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ABSTRACT

Revised: 9 September 2017

We report plasmon resonant excitation of hot electrons in a photodetector based
on a metal/oxide/metal (Au/Al2O3/graphene) heterostructure. In this device, hot
electrons, excited optically in the gold layer, jump over the oxide barrier and are
injected into the graphene layer, producing a photocurrent. To amplify this
process, the bottom gold electrode is patterned into a plasmon resonant grating
structure with a pitch of 500 nm. The photocurrent produced in this device is
measured using 633-nm-wavelength light as a function of incident angle. We
observe the maximum photocurrent at ±10° from normal incidence under irradiation with light polarized parallel to the incident plane (p-polarization) and
perpendicular to the lines on the grating, and a constant (angle-independent)
photocurrent under irradiation with light polarized perpendicular to the
incident plane (s-polarization) and parallel to the grating. These data show an
amplification factor of 4.6× under resonant conditions. At the same angle (±10°),
we also observe sharp dips in the photoreflectance corresponding to wavevector matching between the incident light and the plasmon mode in the grating.
In addition, finite-difference time-domain simulations predict sharp dips in the
photoreflectance at ±10°, and the electric field intensity profiles show clear
excitation of a plasmon resonant mode when illuminated with p-polarized light
at this angle.
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Plasmon resonance has been used in several applications, including biosensing [1], surface-enhanced
Raman spectroscopy [2], and photocatalysis [3, 4],
primarily through the effect of local field enhanAddress correspondence to scronin@usc.edu

cement. However, the idea of hot electrons excited in
metals has been used in photocatalysis [5–9] and
solid-state devices [10, 11] recently. Brongersma’s
group reported hot-electron photodetection by a pla-
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smonic nanostripe antenna [10]. They used a metal/oxide/metal stack, and photocurrent was generated only when the incident photon energy was
larger than the oxide barrier energy. In 2015, Halas’s
group reported similar measurements, in which the
polarization dependence of plasmon resonant devices,
with ohmic and Schottky contacts with defect-rich
TiO2, was compared [11]. Several recent theoretical
studies have concluded that plasmon resonant
excitations can decay into hot electrons in metal
nanostructures [12–16], presenting the possibility of
engineering useful devices and structures using this
effect despite the extremely short lifetimes of hot
electrons in metals (~ 10 fs) [17, 18].
Plasmonic grating structures provide a useful and
unique platform for studying plasmon resonant
phenomena. These nanostructures can be excited
using plasmon resonance or nonresonantly (i.e., by
bulk metal absorption) by simply varying the polarization of the incident light. These nanostructures
enable us to distinguish between plasmon resonant
excitation (p-polarization) and nonresonant bulk
metal absorption (s-polarization) while keeping all
the other variables in the experiment, such as the
sample morphology and photon energy, constant. In
the work presented here, we study amplification of a
hot electron-driven photodetector using a plasmon
resonant grating. The angle dependence of the photocurrent is correlated with the photoreflectance to
verify the conditions for resonant excitation of the
plasmon mode. Electromagnetic simulations are used
to further verify the nature of this amplification and
predict further enhancement in alternative grating
configurations.
In this work, metal gratings are fabricated by first
etching a silicon wafer using reactive ion etching.
This creates a corrugated surface with a pitch of 500
nm. Then, a 50-nm gold film is deposited on top of
this structure, with a 3-nm Ti adhesion layer between
the silicon and the gold [19]. A scanning electron
microscope (SEM) cross-sectional image of one of
these gratings is shown in Fig. 1(a). Next, a 5-nm
Al2O3 film is deposited using atomic layer deposition.
Monolayer graphene is grown by chemical vapor
deposition on copper foil at 1,000 °C in methane gas.
After growth, the copper foil is spin-coated with

Figure 1 Illustrations of plasmon resonant grating structure. (a)
Cross-sectional SEM image and (b) schematic. (c) Energy band
diagram with respect to vacuum illustrating the mechanism of hot
electron injection.

poly(methyl methacrylate) (PMMA-A6) at 2,000 rpm
for 45 s and then baked at 150 °C for 5 min. The
copper foil is then etched away in copper etchant,
and the graphene with PMMA is scooped out and
rinsed in 10% HCl and deionized water. Next, the
monolayer graphene is transferred to the target
substrate by the same scooping method, and baked at
120 °C for 5 min to improve adhesion. The PMMA
layer is then removed by a 5-min acetone dip [20].
The electrical contacts are made directly on top of the
exposed Au layer while the Si and Ti are kept out of
the circuit. Finally, the sample is mounted on a
rotational stage and illuminated with collimated
633-nm-wavelength light, as illustrated in Fig. 2(c). A
chopper wheel is used to modulate the light at
200 Hz, and the AC photocurrent is measured using
a lock-in amplifier.
Figure 2(a) shows the AC photocurrent as a function of incident angle for light with an intensity of
106 mW⋅cm−2 polarized both parallel and perpendicular to the lines on the grating. Here, we see two
peaks appearing at ±10° from normal incidence when
the light is polarized parallel to the plane of incidence
(p-polarization) and perpendicular to the grating,

| www.editorialmanager.com/nare/default.asp

Nano Res.

