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Abstract: In this study, we report enhancement of terahertz (THz) radiation with indium-tin-oxide
(ITO) thin-film deposited on semi-insulating gallium arsenide substrate (SI-GaAs). The amplitude
of THz emission from both ITO/SI-GaAs and bare SI-GaAs substrate as a function of optical pump
(i) incident angle, (ii) polarization angle, and (iii) power were investigated. The enhancement of peak
amplitude of a THz pulse transmitted through the ITO/SI-GaAs sample in comparison to bare SI-
GaAs substrate varied from 100% to 0% when the pump incidence angle changed from 0° to 50°. The
maximum enhancement ratio of peak amplitude for a coated sample relative to the bare substrate is
approximately up to 2.5 times at the minimum pump intensity of 3.6 TW/m? and gradually decreased
to one at the maximum pump intensity of 20 TW/m?2. From outcomes of these studies, together
with data on surface and material characterization of the samples, we show that THz emission
originates from the ITO/GaAs interfaces. Further, both interface-field-induced transient current and
field-induced optical rectification contribute to the observed THz signal. Observed enhancement was
tentatively attributed to surface-plasmon-induced local field enhancement, coupled with constructive
interference of forward and retro-reflected backward THz emission from the ITO/GaAs interfaces.
The polarity-flip reported previously for very thin Au-coated GaAs was not observed. This was
explained by the wide-bandgap, transparency and lower free carriers of ITO. For best results, the
incident angle should be in the range of 0 to 30° and the incident polarization should be 0 to 45°.
We further predict that the ITO thin film of suitable thickness or with engineered nanostructures,
post-annealed under optimum conditions may lead to further enhancement of THz radiation from
ITO-coated semiconductor surfaces.

Keywords: terahertz (THz); indium-tin-oxide (ITO); semi-insulating gallium arsenide (SI-GaAs);
THz emission; surface and interface

1. Introduction

Currently, the terahertz (THz) band of the electromagnetic (EM) spectrum (0.1 to
10 THz, the so-called T-ray), also known as sub-millimeter wave or far-infrared (FIR) radia-
tion, has drawn much attention due its fundamental importance and potential applications
in a variety of fields [1-3]. The device technology associated with these studies has enabled
an array of applications ranging from fundamental research to technology innovation and
commercialization [4,5]. In particular, the THz frequency band has shown a tremendous
advantage over the microwave and millimeter wave (MMW) band owing to its inherent
higher data rates for the future wireless communication technology [6,7]. A highly efficient
and complementary metal-oxide-semiconductor (CMOS)-based THz device has also been
demonstrated for imaging [8].

Despite the tremendous importance and progress of THz Science and Technology (THz
S&T), several issues are currently restricting its diverse application in scenarios including
sixth-generation (6G) or beyond fifth-generation (5G) communication systems [9]. One of
the primary concerns is related to THz emitters that currently are not offering all the needed
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properties like high radiation power, broad spectral bandwidth, and gapless spectrum for
practical applications [10]. State-of-art THz transmitters have been demonstrated with
both bulk semiconductors and plasma oscillation thereof, quantum cascade lasers, optically
pumped semiconductor, solid state devices, etc. [11-13].

