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ABSTRACT: We demonstrate the hot electron injection of
photoexcited carriers in an Ag-based plasmon resonant grating
structure. By varying the incident angle of irradiation, sharp dips
are observed in the reflectance with p-polarized light (electric field
perpendicular to grating lines) when there is wavevector matching
between the incident light and the plasmon resonant modes of the
grating and no angle dependence is observed with s-polarized light.
This configuration enables us to compare photoelectrochemical
current produced by plasmon resonant excitation with that of bulk
metal interband absorption simply by rotating the polarization of
the incident light while keeping all other parameters of the measurement fixed. With 633 nm light, we observed a 12-fold
enhancement in the photocurrent (i.e., reaction rate) between resonant and nonresonant polarizations at incident angles of ±7.6°
from normal. At 785 nm irradiation, we observed similar resonant profiles to those obtained with 633 nm wavelength light but with a
44-fold enhancement factor. Using 532 nm light, we observed two resonant peaks (with approximately 10× enhancement) in the
photocurrent at 19.4° and 28.0° incident angles, each corresponding to higher order modes in the grating with more nodes per
period. The lower enhancement factors observed at shorter wavelengths are attributed to interband transitions, which provide a
damping mechanism for the plasmon resonance. Finite difference time domain (FDTD) simulations of these grating structures
confirm the resonant profiles observed in the angle-dependent spectra of these gratings and provide a detailed picture of the electric
field profiles on and off resonance.
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■ INTRODUCTION

Plasmon resonant enhancement of photocatalytic processes
has become a topic of great research interest over the past 10
years. Early studies reported mostly photothermal pro-
cesses.1−4 Later studies investigated plasmon enhancement of
photoelectrochemical redox processes,5 such as water splitting,
carbon dioxide reduction, and chemical decompsition.6−16 Liu
et al. demonstrated plasmonic enhancement factors of 5× at
532 nm and 66× at 633 nm using Au nanoparticles deposited
on TiO2.

7 Here, Liu et al. integrated strongly plasmonic
nanoparticles with strongly catalytic materials (e.g., TiO2) to
drive photocatalytic reactions at an accelerated rate. Since the
TiO2 used in these prior studies had relatively high defect
concentration, the mechanism of enhancement was thought to
be local field enhancement of sub-band gap defect states.
More recently, there have been several reports of hot

electrons in plasmon resonant nanostructures playing an
important role in photochemical17,18 and photoelectrochem-
ical19,20 processes. Here, photoexcitation of metal nanostruc-
tures was used to create populations of hot electrons and hot
holes that lie substantially above and below the Fermi energy,

presenting the exciting possibility of driving high barrier
reactions with visible light. For example, Mukherjee et al.
demonstrated dissociation of H2 by irradiating Au nano-
particles with visible light through a Feshbach resonance with
the antibonding state of the hydrogen molecule.17,18 The
Govorov, Atwater, and Nordlander groups have performed
detailed calculations of the time evolution of these hot electron
distributions in various plasmon resonant nanostructures.21−25

It is now generally accepted that the relatively narrow
distributions of hot electrons and hot holes (separated by
∼2−3 eV) that are initially created with visible light in metal
nanostructures decay into a hot Fermi distribution over the
time scale of 50−100 fsec through electron−electron
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scattering.26 Ultrafast pump−probe experiments have since
revealed that this hot Fermi distribution decays back to
equilibrium with the lattice temperature over time scales of
several psec.27,28 In the experiments reported here, we believe
that the electrons in this hot Fermi distribution are primarily
responsible for producing the photocurrents measured in our
photoelectrochemical cell.
Previously, we demonstrated plasmonic amplification with

Au gratings and obtained an enhancement factor of 2.3×.19

This provided a proof-of-principle demonstration that the hot
electron can be generated by surface plasmon resonance decay.
However, finite difference time domain (FDTD) simulations
have predicted that Ag gratings should have sharper and more
narrow resonances than Au, as a result of there being fewer
interband transitions in the visible wavelength range in Ag as
compared with that of Au. Atwater and co-workers showed
that hot electrons generated from Au have lower energy than
that of hot holes by 1−2 eV, while hot electrons and holes in
Ag have equally distributed energy.22 Besides, Au grating
exhibits bandpass resonance in midwave infrared band29 and
narrow resonance in near-infrared band.30 Ag grating exhibits
narrower resonance in visible and near-infrared bands.31−33

