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Terahertz wave generation from thin metal films excited
by asymmetrical optical fields

Jianming Dai' and X.-C. Zhang"**
'The Institute of Optics, University of Rochester, 275 Hutchison Road, Rochester, New York 14627, USA

‘Huazhong University of Science and Technology, 1037 Luoyu Road, Wuhan 430074, China
*Corresponding author: xi-cheng.zhang@rochester.edu

Received November 4, 2013; revised December 20, 2013; accepted December 29, 2013;
posted January 6, 2014 (Doc. ID 200705); published February 4, 2014

We experimentally demonstrated terahertz (THz) wave emission from thin metal (gold) films excited by asymmet-
rical optical fields synthesized using an in-line phase compensator. By driving the electrons in thin metal films
asymmetrically, THz wave emission is observed at normal incidence of two-color pump beams. Coherent control
of THz wave emission from metal films suggests that a mechanism similar to that of the air-plasma THz source

excited by two-color laser fields can be used to describe the generation processes.
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Advances in terahertz (THz) wave science and technology
make possible THz wave applications in label-free DNA
genetic analysis, cellular-level imaging, chemical and
biological sensing, explosives detection, and nondestruc-
tive testing, etc. [1-4]. Tabletop intense THz sources, such
as those using lithium niobate crystal (LiNbOg) with tilted-
pulse front approach [5,6], the THz source using differ-
ence-frequency mixing of two parametrically amplified
pulse trains from a single white-light seed in a GaSe or
AgGasS, crystal [7], and the laser-induced air-plasma ultra
broadband THz source [8,9], have initialized a series of
new research topics in the physics and material science
[10-14]. However, there are still needs for development
of new compact intense THz sources.

Recently, the THz-wave emission based on optical
rectification of femtosecond pulses on metal films or
nanostructured metal surfaces draws more attention
not only because it will potentially become one of the
alternative intense sources, but also because the charac-
teristic of the emitted THz wave itself can be a powerful
probe for the material [15-24]. Furthermore, due to the
lower electron work function on metal surfaces or thin
metal films, in comparison to its counterpart air-plasma
based THz source, it is possible to use a femtosecond os-
cillator laser rather than an amplified laser system as the
pump source. In all these works, single-color laser fields
are used for the excitation of metal films or metal surfa-
ces. Optical rectification of the incident optical field com-
ponent normal to the surface of the metal film based on
the third-order nonlinearity were used to interpret the
THz generation processes in most of those works
order optical rectification was claimed to be responsible
for the generation process [17].

In this Letter, instead of using single-color femtosecond
pulses as the excitation, we use two-color laser fields,
which are phase-controlled by an in-line phase compen-
sator [25], to asymmetrically drive electrons in a thin
metal (gold, Au) film for THz wave generation in a trans-
mission geometry. Similar to its air plasma-counterpart
(i.e., the two-color laser-induced air-plasma THz source)

0146-9592/14/040777-04$15.00/0

© 2014 Optical Society of

(240.4350) Nonlinear optics at surfaces; (260.3910) Metal optics; (300.2570) Four-wave mixing;

the generation processes can be phenomenologically
attributed to the third-order nonlinear (four-wave mixing)
process for easy understanding [26,27].

Experimentally, a femtosecond (fs) regenerative Ti:
sapphire amplified laser system (Spectra-Physics, Hurri-
cane) working at 1 kHz repetition rate is used. The laser
system delivers 0.7 mJ laser pulses with pulse duration of
~100 fs at central wavelength of 800 nm. Figure 1 shows
the schematic diagram of the experimental setup used to
generate THz waves from thin metal films. Most of the
laser pulse energy is sent through an in-line phase com-
pensator, which was first demonstrated in [25].

As shown in Fig. 1, the in-line phase compensator is
used to synthesize the asymmetrical laser fields by con-
trolling the relative phase between fundamental (800 nm,
) and the second harmonic (400 nm, 2w) pulses. In this
work, we keep the 800 and 400 nm pulses linearly polar-
ized with their electric fields parallel to each other. After
the in-line phase compensator, a mirror with high reflec-
tion at both 800 and 400 nm at an incident angle of 45° is
used to steer the two-color laser beams toward a para-
bolic mirror with aluminum coating. The aluminum-
coated parabolic mirror is used to focus the laser beams
through the gold thin-film sample. The residual pump
beam after the gold film is blocked by a high-resistivity
silicon plate [28]. The generated THz beam is collimated

< FTHZ Wave

Fig. 1. Schematic diagram of the experimental setup. M, high-
reflection mirror at both 800 nm () and 400 nm (2w); P, para-
bolic mirror; S, thin gold-film sample coated on z-cut sapphire
crystal substrate; F, high-resistivity silicon filter used to block
the residual 800 and 400 nm beams while passing through the
THz beam.
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by a parabolic mirror with an effective focal length of
152.4 mm. It is then refocused by another 50.8 mm para-
bolic mirror with a hole to pass through the probe beam
for the electro-optic sampling measurement of the THz
waveform with a 1 mm thick, (110) cut ZnTe crystal (this
part is not shown in Fig. 1) [29].

