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ABSTRACT: We present measurements of the enhanced emission of terahertz pulses after the optical excitation of grating-
coupled near-IR surface plasmons at the interface of gold and cuprous oxide, using femtosecond laser pulses. Terahertz emission
is the result of the acceleration of charge carriers optically excited in the Schottky depletion field of the metal/semiconductor
interface. The enhancement is a direct consequence of the localized nature of the surface plasmon field, which is strongest near
the nanostructured metal surface where the Schottky electric field is strongest too. Surface plasmon excitation is confirmed by
reflection spectroscopy of gratings with different periods, by varying the azimuthal angle of the grating, and by calculations of the
plasmon frequencies and fields. We observe a terahertz field enhancement factor of 5.8 when compared to the emission from a
flat sample. This corresponds to a THz power-enhancement factor of 34. Our results show that for THz emission from these
metal/semiconductor interfaces, it matters more where the pump light is absorbed than how much pump light is absorbed.
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Terahertz time-domain spectroscopy (THz-TDS) is an
important technique to generate and detect THz

radiation. In this technique the electric field of a quasi single-
cycle THz light pulse is coherently detected, yielding both
phase and amplitude information. It has many applications in
science and technology, including imaging and spectroscopy.1,2

There are quite a few methods to generate THz pulses, such as
optical rectification3,4 in crystals such as ZnTe, GaP, and GaSe,
carrier acceleration in biased semiconductors such as GaAs,5−7

and the photodember effect in materials like InAs.8

One of the earliest methods developed to generate THz
radiation uses carrier acceleration in the static depletion electric
field, or Schottky field, naturally formed at the interface
between a metal and a doped semiconductor. These emitters
come in the form of continuous layers9,10 or, recently,11,12 in
the form of discontinuous periodic structures where, in addition
to in-plane Schottky-field-induced THz emission, the lateral
photodember effect plays a role. In general, however, Schottky
interfaces are inefficient sources of THz radiation because the
metal thin film, which is deposited on top of the semi-
conductor, partially blocks the incoming pump laser pulses and
(in a reflection geometry) the generated THz pulses. Another

important reason for the low efficiency is that the Schottky field
strength decreases to zero at a certain depth in the
semiconductor. If the optical absorption depth is considerably
larger than this, many free carriers will be optically generated in
a region of the semiconductor where there’s no static electric
field. These carriers do not contribute to the transient current
and, thus, to the generation of THz light, strongly reducing
efficiency. Recently, we demonstrated enhanced THz emission
from these interfaces by reversing the order in which the metal
and semiconductor layers are deposited, that is, by depositing a
thin semiconductor film, such as cuprous oxide, (Cu2O) on top
of a metal substrate.13 This increases the conversion efficiency
because the semiconductor layer can now act like an absorbing
antireflection coating on a metal, resulting in cavity-enhanced
optical absorption.14 In addition, by choosing a semiconductor
layer thickness as close as possible to the Schottky depletion
layer thickness, we can ensure that most of the pump-light gets
absorbed in a region of the semiconductor where it matters for
the generation of THz light. One reason why this development
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is important is that thin metals and polycrystalline semi-
conductors such as Cu2O can be deposited on many surfaces,
such as curved mirrors. This makes them prime candidates for
optical components with enhanced functionality, such as a
mirror that acts as both the source of THz radiation and as the
focusing element.
Despite this improvement, this situation is still far from ideal.

The static Schottky electric field is strongest near the metal
surface, whereas the electromagnetic boundary conditions for
the pump pulse dictate that the pump field is weakest at the
metal surface. In practice, therefore, most of the light is
absorbed away from the metal in a region of the semiconductor
where the Schottky field is relatively weak.
Here, by localizing the pump light at the metal/semi-

conductor interface, we show that it is possible to significantly
enhance the emission of Schottky field THz emitters.
Concentration of the pump light near the metal surface is
achieved by excitation of optical surface plasmons on
nanostructured gold/cuprous oxide interfaces. We show that
this leads to increased optical absorption close to the metal
surface where the Schottky electric field is also strongest. We
find that, as a result, even a small increase in the optical
absorption of less than 15% can give rise to an increase in the
emitted THz power of a factor of 9. This shows that, for
efficient THz emission, it matters more where the pump light is
absorbed than how much pump light is absorbed. Our results
may lead to new, integrated, plasmonic THz emitters.
A schematic diagram illustrating the idea of a nanostructured

metal/semiconductor thin film THz emitter is shown in Figure
1(a). A gold nano grating is fabricated and covered with a thin

