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ABSTRACT
We demonstrated that an incident terahertz peak field amplitude below 0.01 MV/cm can trigger Zener tunneling in a semi-insulating GaAs.
Moreover, a transmission decrease with an extinction ratio of 60% was observed in the semi-insulating GaAs with an electric field strength
of up to 46 MV/cm (maximum incident peak field of ∼0.29 MV/cm). These experimental results were realized by taking advantage of the
nonlinear effects, such as Zener tunneling, impact ionization, and metal–insulator–metal tunneling in 5 nm metallic nanogaps on the GaAs;
a strong field was locally confined in the vicinity of these gaps. The 5 nm gap enabled us to lower the voltage across the gap to suppress
impact ionization while allowing Zener tunneling. Simulation results indicated that the effective thickness of the semiconductor increased as
a function of the gap size. The approach used in this study decreases the threshold incident electric field for nonlinear responses as well as
paves the way toward ultrathin high-speed electronic devices and ultrafast light pumps.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0134501

I. INTRODUCTION
Terahertz time-domain spectroscopy facilitates the study of

carrier dynamics in semiconductors owing to its time-resolving
ability with an ultrafast optical pump to excite carriers.1–3 Dur-
ing the last two decades, the development of intense terahertz
pulse systems has allowed researchers to extend their work to the
investigation of many-body interactions, such as electron–electron
and electron–phonon scattering, through nonlinear terahertz
response mesurements.4–7 However, in the low frequency regime
(0.1–3 THz), the generally achievable field strength is ∼1 MV/cm in
a Ti:sapphire amplified system with a 1 kHz repetition rate and in
an electron accelerator with a 100 kHz repetition rate.8 Although
the state-of-the-art strength reaches 6 MV/cm with a lower repe-
tition rate,9 it is insufficient for fully studying the nonequilibrium
many-body interactions.10 To reach such nonperturbative regimes,
where an atomically strong electric field is required to induce inter-
band tunneling,5 intervalley scattering,11 or impact ionization,6,12

researchers have attempted to combine semiconductors with
metamaterials.7,10,11,13

Fabricating metamaterials, which confine and enhance an elec-
tric field in their vicinity, on the surface of GaAs enables the
evaluation of the nonlinear phenomena. Such metamaterials show
field-induced Zener tunneling14 and induce impact ionization near
optical hotspots with an enhanced field of up to 30 MV/cm (the
maximum incident peak field is 1.5 MV/cm).10 Further, nonlinear
terahertz metamaterials that induce carrier generation have been
reported for various applications.15–18 To achieve such nonlinear
phenomena, amplified laser systems have been used to generate
intense terahertz pulses,19 although these systems hamper the real-
ization of extensive nonlinear applications.20 Furthermore, such
amplified laser systems are not feasible for use with other III–V semi-
conductors, whose bandgap energies are larger than that of GaAs
because of their higher threshold fields (up to tens of MV/cm or
higher). Therefore, generating a stronger electric field within an
extremely confined volume is indispensable for researchers to study
condensed matter in the terahertz frequency regime.

In this study, we induce a terahertz electric field of 46 MV/cm
with the help of 5 nm-wide metal–insulator–metal structures on a

APL Photon. 8, 036107 (2023); doi: 10.1063/5.0134501 8, 036107-1

© Author(s) 2023

https://scitation.org/journal/app
https://doi.org/10.1063/5.0134501
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0134501
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0134501&domain=pdf&date_stamp=2023-March-10
https://doi.org/10.1063/5.0134501
https://orcid.org/0000-0002-2331-4526
https://orcid.org/0000-0001-8269-1340
https://orcid.org/0000-0002-2081-7910
mailto:daisikkim@unist.ac.kr
mailto:nightsky@cau.ac.kr
https://doi.org/10.1063/5.0134501


APL Photonics ARTICLE scitation.org/journal/app

semi-insulating GaAs substrate. This field strength is far beyond the
nonperturbative regime of GaAs and results in an unprecedented
nonlinear transmission decrease with an extinction ratio of 60%
owing to the field enhancement factor of the nanogaps. This nar-
row nanogap decreases the minimum incident peak field strength
to 0.01 MV/cm for field-induced Zener tunneling in GaAs, thereby
suppressing impact ionization. Moreover, we suggest the minimum
semiconductor thickness required for the nonlinear response as a
function of the gap size via simulations. The corresponding results
indicate that the large field enhancement in the nanogap decreases
the required semiconductor thickness.