The gold thin films were coated on 1 mm thick, z-cut
sapphire crystals using the standard DC plasma sput-
tering technique. The use of z-cut sapphire crystal rather
than fused silica or crystalline quartz as the substrate
is due to the initial consideration of its relative higher
damage threshold at optical wavelengths and lower
absorption to the emitted THz waves, especially at those
higher frequency components (>4.0 THz).

Figure 2 shows a typical THz waveform and its
spectrum generated from a 20 nm gold film coated on
sapphire crystal with normal incidence of the pump beam
at an environmental relative humidity of about 35%. The
result is obtained when the sapphire crystal substrate is
facing toward the incoming pump beam (the pump beam
passes through the sapphire crystal first and then hits on
the thin gold film) and the THz signal is optimized
through varying the relative phase between 800 and
400 nm pulses. The measured THz spectrum is essentially
limited by the detection bandwidth using a 1 mm thick
ZnTe crystal. When the sample is flipped over so that
the pump beam passes through gold film first and then
the sapphire crystal, the detected THz signal drops
slightly, mainly due to the THz absorption from the sap-
phire crystal substrate.

Samples with four different gold-film thicknesses are
tested. Figure 3(a) plots THz waveforms obtained with
gold-film thicknesses of 5, 10, 20, and 30 nm, respectively,
at normal incidence. Results indicate that the highest
THz signal generated from our experimental setup is
obtained when the thickness is 10 nm. A piece of bare
sapphire crystal substrate without gold film is also tested
with the same excitation and no detectable THz signal is
observed, which means the observed THz signals from
these samples are from gold films rather than substrates.

There are essentially two factors that can be used to
interpret the observed optimal thickness for THz wave
generation. First, the interplay between the absorption
of the emitted THz waves by the metal film itself and
the “gain” obtained by exciting the film with 800 and
400 nm pulses gives rise to an optimal THz emission
efficiency occurred at certain film thickness in the
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Fig. 2. Typical THz waveform and its spectrum (inset) gener-
ated with 20 nm gold film in the transmission geometry and
detected with a 1 mm thick, (110) cut ZnTe crystal.
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Fig. 3. (a) THz waveforms generated at normal incidence from
Au films with different thicknesses, 5, 10, 20, and 30 nm, respec-
tively. For each waveform, the THz signal is optimized by
changing the relative phase between 800 and 400 nm pulses.
(b) and (c) show SEM images of 20 and 5 nm Au films, respec-
tively, with film profiles reshaped due to irradiation by pump
laser pulses.

transmission geometry. The skin depths of gold at optical
(800 and 400 nm) and THz (~1.0 THz) frequencies are on
the orders of 10 and 80 nm, respectively [30], which sug-
gests the thickness of the gold film has to cover the range
from a few nanometers to tens of nanometers to exper-
imentally obtain the optimal thickness. This factor is also
used as the major consideration to determine the gold
sample thicknesses used in this work before our experi-
ments. The experimental results are very consistent with
the expectation.

Second, previous results reported by other groups in-
dicate that when the metal-film thickness is reduced to
near the metal-insulator percolation threshold (about
6.5 nm for gold), the optimal THz emission is achievable
[21,30]. It is noteworthy that, strictly speaking, the
thickness of a gold film below 10 nm should be called
“mass-equivalent thickness,” since, when the nominal
film thickness is near the percolation threshold, the “gold
film” is no longer a continuous film [30]. In our case,
scanning electron microscope (SEM) images of Au thin
films fabricated on sapphire crystal substrates with DC
plasma sputtering do not show any percolation effect be-
fore they are irradiated by pump laser pulses. These Au
thin-film samples, including the 5 nm sample, are very flat
and Au evenly distributes on each sapphire crystal sub-
strate. However, after irradiation by pump laser pulses,
these Au thin films are reshaped. The laser-induced
metal-film morphology change through thermal effect
shows similar behavior to the percolation effect when
thermal evaporation is used for the fabrication.

Figures 3(b) and 3(c) show SEM images of 20 and 5 nm
Au films, respectively, after they were irradiated by the
laser pulses. We can see both the profiles were reshaped.
The 20 nm film keeps a continuous film morphology
while the 5 nm film is dominated by the discontinuous
characteristic and becomes an insulator. Based on the



above observation, we concluded that the percolation
effect can still be used to interpret the maximal THz
emission around the 10 nm sample thickness. In order
to determine which is the dominant factor measurements
of samples with finer increment, steps in the sample
thicknesses are required.

Moreover, when the thickness of gold film is reduced
to below 10 nm the THz waveform has different charac-
teristics, as shown in Fig. 3(a) (top waveform labeled
with “5 nm Au”). In the frequency domain, the corre-
sponding spectrum of that waveform has a red shift in
comparison to those of the other three waveforms plot-
ted in the figure. This is because the 5 nm gold film
actually becomes an insulator after the gold film was
irradiated by laser pulses. As previously reported, the
properties of the gold film change dramatically below
the percolation threshold [30].