Cu2O film. Femtosecond laser pulses, centered around a
wavelength of 800 nm, are incident on the Au/Cu2O thin film
THz emitter at an angle of incidence of 45°, and optically excite
surface plasmons at the interface. The period of the grating
required to excite plasmons at a particular wavelength can be
found from the phase matching condition:15
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Λ
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2

, ..., 1, 0, 1, ...xinc, sp (1)

where kinc,x is the component of the incident wave vector
parallel to the interface and ksp = 2π/λ((εmεd)/(εm + εd))

1/2 is
the wave vector of the surface plasmon propagating along the
interface, and εm and εd are the frequency-dependent dielectric
permittivities of Au and Cu2O respectively. N2π/Λ is the
additional wave vector kg provided by the grating, N is the
diffraction order, which is an integer that can have both positive
and negative values, and Λ is the period of the grating.
For an angle of incidence of 45° on the air-dielectric

interface, the grating period required to excite surface plasmons
in the gold-cuprous oxide interface can be calculated from eq 1
to be ∼240 nm. The electric permittivity values assumed are εd
= 5.39 + i0.28, and εm = −26.15 + i1.85, at a wavelength of 800
nm.13,16 A false color SEM image of an etched silicon grating
after the evaporation of a thin film of gold is shown in Figure
1b. A false color SEM image of the sample surface after the
deposition of the Cu2O film on the Au grating is shown in
Figure 1c. The details of the nanograting fabrication procedure
are given in the Supporting Information.
An illustration of the experimental configuration showing the

angle of incidence θ and the azimuthal angle ϕ between the
plane of incidence of the pump beam and the grating vector kg⃗
is shown in Figure 2. All our measurements were performed at

an angle of incidence of 45°. The sample surface lies in the xy-
plane and xz is the plane of incidence of the pump beam. To
change the azimuthal angle, we rotate the grating about the z-
axis.
Our goal is to prove that the excitation of grating-coupled

surface plasmons enhances the emission of THz light from
Cu2O/Au interfaces. However, the Cu2O layer constitutes a
thick absorbing dielectric on top of a metal grating and it is not
a foregone conclusion that surface plasmons can be found/
measured in such a system. For this reason, the next section,
“Reflection Spectroscopy”, focuses on optical reflection
measurements and on simple analytical calculations of the
surface plasmon frequencies to establish the presence of visible/
near-IR surface plasmons. Enhanced THz emission is
demonstrated in the section “THz Emission” and further
evidence for the role played by surface plasmons in the
enhancement is presented in the section “Azimuthal Angle

Figure 1. (a) Schematic diagram of the nanostructured Au/Cu2O
Schottky junction THz emitter. The pump laser pulses are incident on
the sample, generating THz pulses. A nanograting is fabricated at the
interface to facilitate the excitation of surface plasmons. (b, c) False
color SEM image of the grating after the deposition of Au and Cu2O,
respectively.

Figure 2. Illustration of the azimuthal angles ϕ and θ in the
experimental configuration. The dashed line gives the direction of the
grating wavevector.
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Dependence”. Finally, we summarize our findings in the
“Conclusion” section.

