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ABSTRACT
There have been several reports of plasmonically enhanced graphene photodetectors in the visible and the near infrared regime but rarely in
the ultraviolet. In a previous work, we have reported that a graphene-silver hybrid structure shows a high photoresponsivity of 13 A/W at
270 nm. Here, we consider the likely mechanisms that underlie this strong photoresponse. We investigate the role of the plasmonic layer and
examine the response using silver and gold nanoparticles of similar dimensions and spatial arrangement. The effect on local doping, strain,
and absorption properties of the hybrid is also probed by photocurrent measurements and Raman and UV-visible spectroscopy. We find that
the local doping from the silver nanoparticles is stronger than that from gold and correlates with a measured photosensitivity that is larger in
devices with a higher contact area between the plasmonic nanomaterials and the graphene layer.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5138722., s

INTRODUCTION

The spectrally flat, low intrinsic absorption of 2.3% in
graphene1 is large considering it is only an atom thick; however,
it still is a limiting factor for optoelectronics, such as photodetec-
tion applications. Various schemes to enhance the interaction of
light with graphene2–6 have been implemented, of which integration
with plasmonic nanoparticles is particularly attractive.7–10 The sub-
wavelength localization and enhancement of the electric field around
the nanoparticles can lead to a higher responsivity at the plasmon
resonance. They also offer tunability in terms of spectral response,
e.g., by changing the shape, size, and material, or polarization-
response, e.g., by changing the aspect ratio.11 By engineering the
coupling between the plasmonic nanoparticles,12,31 e.g., sandwich-
ing the graphene between two plasmonic nanospheres,13 extremely
sensitive photodetectors have been developed, most of which oper-
ate in the visible to near IR wavelengths. So far, gold has been used
most extensively in the literature due to its stable and nonoxidizing

nature.12,14,15 However, the plasmon resonance for gold lies mostly
in the visible and near IR depending on the geometry and size of
the nanoparticle. On the contrary, silver supports plasmon reso-
nance in the near-UV range making it a better plasmonic material
for enhanced photodetection in the UV.

In our previous work,16 we have reported a hybrid graphene
photodetector by integrating CVD graphene with a large area hexag-
onally patterned array of silver nanoparticles. The device shows high
responsivity across the UV range with two maxima of 3.2 A/W at
the wavelength of λ = 370 nm and 14.5 A/W at λ = 280 nm. The
plasmonic near field enhancement due to silver nanoparticles could
easily explain the high responsivity at λ = 370 nm. The anomalous
response at λ = 280 nm, however, has not been explained and was
assumed to be related to the enhanced density of states of graphene
(Van Hove singularity) around this wavelength (∼250 nm). There
could be a cumulative effect of multiple factors such as enhanced
absorption and effective carrier separation near the singularity aided
by the strong disorder in the graphene due to the transfer process.
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There could be higher injection of photocarriers due to hot electrons
as well. Here, we explore some of these possibilities and investigate
the role of the plasmonic material and the geometrical properties
such as size and spatial arrangement in the anomalous response at
270 nm. We have made devices with gold or with silver nanopar-
ticles of similar dimensions, and we also use silver nanoparticles of
different sizes and spatial order. We first probe the optoelectronic
response of three devices using a photocurrent measurement setup
and study their responsivities in the 250–560 nm wavelength range.
The optical response of the plasmonic substrates is modeled using
COMSOL and verified using UV-visible (UV-vis) optical extinction
spectroscopy. Finally, the role of local doping and strain due to plas-
monic nanoparticles is probed using Raman scattering spectroscopy.

RESULTS AND DISCUSSIONS

Figure 1 shows the schematic of graphene-plasmonic particle
hybrid photodetectors and a representative scanning electron micro-
scope (SEM) image of one of the hybrid geometries used in the
experiments reported here. We compare results from 3 types of
hybrids (details mentioned in Table I). The particle diameters are
approximately 60 nm for silver and 50 nm for gold with a center
to center spacing of 200 nm and 110 nm for devices named “AG
60” and “AU 50,” respectively. They are fabricated using a combina-
tion of block copolymer micellar lithography (BCML) and glancing
angle deposition (GLAD)17 (see the supplementary material for SEM
images). The third substrate, named “AG 120,” has silver nanopar-
ticles of 120 nm diameter fabricated by nanoimprint lithography.
More details on device fabrication are available in the Device fabrica-
tion subsection in the Experimental Section. Commercially available
CVD grown single layer graphene from Log9 Materials is trans-
ferred onto plasmonic substrates using the standard PMMA based
wet transfer method. For electrical characterization, contacts are
fabricated by placing a stencil mask and then evaporating 5 nm
chromium and 60 nm gold in a thermal evaporator. Contacts are
then made to the device by mounting it on the printed circuit board
(PCB) and using epoxy bonding. The IV characteristics were found
to be linear in the range of ±150 mV of the source-drain voltage.
The effective two probe resistance of the devices in dark (nonillu-
minated conditions) and vacuum is 362 Ω, 277 Ω, and 280 Ω for
the AG 60, AU 50, and AG 120 devices, respectively. Gate depen-
dent device resistance was probed to find the doping of graphene
(see Fig. S2 for resistance vs gate voltage measurement for AG 60);

