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Terahertz emission by ultrafast optical excitation of semiconductor/metal interfaces strongly depends

on the strength of the depletion-field. Here, we report on the strong enhancement of the emission after

optical excitation of surface plasmons at these interfaces. The enhancement is caused by the

plasmonic localization of the pump light near the metal surface, where the depletion-field is the

strongest. Compared to the case where no surface plasmons are excited, a terahertz field enhancement

of more than an order of magnitude is obtained for a particular thickness of cuprous oxide layer on

gold, where localized surface plasmons are excited at the interface. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4865906]

Ultrafast optical excitation of transient currents in semi-

conductors is a widely used source of electromagnetic radia-

tion in the terahertz (THz) range.1 Transient currents can be

produced in semiconductors, either when an external bias

field is present or in the depletion fields formed at interfaces

such as semiconductor/air and semiconductor/metal

Schottky interfaces.2,3 The latter has the natural advantage

that no external voltage supply is required.3 This reduces the

size of the emitters considerably. Apart from that as any part

of a semiconductor device can, in principle, act as the source

of the radiation, THz emitters based on interface built-in

fields are very versatile and can be incorporated into existing

devices very easily. However, the THz emission from such

interfaces is generally weak.4,5 Recently, we reported on the

enhanced emission of THz pulses from ultrathin semicon-

ductor layers like amorphous silicon (a-Si), amorphous ger-

manium (a-Ge), and cuprous oxide (Cu2O) deposited on gold

(Au) substrates.6 The enhancement occurs in these thin films

because of the confinement of the pump laser energy through

cavity-enhanced optical absorption. This forces the light to

be absorbed in the depletion-region of the semiconductor/

metal interface where it matters for the THz emission.

However, in spite of the increase in the THz emission from

these thin layers relative to the emission from the corre-

sponding bulk materials, much of the pump light is still

absorbed in a region where the depletion-field is weak.

Here, we show that the THz emission from ultrathin

semiconductor films on metals can be enhanced by the exci-

tation of surface plasmons at the interface. The near-infrared

(IR) surface plasmons are excited by using both nanostruc-

tured and flat metal surfaces. The former leads to the excita-

tion of localized surface plasmons, the latter to propagating

surface plasmons which are excited using the so called

Kretschmann geometry. In both cases, enhanced THz emis-

sion is observed compared to the case when no surface plas-

mons are excited. The enhancement occurs because the

excitation of surface plasmons results in the confinement and

subsequent absorption of light close to the metal surface,

where the depletion-field is the strongest and where it mat-

ters for the generation of THz light.

The schematics of the two experimental setups are

shown in Figs. 1(a) and 1(b). The laser source is a Ti:

Sapphire oscillator (Scientific XL, Femtolasers) generating

pulses of 50 fs duration, centered at a wavelength of 800 nm

with a repetition rate of 11 MHz. In one case, the sample is

excited at 45� angle of incidence and the emitted THz light

is collected in the specular reflection direction as shown in

Fig. 1(a). In the second case, the sample is prepared on a

right-angle prism, and is excited from the glass side using

the Kretschmann geometry as shown in Fig. 1(b). The emit-

ted THz light is collected and steered using off-axis parabo-

loidal mirrors, and the electric field of the pulses is detected

by free-space electro-optic sampling using a 500 lm thick,

(110) oriented zinc telluride (ZnTe) crystal.5

FIG. 1. Schematics of the experimental setup used for (a) excitation of the

sample in the reflection geometry, and (b) in the Kretschmann geometry.

(c) SEM image of an Au layer of 8 nm average-thickness deposited on glass.a)Electronic mail: G.Ramakrishnan@tudelft.nl
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Thin films of Au are prepared by e-beam evaporation on

clean silicon (Si) and glass substrates (including the hypote-

nuse side of the prism), under high-vacuum conditions

(below a pressure level of 10�6 millibars). Thin films of

Cu2O are prepared by first depositing copper (Cu) by e-beam

evaporation, followed by oxidation of the Cu layer by heat-

ing the sample in ambient air at a temperature of 250 �C for

3 h. The thickness of the resultant Cu2O layer is found to

increase by a factor of 1.5.5,7 The composition of the film is

analyzed by X-ray diffraction (XRD).