■ REFLECTION SPECTROSCOPY

In order to confirm that the pump laser light excites surface
plasmons, we measured the reflection spectra of the nano-
structured Au/Cu2O samples having different grating perio-
dicities, ranging from 220 to 300 nm. While fabricating the
structures, the width of the grooves was kept constant at ∼140
nm, and only the width of the ridges was changed to change the
grating period. To measure the white-light reflection spectra of
these samples, we used a tungsten-halogen lamp as the light
source, polarized in a direction parallel to the plane of incidence
(p-polarized). The spectral intensity of the reflected light from
the samples was measured using an “Ocean Optics” fiber-optic
spectrometer and normalized to the reflection from a bare gold
sample. The Cu2O thickness is ∼166 nm in this case. The
gratings were oriented at an azimuthal angle of 0° during the
measurement. For p-polarized pump light, plasmons are excited
when ϕ = 0° and are not excited when ϕ = 90°. The
normalized reflection spectra of Cu2O-covered gold nano-
gratings for different grating periodicities of 220, 230, 250, and
280 nm, are shown in Figure 3a. All the samples show a
minimum in their reflection spectrum around a wavelength of
660 nm, which arises from destructive interference and
coherent optical absorption of the waves reflected at the two
interfaces of the Cu2O thin film.13,17 The low reflection implies
that about 93% of the incident light is absorbed in the Cu2O/
Au sample at this wavelength, even without plasmon excitation.
The reflection spectra also show minima whose position as a
function of wavelength depends on the grating period. For
example, a resonance is seen around a wavelength of 980 nm
for the sample with a grating period of 280 nm. This resonance
shifts to shorter wavelengths when the period is reduced. The
dependence of this resonance wavelength on the grating period
is indicative of plasmon excitation. For a period of 230 nm, the
plasmon resonance is at 800 nm, corresponding to the
wavelength of the pump laser used in THz generation
experiments. In Figure S1 a of the Supporting Information,
the reflection spectra of the samples when ϕ = 90° show that
plasmon resonances are absent in this configuration, as
expected. We emphasize that for these samples the Cu2O
thickness of 166 nm was chosen on purpose to move the effects
of coherent optical absorption to a wavelength far removed
from the plasmon excitation wavelength, allowing us to study
the role that plasmons play in enhancing THz emission.
However, for maximum THz emission, it seems plausible to let
the plasmon excitation and coherent optical absorption

coincide. For this reason we also fabricated samples where
the Cu2O thickness was 232 nm.13,18 The reflection spectra
from these samples, normalized by dividing them by the bare
gold reflection spectrum, are shown in Figure 3b. It can be seen
that the interference minima occur at a wavelength of ∼840
nm, which is not exactly at the pump laser wavelength of 800
nm, but close enough to significantly increase the absorption of
the laser light compared to the absorption by the 166 nm thick
layer. The dip in the reflection spectra caused by the destructive
interference is marked by the black arrow. For a grating of
period 300 nm, the plasmon resonance corresponding to N =
−1 is visible around a wavelength of 975 nm. For a grating
period close to 230 nm, the plasmon resonance merges with the
reflection minimum near the laser excitation wavelength. As a
guide to the eye, the approximate plasmon resonance positions
are marked with red arrows. Another set of plasmon resonances
can also be seen, in the spectral range 600−750 nm. For the
grating of period 300 nm, this plasmon resonance occurs at a
wavelength near 750 nm, and shifts to lower wavelengths as the
period is decreased. These plasmon modes correspond to the
case N = +1. Figure S1 b in the Supporting Information shows
the reflection spectra of these samples at an azimuthal angle of
90°. Surface plasmon resonances are absent in the reflection
spectra for this orientation.
The wavelengths at which the plasmon resonances are

expected for the various grating periods can be calculated from
the dispersion relation given by eq 1. We showed recently that
when a Cu film deposited on a Au substrate is oxidized by
heating the sample in the ambient atmosphere, interdiffusion of
the metals result in the formation of a AuCu alloy at the
interface between Au and the subsequently formed Cu2O.

