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A Surface Plasmon Enhanced Near-Infrared

Nanophotodetector

Lin-Bao Luo,* Yi-Feng Zou, Cai-Wang Ge, Kun Zheng, Dan- Dan Wang, Rui Lu,
Teng-Fei Zhang, Yong-Qiang Yu, and Zhong-Yi Guo*

In this work, we present a plasmonic near infrared light photodetector for the
detection of 980 nm illumination. The plasmonic photodetector is fabricated
by modifying single layer graphene (SLG)/InP Schottky junction diode with
SiO, encapsulated gold nanorods (SiO,@AuNR), which can confine the
incident NIR light by inducing obvious localized surface plasmon resonance,
according to theoretical simulation based on finite element method. This
study shows that after decoration with plasmonic SiO,@AuNR, the device
performance in terms of photocurrent and responsivity is considerably
enhanced. In addition, the device exhibited a very fast respose rate which is
able to monitor switching optical signals with a frequency as high as 1 MHz,
suggesting a potential application for sensing high-frequency optical signals.
This study manifests that the present plasmonic NIR photodetector will have

great potential in future optoelectronic devices application.

1. Introduction

As an important range in electromagnetic wave, infrared light
(IR) has been widely used for both military (e.g., navigation,
night vision, aerospace, and weapons detection)!! and civil pur-
poses (e.g., communications, medical imaging, atmospheric
sounding, pollution control, meteorology, and environmental
monitoring).Z To date, a number of narrow band-gap semi-
conductor materials including group III-V semiconductors
(e.g., InP, InSb, and GaAs),’™ group II-VI semiconductors
(CdTe),[8 group IV semiconductors (carbon nanotubes, Ge,
and Si),™ and ternary semiconductors (e.g., CdSeTel'?l and
HgCdTe™)) have been employed to fabricate numerous highly
sensitive IR photodetectors (IRPDs) with different kinds of
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device geometries (quantum well IRPDs,
quantum dots IRPD, and Schottky-barrier
IRPD).1) Among the various photosen-
sitive semiconductor materials, indium
phosphide (InP) with a direct band gap
of 1.35 eV which corresponds to the near-
infrared (NIR) light has received special
research interest lately. Due to the unique
property of InP nanostructures, including
high thermal conductivity, high carrier
mobility, large absorption coefficient in
the near IR (NIR) range, easy synthesis,
and excellent compatibility with modern Si
technology, great efforts in the past decade
have been devoted to the development
of various highly sensitive NIRPDs with
device configuration of p*—i—n™,I% p—n,[1°]
InP/InAs quantum dot (QD), and so on.["”]
These devices either exhibited large on/off ratio, high conduc-
tive gain, or fast response rate. Despite these progresses, it is
undeniable that most of the InP nanostructure-based devices
mentioned above normally suffered from low responsivity and
detectivity, which is mainly owing to the relatively small photon
absorption cross-section.

A possible solution to this dilemma is to introduce noble
metal nanostructures (Au or Ag nanoparticles) within the
devices. It has been widely reported that plasmonic metal nano-
particles can induce strong localized surface plasmon resonance
(LSPR), which will lead to very strong electromagnetic field
around their surfaces. By this token, noble metal nanoparticles
such as AuNPs and AgNPs have been widely regarded as one of
the most efficient light confining elements to boost the some
light-harvesting related optoelectronic devices including light
emitting diodes (LEDs),["®1% nanoantennas,?% solar cell,[?!-23]
photodetectors,?*25] and photocatalysts.l?l Enlighted by these
works, we herein report a highly sensitive NIR photodetector
which was fabricated by decorating plasmonic nanostructures
on the surface of a graphene/semiconductor hybrid hetero-
junction, which represents a new class of material system, and
has lately enormously emerged as a highly promising building
blocks for fabricating high performance optoelectronic devices
including solar cell,?-2 photodetectors, 3932 lasers,3334 LEDs,
and so on.’>3¢ Both experimental analysis and theoretical
simulation based on finite element method (FEM) reveal that
the plasmonic SiO,@AuNRs can induce obvious LSPR band at
~980 nm. Further device analysis reveals that the as-assembled
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Figure 1. a) The schematic illustration of the SiO,@AuNRs decorated SLG/InP NIRPD. b) TEM image of the SiO,@AuNRs on SLG film. c) Elemental
mapping profile of the SiO,@AuNRs. d) EDS analysis of the SiO,@AuNRs nanostructure. e) Statistical distribution of the length/diameter ratios of
the SiO,@AuUNR, the inset shows a HRTEM image of a typical AuNR. f) Raman spectrum of the single-layer graphene film.