II. RESULT AND DISCUSSIONS
Figures 1(a)–1(d) show the fabrication process of our 5 nm

nanogap sample.21 First, a 100 nm-thick Au film is deposited by
electron beam evaporation over a photoresist patterned on a semi-
insulating GaAs (SI-GaAs, resistivity ∼108 Ω⋅cm) substrate. Rect-
angular holes [dimensions: 10 μm (lx) × 40 μm (ly)] were exposed
after the lift-off process. The pitch sizes of the hole arrays were
20 μm (px) and 50 μm (py) [Fig. 1(a)]. Second, a conformal coat-
ing of 5 nm alumina was performed by atomic layer deposition to
ensure the formation of a dielectric layer on the sidewall of the metal
[Fig. 1(b)]. Third, the same thickness of the metal was deposited
on the alumina layer [Fig. 1(c)]. Finally, the excessive metal layer
on the second floor was exfoliated using an adhesive tape to level
the entire sample surface [Fig. 1(d)], and then, we obtained the
vertically oriented insulating layer, resulting in a rectangular loop
[Fig. 1(e)]. A cross-sectional scanning electron microscopic image
of the 5 nm width (w) metal–insulator–metal structure is shown
in Fig. 1(f).

Through a nanogap, only a polarized wave in the direction per-
pendicular to ly is transmitted with a giant field enhancement.22

Further, it was proven that the enhancement rapidly decays along
the light propagation axis.23 As a result, nonlinear phenomena effec-
tively occur in the vicinity of the nanogap.24 In this work, the
primarily occurring nonlinear phenomenon is field-induced Zener
tunneling, which excites an electron, thereby resulting in a transmis-
sion decrease. This transmission decrease occurs when an atomically

strong field is induced to tilt the band structure, enabling an elec-
tron in the valence band to tunnel to the conduction band of a
neighboring unit cell.10,25,26 Our nanogap sample shown in Fig. 1(f)
mainly observes the local permittivity near itself,27,28 resulting in
a decrease in the required semiconductor film thickness of inter-
est down to nanometer size, which facilitates thin-film nonlinear
applications.

We performed terahertz time-domain spectroscopy on the
nanogaps and observed transmissions that depend on the inci-
dent field strength. For our terahertz transmission experiment, a
single-cycle terahertz pulse was generated by a prism-cut lithium
niobate (LiNbO3) crystal via pulse-front-tilted optical rectification.
A 1 kHz Ti:sapphire laser beam (central wavelength of 800 nm,
pulse energy of 5.3 mJ, and pulse width of 35 fs; Spitfire, Spectra-
Physics) was divided into terahertz generation and detection beams.
The generated terahertz beam was guided by four off-axis parabolic
mirrors. We controlled the incident terahertz field strengths from
3 to 360 kV/cm by using a pair of wire grid polarizers. Along with
the 5 nm-gap sample, we also evaluated 2.5 μm- and 400 nm-gap
samples fabricated by electron beam lithography. The correspond-
ing results demonstrate the significant effect of the strong field
enhancement in the nanogaps on the nonlinear responses of the
material.