18

Refractive indices of the Cu2O and AuCu thin films were
measured using ellipsometry and these measured values were
used to calculate the resonance wavelengths using eq 1. In
Figure 4, we plot the wavelengths of the plasmon resonances
which occur in the nanostructured Au/Cu2O samples, as a
function of the grating period Λ. In the wavelength range under
consideration, two plasmon resonances are possible, corre-
sponding to N = ± 1, represented by the solid and dashed black
lines, for N = −1 and N = 1 respectively. The scattered points
in red show the plasmon resonance wavelengths measured from
the set of samples with an oxide film thickness of 232 nm, and
in blue are the measured resonances from the samples with an
oxide film of thickness 166 nm. The plasmon resonance
wavelengths corresponding to N = +1 are not shown for the
samples with a Cu2O thickness of 166 nm, since these plasmon
resonances occur near to the deep interference minimum
around 650 nm, and were difficult to determine. The plasmon

Figure 3. White-light reflection spectra of the nanostructured Au/Cu2O samples with different grating periods, and with a Cu2O thickness of (a)
around 166 nm and (b) 232 nm. The light is incident at a polar angle of 45° and is p-polarized. The sample is oriented such that the azimuthal angle
is 0°.
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resonance wavelengths observed experimentally are close to the
expected values. The differences between the measurements
and calculations may be attributed to the error in the extracted
refractive index values of the AuCu alloy and the Cu2O thin
film. It can also be seen from Figure 4 that the wavelengths at
which plasmon resonances are experimentally observed match
better with the analytically calculated resonance wavelengths for
a Cu2O thickness of 232 nm, than for the case of a thickness of
166 nm. This could be due to the fact that for the analytical
calculation, the thickness of the Cu2O layer is considered
infinite. In other words, we ignore the effects of having a finite
Cu2O layer while determining the expected resonance wave-
length for a particular grating period. A possible reason for this
is that the extent of the plasmon field is larger than the
thickness of the cuprous oxide thin film, resulting in a shift from
the calculated plasmon resonance wavelength.

■ THZ EMISSION
Our experimental setup allows us to measure the electric field
of the emitted THz pulses as a function of time and is described
in more detail in the Supporting Information. An example of a
measured THz electric field emitted by a nanostructured Au/
Cu2O sample having a grating period of 240 nm and an oxide
thickness of around 166 nm, is shown in Figure 5. We find that
the electric field amplitude emitted by the nanostructured
sample is enhanced by a factor of around 5.8 compared to the
field emitted by a flat, unstructured, sample. Note that this
corresponds to a power enhancement factor of 34. The shape
of the time-dependent electric field of the THz pulses emitted
by the nanostructured sample is not different from that emitted
by the flat sample, even though its amplitude is much larger.
This means that within our measurement accuracy, and within

the bandwidth of our detection setup, which is about 3.5 THz,
the nanostructuring and plasmon excitation does not cause any
changes to the spectrum of the emitted THz pulses.
The THz emission amplitude from the nanostructured Au/

Cu2O samples with 166 nm oxide thickness, as a function of
grating period is shown in Figure 6a. We emphasize that, for
this case, coherent optical absorption plays a negligible role.
The electric field amplitude of the THz pulses emitted when ϕ
= 0°, the configuration that supports plasmon excitation is
shown by the black points. The blue points show the field
amplitude of the THz pulses emitted when ϕ = 90°. For
comparison, the THz emission from the flat Au/Cu2O samples
is also shown (red points). We observe that the THz emission
from the nanostructured samples is enhanced compared to the
emission from the flat samples when the azimuthal angle is 0°,
which is also the configuration where plasmons are excited. The
maximum enhancement occurs when the period of the sample
is near to 230 nm. From Figure 3a we see that, at this grating
period, the plasmon resonance occurs around 800 nm, the
center wavelength of the incident femtosecond laser pulses.
This provides strong evidence that plasmon excitation results in
enhanced THz emission from the Au/Cu2O thin films. The
measured THz emission from samples having an oxide
thickness of ∼232 nm, is also shown in Figure 6b. Once
again, the maximum terahertz emission from the nano-
structured samples occurs when the grating period is close to
230 nm. Maximum terahertz emission is observed from a
sample of grating period 230 nm, and Cu2O thickness ∼232
nm, when the coherent optical absorption and the plasmon
resonance are both close to the laser excitation wavelength. The
THz emission from a sample with a grating period of 230 nm
and a Cu2O thickness of 232 nm was experimentally observed
to be about 2 times higher in power, than that from a sample of
the same period and thickness 166 nm.