Of these, ultrafast electromagnetic (EM) wave emission in the THz frequency band from
an unbiased semiconductor surface or metal/semiconductor Schottky interfaces [14-17] is
attractive, partly because the relevant physical mechanisms are universal and the gener-
ated THz beam is broad and easily collimated, suitable for imaging applications. THz
emission from semiconductor surfaces excited by ultrafast laser pulses were reviewed
by, e.g., Krotkus et al. [18] and Gu and Tani [19], while that from (nanostructured) metal
surfaces were surveyed by Ramanandan et al. [20]. Briefly, generated THz can be written
as, Eqpy, o 92P/0t2 + 9] /ot, where P is the instantaneous nonlinear polarization and J is
the photoinduced transient current (Appendix A.9). The nonlinear polarization is a differ-
ence frequency generation process, often referred as optical rectification (Appendix A.5)
as frequency mixing of the modes in ultrafast optical pulses with a spectrum spanning
tens of THz leads to frequency mixing terms in the “dc” range, contributing to the for-
mation of ultrafast electromagnetic transients which spectrum lie in the THz frequency
band. The nonlinear optical response could be caused by second-order susceptibility in
non-centrosymmetric crystals and/or third-order induced by an effective second-order
susceptibility that is assisted by the built-in field (Appendix A.1) present at semiconductor
surfaces or semiconductor/metal interfaces. The presence of the surface field, e.g., due to
band bending that leads to the formation of a depletion region, can also drive the photo
generated carriers and results in a transient surge current (Appendix A.7) as the source
term for THz radiation. With a small surface-depletion field, narrow-bandgap semicon-
ductors such as indium arsenide (InAs) and indium antimonide (InSb) can be effective
THz emitters by taking advantage of the effective photo voltage developed by the much
faster diffusion of electrons than holes, the so-called photo-Dember effect (Appendix A.3).
It is possible to enhance the efficiency of semiconductor THz emitters through appropriate
coating of their surfaces and taking advantage of the local field by the surface plasmonic
effect (Appendix A.8). For instance, Ramakrishnan et al. [14], reported a THz field enhance-
ment of more than an order of magnitude for a Cu,O/Au structure. Recently, with the
development of advanced materials including graphene and related two dimensional (2D)
materials, new opportunity for the realization of compact THz emitters has emerged. As
of now, graphite, single-layer, and /or multilayer graphene and other layered transition-
metal dichalcogenides such as Molybdenum disulfide (MoS;), molybdenum diselenide
(MoSe;), and Tungsten diselenide (WSe;) for coherent THz pulse radiation have been
reported [15,21-23]. Surface THz radiation from these layered materials irradiated by fem-
tosecond pulses were explained by the optical rectification and/or photocurrent induced
by the surface depletion field and built-in field enhancement with the localized surface plas-
mons. However, there are great challenges to improve growth techniques and repeatability
of those materials. Instability of the surface due to chemical degradation of the above novel
coatings in ambient conditions and large-scale fabrication issues remain as fundamental
barriers to their future prospects as effective THz emitters.

It is interesting to consider indium-tin-oxide (ITO) as an alternative to metals in
metal /semiconductor THz emitters. ITO belongs to the family of transparent conduct-
ing oxides or TCO [24,25], an important coating material now widely used in consumer
electronics, displays, smart windows, and solar cells. The dielectric and electrical prop-
erties of sputtered ITO films have been characterized from the visible to THz frequency
range [26-28]. ITO is essentially transparent (~85%) at the wavelength of the widely avail-
able and reliable ultrafast Ti:sapphire laser (e.g., 800 nm), highly conductive for easy biasing.
Its electrical and optical properties can be tuned by varying the percentage of Sn and the
doping level [29], making it a promising alternative for plasmonic material [30]. Recently,
several novel applications of ITO have emerged. Aithal et al. [31] observed maintenance
of cell phenotype and long-term functionality of human dermal fibroblast (HDF) cells on
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ITO modified by self-assembled monolayers (SAMs). This important advance is signifi-
cant for the future development of bioengineered skins. Subacius et al. [32] studied the
structural, optical, and electrical properties of super-thick (of the order of microns) ITO
films. Such thick films are potentially useful as protective coatings for energy-collecting
mirror-concentration systems in open atmosphere. Micron-scale ITO coatings have also
been used as a medium for unconventional tailoring and manipulation of light-matter
interaction, e.g., materials with zero permittivity (epsilon-near-zero) or metamaterials [33]
for applications in optical communications, RF-photonics, and integrated silicon photonics.
Similar materials like graphene oxides were recently demonstrated for plasmon-coupled
soliton emission and engineered for biosensing applications [34].

In the 1990s, Jin et al. [35] and Li et al. [36] first studied metal /semiconductor surface
THz emitters. They reported phenomena such as polarity reversal and an enhancement of
emitted THz signals. A number of metals, including sputtered ITO thin film, on SI-GaAs
substrate were investigated, although the physical properties and deposition methods of
ITO films studied were not revealed in these earlier works. A qualitative picture based
on the dipole radiation (Appendix A.2) in the depletion zone of the semiconductor and
generalized Snell’s law was used to explain the physical mechanism of the anomalous THz
emission from unbiased ITO/SI-GaAs interfaces [36]. In a follow-up study, Shi et al. [37]
showed that the polarity-flip only occurred for Au/GaAs when the pump intensity was
sufficiently high, arising from the interplay surface fields in GaAs and Au during irradiation
of ultrafast laser pulses. Later, X. Wu [38] explained the enhancement by the lateral Dember
current [39] due to the inhomogeneity of cracks or percolation patterns in thin (~ 8 nm)
Au films deposited on the GaAs substrate. The preliminary outcome on enhanced THz
emission with thicker (~0.5 um) ITO film deposited on GaAs has also been reported by us
in a conference paper [40].