SiO, @AuNRs-single layer graphene (SLG)/InP diode exhibits
typical photovoltaic behavior which makes it possible to detect
980 nm light at zero bias voltage with good reproducibility. It
is also found that after modification with plasmonic SiO,@
AuNRs, some of the key parameters, including photocurrent,
responsivity, and response rate, were considerably enhanced.
We believed this study will offer new solutions to the develop-
ment of high-performance optoelectronic devices in the future.

2. Results and Discussion

Figure 1a schematically shows the device geometry of the
concept-of-proof NIRPD which is composed of n-type single
crystalline InP wafer and SLG film decorated with SiO,-coated
AuNRs (SiO, @AuNRs). From the transmission electron micro-
scope (TEM) image shown in Figure 1b, it is seen that SLG
layer has been covered a number of SiO,@AuNRs, with a cov-
erage ratio of 60%-70%. The shell/core SiO,@AuNRs can be
easily distinguished in the TEM image due to their distinctive
difference in contrast (Figure 1c). The average length and diam-
eter of the AuNRs are =89 and 16 nm, respectively, yielding an
average aspect ratio (length/diameter) of 5.6 (Figure 1d). What
is more, the length and diameter of the SiO, shell are =110 and
68 nm, respectively. Further elementary mapping profile of
the Si, O, and Au atoms shows that the AuNRs are uniformly
coated with SiO, layer (The strong Cu signal comes from the
Cu grid during energy-dispersive X-ray spectroscopy study,
EDS study). According to the high resolution TEM (HRTEM)
shown in the inset of Figure le, the d-spacing of adjacent inter-
plane perpendicular to the preferential growth orientation is

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

calculated to be =0.20 nm, which corresponds to the (200) plane
of Au (JCPDF No. 04-0784). Raman spectrum of the graphene
layer in Figure 1f shows a 2D peak (=2680 cm™) and a G peak
(=1590 cm™) with an intensity ratio of 2.42, indicative of the
high quality of the SLG film. The weak D peak at ~1340 cm™
signifies a very low amount of defects.l”:38

Theoretical simulation based on FEM was carried out to
study the optical property of SiO,@AuNR. Figure 2b shows the
simulated absorption of the SiO,@AuNR with different aspect
ratios (the aspect ratio, namely L/W is defined as the length/
width of the AuNRs; see Figure 2a). It is visible that all the
SiO,@AuNR structures exhibit strong absorption due to LSPR.
Notably, when the L/W increases from 3 to 7.5, the absorption
was observed to from visible light (700 nm) to near-infrared
light (1150 nm). The observed LSPR bands are completely dif-
ferent from both Au nanospheres and Au nanoparticles, whose
LSPR are usually located at =520 nm.’” Such a shift can be
ascribed to the high sensitivity of LSPR band to the surrounding
dielectrics, as well the morphology of the nanostructures.*’
Figure 2d-f shows the electric field distribution of SiO,@AuNR
with L/W of 7.5, 5.6, and 3, respectively. One can see clearly
that when shined by light illumination, all the SiO,@AuNRs
will act as an “optical antenna” that can trap the incident light
as a result of plasmonic near-field coupling. Among the three
kinds of core-shell nanostructures, the SiO,@AuNRs with
a L/W of 3 exhibits a relatively weak LSPR. In addition to the
aspect ratio of AuNRs, the thickness of the SiO, sheath can
tune the location of LSPR band as well. Figure 2c exhibits the
theoretical absorption of the AuNRs coated by SiO, layer with
thickness of 0, 40, 60, and 90 nm. Obviously, with the increase
of SiO, thickness, the LSPR band will gradually redshift from
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Figure 2. a) Schematic diagram of SiO,@AuNRs model used in our simulation. b) Theoretical absorption curves of an individual SiO,@AuNR with a
constant SiO, thickness and aspect ratio of 7.5, 5.6, and 3.0, the corresponding electric field distribution (unit: W m™) is shown in (d)—(f), respectively.
c) Theoretical absorption curves of individual SiO,@AuUNR with different SiO, thickness, the length/diameter ratio is set to be 5.6. The corresponding
electric field distribution (unit: W m™") is shown in (g)—(i). The E field intensity of the light source in the simulation is 188.37 V. m™.