Finally, Ag is commercially much cheaper compared to Au,
which has a huge impact for large scale application. In the work
presented here, we investigate hot electron driven photo-
chemistry in Ag-based plasmon resonant grating structures at
several different wavelengths of excitation. In this study, we
present the wavelength dependence of surface plasmon
resonance, which shows different resonance modes and
diffraction coupling orders at various wavelengths. Addition-
ally, a detailed model mapping the resonant condition and
intensity as a function of incident angle and wavelength is also
provided. This can be used as a guideline for future surface
plasmon resonance (SPR) grating design.

■ RESULTS AND DISCUSSION
Figure 1a shows a scanning electron microscope (SEM) image
of the plasmon resonant grating structure used in this work.
Here, elemental silicon is covered with 100 nm silicon oxide
and patterned by photolithography and reaction ion etching to
form a fine corrugated structure with a 500 nm period. A 50
nm Ag film is subsequently deposited on the silicon oxide.19,34

The structure topography was characterized by atomic force
microscopy (Figure S2 in the Supporting Information),
showing a peak-to-valley height of 50 nm. Since this is a
continuous film grating, the fill factor is 1. A UV−vis
reflectance spectrum of this grating structure is shown in
Figure 1b. The spectrum was measured by exciting the grating
at normal incident (in air) with unpolarized light and
collecting light integrated over the full solid angle. Here, we
observe two sharp dips in the spectra corresponding to surface
plasmon resonant modes at 492 and 604 nm.
In our photoelectrochemical setup, we used an AC lock-in

technique in which the incident light is modulated by an
optical chopper wheel (Stanford Research Systems SR-
540),19,20,35 and the AC photocurrent was measured using a
lock-in amplifier (Stanford Research Systems SR-830), as
illustrated in Figure S1 of the Supporting Information. This
enablesd us to measure the small photocurrents produced by
the relatively short-lived hot electrons in the metal. This AC
technique also enabled us to separate the hot electron
photocurrent from the DC electrochemical current produced
by equilibrated (i.e., cold) electrons. The photoelectrochemical

measurement was conducted with standard 3-teminal
potentiostat (Gamry Inc.) in 0.5 M Na2SO4 aqueous solution
with the Ag grating as the working electrode, Ag/AgCl (3 M
NaCl) as the reference electrode, and a Pt wire as the counter
electrode (BASI Inc.). The applied bias with respect to Ag/
AgCl was −0.5 V. Copper wires were connected to the top of
the Ag gratings by silver paint (SPI Supplies Inc.) in order to
exclude the underlying Si substrate from the circuit during the
photoelectrochemical measurements. Epoxy resin (DEVCON
Inc.) was used to seal the grating on top of a glass slide,
exposing only the grating area to the electrolyte.19,34

The angle-dependent reflectivity of each grating was
calculated using the FDTD method (Lumerical Inc.). The
cross-sectional SEM image of the corrugated grating structure
(Figure 1a) was imported and fitted to establish the surface
profile. The gratings were modeled as custom structure objects
with the fitting equations (provided in the Supporting
Information) describing the boundaries of the object in
Lumerical FDTD solutions. All the simulations were
performed with a mesh size of 0.5 nm, and the background
medium was water. The gratings were excited by a plane wave
source with variable incident angles and polarizations. Bloch
boundary conditions were applied on the sides of the gratings
to account for the phase change across each period. Perfectly
matched layer (PML) boundaries were used along the
direction perpendicular to the grating structure. A plane
power monitor placed behind the source was used to monitor
the reflected power from the gratings, and a 2D field monitor
in the plane of the grating was used to record the electric field
profile.
Figure 2a shows a schematic diagram illustrating our basic

measurement configuration. We achieved resonance by
scanning the incident angle of monochromatic light (532,
633, and 785 nm). For the light polarized perpendicular to the
lines on the grating (i.e., p-polarized), we observed sharp dips
in the photoreflectance (Figure 2b) when there was wave-