In an earlier report, we showed that the ultrafast illumi-

nation of ultrathin, semi-continuous layers of Au deposited

on a glass substrate, leads to the emission of THz pulses.8

Au films, when prepared on substrates like glass or silicon,

initially form randomly placed nano-islands. As the thick-

ness increases to values of about 6–8 nm, these nano-islands

get connected to each other and a randomly connected net-

work forms, spanning the whole surface. The thickness

where this occurs is known as the percolation threshold.9 In

Fig. 1(c), we show a scanning electron microscope (SEM)

image of such an Au film of an average-thickness of 8 nm de-

posited on a glass surface.10 Au films near the percolation

threshold have a fractal-like structure. In percolating Au

films, a high local pump light intensity can exist through the

excitation of localized surface plasmon modes.8 The THz

emission in this case happens through second-order optical

rectification of the pump laser pulses at the Au surface where

it becomes enhanced due to the local high intensities.10–15

This suggests that if a nonlinear material is deposited on top

of the Au layer, an increased response can be expected from

that as well, similar to what occurs in surface-enhanced

Raman scattering (SERS).16

We choose Cu2O as a suitable semiconductor for this

experiment. Cu2O has a bandgap of 2.1 eV, which is higher

than the photon energy of the pump light. Nevertheless, sur-

prisingly strong THz emission is observed from ordinary

Cu2O/Au interfaces, when excited using femtosecond

near-IR laser pulses.6 In Fig. 2(a), we plot the emitted THz

intensity and the percentage absorption of the pump light by

ultrathin Au films coated with Cu2O, as a function of the Au

layer thickness. The Cu2O layer is 225 nm thick. This thick-

ness of Cu2O on Au corresponds to the thickness where an

absorption maximum for the pump light occurs for Cu2O

layers on a continuous Au surface because of the

Fabry-Perot effect.5,6 In the figure, we see a distinct peak in

the emitted THz amplitude when the average-thickness of

the Au layer is 8 nm. This is very close to the percolation

threshold of Au on glass. Surface plasmon excitation and

large local enhancements of the pump light intensity can be

possible at the Cu2O/Au interface when the Au film is near

the percolation threshold.10

Fig. 2(a) shows that the absorption of the pump light has

no clear maximum near the percolation threshold. We can

thus infer that the pump light absorption and the THz emis-

sion are not simply correlated in the case of THz emission

from these interfaces, at least for this thickness of the Cu2O

layer. A thin film of Cu2O on the nanostructured Au sub-

strate acts like an etalon which can obscure the plasmonic

enhancement in the optical absorption occurring around the

percolation threshold.

Let us now compare this result with the case where no

surface plasmons are excited. In Fig. 2(b), we plot the meas-

ured peak-to-peak THz amplitude as a function of the thick-

ness of the Cu2O layers for two cases: one in which the Au

layer has an average-thickness of 8 nm, and the other when

the Au layer is 200 nm thick. In the first case, localized plas-

mons are excited, but not in the second case. In the case of

percolating Au, there is a sharp increase in the THz emission

as the Cu2O layer increases in thickness up to 60 nm. After

this, the emitted amplitude stays at an elevated level with a

slight oscillatory behavior as the thickness of Cu2O further

increases. This suggests that in the case of Cu2O on percolat-

ing Au, the THz generation takes place in a Cu2O layer of

only �60 nm thickness, probably because of the confinement

of the surface plasmon field within this thickness of the

Cu2O layer. This contrasts sharply with the case of Cu2O on

200 nm thick Au. There, the THz amplitude is much smaller.

It requires a Cu2O layer thickness of about 420 nm to reach

approximately the same THz amplitude (not shown here).5,6

Note that the increase in the emitted THz amplitude as the

thickness of Cu2O increases on the 200 nm thick, Au is

superimposed on the Fabry-Perot etalon oscillations of the

pump light inside the Cu2O layer.6 Such oscillations are

weak for Cu2O on percolated Au. For �75 nm thick layer of

Cu2O, the emitted THz amplitude is enhanced by a factor of

�24 compared to the amplitude emitted by the same thick-

ness of Cu2O on 200 nm thick Au. We note that the THz

amplitude emitted from an unbiased plasmonic Cu2O/Au

FIG. 2. (a) Measured emitted THz amplitude (red) and pump light absorp-

tion (blue) by Cu2O/Au samples plotted as a function of the Au layer

average-thickness. (b) Measured emitted THz amplitude from Cu2O on 8 nm

thick Au (red) and 200 nm thick Au (blue), plotted as a function of the Cu2O

layer thickness.
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interface is still almost two orders of magnitude smaller than

that from a conventional externally biased photoconductive

antenna. The enhancement factor reduces to �8 for a Cu2O

layer thickness of �150 nm.