■ AZIMUTHAL ANGLE DEPENDENCE
To further emphasize the importance of plasmon excitation in
enhancing the THz emission, we plot in Figure 7 the measured
pump power absorption and the THz emission of nano-
structured Au/Cu2O samples with Λ = 280 and 230 nm as a
function of the azimuthal angle. The thickness of the Cu2O
layer on both samples was around 232 nm. Note that at this
thickness there is a maximum at a wavelength of 800 nm in the
thickness-dependent pump-power absorption due to coherent
optical absorption. The percentage of the incident pump power
absorbed by the samples is represented by the black points in

Figure 4. Vacuum wavelengths at which surface plasmon resonances
occur at Au/Cu2O interfaces are plotted as a function of the grating
period. The dashed and the solid lines correspond to the expected
plasmon resonance wavelengths from an analytic calculation,
corresponding to N = +1 and N = −1, respectively. In the calculation,
only a Au/Cu2O interface is considered, and all the films are assumed
to be infinitely thick. The blue triangles represent the experimentally
determined resonance wavelengths for samples with a 166 nm thick
Cu2O layer on them. The red circles and squares represent the
experimentally determined resonance wavelengths for samples with a
232 nm thick Cu2O layer on them, and correspond to the N = +1 and
N = −1 cases, respectively. For the sample of oxide thickness 232 nm,
the plasmon resonance and the coherent optical absorption wave-
lengths coincide near to a sample period of 230 nm. The error bars are
to indicate the uncertainty in determining the exact wavelengths of the
plasmon resonances, from the reflection spectra measurements.

Figure 5. Time-dependent p-polarized electric field of the THz pulses
emitted by the flat and the nanostructured Au−Cu2O thin film
interfaces at ϕ = 0°. The nanostructured sample has a grating period of
240 nm at the Au−Cu2O interface and an oxide thickness of around
166 nm.
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both graphs. The blue points show the peak-to-peak values of
the electric field of the emitted THz pulses. The THz electric-
field amplitude is normalized to the maximum value measured.
When Λ = 230 nm, the grating period supports the excitation
of surface plasmons at the Au/Cu2O interface, at the incident
laser wavelength. When the azimuthal angle is varied from
−90° to 0°, the percentage of absorbed pump power increases
from about 75% to 90%. However, for the same change in the
azimuthal angle, the electric field strength of the emitted THz
pulses increases by a factor of ∼3 (shown as the blue line),
corresponding to an increase in THz power by a factor of 9.
This is a much more dramatic increase compared to the
increase in the absorbed pump power.
When Λ = 280 nm, the pump power absorption shows a

peak at ϕ = ∼45°. Surprisingly, this peak in the laser absorption
is accompanied by a reduction in the emitted THz amplitude.
We observe a similar behavior for the samples with a Cu2O film
thickness of ∼166 nm and Λ = 280 nm, which is shown in the
Supporting Information, Figure S4. These peaks in the
absorption also correspond to the dips observed in the
reflection spectra of these samples, as discussed in the next
section.
Figure 8a,b shows the measured normalized reflected

intensity of the nanostructured Au/Cu2O thin films with Λ =
230 and 280 nm, respectively, as a function of the azimuthal
angle and as a function of wavelength. The thickness of the
Cu2O layer is ∼232 nm in both cases and the incident light is p-

polarized. The color bar indicates the reflected intensity,
normalized to the reflection from a bare Au surface.
The coherent optical absorption, which depends on the

thickness of the Cu2O layer, occurs for both Λ = 230 and 280
nm samples at a wavelength a little above our wavelength of
interest of 800 nm and is marked as “E”. A plasmon resonance
labeled “−1” is observed at a wavelength close to 800 nm for
the sample with Λ = 230 nm, at ϕ = 0° (Figure 8a). The
plasmon resonances depend on the azimuthal angle and
disappears when ϕ increases to 90 deg, as expected, leaving
only the coherent optical absorption which occurs at almost the
same wavelength. For the sample with Λ = 280 nm (Figure 8b),
the plasmon resonance is observed at a wavelength of 975 nm
at ϕ = 0°. It corresponds to N = −1 and is marked as −1 in the
figure. In Figure 8b the plasmon resonance corresponding to N
= +1 is also visible at a wavelength of 730 nm, at ϕ = 0°. This is
marked in the figure as +1 (see also Figure 4).
Numerical simulations are performed using an in-house