Figure 1. (a) SEM image of the plasmon resonant Ag grating
structure. (b) UV−vis diffuse reflectance measurement of Ag grating
and Ag film.
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vector matching between the incident photons and the
plasmon resonant mode. For the experimental Ag-coated
grating structure with 633 nm light, this resonance occurs at
±7.3° from normal incidence. For the light polarized parallel to
the grating lines (i.e., s-polarization), there is no coupling to
the plasmon resonant mode and, consequently, no angle
dependence in the photoreflectance. Figure 2c shows the AC
photoelectrochemical current under 633 nm illumination. We
observed sharp peaks in the AC photocurrent at similar
incidence with p-polarized light and no angular dependence
with s-polarized light. Here, we were able to achieve a 12-fold
increase in photocurrent when exciting on the plasmon
resonance, as shown in Figure 2c.
FDTD simulations of these structures were performed to

further define the underlying nature of this plasmonic effect
(Figure 3). Figure 3a shows the photoreflectance plotted as a
function of incident angle for the Ag gratings with 633 nm
wavelength light. We observed sharp dips in the photo-
reflectance at ±7.0°, consistent with our experimental

measurements shown in Figure 2b. The electric field strength
is plotted along the cross-section of the grating structure in
Figure 3b,c. The data in Figure 3b corresponds to resonant
excitation at +7.0° incidence with p-polarization, while the data
in Figure 3c corresponds to nonresonant excitation at +7.0°
incidence with s-polarization. On resonance, we see a plasmon
resonant mode with a peak electric field intensity enhancement
factor (|E|2/|E0|

2) of 40× at the metal surface, where E is the
electric field at the water-metal interface, and E0 is the electric
field of the incident light.
Figure 4a shows the AC photocurrent measured with 785

nm wavelength illumination. Again, sharp peaks were observed
around ±7.1° incidence with p-polarization and no angular
dependence was observed with s-polarized light. Here, a
plasmonic enhancement factor of 44× was observed in the
photocurrent (i.e., hydrogen evolution reaction rate). The
corresponding FDTD simulations show similar angle-depend-
ent profiles, as plotted in Figure 4b. It should also be noted
that the resonant profiles are narrower at 785 nm than at 633
nm. Larger enhancement factors and narrower resonances
observed at longer wavelengths are a result of reduced
damping of plasmon resonance, as fewer interband transitions
are available at these longer wavelengths. This damping
mechanism also explains why smaller enhancement factors
were observed with similar gratings made with Au, which has

Figure 2. (a) Schematic diagram of the experimental measurement,
(b) photoreflectance, and (c) AC photoelectrochemical current
measured as a function of incident angle. The red curve corresponds
to p-polarized light, and the black curve corresponds to s-polarized
light.

Figure 3. (a) Calculated photoreflectance spectrum of the Ag grating
shown in Figure 1a. Electric field distributions taken with (b)
resonant and (c) nonresonant polarizations at 7.0° incidence with 633
nm light. The red curve corresponds to p-polarized light, and the
black curve corresponds to s-polarized light.
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substantially more interband transitions in the visible wave-
length range than Ag. 2D plots of the electric field strength
(i.e., |E|2) profiles are plotted in Figure 4c,d. These figures
show excitation of a highly symmetric mode (with two nodes
per period of the grating) with p-polarization at 785 nm, as
compared with the less symmetric mode of Figure 3b. Here,
the hottest spot at the water−metal interface has a 200×
electric field intensity enhancement factor.
Figure 5a shows the AC photocurrent measured as a

function of the incident angle for the same Ag grating taken
with 532 nm wavelength light. Here, we observed two resonant
peaks at incident angles of ±19.4° and ±28.0° from normal
incidence with p-polarized light and no angular dependence
with s-polarized light. The calculated absorptance (100% is
reflectance) based on FDTD simulations is plotted in Figure
5b and exhibits the same double peak behavior as that plotted
in Figure 5a but with resonant angles of ±18.4° and ±28.8°.

The electric field profile calculated on resonance at 18.4° is
plotted in Figure 6a and exhibits four nodes in one period of

Figure 4. (a) AC photocurrent measured as a function of incident
angle and (b) simulated absorptance spectra for 785 nm illumination.
(c) Electric field distributions at 7.6° incident angle for (c) p-
polarized and (d) s-polarized 785 nm wavelength irradiations.