In this work, we have investigated THz emission from an unbiased SI-GaAs and
ITO/SI-GaAs excited by femtosecond laser pulses using a transmission type experimental
setup. To facilitate the physical understanding, the dielectric properties of ITO thin film
and SI-GaAs in the frequency range of 0.2 to 1.2 THz have also been investigated using THz
time domain spectroscopy (THz-TDS) data. In addition, enhancement of THz emission due
to the ITO thin film as a function of optical pump incident angle, polarization, and power
has been studied. New phenomena were observed. In particular, we have not observed
the polarity flip. Besides the surge current by the interface (surface) field, we identify a
nonlinear optical contribution to the emitted THz power. The saturation of THz emission
at high pump intensity was observed and satisfactorily explained. We believe this study
could have significant impacts on the development of next-generation THz emitters for
various applications in science and technology.

This paper is organized as follows. First, Section 2, the materials and methods used
are discussed. Next, we present in Section 3 results and discuss their significance in lengths.
In Section 4 conclusions of the paper are then summarized. Finally, we briefly describe the
terminologies used to aid interdisciplinary readers in the Appendix A.

2. Materials and Methods
2.1. Sample Preparation

We choose a two-side polished un-doped semi-insulating (SI)-GaAs substrate with
resistivity of 1 x 107 Q)-cm and thickness of 350 um for this study. Half of the substrate was
covered with hard mask to deposit the ITO thin film on the other half of the substrate. The
substrate was then attached to the holder in an electron gun (e-gun, FU-12PEB, ES.E. Corp.,
New Taipei City, Taiwan) evaporation system. The target of the ITO source is composed
of 5% tin oxide (SnO;) and 95% of indium oxide (In,O3). Then, a ~243 nm thick ITO
thin film was grown on half of the substrate at a deposition rate of 5-10 A/s while the
chamber maintained a base pressure down to 5 x 10~° torr. No pre- or post-annealing
was applied. Afterwards, a high-resolution scanning electron microscope (SEM, JSM-
7000F, Japan Electron Optics Laboratory Co., Ltd., Mitaka, Tokyo) was used to investigate
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surface morphology and thickness of ITO thin film. Energy-dispersive spectroscopy (EDS,
FEI Helios Nanolab 600i System) and atomic force microscopy (AFM, SPA-300HYV, Seiko)
measurements were also conducted.

2.2. Transmission Type Experimental Setup for THz Emission

Figure 1 shows a home-made transmission type experimental setup employed for
generation and detection of THz radiation from the samples under study. The excitation
source is a Ti:sapphire regenerative Amplifier (RGA; Spectra Physics, Spitfire), which
typically generated 60 fs duration pulses at a repetition frequency of 1 kHz and central
wavelength of 810 nm. The pump beam was S-polarized and the samples were irradiated
at a pulse energy up to 262 uJ. The probe beam and pump (exciting) beams were separated
using a beam splitter (BS). Then, the pump beam was directed to the sample through a
half wave plate (HWP), polarizing beam splitter (PBS), and a reflective mirror (RM). The
pump beam power and incident angle were tuned using a HWP and a Brewster-angle
polarizer, respectively. Additionally, another HWP allowed variation of the polarization
angle of the pump beam. The emitted THz wave from the substrate and the sample were
collected, collimated, and then focused onto the free-space electro-optic sampling (EOS)
system [41] using a pair of off-axis mirrors (OAMs). The probe beam was aligned so
that it co-propagated in the electro-optical (EO) crystal (500 pm-thick ZnTe), after being
properly attenuated with a neural density (ND) filter. The sample to be tested was placed
on a rotation stage to allow investigation of the angle dependence of THz emission. The
diameter of the exciting beam was measured to be approximately 3.5 mm. Experiments
were carried out in a stable nitrogen environment to reduce the effect of water vapor
absorption.

== ND filter Ins BS

Figure 1. A transmission type THz emission setup (all abbreviations are explained in the text).

For the determination of THz optical constants of ITO thin film and bare SI-GaAs
substrate, a typical photoconductive antenna-based transmission type THz time-domain
spectrometer (THz-TDS) was employed which has been described in detail elsewhere [42].
A mode-locked Ti:sapphire laser (Spectra Physics, Tsumai) having an average power of
~0.4 W at a repetition rate of 82 MHz producing ~35 fs was used as the light source for such
diagnostic. Its central wavelength and bandwidth were 800 nm and 43 nm, respectively.
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3. Results and Discussion

In Figure 2a, we show a typical high-resolution SEM image of the top view of coated
ITO film. The image revealed a moist and polycrystalline ITO thin film that was deposited
on the SI-GaAs substrate. The image looks like an ITO clay mixed with oxygen adsorbats
(see EDS results), which can induce electric dipoles that could also contribute to enhance-
ment of THz emission through strengthening the local field [43]. Apart from photo carriers
under optical excitation, the built-in-potential in ITO/SI-GaAs interface may enhance fur-
ther to contribute additional THz radiation due to electric dipoles generated by those extra
adsorptions. The thickness of ITO thin film was also measured with cross-sectional SEM
imaging. This is shown in Figure 2b. The prominent cleavage plane indicated a uniform
~243 nm-thick ITO film that was grown on the SI-GaAs substrate.