developed software called “Cyclops” for solving Maxwell’s
equations.19,20 The software is based on the finite element
method described in the paper by Lalanne et al.21 (called FEM1
in that article), which was tested and benchmarked against
other methods such as the finite-difference time domain
method. 2D simulations were performed for wavelengths
ranging from 600 to 1000 nm. The angle of incidence was
set to be 45° and the azimuthal angle was varied from 0° to 90°.
A quadrilateral mesh was used such that for every material we
had several mesh points per wavelength. The convergence of
the simulations was verified by using a finer mesh, which did
not change the results we obtained. Using the simulations, we
calculated the reflected intensity in the far-field, and the electric
and magnetic near-field spatial distributions at the grating,
which enabled us to plot cross sections of the light intensity at
the grating. Refractive indices of different, flat Cu2O and AuCu
thin films, measured using ellipsometry, were used in the
simulation of the nanostructured sample. In order to have a
better match with the measured plasmon resonance wave-
length, the real part of the frequency-dependent refractive index
of the Cu2O film obtained from the flat sample has to be
decreased by 7% in the case of the nanostructured sample. The
thickness of the oxide was then adjusted accordingly from 166
and 232 nm to 171 and 250 nm, respectively, so that the etalon
resonance wavelength does not change. Through the
simulations we calculated the reflected electric field at the far-
field (Figure 8). The simulated reflection spectra of the samples

Figure 6. Electric field of the THz pulses emitted from the nanostructured samples, as a function of the grating period, for samples of Cu2O
thickness 166 nm (left) and 232 nm (right). The electric-field of the THz pulses emitted when the grating grooves are oriented perpendicular to the
plane of incidence (ϕ = 0°) of the pump beam is shown in black. In blue is the THz emission when the grating grooves are oriented parallel to the
plane of incidence of the pump beam (ϕ = 90°). The red points show the THz emission from the flat sample. In all cases, the incident light is p-
polarized. The arbitrary units on the vertical axes are different for the two graphs and their amplitudes cannot be compared.

Figure 7. Azimuthal angle dependence of the electric-field strength of
the emitted THz pulses (in blue) from two nanostructured Au/Cu2O
samples of period 230 nm (left) and 280 nm (right). Also shown is the
corresponding pump power absorption expressed as a percentage of
the incident power (in black).
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with an oxide thickness of 250 nm (corresponding to 232 nm in
the measurement) and a grating period of 230 and 280 nm are
shown in Figure 8c and d, respectively. The simulated spectra
show a good agreement with the measured spectra. It was
observed from the calculations that the strength of the plasmon
resonances depends critically on the etch depth of the grating.
The etch depth was assumed to be 17 nm in the simulations,
which provided a better match with the experimentally
measured reflection spectra. However, the measured Si etch
depth is around 50 nm, and the discrepancy is assumed to arise
from the incomplete oxidation of Cu within the trenches, giving
rise to a smaller effective etch depth.
In Figure 8b, in addition to the plasmon and etalon dips in

the reflection spectra, we can also see the presence of another
resonance which appears as a diagonal line (marked 2). For
clarity, the reflection spectra at three different azimuthal angles,
40, 60, and 80°, are shown in Figure 9. The arrows point to the
extra dip observed in the reflection spectra. The wavelength at
which this resonance occurs is a function of the azimuthal angle

and the thickness of the Cu2O layer. We can see that this extra
resonance occurs at a wavelength of 750 nm at ϕ = 60° and
moves to a wavelength of 800 nm at ϕ = 40°. These azimuthal
angles are close to the values at which we observe an absorption
peak in the pump laser absorption and, simultaneously, a dip in
the emitted THz amplitude in Figure 7. We stress that this
resonance is not related to plasmon excitation. We speculate
that this dip in the reflection spectra corresponds to a
waveguide mode in the oxide thin film. The maximum pump
electric field in such a mode is typically not reached at the metal
surface but some distance away from it, and this decreases the
efficiency of THz generation.
The measurements and calculations have so far provided