Figure 5. (a) AC photoelectrochemical current measured as a
function of incident angle and (b) simulated absorptance spectra for
Ag grating with 532 nm irradiation.

Figure 6. Calculated electric field distributions at (a) 18.4°, (b) 24.0°,
and (c) 28.8° incident angles for Ag grating with 532 nm illumination
with p-polarization.
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the grating. Figure 6c shows the electric field profile of the
resonant peak at 28.8°, which exhibits three nodes per period
of the grating.
In order to optically excite surface plasmons on diffraction

gratings with light polarized perpendicular to the grating lines
(i.e., p-polarized), the following condition has to be met:36,37

n
m

P
Re

2
sin

2d SPπ
λ

θ π β+ = − { }
(1)

where nd is the dielectric constant of the surrounding water
environment, λ is the wavelength of the incident light in
vacuum space, P is the period of grating, m is an integer (±1, ±
2, etc.) representing the order of diffraction, and βSP represents
the surface plasmon wavevector.

c
SP SP d Ag

d Ag

0β β β ω ε ε

ε ε
β= + Δ =

+
+ Δ

(2)

where βSP0 accounts for the surface plasmon wavevector along
the smooth interface between dielectric and Ag metal, Δβ
represents the grating presence, ω stands for the angular
frequency of incident light, and εd and εAg mean the dielectric
constant of water environment and Ag metal, respectively. For
the shallow surface grating like what we used in our
experiment, we can neglect Δβ and assume it to be zero.
Then, from eqs 1 and 2, we can get:

n
m

P
Re

c
2

sin
2d d Ag

d Ag

l
m
ooo
n
ooo

|
}
ooo
~
ooo

π
λ

θ π ω ε ε

ε ε
+ = −

+ (3)

Figure 7a shows the calculated resonance condition of the
Ag grating for different incident light angles (0°− 40°) and
wavelengths (400−900 nm) based on eq 3; Figure 7b shows

the simulated absorptance for various incident angles and
wavelengths within the same range, and all the calculated
resonant angles have been flipped to the positive range. As
Figure 7a shows, when the incident light wavelength is from
575−900 nm and incident light angle is between 0° and 40°,
only then first diffraction order coupled surface plasmon
resonance (m = 1) can be excited, and absorptance in Figure
7b at a resonant angle increased from about 60% to nearly
100% with increasing incident light wavelength. Between 400−
575 nm, besides the first diffraction order coupled surface
plasmon resonance, there is another second diffraction order
coupling (m = 2). The absorptance for second diffraction order
coupling is about 10%−20% lower than that of the first
diffraction order for the same incident light wavelength. Here,
both calculated and simulated results agree very well with our
experimental data where we observed a single peak in the
absorption for 785 nm incident light having highest
absorptance at the resonant angle, which promotes hot
electrons and has the highest photocurrent enhancement
factor (44×). Besides, 633 nm light incidence also shows a
single resonant peak, but it shows it absorbing a lower
percentage of light and having a lower photocurrent enhance-
ment factor (12×). At 523 nm, two resonant peaks are seen
with one peak having higher enhancement factor than the
other.

■ CONCLUSION
We have presented a spectroscopic approach for studying hot
electron driven photocatalysis using a sensitive AC lock-in
technique with plasmon resonant grating structures. The
incident angle and polarization dependence of these grating
structures provide a unique platform for comparing plasmon
resonant excitation and bulk interband absorption of metals in
photocatalytic processes. As the angle of incident light is tuned
through the plasmon resonance with p-polarized light, sharp
dips are observed in the photoreflectance and sharp peaks are
observed in the photocurrent (i.e., reaction rate). We observe
plasmon resonant enhancement factors of 10×, 12×, and 44×
at incident wavelengths of 532, 633, and 785 nm, respectively.
The lower enhancement factors observed at shorter wave-
lengths are attributed to interband transitions, which provide a
damping mechanism for the plasmon resonance phenomenon.
FDTD simulations confirm the angular dependence of the
resonant profiles observed experimentally and provide a
detailed picture of the electric field profiles of these grating
structures for both on and off resonance.
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