Figure 2. SEM images of ITO thin film with (a) top and (b) cross-sectional view.

Further, the elemental compositions of the ITO thin film were examined using energy-
dispersive spectroscopy (EDS). This is displayed in Figure 3a. The acqured spectra revealed
the existance of indium (In), tin (Sn), and oxygen (O) in the e-gun deposited ITO thin film.
The weight percentage of In, Sn, and O is 68.91%, 7.27%, and 23.82%, respectivly, whereas,
the atomic percentage of In, Sn, and O is 27.91%, 2.85%, and 69.24%, respectivly. The surface
topography of the ITO thin film was also characterized using AFM as shown in Figure 3b.
The average and root mean squre (RMS) roughnesses of the thin film are 25.1 and 30.5 nm,
respectivly. Such high degree of rougness of the ITO thin film can provide a wide range
of opportunities for roughness-induced, plasmon-assisted absorption of exciting optical
radiation at the metal/semiconductor interface [44,45]. In related work, Wu et al. [38]
showed that enhanced THz emission can be observed from GaAs (100) surfaces coated
with thin (3-20 nm), inhomogeneous, and rough Au film.

The frequency-dependent THz optical constants of SI-GaAs and ITO thin film are
shown in Figure 4. The theoretical formulism to estimate real (1) and imaginary (x) re-
fractive indices for both bulk semiconductor and nanoscale thin film have been reported
earlier by our group [26,46]. Figure 4a shows that 7 is 3.65 for the SI-GaAs substrate and
is relatively non-dispersed in the frequency range of 0.2 to 1.2 THz. On the other hand,
we observed a negligible but non-zero (~0.005) extinction coefficient x for the SI-GaAs
substrate in the same frequency band. Such estimated values are consistent with those
reported in previous works [46,47]. The n and « of pristine ITO thin film (by itself, not
combined with those of the substrate) varied from 97 to 47 and 80 to 27, respectively, in the
frequency range of 0.2 to 1.2 THz (see Figure 4b). The monotonically decreasing trend of
these optical constants with increasing frequencies in this band is mainly associated with
frequency dependence of free carrier absorption in the material. The THz optical constants
of the e-gun deposited ITO thin film determined in this work are also in agreement with
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previously reported values of ITO thin films prepared by either DC reactive magnetron
sputtering or pulsed laser deposition [46,47].

Indium (In):

Tin (Sn):()
Oxygen (O)::

0,....0.,5 .1,....1',5 2,25335445
ull Scale 1332 cts Cursor: 2.495 (63 cts) key
Figure 3. (a) EDS and (b) AFM images of ITO thin film.
4.0 150
a b
(@) SI-GaAs 0.4 (b) %
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— _ pOO000000000000040-0 =
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Frequency (THz) Frequency (THz)

Figure 4. The real (1) and imaginary (x) refractive indices as function of THz frequencies for
(a) SI-GaAs and (b) ITO thin film.

The pump power dependence of THz emission from the SI-GaAs substrate and ITO/SI-
GaAs sample are shown in Figure 5a. It is well-known that the physical mechanisms for
optically excited THz emission from semiconductor and metal surfaces are predominantly
either transient photocurrent or the optical rectification effect, at moderate optical pump
intensities. The emitted THz field amplitude is Etpy, o 9%P /0t or 9] /9t, where P is the
nonlinear polarization and ] is the transient photocurrent density. The rate of change of ] is
proportional to built-in field at the ITO/GaAs Schottky interface (Appendix A.4), which
arises from carrier depletion near the interface. The two mechanisms can be differentiated
by examining the dependence of emitted field amplitude as a function of the pump intensity.
The pump power dependence of THz emission from the SI-GaAs substrate and ITO/SI-
GaAs sample are shown in Figure 5a. The incident angle of 35° and polarization angle of
0° of the excitation optical pulse were fixed.
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Figure 5. Optical pump intensity dependence. (a) THz emission from SI-GaAs and ITO/SI-GaAs and
(b) emission enhancement ratio.
For a strictly second-order nonlinear optical effect (Appendix A.6), Ety, & Ipump.
On the other hand, current surge tends to be saturated at high pump intensities. This is
primarily attributed to the electrostatic screening by photocarriers generated at the surface
region. In this model, the experimental results can be fitted theoretically using the following
formula [48,49].
I
Erp, = A—F 1
T = AT, @
where A is the fixed scaling factor and I is the saturated optical pump power. The fitting
curves are also shown in Figure 5a, which suggests that THz emission is mainly due to the
surge current in the depletion zone near the ITO/GaAs interface. Discrepancies could be
contributed by the optical rectification effect.
Figure 5b represents the THz enhancement ratio at different intensities of optical pump.
The results indicate that the THz emission from the ITO/SI-GaAs sample is enhanced as
high as 2.5 times at the minimum pump intensity of 3.6 TW/m? as that by the SI-GaAs
substrate. This is much higher those reported by previous works (1.5 times). The THz
waveforms and corresponding spectra of THz radiation emitted by the bare SI-GaAs
substrate and ITO/GaAs sample at low pump intensities are shown in Figure 6. The
enhancement is prominent at the incident angle of 35°, polarization angle of 0°, and a very
low but non-zero pump intensity.
@)z 5 (b) 10" ]
- 4 & ~ 10" - ITO/SI-GaA
X3 = < SI-GaAs
: < 10
=- 2 ~—
s1 % 10° @e gﬁ , ] -
= 0 =10 FAANTAY '
z 1 N AN 4
S m 10"V ' 'QS A TAAANY
N '2 H 'A A
= -3 | v 10"
b~ : ‘ :
1 2 3 4 S5 6 1 2 3 4 5 6
Time dealy (ps) Frequency (THz)