FIG. 1. Graphene-nanoparticle hybrids. (a) Schematic of the hybrid device. The
base nanoparticle layer consists of an array of silver or gold nanoparticles. A CVD-
grown single layer graphene is transferred onto plasmonic substrates using the
wet transfer method. Source drain electrodes are fabricated by depositing 5 nm
chromium and 60 nm gold through a prepatterned stencil mask. (b) SEM image of
the silver-graphene hybrid (AG 120) with a particle diameter of ∼120 nm.

TABLE I. Geometrical and material properties of the three graphene-plasmonic hybrid
devices.

Device Material Diameter (nm) Spacing (nm)

AG 60 Ag 60 200
AG 120 Ag 120 600
AU 50 Au 50 110

however, polymer transfer processes used for large area CVD
graphene, coupled with the local doping from nanoparticles, made
it difficult to perform these measurements for all the three devices.

For the photoresponse measurements, the devices were flood
illuminated under a monochromatic light while the source was
switched on and off repeatedly. Then, the photoswitching responses
of the devices were obtained by modulating the light on time scales
of 10 s (AG 60), 3 s (AU 50), and 3 s (AG 120) corresponding to
the changes in current flowing through each device. For the data
shown in Fig. 2, we used source-drain voltages (Vsd) of 0.35 V
for AG 60 and AU 50 devices and 0.2 V for the AG 120 device.
The devices were subjected to an acclimatization process where
the incident light was kept on for a brief period followed by few
on-off cycles before the final photoresponse was recorded. All the
devices showed positive photoresponse that is the current increased
upon illumination. Typical on-off responses with associated expo-
nential fittings at 270 nm for AG 60 and at 530 nm for AU 50
hybrid are shown in Figs. 2(a) and 2(b). Their corresponding sat-
urated photocurrent and rise times are extracted from the fitting
data.

We further characterize the device response as a function of
wavelength [see Fig. 2(c)] for all the three devices. The responsivi-
ties of AG 60 and AG 120 showed two maxima: the first 1.98 A/W
at λ = 370 nm (AG 60) and 0.15 A/W at λ = 380 nm (AG 120)
and the second 82 A/W (AG 60) and 1.25 A/W (AG 120) at
λ = 270 nm for both devices. The AU 50 device has a maximum
photoresponsivity of 0.08 A/W at λ = 510 nm and shows a pho-
toresponse only up to 460 nm, below which we could only observe
light activated drift and no clear sign of on-off photoresponse.
The maxima at λ = 370 nm, 380 nm, and 510 nm for the three
devices correspond to the plasmonic resonances of the underlying
nanoparticle array, but the peak at λ = 270 nm for the two sil-
ver devices could not be attributed to any plasmonic effects. This
will be shown clearly later in Fig. 3(a). We further note that the
plasmonic maxima shown by the silver-graphene hybrids are of
similar spectral characteristics but slightly higher magnitude com-
pared to those of another Ag-graphene device that we had reported
previously.16