Another method to excite surface plasmons at a metal

surface is by using the Kretschmann geometry.17 In this

case, on the hypotenuse side of a right-angled prism, the ex-

citation is done in the attenuated total reflection geometry as

shown in Fig. 1(b). This method is sometimes used for the

photo-excitation of very thin layers of nonlinear media, as

the electric field of surface plasmons is localized very close

to the metal surface.18,19 In Fig. 3, we show the comparison

of the emitted THz amplitude and the reflected pump power

from a �15 nm thick layer of Cu2O on Au excited in the

Kretschmann geometry, as a function of the external incident

angle h. Compared to the case with a bare Au layer (not

shown here), we see a significant shift in the plasmon reso-

nance angle from �45� to �50�, as seen in the dip in the

reflected pump power from the sample. The dip has also

smeared out considerably as a consequence of the presence

of the Cu2O layer.17 The surface plasmon resonance is not,

however, destroyed by the thin Cu2O film. At the surface

plasmon resonance, the THz emission is significantly

enhanced. We note that there seems to be a slight shift in the

peak position of the maximum in the THz amplitude with

respect to the minimum in the reflected power.20 Note that

THz light is emitted also for angles far away from the plas-

mon resonance angle, for example at �60�. This is because

the evanescent pump light on the hypotenuse side of the

prism can excite the Au/Cu2O interface, even when its

wave-vector does not match with the plasmon wave-vector.

However, it is clear that the maximum THz emission occurs

near the surface plasmon resonance angle.

The exact mechanism of THz generation from Cu2O/Au

interfaces is not yet well understood. However, three major

possibilities are: (a) photocurrent in the depletion-field near

the interface, through sub-bandgap excitation of impurities,

(b) internal photoemission, and (c) depletion-field-induced

second-order non-resonant optical rectification.6 For all these

three mechanisms, a depletion-field at the interface is a pre-

requisite. Considering the fact that the thin film Cu2O/Au

samples absorb a significant amount of the pump light, let us

concentrate on the cases (a) and (b), where real excitation of

charge carriers takes place at the interface. When a Schottky

interface is excited using a femtosecond laser pulse, the

emitted far-field THz amplitude ETHz is proportional to the

rate of change of the photocurrent generated by the pump

laser pulse J(x,t)

ETHz /
@Jðx; tÞ
@t

; (1)

where x denotes position in the semiconductor side of the

interface, measured from the metal surface, and t denotes

time. The rate of change of J(x,t) is proportional to the built-

in electric field at the interface which drives the photogener-

ated charge carriers. In the case of Schottky interfaces, the

built-in electric field ED is formed as a result of carrier deple-

tion near the interface21

ED /
qNa

�s
ðW � xÞ; (2)

where q is the electronic charge, Na is the concentration of

the acceptor atoms, �s is the relative permittivity of the semi-

conductor, W is the total width of the depletion-region, and

the position x in the semiconductor side is measured from

the metal surface. Equation (2) shows that the static

depletion-field is the strongest near the metal. When surface

plasmons are excited at the interface, an increased absorption

of light near the metal surface occurs, which results in a

stronger J(x,t), and in the emission of an enhanced THz am-

plitude. Note that surface plasmon excitation can also lead to

enhancement of the THz emission through the non-resonant

generation mechanism (c). In this case, the THz emission

occurs through the depletion-field-induced second-order

nonlinear susceptibility, vð2Þef f � EDvð3Þ, where vð3Þ is the

third-order nonlinear susceptibility of Cu2O. Hence,

ETHz / vð2Þef f Iopt; (3)

where Iopt is the local pump light intensity. Near the metal

surface, both ED and Iopt are maximum when surface plas-

mons are excited.

In conclusion, we have shown that the THz emission

through ultrafast laser excitation of a Schottky interface can

be significantly enhanced when pump light surface plasmons

are excited at the interface. This is demonstrated with thin

films of Cu2O prepared on randomly nanostructured Au films,

where localized surface plasmons are excited, and on planar

Au films in the Kretschmann geometry, where propagating

surface plasmons are excited. Excitation of plasmons at the

interface between Cu2O and Au, results in increased light con-

centration and absorption near the metal surface, where the

Schottky depletion-field is the strongest. This gives rise to

enhanced THz emission. Better results may be obtained by

controlled nanostructuring of the Au surface by modern nano-

fabrication techniques.22,23 Interestingly, there have been a

number of reports, recently, on enhancement of THz emission

from photo-conductive antennas. In these works, metallic

nanostructures are used either for increased pump light

absorption24–26 or for reducing the photo-generated carrier

transport path length,27,28 both resulting in higher THz output

FIG. 3. Measured emitted THz amplitude (red) and reflected pump power

(blue) from Cu2O/Au excited using the Kretschmann geometry, as a function

of the external angle of incidence, h.
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yield. Plasmon-enhanced THz emission can be very useful for

local generation of THz pulses in future compact THz pho-

tonic devices.
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