900 to 1050 nm. Although these plasmonic nanostructures
will slightly reduce the absorption of the SLG/InP heterojunc-
tion due to shading effect, the overall absorption of the SiO,@
AuNR-SLG/InP was obviously increased in comparison with
that of the pure SLG/InP without any functional modification.
More importantly, owing to the strong LSPR of the SiO,@
AuNR, the resulting near-field enhancement will be beneficial
for the light detection.

Figure 3a plots the experimental absorption curves of SiO,@
AuNRs, and SLG/InP Schottky junction devices with and without
surface decoration. It can be seen that the SLG/InP exhibits
obvious enhancement of light absorption in the range from
600 to 1100 nm (the peak absorption is at =950 nm) after the
decoration of SiO,/AuNRs, which displays obvious absorption
in that range. This result is in consistence with the theoretical
simulation shown in Figure 3b. As a matter of fact, such an
enhanced absorption due to surface modification is also verified

Adv. Optical Mater. 2016, 4, 763—771
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by theoretical simulation of both devices based on FEM as shown
in Figure 3c, from which one can see that the SiO,@AuNRs with
an aspect ratio of 5.6 can induce large-area and strong hot spots
(area with high electric energy) when excited by light with a wave-
length of 980 nm (Note that the E field intensity is dependent on
the distance between SiO,@AuNRs; see Figure S1 in the Sup-
porting Information). Nonetheless, increasing or decreasing the
irradiation wavelength will cause weak enhancement in elec-
tric field. In light of this, the present plasmonic device will be
employed to detect illumination with wavelength of ~980 nm.

To evaluate the effect of the plasmonic SiO,@AuNRs on the
optoelectronic property of InP Schottky junction, the current
density-voltage (J-V) curve of the NIRPD with and without
SiO,@AuNRs in dark and under NIR light (A = 980 nm,
6.7 mW cm~2) was studied. As shown in Figure 4a, both devices
show clear rectifying behavior. The corresponding rectification
ratios are calculated to be 84.1 for the SLG/InP device and 69.7
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Figure 3. a) Experimental absorption curves of SiO,@AuNRs, SLG/InP, and SiO,@AuNRs decorated SLG/InP. b) Theoretical simulation of absorption
of SLG/InP and SiO,@AuNRs decorated SLG/InP. c) Electric field (unit: W m™) distribution of SLG/InP decorated with SiO,@AuNRs under light
illumination with wavelength of 700, 980, and 1200 nm, the aspect ratio of the simulated SiO,@AuNRs is set to be 5.6.

for the SiO,@AuNRs-SLG/InP, respectively. By fitting the -V
curves using thermionic emission base on diode equation (see
the Supporting Information),*!l the Schottky barrier heights
of SLG/InP and SiO,@AuNRs-SLG/InP were estimated to be
0.75 and 0.70 eV, respectively. Such a slight increase in barrier
height may be associated with increase of work function, which
is obviously due to the surface decoration of SiO,/AuNRs. Fur-
ther careful examination of the J-V curves find that both devices
exhibits apparent photovoltaic characteristic (inset of Figure 4a),
the open-circuit voltage (Voc) and the short-circuit current den-
sity (Jsc) are estimated to be 0.17/0.11 V and 207/65 pA cm™
for SiO,@AuNRs-SLG/InP and SLG/InP devices, respectively.
As discussed later, the enhancement in both Vo and Jsc is
associated with the LSPR effect of SiO,@AuNRs under 980 nm
illumination. It should be pointed out that although the power
conversion efficiency is very low (only =0.52%), the present
plasmonic device can act as a low-consumption device that is
capable of detecting NIR illumination without external power
supply. Figure 4b shows the photoresponse of the two devices
at zero bias voltage when illuminated by 980 nm illumination
which were switched on and off alternatively. We can see that
both devices can be readily switched between low and high
resistance states with very good reproducibility. Specifically,
the photocurrent for SiO,@AuNRs decorated device is 101 pA
which is much higher than that without decoration (29 pA),
and the on/off ratios are estimated to be 776 and 230 for the
decorated and undecorated devices, respectively. Further photo-
current study at different light intensity reveals that the pho-
tocurrent (I) of SiO,@AuNRs-SLG/InP device exhibits high

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

dependence on the intensity of excitation light. As exhibit in
Figure 4c, the photocurrent of the plasmonic NIRPD increases
gradually with the increasing illumination intensity. In fact,
such a light intensity dependent photocurrent can be simply
described by a simple power law: I, = AP?, where A is a con-
stant for the incident light and the exponent 6 (0.5 < 6 < 1)
determines the response of photocurrent to light intensity. By
fitting the equation to the experiment data, 6 is estimated to be
0.95 (Figure 4d). This value close to 1 suggests the high quality
of the device.[*2*3]