More crucially, the enhanced responsivity at λ = 270 nm is in
both the silver-graphene hybrids (AG 60 and AG 120) but is not
seen in the gold-graphene hybrid (AU 50). This suggests the impor-
tance of silver as a material to achieve enhanced sensitivity and rules
out the possibility that the anomalously large photoresponsivity is
primarily due to strain caused by transferring CVD graphene on
nanoparticle arrays. The inverse dependence of the rise time on inci-
dent power, as shown in Fig. 2(d), suggests the photoresponse pro-
cess to be photovoltaic in origin. The time scales match with similar
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FIG. 2. Typical on-off photoswitching
responses of (a) AG 60 at λ = 270 nm
and (b) AU 50 at λ = 530 nm. The
solid lines indicate exponential fittings to
the data to extract the associated sat-
urated photocurrent (Iph sat) and the rise
times (Trise). (c) Photoelectric respon-
sivities of three graphene-nanoparticle
hybrid devices, AG 60 (Vsd = 0.35 V),
AG 120 (Vsd = 0.2 V), and AU 50 (Vsd
= 0.35 V). Insets show the peak respon-
sivities at the plasmonic resonances of
AG 120 (green) and AU 50 (blue). The
peak responsivity occurs in the deep
UV region at 270 nm for both the Ag-
graphene hybrid devices; however, AU
50 does not show any response beyond
460 nm. The highest responsivity is
shown by the AG 60 device. (d) Power
dependent rise times of AG 60 at Vsd
= 0.35 V for two different wavelengths
270 nm and 370 nm. (e) Calculated rise
times of AG 60 and AG 120 at different
source-drain voltages (Vsd).

measurements in related systems and originate in the large number
of trap states present in the CVD grown graphene, as well as the sil-
ica surface in contact with the graphene layer.18 The large noise in
the response time measurements for 370 nm is related to the low

photocurrent and corresponding fitting error. We find similar
response times in the other silver device, AG 120, as shown in the
measurements of rise time as a function of Vsd = 0.2 V at λ = 270 nm
[see Fig. 2(e)].
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FIG. 3. (a) Simulated total enhancement (|E|/|E0|)2
max of Ag-graphene and Au-graphene hybrid devices as a function of wavelength. (b) Measured absorption spectra of AG

60 and AU 50 nanoparticles on a quartz substrate as a function of wavelength.

To investigate the maxima in spectral responsivity, we charac-
terize the optical properties of the plasmonic substrates. We numeri-
cally model the geometry [Fig. 3(a)] using COMSOL, a commercially
available finite element modeling software. The modeled geome-
try consists of Ag and Au nanoparticles of 50 nm diameter and
100 nm lattice spacing for AG 60 and AU 50, respectively, and
a single Ag nanoparticle of 120 nm diameter for AG 120. Details
regarding mesh size and boundary conditions used in the simu-
lations are given in the section titled “Experimental section.” We
model the total enhancement (|E|/|E0|)2

max that refers to the squared
ratio of magnitude of the local to incident electric field over the
total volume of the unit cell. The total enhancement as a function
of wavelength is plotted in Fig. 3(a). We observe pronounced peaks
at 370 nm for AG 60 and AG 120 and at 530 nm for AU 50, which
correspond to the electric dipole modes of the respective plasmonic
geometries.

To experimentally verify the optical properties, we fabricate the
plasmonic array on a transparent substrate, a quartz wafer in this
case, and characterize it using UV-visible absorption spectroscopy.
The measured absorption spectra of AG 60 and AU 50 are shown
in Fig. 3(b). The absorption peak of AG 60 lies around 400 nm
and of AU 50 lies around 550 nm, in agreement with the esti-
mates of the simulated resonance wavelengths. The slight dispar-
ity between the simulated and UV-vis measurements could occur
because substrate effects were not taken into account during simula-
tion. Indeed, the photoresponsivities of the device are also enhanced
at slightly shifted wavelengths (370 nm for AG 60 nm and 510 nm
for AU 50) and clearly can be attributed to plasmonic near field
effects.

Clearly, occurrence of the prominent peak at λ = 270 nm only in
the Ag-graphene hybrid devices cannot be explained by plasmonic
near-field contributions. As reported earlier, the enhanced respon-
sivity at 270 nm is probably related to the enhanced density of states
at the Van Hove singularity in graphene.19–21 The induced disorder

coupled with multiple scattering centers and large local doping could
be important contributing factors for efficient charge carrier extrac-
tion.22,23 To probe this in detail, we study the effect of local doping
and strain, where we measure the surface enhanced Raman signal of
the graphene layer and estimate the peak shift, ratio of intensities of
I2D/IG, and ratio of area under the curve A2D/AG

24 of all devices.
Figure 4(a) shows the comparison between Raman spectra of

the 3 devices with single layer graphene on the Si–SiO2 wafer. The
defect peak is significantly enhanced in the case of all 3 devices as
compared to the single layer graphene. As shown in Fig. S3, the G
and 2D peaks are also enhanced (peak and area under the curve)
along with shifts (see Table T1). The wide range of enhancements
obtained is due to the nonuniformity of the plasmonic nanoparti-
cle layer which is expected in such large area fabrication techniques.
We use the method suggested by Lee et al.25 to deconvolute the
contributions from strain and doping in Raman spectra of graphene-
nanoparticle hybrids shown in Fig. 4(b). Figures 4(c) and 4(d) show
the change in the position of G and 2D peaks of the three devices
keeping measurement of the single layer graphene as the reference,
with further details given in Table T2 (with the deconvoluted values)
of the supplementary material.

