Y. Zhi, D. Guo, P.  Li, Z. Wu, W. Tang, 
Prog. Nat. Sci.: Mater. Int. 2016, 26, 65.

[8] a) J. A.  Schuller, E. S.  Barnard, W.  Cai, Y. C.  Jun, J. S.  White,  
M. L. Brongersma, Nat. Mater. 2010, 9, 193; b) E.  Laux, C. Genet, 
T.  Skauli, T. W.  Ebbesen, Nat. Photonics 2008, 2, 161; c) M.  Dai, 
H.  Chen, R.  Feng, W.  Feng, Y.  Hu, H.  Yang, G.  Liu, X.  Chen, 
J. Zhang, C.-Y. Xu, P. Hu, ACS Nano 2018, 12, 8739; d) Y. Cui, Y. He, 
Y. Jin, F. Ding, L. Yang, Y. Ye, S. Zhong, Y. Lin, S. He, Laser Photonics 
Rev. 2014, 8, 495.

[9] X. D. Gao, G. T. Fei, S. H. Xu, B. N. Zhong, H. M. Ouyang, X. H. Li, 
L. De Zhang, Nanophotonics 2019, 8, 1247.

[10] a) D. Paria, K. Roy, H. J. Singh, S. Kumar, S. Raghavan, A. Ghosh, 
A.  Ghosh, Adv. Mater. 2015, 27, 1751; b) D.  Paria, H.-H.  Jeong, 
V.  Vadakkumbatt, P.  Deshpande, P.  Fischer, A.  Ghosh, A.  Ghosh, 
Nanoscale 2018, 10, 7685.

[11] A. Kushwaha, M. Aslam, J. Appl. Phys. 2012, 112, 054316.
[12] A. Manjavacas, J. G. Liu, V. Kulkarni, P. Nordlander, ACS Nano 2014, 

8, 7630.
[13] G.  Tagliabue, A. S.  Jermyn, R.  Sundararaman, A. J.  Welch,  

J. S.  DuChene, R.  Pala, A. R.  Davoyan, P.  Narang, H. A.  Atwater, 
Nat. Commun. 2018, 9, 3394.

[14] P. Zhang, S. Li, C. Liu, X. Wei, Z. Wu, Y.  Jiang, Z. Chen, Nanoscale 
Res. Lett. 2014, 9, 519.

[15] S. M.  Sze, K. K.  Ng, Physics of Semiconductor Devices, Wiley,  
New York 2006.

[16] a) A.  Singh Pratiyush, S.  Krishnamoorthy, S.  Vishnu Solanke, 
Z. Xia, R. Muralidharan, S. Rajan, D. N. Nath, Appl. Phys. Lett. 2017,  
110, 221107; b) H.  Chen, P.  Yu, Z.  Zhang, F.  Teng, L.  Zheng, K.  Hu, 
X. Fang, Small 2016, 12, 5809; c) W. Y. Kong, G. A. Wu, K. Y. Wang,  
T. F. Zhang, Y. F. Zou, D. D. Wang, L. B.  Luo, Adv. Mater. 2016, 28, 
10725.

[17] a) M. I. Saidaminov, V. Adinolfi, R. Comin, A. L. Abdelhady, W. Peng, 
I. Dursun, M. Yuan, S. Hoogland, E. H. Sargent, O. M. Bakr, Nat. 
Commun. 2015, 6, 8724; b) R. Dong, Y. Fang, J. Chae, J. Dai, Z. Xiao, 
Q.  Dong, Y.  Yuan, A.  Centrone, X. C.  Zeng, J.  Huang, Adv. Mater. 
2015, 27, 1912.



www.advancedsciencenews.com

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim2000212 (9 of 9)

www.advopticalmat.de

Adv. Optical Mater. 2020, 2000212

[18] G.  Konstantatos, I.  Howard, A.  Fischer, S.  Hoogland, J.  Clifford, 
E. Klem, L. Levina, E. H. Sargent, Nature 2006, 442, 180.

[19] a) J. B. Khurgin, Nat. Nanotechnol. 2015, 10, 2; b) W. Wang, A. Klots, 
D.  Prasai, Y.  Yang, K. I.  Bolotin, J.  Valentine, Nano Lett. 2015, 15, 
7440.

[20] a) W.  Jiang, J.  Ahn, C. Y.  Chuen, L. Y.  Loy, Rev. Sci. Instrum. 1999, 
70, 1333; b) J.  You, X.  Zhang, S.  Zhang, J.  Wang, Z.  Yin, H.  Tan, 
W.  Zhang, P.  Chu, B.  Cui, A.  Wowchak, Appl. Phys. Lett. 2010, 
96, 201102; c) A. M.  Chowdhury, G.  Chandan, R.  Pant, B.  Roul,  
D. K. Singh, K. K. Nanda, S. B. Krupanidhi, ACS Appl. Mater. Inter-
faces 2019, 11, 10418; d) E. Cicek, R. McClintock, C. Cho, B. Rahnema, 
M.  Razeghi, Appl. Phys. Lett. 2013, 103, 191108; e) A.  BenMoussa, 
J.  Hochedez, U.  Schühle, W.  Schmutz, K.  Haenen, Y.  Stockman, 
A.  Soltani, F.  Scholze, U.  Kroth, V.  Mortet, Diamond Relat. Mater. 
2006, 15, 802.

[21] Z.  Wu, L.  Jiao, X.  Wang, D.  Guo, W.  Li, L.  Li, F.  Huang, W.  Tang, 
J. Mater. Chem. C 2017, 5, 8688.

[22] B. Zhao, F. Wang, H. Chen, L. Zheng, L. Su, D. Zhao, X. Fang, Adv. 
Funct. Mater. 2017, 27, 1700264.

[23] A. S. Pratiyush, S. Krishnamoorthy, S. Kumar, Z. Xia, R. Muralidharan, 
S. Rajan, D. N. Nath, Jpn. J. Appl. Phys. 2018, 57, 060313.

[24] Y. Xu, Z. An, L. Zhang, Q. Feng, J. Zhang, C. Zhang, Y. Hao, Opt. 
Mater. Express 2018, 8, 2941.

[25] a) A. J.  Chiquito, C. A.  Amorim, O. M.  Berengue, L. S.  Araujo,  
E. P.  Bernardo, E. R.  Leite, J. Phys.: Condens. Matter 2012, 24, 
225303; b) M.-Y. Lu, M.-P. Lu, S.-J. You, C.-W. Chen, Y.-J. Wang, Sci. 
Rep. 2015, 5, 15123.

[26] a) Q.  An, X.  Meng, K.  Xiong, Y.  Qiu, Sci. Rep. 2017, 7, 4885; 
b) S. Cui, Z. Mei, Y. Zhang, H. Liang, X. Du, Adv. Opt. Mater. 2017, 
5, 1700454.

[27] a) A. G.  Mark, J. G.  Gibbs, T.-C.  Lee, P.  Fischer, Nat. Mater. 2013, 
12, 802; b) M. Matuschek, D. P. Singh, H. H.  Jeong, M. Nesterov, 
T.  Weiss, P.  Fischer, F.  Neubrech, N.  Liu, Small 2018, 14, 1702990; 
c) K. Robbie, M. Brett, J. Vac. Sci. Technol., A 1997, 15, 1460.