Figures 2(a) and 2(b) show the normalized transmitted ampli-
tudes in the time domain for the 5 nm-gap and 2.5 μm-gap samples.
To obtain the normalized transmitted amplitude, each transmit-
ted amplitude of the sample in the time domain data is divided by
the peak value of the transmitted amplitude of bare GaAs (500 μm
thick) in the time domain data (supplementary material). For the
frequency-domain analysis, we cut a transmitted pulse before the
first echo arrived in the time domain. As the incident field strength
increases, the 5 nm-gap sample shows drastically reduced normal-
ized transmitted amplitudes in the time domain. By contrast, the
2.5 μm-gap sample shows a small change in the normalized
transmitted amplitude over the entire time domain. Further,
Figs. 2(c) and 2(d) present the transmission spectra (obtained
by Fourier transformation of the time-domain measurements; see
supplementary material for more details) of the 5 nm-gap and
2.5 μm-gap samples for incident field strengths ranging from

FIG. 1. (a)–(e) Schematic of the fabri-
cation process for a 5 nm gap. Atomic
layer deposition was used to fabricate
the 5 nm gap. The white ring repre-
sents the 5 nm gap (Al2O3) between
the first and second deposited gold lay-
ers. (f) Cross-sectional scanning elec-
tron microscopic image of a 5 nm-wide
metal–insulator–metal gap on a GaAs
substrate. (g) A terahertz wave illumi-
nates a nanogap, in which the elec-
tric field is strongly enhanced so that
an electron undergoes Zener tunneling
through the tilted band structures; sub-
sequently, the generated electrons par-
ticipate in the impact ionization process.
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FIG. 2. Terahertz transmitted time traces
of (a) the 5 nm gap and (b) the 2.5 μm
gap normalized by their peak amplitudes
at each field strength. The decrease in
the amplitudes indicates carrier genera-
tion by the terahertz field in the vicinity
of the gaps. Terahertz transmission of
(c) the 5 nm gap and (d) the 2.5 μm
gap; the transmission values are divided
by the peak value at the minimum inci-
dent field. The transmission significantly
drops at the peak amplitudes owing to
the giant field enhancement at the peak
frequency.

3.6 kV/cm to 0.36 MV/cm; the transmission values are divided
by the peak value at the minimum incident field strength. In the
frequency domain, significant nonlinear effects cause differences in
the spectra, such as an extinction ratio of ∼60% at 0.4 THz [Fig. 2(c)].
As the nonlinear effect becomes dominant, distinct redshifts are
observed, which can be attributed to an increase in the effective
index of the material around the gap.29 For the 5 nm-gap sample,
we restrict the incident field amplitude to 0.29 MV/cm because this
nanogap sample can be damaged by a highly localized field and cur-
rent around the gap when the field strength is 0.32 MV/cm.29 Excited
carriers increase the local index of refraction near the gap, and this
high refractive index is responsible for the transmission decrease.23

Materials that exhibit such responses can be applied to nonlinear
switching devices with further parameter optimizations to increase
the extinction ratio.

Figure 3(a) shows the time-integrated transmission of the
5 nm-, 400 nm-, and 2.5 μm-wide-gap samples; the correspond-
ing values are normalized by the transmission T0 at the minimum
incident field (see supplementary material for details on the cal-
culations of the transmission). The time-integrated transmission

(T) is calculated using the relation: T = ∫ E2
sample(t)dt

∫ E2
bare GaAs(t)dt , where Esample

and EbareGaAs are the transmitted time traces of the samples and a
bare GaAs substrate, respectively.29 The 5 nm-gap sample shows a
large transmission decrease over the full range of the incident field
strength, while the samples with wider gaps show a noticeable trans-
mission decrease above a certain incident field strength, i.e., 150 and
275 kV/cm for the 400 nm-gap and 2.5 μm-gap samples, respec-
tively. This result indicates that the strong field enhancement in
the nanogap decreases the incident field strength required for the
decrease in transmission due to nonlinear effects, and thus, with-
out the field enhancement of the metamaterial, it is difficult to

FIG. 3. (a) Time-integrated transmissions of the 5 nm- (blue triangles), 400 nm-
(red circles), and 2.5 μm-wide-gap (black squares) samples; the corresponding
values are normalized by the transmission T0 at the minimum incident field. (b)
Terahertz transmission measured with a 2 mm-thick ZnTe crystal for electro-optic
sampling. The transmissions are divided by the peak value at the lowest incident
field (3 kV/cm). The results reveal that an incident field strength of 6 kV/cm induces
Zener tunneling.
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observe a nonlinear effect via terahertz time-domain spectroscopy.30

In the 5 nm-gap sample, the transmitted field strength decreases
to ∼40% of the reference field strength (i.e., in the absence of
nonlinear effects) at the incident field amplitude of 300 kV/cm,
indicating the largest transmission reduction observed among
all samples.