The generation process using excitation of two-color
laser fields in this work is in marked contrast to those
that were reported previously [15-17,21,24]. In our case
we use asymmetrical laser fields (i.e., two-color fields) to
excite these gold-film samples at normal incidence,
which drive electrons in the metal film asymmetrically
to form a net dipole in the plane of the sample. The
in-plane dipole moment is responsible for the THz emis-
sion in the forward direction in our experimental geom-
etry, while previous reports used single-color laser pulses
to generate THz waves. This way, one has to utilize the
asymmetrical characteristics of those electrons at the in-
terfaces between air and metal film or between dielectric
substrate and metal film to achieve a net dipole normal to
the metal surface. Therefore, at normal incidence there
is no observable THz emission even though in some cases
nanostructured metal films are used for plasmonic
enhancement of the THz wave emission [17-19,23]. In
the experiment, we also carefully check the THz signal
when only single-color (800 or 400 nm) femtosecond
pulses are used as the excitation at normal incidence
and no THz signal is detectable.

The observed THz emission process is very similar to a
two-color laser-induced air-plasma THz source, which
can be phenomenologically explained using the third-
order nonlinear (i.e., four-wave mixing) process
[26,27]. Due to the similarity between the air-plasma
THz source and the current source, coherent control
of THz generation from thin metal film can be expected.
Figure 4(a) shows a typical phase scan obtained by
changing the relative phase between the 800 and
400 nm pulses using the in-line phase compensator while
monitoring the THz electric field using electro-optic sam-
pling. Similar to the case for THz generation from the
two-color laser-induced air-plasma, we can control the
THz waveform polarity by changing the relative phase.
In particular, when we change the relative phase by =,
the THz waveform can be completely flipped over, as
shown in Fig. 4(b).

Figure 5 shows the emitted THz wave amplitude as a
function of total pump pulse energy (800 and 400 nm
pulses). Both pulse durations at 800 and 400 nm are
approximately 100 fs. The beam diameter on the
20 nm thick sample is 2.6 mm. In Fig. 5, experimental data
are shown in solid dots and can be fitted with the four-
wave-mixing model in references [26,27] by modifying
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Fig. 4. (a) Phase scan for the THz wave generation from Au
metal film with thickness of 20 nm obtained by changing the
relative phase between 800 and 400 nm laser pulses while mon-
itoring at the peak THz electric field using electro-optic sam-
pling with a 1 mm thick, (110) cut ZnTe crystal. (b) Flipped
THz waveforms obtained by changing the relative phase by .

the equation Epy, < y®E E E,, cos ¢ to Ery, x
ay®I(I - bI?), where I is the total pump pulse energy be-
fore the beta-barium borate (BBO) crystal in the in-line
phase compensator, y® is the third-order susceptibility
of the sample. The residual 800 nm pulse energy after
the BBO crystal is I — bI? and the second harmonic pulse
(400 nm) energy corresponds to bI?, where a and b are
constants.

In Fig. 5, the minimal pump pulse energy (800 and
400 nm) for detectable THz signal is about 22.5 pJ, cor-
responding to a peak power intensity of 4.2 GW/cm?.
Such an intensity is achievable by focusing pulses from
a femtosecond oscillator down to a diameter of tens
of pm.

The overall generation efficiency is still under optimi-
zation. In order to get a THz electric field comparable to
that of the THz waves generated from laser-induced gas
plasma, which reaches a peak THz electric field of more
than 1.0 MV/cm with total pump pulse energy of
~3.0 mJ, improvement of about three orders of magni-
tude in terms of electric field is needed. The demonstra-
tion indicates the possibility to use large size metal film to
generate higher-energy THz pulses with expanded fs
second beams. Compared to its counterpart air-plasma
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Fig. 5. Emitted THz wave amplitude as a function of total

pump pulse energy (800 and 400 nm pulses). The beam size

at the sample position is 2.6 mm and the tested sample has a

thickness of 20 nm. Solid dots show experimental data and

the solid line is the fitting with the four-wave-mixing model.
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THz source, relative lower electron work function (for
Au, the work function is ~b5.1 eV; Ag, ~4.26 eV; Ny,
~15.7 eV; and Xe, ~12.13 eV) allows the use of low-
excitation laser intensity for THz wave generation from
metal films, which poses potential for the using of a
regular femtosecond oscillator laser as the excitation.
Besides, using cascade reflection geometry (having
two-color laser pulses reflected multiple times from
two metal surfaces) we can constructively enhance the
total THz emission flux.

In conclusion, thin metal films can be used for THz
wave generation with the excitation of two-color laser
fields in transmission mode. Phenomenologically, we
attribute the THz emission from thin metal films excited
by two-color asymmetrical fields to the third-order non-
linearity of the metal films. In addition, THz emission
from thin metal films can also be utilized to extract more
information of the nonlinear properties of the material
itself.
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