The responsivity (R) and detectivity (D), two key device
parameters for NIR photodetector, were calculated by the fol-
lowing equations

-1\ _ I hoto ql
R(AW )_PT_U(E G (1)
D =R |Aor_ )
qudark

where I, is the photocurrent, I4 is the dark current, P,y is
the incident light power, 1 is the quantum efficiency (n =
3.96% for undecorated device and n = 14.70% for decorated
device, respectively; see the Supporting Information),*0*h is
the Planck constant (6.626 x 1073* | s), ¢ is the speed of light
(2.997 x 10® m s71), A is the light wavelength (980 nm), A is the
active area of the device, and q is the unit of elementary charge
(1.6 x 107! C), respectively. In this study, the light intensity
is 6.7 mW cm™2, and the area of the SiO,@AuNRs-SLG/InP

Adv. Optical Mater. 2016, 4, 763771
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Figure 4. a) Typical |-V characteristics of the SLG/InP and the SLG/InP decorated with SiO,@AuNRs, the inset shows the photovoltaic characteristics
near the zero bias, the light intensity is 6.7 mw cm™2. b) Photoresponse of two representative devices with and without SiO,@AuNRs modification
under 980 nm light illumination at V.5 = 0 V, the light intensity is 6.7 mW cm™. c) Photoresponse of the SiO,@AuNRs decorated SLG/InP NIRPD
under various light intensities. d) The fitting of the relationship between the photocurrent and light intensity.

NIRPD is =0.63 cm? (the device area is the the Schottky junc-
tion area where graphene is in contact with the InP wafer).
Based on the above values, the R and D" were estimated to
be 139.8 mA W' and 10.5 x 10'° cm Hz!/? W1, respectively,
which are much better than the device without SiO,@AuNRs
decoration (46.0 mA W' and 10.5 x 10'° cm Hz!/? W1). The
two parameters are comparable to or relatively smaller than
other InP material-based NIR photodetectors.

Another figure of merit for the NIRPD is the linear dynamic
range (LDR, normally quoted in dB) which is given by

I photo

LDR = 20log (3)

dark

where I is the photocurrent measured at a light intensity of
1 mW cm™2. By using the above equation, the LDR is estimated
to be 51.7 dB which is comparable to other NIRPDs based on
solution-processed PdS nanocrystals (60 dB),*! copper phthalo-
cyanine (CuPc) nanowires (35 dB),*l and InGaAs film (66 dB),
but lower than that of Si-based device (120 dB).*’) This modest
value suggests great room for further device optimization. To
gain a more accurate view of the actual LDR and precisely find
out the minimum optical power which the present device can

Adv. Optical Mater. 2016, 4, 763—771
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distinguish from the noise, we measured the noise current to
calculate the noise equivalent power (NEP) by the following
equation

ApBW i,
NEP="—F—=— (4)
D R
where A,y is the PD area, BW is the bandwidth of the PD,
D" is the detectivity, R is the responsivity, and i, is the noise
current, which is measured using a lock-in amplifier, respec-
tively.*¥] The noise current at different frequencies is plotted
in Figure 5. Based on these values, the NEP is calculated to be
3.75 x 10712 W Hz /2. This value is much poorer than InAs/
AlSb/GaSb millimeter-wave detector (0.24 pW Hz /2),*I but
higher than the GaN/AlGaN/GaN p-i-n ultraviolet photode-
tector (8.3 pW Hz1/2).50
In addition to the modest LDR and low NEP, the present plas-
monic device had a fast response rate. Figure 6a shows the pho-
toresponse of the device under pulsed light illumination which
is generated by a 980 nm laser diode driven by a high-frequency
signal generator. It can be seen that the device can be repeat-
edly switched between high and low conductance states with
excellent reproducibility even under a light pulse with frequency
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Figure 5. Noise current at different frequencies.

as high as 1 MHz. According to the normalized photocurrent at
different frequencies shown in Figure 6¢, the 3 dB bandwidth is
estimated to be 104 kHz (corresponding to the frequency when
the normalized photocurrent decreases from 1 to 0.7071°Y). This

