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We demonstrate remarkably strong nonlinear terahertz (THz) effects in an intrinsic GaAs wafer

patterned with a nanometer-width slot antenna array. The antenna near-field reaches 20 MV/cm

due to the huge field enhancement in the plasmonic nano-structure (field enhancement factor,

affi 50). The THz fields are strong enough to generate high density free carriers (Ne> 1017 cm�3)

via interband excitations associated with impact ionizations and thus to induce large absorption of

the THz radiation (>35%). The nonlinear THz interactions take place in the confined region of

nanometer-scale layer adjacent to the antenna. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4826272]

Terahertz (THz) spectroscopy of carrier dynamics in

semiconductors is of great interest not only for understand-

ing the fundamental physical processes such as many-body

Coulomb interactions and carrier-phonon scattering but also

for developing high-speed electronic devices.1 In particular,

recent technical advances in high-power THz pulse genera-

tion have opened up new opportunities to explore high-field

electron transport and non-equilibrium carrier distribution in

semiconductors.2,3 The interaction of strong THz pulses

with semiconductors results in pronounced nonlinear THz

responses in that hot electrons driven by intense THz fields

undergo scattering processes of different kinds such as inter-

valley scattering and impact ionization.4–6 The nonlinear

THz properties are governed by various physical parameters

such as bandgap energy, temperature, carrier type, carrier

density, and doping level.

GaAs, the material of interest in this study, is of great

importance because of the fundamental interests in high-

frequency carrier dynamics as well as the applications to

ultra-high speed electronics.7–10 The previous studies on

n-type GaAs with the THz fields in the range of �100 kV/cm

show that the electrons driven into high momentum states by

the THz fields undergo distinctive intraband processes such

as intervalley scattering,11,12 coherent ballistic transport,13,14

and effective mass anisotropy.15 It is notable that the inter-

valley scattering from initial conduction band valley (C val-

ley) to side valleys (L valley or X valley) is considered to be

the dominant mechanism for the THz induced transparency

in the n-type GaAs samples of the electron density around

1015–1017 cm�3 due to the lower electron mobility in the

side valleys. In the higher field regime beyond 1 MV/cm,

THz fields may produce extreme nonlinear effects involving

interband transitions in GaAs, while the THz photon energy

is several hundred times lower than the bandgap energy.6,16

For example, it has been reported that THz excitations gener-

ated photoluminescence in GaAs quantum wells (QWs),

which was associated with carrier multiplication through a

series of impact ionizations.6

In this letter, we demonstrate that the field enhancement

in plasmonic THz nano-antennas raises the near-field ampli-

tude up to 20 MV/cm and hence gives rise to the onset of

extraordinary nonlinear THz absorption in intrinsic GaAs

associated with carrier generation by THz excitations. THz

photon energy is orders-of-magnitude smaller than the

bandgap energy, yet the THz electric fields are so strong that

they create free carriers in the conduction band via interband

transitions. We used the undoped samples to suppress intra-

band processes such as intervalley scattering. Nonlinear opti-

cal processes in metal-semiconductor hybrid nanostructures

hold potential for practical applications such as active switch-

ing devices, modulators, and frequency filters.17–19 Especially,

nanometer-width slot antenna structures, which are simple

and easy to fabricate, can make huge field enhancement

more than 100 times at the resonance frequency.20–23 The field

enhancement and consequent nonlinear optical effects in

nano-slot antenna/semiconductor composites give rise to

effective dielectric constant modulation.19,24 We exploit the

field enhancement in THz nano-slot antennas to obtain intense

THz fields up to 20 MV/cm and to investigate high-field tran-

sient carrier dynamics in intrinsic GaAs.

