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Hydrodynamic modeling of surface plasmon enhanced photon induced
current in a gold grating

Alex English,1 Cheng-Wen Cheng,2, 3, 4 Lloyd Lowe II,1 Min-Hsiung Shih,2 and Wan Kuang1, a)
1)Dept. of Electrical and Computer Engineering, Boise State University, Boise, ID 83725
2)Research Center for Applied Sciences, Academia Sinica, Taipei 11529, Taiwan
3)Taiwan International Graduate Program (TIGP), Academia Sinica, Taiwan
4)Department of Physics, National Taiwan University, Taipei 10617, Taiwan

The current induced by incident photons on an gold grating slab is investigated numerically and experimentally. A semi-
classical electrodynamic model is developed under the weak nonlinearity approximation. Electrons in the conduction
band are treated as an electron gas in the presence of a self-consistent electromagnetic field. The model is solved by
the finite element method and compared with measurements. The calculated current density as a function of incident
angle and wavelength is found to be in qualitative agreement with the experimental measurements. The results show
that increasing surface plasmon spatial variation enhances photon induced current.

Enhancement of optical properties, such as extraordinary
transmission, by plasmon resonances in metallic materials
has attracted much attention over the past two decades.1,2 A
great deal of the recent interest in these materials focuses on
enhancing local electromagnetic fields to facilitate stronger
light-matter interactions. Strong local fields are particularly
important for nonlinear optical processes, which scale with
electromagnetic field strength. A growing body of experimen-
tal studies of second-order nonlinearity has been reported.3–11

While a light beam with the frequency of ω can induce both
a second harmonic polarization as a result of ω + ω = 2ω

and a DC polarization as a result of ω −ω = 0, the latter ef-
fect has received far less attention. DC polarization has many
applications, such as high-speed light detection and terahertz
radiation generation.11–13 It can also potentially be used in the
investigation of electron dynamics in metallic nanostructures.
Thus far, DC polarization has been described in terms of pho-
tons imparting their momentum to electrons and holes in con-
ductive materials.4,8,14 However, the recent observation of an
enhanced photon induced voltage on an Au grating slab8 com-
pared to a prism-coupled flat Au film4 suggests that the mo-
mentum conservation argument itself is insufficient to explain
these measurements. In addition, experiments of second har-
monic generation7,15 on metallic metamaterials showed that
the overall shape of the structures plays a significant role in
determining nonlinear response. It is expected that a more
complete understanding shall account for the spatial distri-
bution of the electromagnetic field and the electron transport
over nonuniform nanostructures.

In this Letter, the hydrodynamic theory developed by Goff
and Schaich16 for simple metals will be applied to structured
metal slabs. The model is solved for an Au grating slab un-
der the weak nonlinearity approximation using the finite el-
ement method (FEM) and compared with experimental mea-

surements. The results of the numerical calculations agree
qualitatively with the experimental results, indicating that spa-
tially varying electromagnetic field strength plays a significant
role in photon induced current.

The photon induced current can be treated by Maxwell’s
equations with an explicit current density JJJ,

∇×HHH (r, t) = ε0
∂EEE (r, t)

∂ t
+

∂PPP(r, t)
∂ t

+ JJJ (r, t) , (1)

where JJJ is due to electron transport in metal. The electric field
EEE and polarization PPP in Eq. (1) are written out separately for
numerical convenience. In the absence of interband transi-
tions, the response of the conduction electrons to an external
electromagnetic field may be calculated classically. The elec-
trons in the conduction band can be treated as an electron gas
with an effective mass m∗ in the presence of the self-consistent
fields EEE and HHH.17 The hydrodynamic equation of motion for
the average velocity vvv(r, t) is given by,

∂ jjj
∂ t

+vvv(∇ · jjj)+( jjj ·∇)vvv=
e

m∗
(nEEE + jjj×BBB)−∇p

m∗
− jjj

τm
, (2)

where jjj is electron flux density jjj = nvvv and pressure p is
attributed to quantum mechanical Coulomb correlations and
exchange contribution, described by a Thomas-Fermi statis-
tics, p(rrr, t) = ζ n5/3 (rrr, t), in which ζ is a constant ζ =

35h̄2
π4/3/25m∗.18,19 A phenomenological decay time τm is

employed to describe other Coulomb scattering. To calculate
the nonlinear current density, all variables in Eq. (2) are ex-
panded as a series of orders where A=A0+Ã1eiωt +Ã2e2iωt +
· · · and A is either EEE, n, jjj or p. A0 is the equilibrium value of
the variable and Ãi are complex values. Solving Eq. (2) for
the photon induced current,

jjjν = 2ℜ

[eτm

m∗

(
ñ∗1ẼEE1 + j̃jj∗1× B̃BB1

)
− τm

(
∇ · j̃jj1

)
ṽvv∗1− τm

(
j̃jj1 ·∇

)
ṽvv∗1
]
− 10τmζ

9m∗
n−1/3

0 ∇ |ñ1|2 (3)
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Figure 1. Scanning electron microscope image of a Au grating slab
with dimensions labeled. The inset shows the details of the grating.

where ℜ [·] denotes the real part of the expression.20 Equation
(3) was solved by the finite element method using the com-
mercial software package COMSOL21 in the general equa-
tion mode. The two-dimensional simulation was performed
for single period of an infinitely wide grating slab with a
Bloch-Floquet boundary condition and a perfectly matched
layer boundary condition.20 The simulation results will be dis-
cussed in comparison with the measurements.