'a\
M“h\‘liir'ﬁ

www.MaterialsViews.com

value is comparable to organohalide perovskite photodetector
(100 kHz)M® but much higher than the devices without decora-
tion (9200 Hz), and II-VI group semiconducting CdS nanor-
ibbon device (369 Hz). 52l To further evaluate the response rate
of the plasmonic NIRPD, one single cycle of photoresponse
under 1 MHz light illumination was plotted in Figure 6b. By
deducing the rise and fall edges, the rise time (7, time interval
for the photocurrent to rise from 10% to 90%) and the fall
time (t; time interval for the photocurrent to decrease from
90% to 10%) were estimated to be 442 and 433 ns, respec-
tively. Such fast response rates are much faster than the SLG/
InP without SiO,@AuNRs (t, = 25.9 ps and 7y = 43.3 ps, see
Figure 6b). In fact, similar phenomena have been observed in
other plasmonic metal-semiconductor nanostructures such as
Ag-Zn0,”3 Au-CdTe,”! and Au-ZnO as well.’* According to
these studies, such an increase in response rate is probably due
to the suppressed exciton recombination after surface modifi-
cation. Figure 6d compares the spectral response of the SLG/
InP Schottky junction devices with and without surface modifi-
cation. It is seen that both devices show apparent sensitivity to
the illumination in the range from 350 to 1100 nm, with peak
sensitivity at 950 nm. However, both of them are virtually blind
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Figure 6. a) Photoresponse of a SiO,@AuNR-SLGF/InP device to pulsed NIR irradiation at a frequency of 100 Hz and 1 MHz. b) The normalized
photocurrent versus switching frequency. c) One normalized cycle measured at 1 MHz for estimating both rise time (t,) and fall time (7). d) Spectral

response of the NIRPD with and without decoration.
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Table 1. Summary of the device performance of the present NIRPD and other InP nanostructure-based devices.

Materials Responsivity T/ Detectivity Jones Reference
SLG/InP 46.1 mA W 25.9/43.3 ps 3.62x 10° This work
SLG/InP with silica@AuNR 139.8 mA W' 441/433 ns 1.05x 100 This work
InP/InAs QD <100 mA W' 1.38 x 107 [55]
InP nanowire 19x10* AW 0.04/1.13 s - [56]
InP/InGaAs quantum well 200 mA W' <1x10'° [57]

to irradiation with wavelength larger than 1100 nm or less than
300 nm. Interestingly, in comparison with the device without
decoration,SiO, @AuNRs-SLG/InP shows an extra sensitivity
at a peak of 500 nm, in consistence with the weak absorption
peak shown in Figure 2a. Table 1 summarizes some of the key
metrics of the present NIRPD and other similar devices. One
can see that, although the responsivity of the present plasmonic
device did not show any obvious advantage, other parameters in
terms of the response rate and detectivity are superior to other
devices based on the InP nanowire (NW) and InP/InGaAs
quantum wire (QW). These excellent device parameters and
good spectral selectivity render our device a potential building
block for future optoelectronic device applications.
Understandably, the enhanced photocurrent and respon-
sivity are related to the following working mechanism. Figure 7
shows the energy band diagram of SLG/InP which has a built-
in potential formed near the interface, due to the different work
functions between the SLG and InP. When irradiated by NIR
illumination, the photogenerated holes—electron (h*-e”) pairs
can be separated by the built-in electric field. The separated
carriers were then transferred to the external circuit through
the contact materials. This photoconductivity effect happens
on condition that the energy of the incident photons is larger
than the bandgap of InP (1.34 eV, 920 nm), which can explain
well the poor sensitivity to irradiation with wavelength longer
than =1000 nm. Notably, the decoration of SiO,@AuNRs will
influence the device performance of SLG/InP Schottky junction

SLG

n-InP

Figure 7. Energy band diagram of the NIR photodetector under light
illumination.
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NIRPD in the following two aspects. (1) The decoration will
slightly increases the Schottky junction barrier from 0.7 to
0.75 eV. As a result, the built-in electric field is strengthened
which is beneficial for the efficient separation of hole—electron
pairs. (2) Under 980 nm light illumination, the incident light
will be easily confined nearly SiO,@AuNRs-SLG/InP device,
such a light trapping effect will enhance the absorption of
incident light, leading to the generation of more holes (h*)-
electrons (e7) pairs and therefore larger photocurrent in com-
parison with that without SiO,@AuNRs decoration. It should
be noted that although a well-defined electron emission theory
had been proposed to account for the enhanced photoelectric
effect after modification with plasmonic nanoparticle,”* unfor-
tunately, this theory is not applicable to this study in that the
AuNRs are not in direct contact with the SLG/InP Schottky
junction diode. The presence of the insulating SiO, nanoshell
will unfavorably prevent the transfer of electrons from
plasmonic AuNR to SLG/InP.