We fabricated nano-slot-antenna arrays on a 500-lm-

thick, single crystal intrinsic (100) GaAs wafer, using an elec-

tron beam lithography technique. The resistivity of GaAs wafer

is (1.0–2.9)� 108 X cm, the mobility is (5.5–6.2) � 103 cm2/V

s, and the average carrier density is �7� 106 cm�3 at room

temperature. Figure 1(a) illustrates the nano-antenna/GaAs

composite design: each antenna is 60 lm long (l1) and 200 nm

wide (w), which is resonant at 0.9 THz. The antenna array is

a negative structure in a 100-nm-thick-gold/3-nm-thick-Ti-

adhesion layer on top of the GaAs wafer. In order to optimize

the field enhancement at the resonance frequency and to avoid

coupling effects among neighboring antennas, the periodicity
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of the antenna array in the length direction (70 lm) and width

direction (60 lm) is the same scale with the antenna length

(l1).
25 The total array area, 2 mm by 2 mm, is substantially

larger than the incident THz beam size at the focal plane

(400-lm diameter). We generate strong THz pulses via

tilted-pulse-front optical rectification in a LiNbO3 prism using

femtosecond pulses (pulse duration, 120 fs; wavelength,

800 nm) from a 1-kHz Ti:Sapphire regenerative amplifier

(Fig. 1(b)).2 The field amplitude of the broadband THz pulses

(central frequency, 0.9 THz; bandwidth, 0.8 THz) reaches

500 kV/cm at an optical pulse energy of 0.8 mJ. We measured

the transmitted THz pulses using a liquid-helium-cooled

silicon-bolometer to obtain either spectrally integrated total

transmitted power (Fig. 1(c)) or transmission frequency spectra

via Michelson interferometry (Fig. 1(d)). We carried out the

THz transmission measurements on the nano-antenna/GaAs

composite as well as a bare GaAs wafer for comparison.

The experimental results for the bare GaAs sample are

shown in Fig. 2, where the THz transmission is the trans-

mitted power through the sample divided by the transmit-

ted power in the absence of a sample. Figure 2(a) shows

the transmission as a function of the THz field amplitude,

when the field is aligned along (110) direction. We also

obtained nearly identical results in (100) direction. The

THz transmission undergoes only a small decrease up to

150 kV/cm and becomes flattened, which is independent of

the field direction relative to the crystal axis. The normal-

ized transmission decrease (DT/T0) is less than1.5% in this

field range of ETHz< 600 kV/cm. Though the increase in

THz absorption implies free carrier generation by the THz

excitation, it is hard to expect drastic carrier density

changes in bare GaAs. Figure 2(b) shows the electron den-

sity Ne estimated from the free-carrier absorption

coefficient,

cðETHzÞ ¼
ele

ce0nG
NeðETHzÞ ¼

1

lG
ln

T0

TðETHzÞ
; (1)

where T0 (¼0.512) is the linear THz transmission of the

GaAs wafer, lG (¼500 lm) is the wafer thickness, e is the

electron charge, le (ffi6� 103 cm2/V s) is the mobility, c is

the speed of light, and nG(¼3.6) is the GaAs refractive index

FIG. 1. (a) Nano-slot-antenna-array-

patterned GaAs sample: the dimen-

sions are l1¼ 60 lm, l2¼ 10 lm, and

w¼ 200 nm. The thickness of the gold

layer is d¼ 100 nm and the adhesion

titanium layer is 3 nm. A SEM image

of a single nano-antenna is shown. (b)

Schematic of the high-power THz

pulse generation setup with a lithium

niobate prism. (c) Total transmitted

power measurement with a liquid-he-

lium-cooled bolometer. (d) Michelson

interferometer setup for frequency

spectrum measurement.

FIG. 2. Bare GaAs wafer: (a) spectrally integrated THz transmission vs.

field amplitude for the field aligned along (110) direction. The dashed line at

0.512 indicates the low-field transmission of the GaAs wafer (nG¼ 3.6)

including internal reflections. (b) Estimated free carrier density vs. THz field

amplitude.
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in the THz region. The electron density gradually builds up

to 3� 1012 cm�3 and becomes saturate above 150 kV/cm.

The THz field lower than 600 kV/cm is too weak to induce

interband transitions either by Zener tunneling or by impact

ionization.6 We speculate that the THz excitations free up

electrons trapped in shallow impurity states.