Figure 6. (a) THz waveforms and (b) corresponding spectra of THz radiation emitted by the bare
SI-GaAs substrate and ITO/GaAs sample at low pump intensities.



Coatings 2023, 13, 461

8 of 16

THz field (a.u.) x 10°

[y
=

[y
[

o
=)

S 9 L N>

THz waves can emit from air/GaAs or ITO/GaAs interfaces either in the forward or
backward directions. The constructive interference between forward and retro-reflected
backward THz waves will lead to enhancement of radiation in the forward direction [36].
However, calculations show that the effect is smaller than the observed enhancement.

Surface characterization by AFM showed that the ITO surface exhibits random,
nanoscaled “islands”. Such features have been identified in numerous previous works
either experimentally or in numerical simulations as material characteristics that can en-
hance the surface-plasmon-induced local field [38,44,50]. As a result, the field-induced
surge current that is responsible for THz radiation would be enhanced. Additionally, the
enhancement of THz emission with ITO thin film is reduced to zero (enhancement ratio
of 1) when the intensity of pump power is over 17 TW/m?. This can be explained with
built-in-potential at the ITO/SI-GaAs interface. The number of photocarriers increases
while strength of the built-in-potential at the interface decreased with increasing pump
intensities [48,49]. As a result, thus the enhancement ratio trends to 1.

Figure 7a shows the emitted THz field amplitude for the exciting beam incident at
angles from 0° to 50°. In this experiment, the optical pump intensity of 3.6 TW/m? and
polarization angle of 0° was kept a constant. Note that no THz emission was observed
from bare SI-GaAs substrate at near normal incidence, as expected for GaAs (100) surface.
The peak amplitude of emitted THz radiation for both specimens under study increased
monotonically as the incident angle was varied from 10° to 50°. The trend is in general
agreement with a model first proposed by Auston and Zhang groups [49,51]. This is based
on far-field dipole radiation by the surge current from a dipole layer at either the air/GaAs
and ITO/GaAs interfaces, considering refraction at these interfaces according to Snell’s
law. Similar angular dependence was recently reported for a layered tungsten disulfide
crystal [52]. THz field in the forward direction can be expressed as:

Ern, =K ()

tan(6, — 6,,)\ | . 2 cos(6,) sin(6y,)
1= (’ran(G;;7 — Gm)> ] sin(6p) sin(6), + 6,,3 cos(6p — O)

where K is a fitting constant; 6, is the incident angle of optical pulses and 6,,, = sin~![sin 0,/ n2l;
and n; is the THz refractive index of the medium. The theoretical curves using Equation (2)
fit well with our experimental data. Our results on incidence-angle dependence are also
consistent with previous works on Au/GaAs [37,38]. Note that Wu et al. [38] employed a
very thin Au layer (3-20 nm) and found that THz emission saturated for Au film thicker
than 8 nm. In comparison, our ITO film is much thicker (~240 nm). At normal incidence,
however, the enhancement shown by our sample at normal incidence is several times larger
than that of Wu et al. [38].

b
ITO/SI-GaAs ( Lwo AA
Exp - Fittin g \
o LXp g é 80 \
\
§ 60F
= 40 A
= N
O’,' "g 20 A‘ kA A
» Exp — Fitting 2 0 AA: A A

0 10 20 30 40 50 010 20 30 40 50
Incident angle (deg.) Incident angle (deg.)