We find that graphene is n-doped by Ag and p-doped by Au (as
per the literature), but both the systems are also strained. We obtain
a charge carrier density of 6 × 1012 cm−2 (n doping) for the AG 60
device and 3 ×1012 cm−2 (p doping) for Au 50 devices, in agreement
with the existing literature with CVD graphene.26,27 Considering we
do not observe any photoresponse with the AU 50 device at 270 nm,
we conclude strain due to the transfer process in conjunction with
enhanced absorption at the Van Hove singularity cannot play an
important role in the enhanced photoresponse of the silver-based
devices.

We believe that the enhanced photoresponse of the silver-based
devices is related to the graphene being n-doped by silver and hot
electrons generated in the nanoparticles injected into the graphene.
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FIG. 4. (a) Raman spectra comparison of AG 60, AU 50, and AG 120 with single layer graphene (SLG). The G and 2D peaks are enhanced as compared to SLG. (b) Mapping
of G and 2D peaks from all 3 devices and single layer graphene with the literature values for pure strain, n, p doping. The open symbols represent data points taken from
various parts on the samples. The same colored filled closed symbols represent the average peak position of the respective devices. Peak shift of the (c) G peak and (d) 2D
peak for the 3 devices as compared to a single layer graphene.

The plasmonically induced hot electrons28,29 have a higher proba-
bility of transmission into the graphene channel compared to the
gold-based device (p-doped), in agreement with previous reports.12

The effect is expected to be magnified at λ = 270 nm, where the
density of states of graphene is large due to the Van Hove singu-
larity. Also note the excitation energy at λ = 270 nm is significantly
higher than the interband transition energy (2.3 eV for gold, 3.7 eV
for silver),30 which ensures the generation of a significant number
of hot electrons. It is also interesting to consider the difference in
photoresponse between the two silver devices, where the ratio of
responsivities of AG 60 and AG 120 at a source drain voltage of
0.2 V is nearly 37 [see Fig. 2(c)]. We believe this arises primarily
due to the lower area of surface contact between the nanosphere and
the graphene device in the AG 120 device as well as different areas
of contact between the two devices, with AG 120 containing larger
silver nanospheres with a larger spacing. One can also compare with
the device described previously,16 where the geometries are similar
to those of the AG 60 devices, but the maximum responsivity (AG
60) was found to be ∼8 times larger at the same source-drain bias as
compared to the previous device. This is probably because of a large

number of silver nanoparticles (formed due to unshadowed growth
during the GLAD step) present in the AG 60 device (see Fig. S1a)
compared to the previously reported device, leading to a larger con-
tact area between the silver and the graphene and therefore a larger
photoresponse at λ = 270 nm.

CONCLUSION

We have investigated the role of a plasmonic layer of gold
and silver nanoparticles for the high UV responsivity in plasmonic-
graphene hybrid photodetectors. We characterize the photocurrent,
the UV-vis absorption, and the Raman spectra of the hybrids to
find the effect of the plasmonic layer (geometry and material) on
the local strain and doping. Based on our observations, local dop-
ing in Ag-graphene in conjunction with hot electron generation at
the wavelength of 270 nm and the enhanced density of states of
graphene around the same energy can result in effective charge car-
rier separation in the Ag-graphene device as compared to the Au-
graphene device. Also, the higher surface area of contact between
the silver nanoparticles and the graphene layer is found to show
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higher UV photoresponsivity. It will be interesting to investigate the
gate dependence and therefore external electrostatic doping effects,
although such measurements on large area devices are typically quite
challenging.

EXPERIMENTAL SECTION
Numerical simulations

We consider silver/gold32 nanoparticles of 50 nm diameter and
model the array response by using a periodic boundary condition
with lattice size 100 nm. The periodic boundary condition is applied
in the X and Y directions, and light is incident from the Z direction at
the input port. PMLs (perfectly matched layers) are placed at input
and output ports in the Z direction. A dynamic tetrahedral mesh
is used with a minimum mesh size of 0.1 nm for the particle and
maximum size of λ/6 for the rest of the geometry. We do not con-
sider the presence of single layer graphene in the current numerical
model.