To identify the incident electric field strength that induces non-
linear effects in the GaAs substrate, we systematically decreased the
incident field strength [Fig. 3(b)]. For the terahertz electric field
strength in the range of 3–10 kV/cm, a 2 mm-thick ZnTe crys-
tal was used for the electro-optic sampling, which increased the
signal-to-noise ratio. As evident from Fig. 3(b), the terahertz trans-
mission starts to decline at an incident field of only 6 kV/cm, which
implies that the threshold incident field for the 5 nm-gap sam-
ple is about 40 times lower than that of the 2.5 μm-gap sample
(275 kV/cm). This effective gap-induced drop in the transmission
is a major breakthrough in research related to nonlinear phenom-
ena induced by intense electric fields (∼100 kV/cm). The presented
metal–insular–metal nanogap fabrication strategy enables the use
of intermediate field strengths (∼1 kV/cm) to induce nonlinear
responses in semiconductors such as SI-GaAs.11,25,31 Although in
our experiment, no decrease in the transmission was observed
below 3 kV/cm (not shown), other measurement methods could be
used to observe any nonlinear change. For instance, a terahertz-
pump/optical-probe may reveal nonlinear responses due to the
Franz–Keldysh effect.32

For nonlinear response, the voltage applied across the gap
for terahertz transmission is important. Figure 4 shows the time-
integrated transmission (T/T0) as a function of the voltage applied
across the gaps for various antenna gap samples (see supplementary
material). The voltage across the gap is estimated from the tran-
sient terahertz field strength measured at the output of the gap
(more details can be found in the supplementary material). Notably,
we found that a voltage of 23 V can result in a 60% transmission
decrease, leading to Zener tunneling , which occurs when the applied
electric field becomes sufficiently strong to tilt the band structure
and allow a valence electron to tunnel through the potential bar-
rier.14 These results demonstrate that several hundreds of voltages

FIG. 4. Time-integrated transmissions of the 5 nm- (blue triangles), 400 nm- (red
circles), and 2.5 μm-wide-gap (black squares) samples, normalized by those of a
GaAs bare substrate at each incident electric field strength, as functions of the gap
voltage induced by the applied electric field.

are not required to control the transmission if a nanometer-sized gap
is used. For an induced gap field that is responsible for the nonlin-
ear effects, decreasing the gap width enables us to lower the voltage
across the gap according to the equation: E = V/w, where V is the
applied voltage and w is the gap width.

More importantly, the underlying mechanism is different from
that observed in previous studies on nonlinear metamaterials, in
which impact ionization can dominate over Zener tunneling when
a strong electric field is applied.10,11 In our case, impact ionization
is suppressed owing to the reduction in the active semiconduc-
tor area for carrier generation as the gap width decreases. On the
contrary, Zener tunneling still occurs because of the enhanced tera-
hertz electric field strength. To analyze the nonlinear effect in our
case, the induced gap voltages corresponding to a 10% decrease
in the terahertz transmission (from Fig. 4) of the antenna samples
are compared. For a 10% transmission decrease, the gap voltages
are ∼7.5, 200, and 360 V for the 5 nm-, 400 nm-, and 2.5 μm-
gap samples, respectively. When the voltage across the 5 nm-gap
is Vgap = 7.5 V, the electric field strength inside the gap is Egap
= 1.5 V/nm, which is sufficiently strong to induce Zener tunnel-
ing. Because the threshold energy for impact ionization in GaAs is
1.6 eV,10 Vgap = 7.5 V results in less than five ionization steps for
a single electron, culminating in a carrier multiplication factor of
25
≈ 30. In contrast to the 5 nm-gap sample, when the voltage across

the 400 nm-gap is near the highest value of Vgap = 200 V, the elec-
tric field strength inside the gap becomes Egap = 0.5 V/nm. This low
field strength induces an extremely weak Zener tunneling but safely
allows at least ten impact ionization steps, which result in a carrier
multiplication factor of 1000 according to the previously reported
results.10,25 Because of such a large carrier multiplication factor, a
large number of carriers are expected to be generated, which can
be limited when the number of generated carriers reaches the Pauli
blocking regime. Therefore, we can assume that compared with the
2.5 μm-gap and 400 nm-gap samples, the 5 nm-gap sample
enables a significant decrease in the transmission with a low gap
voltage and a small number of impact ionization steps.33–35