Figure 7. Optical pump incident angle dependence. (a) THz emission from SI-GaAs and
ITO/SI—-GaAs and (b) enhancement modulation with ITO/SI—GaAs sample.
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To gain more insight, we further represented enhancement of emitted THz power
by the ITO/SI-GaAs sample over that of the bare substrate in terms of modulation and
expressed as

Etnz(110/51-GaAs) — ETHz(s1-GaAs)
Erhz(110/51-Gans)

Modulation = x 100% 3)

which was plotted as a function of the incident angle in Figure 7b. The modulation was
found to decrease exponentially with increasing incident angle. Note that a 100% modu-
lation of THz emission was observed for the case of normal incidence. Additionally, the
THz emission reached the maximum (data is not shown here) for both cases at the incident
angle of 65°, which is close to the Brewster’s angle of GaAs [52]. The null enhancement of
THz emission at larger incidence angles of 50° further suggests that the angle-dependent
photocurrent at the depletion layer is approximately the same for both cases [52].

Finally, we explored the dependence of THz emission on the polarization angle of
laser pulses exciting both type of samples under study. This is shown in Figure 8. A HWP
was inserted to tune the polarization angle of the incident laser pulse. The p-polarization
and s-polarization are identified for polarization angles of 0° and 90°, respectively. The
polarization angle was varied from 0° to 180°, while the pump intensity and incident
angle were set at 3.6 TW/m? and 10°, respectively. It is well-known that the ZnTe-based
electro-optic sampling (EOS) is sensitive to the polarization of the incident THz wave. In
order to calculate precisely the amplitude of the THz field, this effect must be allowed for,
e.g., by following the analysis of Chen et al. [53]. In our study of the effect of polarization
dependence on THz emission, the aim was to determine whether a nonlinear optical effect,
i.e., optical rectification, contributes to the THz signal. Since the sinusoidal dependence
on polarization angle is already evident from the data (see Figure 8), we have not gone
through the analysis.

N

e g g e
-

’ ~

) —
S Y
> .o

_ . Opposite

' j ' polarity

0 435 90 135 180
Polarization angle (deg.)

AAT

wh_ S W

THz field (a.u.)x10°

Figure 8. THz electric field dependence on polarization angle at fixed pump intensity and incidence
angle.

The experimental data followed the expected sinusoidal dependence. However, the
locations of the peaks and valleys as well as the period do not agree with the prediction
using the theory of optical rectification (not shown). Similar characteristics of polarization
angle dependence were reported by Huang et al., who studied a layered two-dimension
(2D) material [21]. Additionally, Figure 8 shows that the THz emission waveform by the
bare SI-GaAs reverses its polarity when the polarization angle is near 90°. This is consistent
with previous works [12-17]. Further experiments show that this phenomenon occurs at
~88°, the polarization angle for the air-GaAs interface. On the other hand, polarity reversal
was not observed for the ITO/SI-GaAs.
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Interestingly, the THz time domain signal exhibits two peaks at such angle. This is
shown in Figure 9 for polarization angles of 80° and 90°. The corresponding THz power
spectra also exhibit two peaks (not shown here). At this time, we cannot explain the
phenomena.

o 80°:

S 6

vt — ITO/SI-GaAs .. SI-GaAs

-~ 4

=

< 2

A

=~

E 0

N 2 ,

E - 0-: 'l ‘\\
-ITO/SI-GaAs — SI-GaAs

28 29 30 31 32 33
Time delay (ps)

Figure 9. THz waveforms emitted by the bare GaAs substrate and ITO/GaAs sample at polarization
angles of 80° (solid line for ITO/SI-GaAs and short dots for SI-GaAs) and 90° (short dash for
ITO/SI—GaAs and short dash dots for SI-GaAs).

Previous works have attributed the polarity reversal for GaAs and Au/GaAs as the
reversal of the interface transient current for such samples pumped at high power [35,36].
That is, the photoelectrons transported into GaAs from metal can tunnel back from GaAs
into metal. The transient current induced by movement of such carriers is opposite
to that of the photo-excited carrier generated in the surface depletion field of bare SI-
GaAs [37]. The Schottky barrier height of ITO/GaAs and Au/GaAs is 0.678 eV and 0.33 eV,
respectively [54,55]. Thus, it is much more difficult for electrons to tunnel through the
ITO/GaAs interface. Further, ITO is a wide-bandgap material (Eg ~ 3.5 eV). It requires
absorption of three or more NIR photons (~800 nm or 1.55 eV) to generate electrons and
holes. Most of the incident photons would be injected into GaAs. There are also much
less free carriers in ITO (resistivity, p ~ 10~* Q-cm) than metals (p ~ 2.44 x 1078 Q-m).
As a result, the free electron absorption phenomenon in ITO is significantly smaller than
that in Au. Thus, our negative observation of polarity flip for ITO/GaAs versus GaAs is
reasonable.