Figure 3 shows the experimental results for the nano-

antenna-array-patterned GaAs sample. For the transmitted

power measurements as shown in Fig. 3(a), the transmission

decreases by more than 35% over a factor-of-ten increase

in the field strength. The significant change in the THz

transmission implies that the strong THz fields generate a

substantially large number of free carriers via interband

transitions. As depicted in Fig. 3(b), the carrier density is

enhanced by a factor of �105 compared to that in bare GaAs

for the same input intensities. The transmission spectra

shown in Fig. 3(c) reveal the antenna resonance at 0.9 THz

and also demonstrate large increase in absorption at high

THz fields. The transmission reduction at 490 kV/cm at the

resonance frequency compared to that at 90 kV/cm reaches

50%. Furthermore, the spectral broadening indicates the

increase of conductivity and thus free-carrier generation by

the THz fields.

As the first step of a phenomenological analysis, we cal-

ibrate the THz field amplitude at the nano-slot (the near field

amplitude, Enear) using the field enhancement factor of the

nano-antenna structure20

a ¼ Enear

ETHz

����
���� ¼ 1

b
Efar

ETHz

����
���� ffi 50; (2)

where the antenna coverage ratio b is 1/350 for this sample.

The ratio of the far-field to the incident field amplitude

(Efar/ETHz) is obtained from the observed THz transmission at

low intensities (the transmission is 1.9% and the ratio of the

pulse duration of transmitted radiation to that of incident radi-

ation is 2.3). The near-field amplitude exponentially decays

along the direction perpendicular to the antenna/GaAs inter-

face, i.e., EnearðzÞ � Enearð0Þe�z=w, which indicates that the

large nonlinear THz absorption arises mostly in the confined

region of the nanometer-scale layer, def f � w¼ 200 nm.19

The effective thickness is a mere 1/1500th of the wafer

thickness, meaning that the nonlinear effects in the nano-

antenna structure are several orders of magnitude stronger

than those in bare GaAs. As a first-order approximation to an-

alyze the nonlinear THz absorption, we treat the nanometer-

scale layer as a conducting thin film and apply the thin-film

Fresnel formula to obtain the THz induced conductivity from

the nonlinear transmission measurements. The THz-field

induced conductivity is expressed as a function of the normal-

ized nonlinear transmission, Trel (ETHz)¼ T(ETHz)/T0:

rðETHzÞ ¼
nG þ 1

Z0def f

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TrelðETHzÞ

p � 1

" #
; (3)

where Z0 (¼ 376.7 X) is the vacuum impedance. We esti-

mate the free electron density from the conductivity,

applying the mobility-conductivity relation: NeðETHzÞ
¼ rðETHzÞ=ele. The calculated electron density is shown in

Fig. 3(b) as a function of the incident THz field amplitude

(the near field amplitude is scaled on the top axis). This sim-

ple approximation underestimates the carrier density because

the electron mobility decreases as the carrier density

increases in the high density regime. Nevertheless, the

estimated carrier density exceeds 1017 cm�3 for ETHz

> 400 kV/cm. In this high field regime, the most probable

carrier generation mechanism is the carrier multiplication by

impact ionization.6,26,27 The initial electron density in the

conduction band is N0� 7� 106 cm�3, and thus the number

of impact ionizations, nI ¼ log2ðNe=N0Þ, is estimated as

33–37 for Enear¼ 5–20 MV/cm. An alternative carrier gener-

ation mechanism is Zener tunneling, which would be appre-

ciable above �10 MV/cm.28 More detailed studies are

desirable to unveil the microscopic origins of the THz

excited carriers.

FIG. 3. Nano-antenna/GaAs composite: (a) spectrally integrated THz trans-

mission vs. field amplitude. (b) Free carrier density vs. THz field. (c)

Transmission spectra at 90, 290, and 490 kV/cm.
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In summary, our experimental study demonstrates that

strong THz pulses induce nonlinear THz absorption in intrin-

sic GaAs. The huge field enhancement in the nano-antenna

array, affi 50, produces THz fields exceeding 20 MV/cm ad-

jacent to the antennas. The strong fields induce remarkably

large THz absorption (>35%) by generating free carriers of

high density (>1017 cm�3) via interband excitations associ-

ated with impact ionizations. The experimental scheme

exploiting the nano-antenna field enhancement is versatile

for nonlinear THz spectroscopy and can be applied to a vari-

ety of materials.
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