strong evidence that plasmon excitation is responsible for the
enhanced THz emission from nanostructrued Cu2O/Au
interfaces. To shed more light on the role played by surface
plasmons, we also simulated the electric near field spatial
distribution, to determine what the local pump fields look like
when plasmons are excited. In Figure 10, we plot the calculated
distributions of the near-field |E(x,z,λ)|2 intensity of the pump
light of wavelength 800 nm on the samples of oxide thickness
166 nm (171 nm in calculations) and 232 nm (250 nm in
calculations). Here, E(x,z,λ) is the position-dependent and
wavelength-dependent total electric-field amplitude. For each
thickness of the oxide layer (171 and 250 nm), two cases are
shown, corresponding to azimuthal angles of 0° and 90°. The
800 nm light is incident at an angle of 45° from the top-left side
of the figure. At ϕ = 0°, we observe plasmon-like modes for
both 171 and 250 nm thick Cu2O samples. There is a strong
electric field at the interface of AuCu and Cu2O, which is
vertically well-confined, characteristic of surface plasmon
polariton modes. At ϕ = 90°, there is very little field inside
the Cu2O thin film, and no features associated with plasmon
excitation are seen. Compared to the sample with an oxide
thickness of 250 nm, the sample with a 171 nm thick oxide film

Figure 8. White-light reflection spectra of the nanostructured Au/Cu2O samples as a function of the azimuthal angle. The incident light is p-
polarized, and the angle of incidence is 45°. (a, b) Measured reflection spectra from the nanostructured samples of period 230 and 280 nm,
respectively, for samples with Cu2O thickness around 232 nm, and (c, d) corresponding simulated reflection spectra.

Figure 9. Measured white-light reflection spectra from the nano-
structured Au/Cu2O interfaces, with a grating periodicity of 280 nm
and a Cu2O thickness ∼232 nm are shown for different azimuthal
angles. The dips in the reflection spectra that are marked with arrows
are responsible for the diagonal feature marked as “2” in Figure 8b.
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has more light reflected from the sample, due to constructive
interference in the reflected direction. The red box surrounding
the azimuthal angle values in the figure denotes that plasmon
excitation is expected in this case.

■ CONCLUSION

From the experiments and simulations, we conclude that both
optical absorption and THz emission from Au/Cu2O layers
occur in a region near the Schottky interface, where the static
electric field has a maximum. Hence, for increasing the THz
emission, it is important that the absorption of the laser light
takes place near the interface. We have shown that, by
nanostructuring the interfaces between Au and Cu2O, we can
excite surface plasmons, which localize pump laser energy at the
interface. The evidence for surface-plasmon-enhanced THz
emission can be summarized as follows:
The strongest THz emission was obtained from a sample of

grating period 230 nm. We have seen from the white-light
reflection spectra that the plasmon resonances depend on the
grating period, and that a period of 230 nm is suitable for
excitation of surface plasmons at 800 nm wavelength, as
predicted. From the azimuthal angle-dependence measure-
ments we see that the maximum pump power absorption and
THz emission occur when the grating is oriented vertically and
the incident laser is p-polarized. This orientation is optimal for
the excitation of the surface plasmons. These measurements
also indicate that concentrating the absorption of the pump
laser light at the interface leads to an increase in the efficiency
of THz emission. In other words, it is not just the absorption of
the laser by the sample that is important, but where it is
absorbed. This is also seen from the azimuthal angle
dependence of THz emission from the sample of period 280
nm, where a peak in the absorption is observed at an azimuthal
angle of 45°. However, this does not result in an increased THz
emission, but on the contrary, in a decreased THz emission.
One reason for this decrease in the THz emission is that a
resonant mode is excited, presumably a waveguide mode for
which the pump light is concentrated away from the interface,
thus, contributing less to THz emission. Thus, the measure-
ments and calculations clearly show that to maximize THz
emission it matters more where the light is absorbed than how

much is absorbed. This understanding may lead to new and
improved THz emitters.
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