Following the above arguments, we propose that the THz signals measured from the
ITO/GaAs sample should be emitted by the ITO/GaAs interface. Through our studies
of the dependence of emitted THz field on incident angle, pump power, and polarization
angle, we can conclude that both interface-field-induced transient current and field-induced
optical rectification contribute to the observed signal. Taking into account surface character-
istics of our samples revealed by SEM and AFM, we propose that surface-plasmon-induced
local field is mainly responsible for the observed enhancement. This is corroborated by
numerous previous works either experimentally or in numerical simulations on the en-
hancement effect [29,33,38,50,56]. Oxygen adsorbents in the ITO thin film also contributes
to the enhancement. The process is also aided by constructive interference of forward and
retro-reflected backward THz waves.
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On the other hand, many physical mechanisms, such as optical rectification, diffu-
sion current (photo-Dember effect), or drift current due to the built-in electric field, can
contribute to the polarization angle dependence of THz emission from semiconductors
such as ITO and GaAs [57,58]. The photo-Dember effect can be ruled out for the samples
under study, for these possess wide bandgaps. The built-in electric field induced in the
depletion region of the semiconductor can lead to band bending that generates the opposite
movement of electron-hole, and thereby modified the polarization angle dependence of
THz emission.

It is well-known that the surface morphology of ITO thin films would affect its optical
and structural properties and performance in devices. Post-deposition annealing, either in
a tube furnace [59,60] or rapid thermal annealing (RTA) [61,62], is an effective and widely
used method to improve electrical and optical properties of ITO films. The root mean
square roughness (rms) of the ITO film after either furnace annealing or RTA were found
to be larger than that of the as-deposited film. This is commonly attributed to the larger
crystallite size of ITO after annealing. Pretreatment, either chemical or by oxygen plasma
treatment, will also make the surface rougher [63]. However, the treated surfaces are
comparatively smoother than those annealed. Based on our results and those in previous
works, we expect that the ITO thin film post-annealed under optimum conditions may lead
to further enhancement of THz radiation from ITO-coated semiconductor surfaces. It is also
expected that nanostructured ITO would also enhance THz emission for the semiconductor
being coated. In future work, we will study the system with various thicknesses of ITO
coating as well as nanostructured ITO, with pre-treatment or post annealing. This could
help in elucidating the true nature of the enhancement.

4. Conclusions

In this study, we report enhancement of terahertz (THz) radiation with relatively
thick indium-tin-oxide (ITO) thin-film deposited by e-gun evaporation on semi-insulating
gallium arsenide substrate (SI-GaAs). The field amplitudes of THz emission from both
ITO/SI-GaAs and bare SI-GaAs substrate as a function of (i) incident angle, (ii) polarization
angle, and (iii) power of optical pump were investigated. Using a transmission type
emission setup, the enhancement of peak amplitude of THz pulses transmitted through the
ITO/SI-GaAs sample in comparison to bare SI-GaAs substrate were varied from 100% to 0%
when the pump incidence angle changed from 0° to 50°. The maximum enhancement ratio
of peak amplitude for coated sample to the bare substrate was approximately 2.5 times
at the minimum pump intensity of 3.6 TW/m? and gradually decreased to one at the
maximum pump intensity employed of 20 TW/m?. From outcomes of these studies,
together with surface and material characterization of the samples by SEM, AFM, EDS
and THz-TDS, we show that THz emission originates from the ITO/GaAs interfaces.
Further, both interface-field-induced transient current and field-induced optical rectification
contribute to the observed THz signal. Observed enhancement was tentatively attributed to
surface-plasmon-induced local field enhancement, coupled with constructive interference
of forward and retro-reflected backward THz emission from the ITO/GaAs interfaces. The
polarity-flip reported previously for very thin Au-coated GaAs was not observed. This
was explained by the wide-bandgap, transparency and lower free carriers of ITO. For best
results, the incident angle should be in the range of 0 to 30° and the incident polarization
should be 0 to 45°. We further predict that the ITO thin film of suitable thickness or with
engineered nanostructures, post-annealed under optimum conditions may lead to further
enhancement of THz radiation from ITO-coated semiconductor surfaces.
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Appendix A
Appendix A.1 Built-In Field

A built-in field or built-in-potential can exit at the interface or junction of any two dif-
ferent materials. This could result from unequal dopant concentration in the two materials.
A built-in field can also be due to band bending at surfaces or interfaces that leads to the
formation of a depletion region of carriers. This the case for the system under study in this
work.