Experimentally, the effect of a photon induced current can
be measured as the voltage induced across the Au grating slab.
Figure 1 shows the scanning electron microscope image of a
fabricated Au grating slab. A 3 nm thick chromium adhesion
layer was evaportated onto a silica substrate followed by evap-
oration of a 50 nm thick Au film. Periodic grooves with a 1.2
µm spacing were etched into the Au film by electron beam
lithography and ion beam etching. The etching stopped short
of completely removing the Au film to protect the Cr layer
from oxidizing and also to provide a conductive path for dis-
placed electrons. The structure is electrically isolated from
the surrounding Au film. Electrical contacts were deposited at
both ends of the grating slab and were wire bonded to a SMA
connector. No RF impedance matching was attempted in the
experiment. The total resistance as measured at the SMA con-
nector was 48Ω.

The incident light was produced from an optical paramet-
ric oscillator pumped by a frequency-tripled Q-switched YAG
laser (OPOTek, Vibrant LD) whose wavelength was varied
from 1 µm to 1.6 µm in the measurements. The induced volt-
age was fed to a 350 MHz amplifier (Standford Research Sys-
tems, SR445A) and measured by a 2.5 GHz digital storage os-
cilloscope (Agilent, Infinium DSO 90254A) triggered by the
Q-switch of the laser. The laser beam was p-polarized and fo-
cused at the sample surface with a beam size of approximately
0.3 mm. The induced voltage was measured as a function of
incident angle and wavelength. In all measurements, a ~0.2
ns increase in pulse width, or 10% with respect to the incident
optical pulse, was observed.20 We attribute the pulse broaden-
ing to a lack of impedance matching between the Au grating

Figure 2. (a) Photon induced voltage on the Au grating slab for dif-
ferent incident angles at the incident wavelength of 1.2 µm. (b) The
induced voltage peaks as a function of incident angle for the incident
wavelengths of 1.2, 1.3, and 1.4 µm.

slab and the SMA connector.
Figure 2(a) shows the photon induced voltage at the inci-

dent wavelength of 1.2 µm after amplified by a factor of 125.
The noise floor was about 10 mV after the amplifier. The inci-
dent pulse energy was 2 µJ and the incident angle was varied
from 5.5◦ to 8.5◦ in the measurement. No change in pulse
width was observed. The maximal response achieved at 8.5◦

coincides with the excitation of surface plasmon resonance, as
will be shown.

Figure 2(b) shows the peak voltage measured after the am-
plifier induced in the Au grating slab as a function of incident
angle and wavelength. The direction of induced current re-
verses when the incident angle changes sign, consistent with
a centro-symmetric structure. The peaks occurring between
±15◦ in the figure are the result of surface plasmon resonance
at the air and Au interface. At the incident wavelength of 1200
nm and 1300 nm, the surface plasmon resonance is excited by
diffraction order −1 and 1, respectively.20 Hence, the polar-
ity of the photon induced voltage is expected to be reversed
as shown in Fig. 2(b). Additional peaks observed at incident
angles larger than 15◦ are due to surface plasmon excitation
at the Au and glass substrate interface.20 It should be noted
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Figure 3. (a) Photon induced current density as calculated by the
hydrodynamic model. The white open circles indicate the position of
peak response. (b) Measured photon induced voltage as a function
of incident angle and wavelength. The white open circles from the
simulation are superimposed for comparison.

that the step-like transitions around 0 V are artifacts of the
measurement due to noise floor.

To compare the measurement with the theoretical model,
the photon induced voltage on the Au grating slab was mea-
sured from 1100 nm to 1500 nm at an interval of 50 nm and
from 0◦ to 30◦ incidence at an interval of 1◦. The incident
power remained the same for all measurements. Figure 3(a)
shows the photon induced current density as a function of
incident angle and wavelength simulated with the hydrody-
namic model. The white open circles indicate the positions of
peak response for a given incident wavelength. This result is
compared with the measurement as shown in Fig. 3(b). The
staggered appearance is due to the limited wavelength sam-
ples. The agreement between the hydrodynamic model and
the measurement can be observed. An increasing photon in-
duced voltage as the wavelength increases from 1.25 µm to
1.6 µm, as observed in the experiment is also predicted by
the model. Calculated responses at higher incident angles are
found to have the same polarity as the measurement, but mea-
surement shows a larger induced voltage at higher incident
angles. This difference is possibly due to an increased surface
roughness at the bottom of the grating due to ion beam etch-

ing. Since surface plasmon at the Au and substrate interface is
attributed to the response at larger incident angles, the surface
roughness can enhance the excitation efficiency. Figure 3(a)
and 3(b) are normalized with their respective maximum. We
did not compare calculations quantitatively with the experi-
ment because the measurement were conducted in the pulse
mode and the results are influenced by many factors such as
impedance matching.20 However, the calculation for a prism
coupled flat Au film showed that the photon induced current
density was over an order of magnitude lower for the same
incident power, consistent with the observation reported by
Ishihara et al.8 Our results indicate that increasing the surface
plasmon spatial variation enhances photon induced current.
Finally, the voltage was also measured as a function of inci-
dent power at the wavelength of 1400 nm showing that it is a
linear function of optical intensity, as indicated by Eq. (3).

In summary, the photon induced current on a Au grating
slab is investigated numerically and experimentally. The cal-
culated photon induced current as a function of incident angle
and wavelength was found to be in qualitative agreement with
the experimental measurements. In comparison with the mo-
mentum conservation approach, the nonlinear electron trans-
port over a structured surface is also accounted for in this
model. Hence the model reported here provides a pathway
for the study of devices with more detailed photon-electron
interactions.

This work has been supported by grants from NSF CA-
REER ECCS-0846415 and NSF MRI ECCS-0923541 and by
DARPA under contract N66001-01-C-80345. The authors ac-
knowledge helpful discussions with E. Graugnard and instru-
mentation development support by A. Spielgelman.
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