3. Conclusion

In summary, we reported a high-performance NIRPD which
was fabricated by coating SLG/InP Schottky junction diode
with plasmonic SiO,@AuNRs. Optoelectronic analysis reveals
that after surface modification with SiO,@AuNR, some of key
metrics including responsivity, detectivity, and response time
were considerably increased. Furthermore, the linear dynamic
range and noise equivalent power were estimated to be 51.7 dB
and 3.75 x 1072W Hz /2, respectively, which are much better
than other device with similar geometry. Theoretical simula-
tion of the SiO,@AuNR decorated SLG/InP based on FEM
reveals that the optimized device performance is related to the
light confinement effect and localized field enhancement of the
SiO,@AuNRs. This study suggests that the plamonic nanopar-
ticle decorated NIRPD will have potential application in future
optoelectronic devices.

4. Experimental Section

Preparation and Characterization of Silica-Coated AuNRs and SLG Film:
The SiO,-coated AuNRs were prepared by the following two steps: First,
AuNRs were synthesized via a seed-mediated growth method in a binary
surfactants mixture of hexadecyltrimethyl ammonium bromide (CTAB)
and sodium oleate in aqueous solution. Second, the silica coating
was realized via a base-catalyzed hydrolysis of tetraethyl orthosilicate
(TEOS), in which the silica will deposit onto the surface of the AuNRs.
Briefly, 0.25 mL of colloidal AuNRs in the first step was added into a
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mixed solution composed of 15 mL H,0, 8mL EtOH, and 2.4 mL stock
CTAB solution under rigorously stirring for 30 min. The stock CTAB
was prepared by adding 2 g CTAB in a solution of 16.6 mL EtOH and
135 mL H,0, stirring at 50 °C for 30 min to be completely dissolved.
Ammonium solution (3%) was then added to adjust the pH to =10
which is checked by using pH paper in order to avoid bubble. At last,
1.1 mL TEOS was added to the solution. The reaction was completed
after 24 h under rigorously stirring at room temperature. The SLG
films were grown upon 20 pm thick Cu foils through a chemical vapor
deposition method by using a mixed gas of CH, (40 standard cubic
centimeter per minute SCCM) and H, (20 SCCM) as reaction source
at 1000 °C. After growth, the SLG films were spin coated with 5 wt%
polymethylmethacrylate in chlorobenzene and then the underlying Cu
foil was been removed by Marble’s reagent solution (CuSO,: HCl: H,0
=10 g:50 mL:50 mL).

Device Construction and Characterization: To fabricate the SiO,@
AuNRs-SLG/InP  Schottky junction photodetector, single crystalline
n-type InP wafer (the carrier concentration is 3 x 10'® cm) was first
treated by 10% HCl solution for 30 s to remove the native oxide. Then,
an Au film was deposited on the unpolished face of InP wafer as one
electrode. A piece of sellotape was then placed at the edges of the
as-treated InP wafer for the sake of insulation. After that, the above
SLG was transferred onto the polished face of InP wafer and a drop
of silver paste was wiped on the SLG. In order to modify the SLG/InP
interface, 0.8 mg of dry SiO,@AuNRs was first added into a 5 mL of
absolute alcohol solution under vigorous stirring. After being stirred for
more than 10 min, the resulting suspension (=1 mL) was continuously
dropped on the SLG/InP interface by a micropipette with a volume of
50 pL. The electrical characteristics of the NIRPD was carried out on a
Keithley 4200-SCS semiconductor characterization system. During study,
a 980 nm laser (Thorlabs-PPL1055T) was selected as the light source. To
evaluate the response rate of the NIRPD, a home-built setup in which
the fast-switching optical signal was achieved by a laser diode driven
by a high-frequency signal generator and detected by an oscilloscope
(Tektronix, TDS2012B).

Theoretical Simulation: The theoretical simulations of the optical
responses of the selected simulating unit cell were carried out by the
FEM. The refractive index of SiO, is 1.46, and the permittivity of Au and
InP are obtained from luxpop. The size of the nanoparticles in the model
is set to be identical to that obtained from scanning electron microscope
(SEM) image. During calculation, we set the perfect magnetic conductor
boundaries and perfect electrical conductor in the corresponding
boundary of the model. The perfectly matching layers are utilized at the
calculated region boundaries to reduce the influence of light reflection.
A stationary solver is built to solve different frequency light coupling
effect with plasmonic nanostructures.
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