Appendix A.2 Dipole Radiation

The electromagnetic flux emitted by the electric dipole of oscillation is referred to as
dipole radiation. In the far-field dipole radiation model for the surface THz emission, the
radiated THz field can be written as:

sin ]5

d/
) =
S

Eo = (4mcc2

where 6 is the angle between the emitted THz wave propagation and particle (carrier)

acceleration direction; J; is the retarded photocurrent density generated by charge carrier
with optical pulse while incident on the semiconductor surface; « is the dielectric constant
of the illuminated surface; c is the speed of light in vacuum; and s’ is the excitation area.

Appendix A.3 Lateral Photo-Dember Current

This is an effective means of generating THz radiation by taking advantage of the
effective photovoltage developed by the with a strong spatial gradient. When a highly
absorbing (narrow-bandgap) semiconductor surface is optically excited, a carrier gradient
would be developed perpendicular to the surface, because of the much faster diffusion of
electrons than holes that are generated. After a short time depending on the carrier gradient
and the carrier densities, this space-charge field couples the diffusion of electrons and
holes giving rise to a transient ambipolar diffusion current that radiates electromagnetic
transient in the THz frequency range. This phenomenon is named the Photo-Dember effect.
A strong carrier gradient can also be achieved at the edge of a metalized stripe, resulting in
a photo-Dember effect parallel to the surface, i.e., a lateral Photo-Dember Current.

Appendix A.4 Metal/Semiconductor Schottky Interface

A potential energy barrier for electrons formed at the junction between metal and
semiconductor. This is dependent on the work function of the metal and described as:

N,
¢pi = q¢pn — KT In ﬁ;

where ¢, is the metal work function and N, is the electron density int the conduction band
of the semiconductor.
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Appendix A.5 Optical Rectification

This phenomenon arises from frequency mixing of the modes in ultrafast optical
pulses with a spectrum spanning tens of THz that leads to frequency mixing in the “dc”
range. As a result, ultrafast electromagnetic transients which spectrum lie in the THz
frequency band are generated. The nonlinear optical response could be caused by second-
order susceptibility in non-centrosymmetric crystals and/or third-order one induced by
an effective second-order susceptibility that is assisted by the built-in field (Appendix A.1)
present at semiconductor surfaces or semiconductor/metal interfaces. The THz field due
to optical rectification can be expressed as:

[e9)

% x® +0<)((3)/Fe_”‘zdz
cnat

i 0

ETH, ~

where x? and x® are second- and 3rd-order nonlinear optical susceptibilities, W is the
fluence of the exciting radiation; S is the area of the laser excited spot on the semiconductor
surface; R is the distance from the point of observation to the emitting region; n is the refrac-
tive index of medium at the wavelength of the exciting radiation; o is the optical absorption
coefficient; F is the electric field induced by the spatial separation of photocarriers; c is the
speed of light in vacuum; 7; is the laser pulse duration

Appendix A.6 Second-Order Nonlinear Optical Effect

This is the lowest order of nonlinear optical process in non-centrosymmetric material
systems. Due to this effect, two input waves can mix to produce a third wave. Well-known
2nd-order nonlinear optical effects include second harmonic generation, sum frequency
generation and difference frequency generation, or optical rectification (see Appendix A.5).

Appendix A.7 Surge Current

A surge or transient current arises when photogenerated carriers are accelerated in
a field provided by, e.g., a biased photoconductive antenna. In lieu of the bias, a built-in
field at the surface or interfaces could also accelerate the carriers. The resultant current
surge, ultrashort in time scale, is the source term in Maxwell’s equations that governs the
radiation of electromagnetic transient, i.e., THz pulse.

Appendix A.8 Surface Plasmons

Surface plasmons (SPs) are collective or coherent delocalized electron oscillations that
exist at the interface between any two materials where the real part of the dielectric function
changes sign across the interface, e.g., a metal-dielectric interface, such as that between
ITO and GaAs in this study. For the relatively rough ITO surface, surface plasmons are
confined to wavelength-scaled features of the film, greatly enhancing the local field near
the nanoscaled structure.

Appendix A.9 Transient Photocurrent

The transient photocurrent is the alternative name for surge current (See Appendix A.7).
Besides the mechanisms discussed in Appendix A.7., 2D materials under obliquely incident
illumination can, generate electrons and holes that are distributed asymmetrically along the
center of the Dirac cone. This drives photo-induced carrier motions and produces transient
net current through the junction, which result in THz wave radiation.
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