3

Figure 2
Characterization of the plasmon resonant grating. (a)
Photocurrent and (b) photoreflectance as a function incident
angle for 633 nm light polarized parallel and perpendicular to the
grating structure. (c) Schematic of the experimental measurement
configuration.

but a constant (angle-independent) photocurrent
when the light is polarized perpendicular to the
incidence plane (s-polarization) and parallel to the
grating. These data show that the hot electrons are, in
fact, amplified by a factor of 4.6× in the metal under
resonant conditions. Figure 2(b) shows the photoreflectance as a function of the incident angle, which
exhibits sharp dips at ±10° from normal incidence.
This is a clear signature of plasmon resonance, which
is achieved when there is wavevector matching between the incident light and the plasmon resonant
modes in the grating.
To further understand the amplification observed
in these plasmon resonant devices, we performed
electromagnetic simulations using the finite-difference time-domain (FDTD) method. Figure 3(a) shows the calculated reflectance as a function of incident
angle for s- and p-polarized light. As in our experi-

mental measurements, the simulated data exhibit
sharp dips at ±10° from normal incidence for p-polarized light and nearly constant reflection for s-polarized light. Figures 3(b) and 3(d) show the electric
field intensity distribution along the cross section of
these gratings when they are illuminated at normal
incidence. Here, we see relatively low electric field
intensities corresponding to the absence of coupling
to the plasmonic modes. At an incident angle of 10°,
however, we clearly see the plasmon resonant mode
excited by p-polarized light, which produces an
electric field enhancement of approximately 66× at
the surface of the metal. Figure 3(c) shows the electric
field intensity distribution along the cross section of
this grating when it is irradiated at resonance (at 10°
with p-polarized light). Here, an intense electric field
can be seen, indicating clear excitation of plasmon
resonance. Under s-polarized light, however, the
field profile looks almost the same as that under
normally incident light. The plasmon-enhanced absorption of light in the gold layer leads to generation
of more hot electrons and hence a higher photocurrent [10]. Owing to the limited mean free path of
hot electrons in the gold layer, only a fraction of the
generated electrons can contribute to the photocurrent. Using a literature value of 20 nm for the
mean free path of electrons with an energy 2 eV
above the Fermi level, we estimate the amplified
photoresponse from enhanced light absorption by
taking the integral of E2 within the topmost 20 nm of
the gold, as described in Eq. (1) [21]
f (x , y)

EF =

∫(

f x , y ) − 20 nm
f (x , y)

∫(

f x , y ) − 20 nm

2

Ep dxdydz
2

Es dxdydz

(1)

where f(x, y) is the profile of the Au top surface. This
model predicts a relative p/s-polarization ratio of 5.4×
under resonant conditions, which is in good agreement with our experimental findings.
In this work, no attempt was made to optimize the
grating structure for maximum amplification; however, simple modifications of the grating, such as
changes in the pitch or material, can greatly improve
the resonant behavior. As a demonstration, we simulated several alternative grating configurations (i.e.,
using different pitches and metals). As shown in Fig.
4, using the same configuration and incident light,
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Figure 4 FDTD simulations of reflection of 633 nm light for
different metals and pitches at different incident angles.

Figure 3
FDTD simulation results for different incident
conditions. (a) Simulated photoreflectance as a function of incident
angle for p- and s-polarized light. Simulated cross-sectional
electric field intensity profiles (E2) for illumination at ((b), (d))
normal and ((c), (e)) 10° incidence.

the resonant angle can be shifted from 4° to 18° for
gold gratings by changing the pitch from 400 to 600
nm. For 400-nm-pitch gratings, the coupling can be
made significantly stronger if Au is replaced with Al,
as indicated by the much sharper dip and almost

zero reflection at resonance.
In conclusion, we observe plasmon resonant amplification of hot electrons in a Au/Al2O3/graphene
photodetector. Here, optically excited hot electrons
jump over the oxide barrier, thus producing a photocurrent. In this device configuration, the bottom gold
electrode contains a plasmon resonant grating structure in order to increase the photodetection efficiency. Using 633-nm-wavelength light, we observe
clear peaks in the photocurrent at an angle of ±10°
from normal incidence for light polarized perpendicular to the grating, whereas no modulation of
the photocurrent is observed for light polarized
parallel to the grating. These data show an amplification factor of 4.6× for hot carrier injection under
resonant conditions. Moreover, we observe sharp
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dips in the photoreflectance at the same angles,
which correspond to good wavevector matching
between the plasmon mode in the grating and the
incident light. Electromagnetic (FDTD) simulations
predict the same reflectance profiles observed experimentally and show clear excitation of a plasmon
resonant mode when the structure is irradiated
under resonant conditions (i.e., p-polarization at ±10°).
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