Fabrication details

Nano-glancing angle deposition (nano-GLAD): An array of
10 nm Au nanoparticles with ∼110 nm or 200 nm center-to-center
spacing was patterned using block-copolymer micelle nanolithog-
raphy (BCML). The block-copolymer micelles were formed by self-
assembly in toluene, whose core contains gold salt (HAuCl4). Then,
they were spin-coated onto a 300 nm thick SiO2 film grown on
a heavily doped p-type Si (100) wafer. This yields a hexagonally
ordered monolayer of the micelles on the entire wafer. On treat-
ment with an H2–Ar plasma, the Au salts were reduced to form
metallic nanoparticles with a ∼10 nm diameter while keeping their
original spacings. These act as seeds for subsequent nano-glancing
angle deposition (nano-GLAD). Then, Ag or Au nanoparticles were
grown on the Au nanoseeds with the tooling factor of 25% in a
custom-built nano-GLAD system with independent control over the
substrate’s azimuthal direction and the molecular flux direction. To
grow the spherical nanoparticles selectively on the seeds, the flux
angle and the azimuthal rotation rates per unit thickness were kept
to 87○ and 18○/nm, respectively, with closed-loop feedback based
on measurements of material deposition rates using a quartz crys-
tal monitor (QCM). Although most of the Ag was deposited on
the gold seeds, a few smaller spheres in between the larger pat-
terns can also be observed, which were at least 6 times smaller than
the Ag nanospheres and therefore of negligible importance to the
studies presented here. The typical base pressure and the substrate’s
temperature during deposition were 1 × 10−6 mbar and ∼90 K,
respectively.

Nanoimprint lithography

A soft polymer stamp was made using PDMS (polydimethyl-
siloxane) from commercially available silicon substrates with a hole
array of diameter 250 nm and center to center spacing 600 nm. The
soft stamp was imprinted on a photoresist coated substrate (S1805),
heated for 2.5 min at 125 ○C, and then taken off leaving the substrate
patterned. Substrates were ashed using oxygen plasma to remove
the residual photoresist in the hole array. Silver was deposited
vertically using thermal evaporation, and lift-off was performed

leaving an array of silver discs. The substrates were annealed at
280 ○C in nitrogen ambient to form an array of nanoparticles of
120 nm diameter.

Device fabrication

In order to make the silver nanoparticle graphene hybrid
device, commercially brought CVD graphene was spin-coated with
PMMA 950 k A4, heated at 120 ○C for 5 min, and put in copper
etchant solution (30 mg FeCl3, 3 ml HCl, 30 ml H2O). Once the
copper base etches off, the PMMA graphene stack floats on the solu-
tion. This stack is then transferred to the DI water bath and rinsed 3
times. Finally, it is scooped up by the BCML substrate and left to air
dry overnight. Once air dried, it is dipped in the acetone bath three
times for 30 min each and then in the isopropyl alcohol (IPA) bath
for 10 min. Following this, it is blow dried by nitrogen.

Contacts were then fabricated by placing a stencil mask and
then evaporating 5 nm chromium and 60 nm gold in a thermal evap-
orator. Electrical contacts were then made to the device by mounting
it on the PCB and doing epoxy bonding.

Photovoltage characterization

The devices were mounted in a vacuum chamber with a quartz
window pumped down to 10−5 mbar. We use a Newport arc-Xe
lamp and a Newport monochromator, focussing optics to shine
one wavelength at a time. Photocurrent measurements are taken by
connecting this to Keithley 2450, applying the source drain bias of
0.35 V, and chopping the light using an inbuilt shutter. Power cal-
ibrations were done by using a Thorlabs detector and then scaled
with area.

Raman characterization

The Raman measurements were done using a “Horiba Jobin
Yvon LabRAM HR Raman” instrument with the excitation wave-
length of 532 nm using a 100× objective of numerical aperture (NA)
of 0.9. Point scans were done with a laser power of approximately
about 1.45 mW and an integration time of 8 s.

SUPPLEMENTARY MATERIAL

Refer to the supplementary material for SEM images of AG
60 and AU 50, gate voltage dependent resistance of the AG 60
device, and comparison of Raman enhancement for AG 60, AU 50,
and AG 120.
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