Although impact ionization is suppressed in the 5 nm gap, the
extinction ratio of 60% shown in Fig. 4 originates from the large
number of carriers generated by Zener tunneling and impact ion-
ization. We note that the influence of the intervalley scattering
or nonparabolicity effect on the transmission drop is insignificant
due to the low initial carrier concentration (∼107 cm−3) in SI-
GaAs.36 However, an intense terahertz pulse generates free carriers
in GaAs as well as enables metal–insulator–metal tunneling,37 such
as Fowler–Nordheim tunneling, in the nanogaps.29 Nevertheless, the
transmission decrease is not governed by the metal–insulator–metal
tunneling because it begins above 2.5 V/nm, as demonstrated
by the extinction shown by the 5 nm-gap on a quartz substrate
(see supplementary material).

Finally, we analyze the interacting region, where the nonlin-
ear phenomena occur, via simulations of the electric field amplitude
distributions. Without the metamaterial-induced nonlinearity of the
semiconductor substrate, the confined field near the gap is propor-
tional to the gap size of the metamaterials.38 Figure 5(a) presents the
numerically simulated (COMSOL Multiphysics) field distributions
of the terahertz waves for the 2.5 μm-gap and 5 nm-gap samples.
The corresponding electric field amplitudes, along the z-axis from
the gap surface, for various incident field strengths are plotted in
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FIG. 5. (a) Electric field distributions (Ex ) of the 2.5 μm (top) and 5 nm (bottom)
gaps in the vicinity of the gaps, normalized by their maximum values. (b) Electric
field amplitudes extracted from (a) along the z-axis from the center of the gap at
the surface. The red and blue curves represent the distributions for the 5 nm and
2.5 μm gaps with different incident electric fields, respectively. The gray dashed
line indicates the threshold field strength (0.1 V/nm) for Zener tunneling.

Fig. 5(b). The gray dashed line indicates a field strength of 0.1 V/nm
with which tunneling rate in the SI-GaAs is above the order of
1010 (cm−3 100 fs−1) for Zener tunneling. This value surpasses
the initial carrier density of the SI-GaAs substrate.10 While a
field strength below 0.1 V/nm can still induce carrier generation
by Zener tunneling, the terahertz transmission shows negligible
changes because of the low generation rate. We note that, based on
Fig. 3(b), the minimum incident electric field strength required for
decreasing the transmission is around 6 kV/cm, and the correspond-
ing gap voltage is 0.08–0.17 V/nm. In the case of the 5 nm-gap, even
the incident electric field strength of 6 kV/cm crosses the line indi-
cating the limit. This field strength corresponds to a small change
in the transmission spectrum shown in Fig. 3(b). The region where
Zenner tunneling occurs is within 2 nm from the gap surface. As the
input field strength increases, the interacting volume increases lin-
early (the electric field strength decays as the distance from the gap
surface increases).39 In the case of the 2.5 μm-gap sample, the field
barely crosses the gray line and corresponds to a negligible change
in the transmission spectra.

III. CONCLUSION
In summary, we demonstrated that Zener tunneling can be

observed in GaAs with surface nanostructures under an electric field
strength that is two orders of magnitude smaller than that required
for the same semiconductor without a nanostructured surface. A
narrow gap is more sensitive to the field confined within its volume
than that outside. With the nanogap, we obtained a 60% decrease
in transmission due to nonlinear effects, and this significant trans-
mission decrease can be beneficial for nonlinear sensor applications.
Furthermore, the interacting volume for a narrower gap is much
smaller than that for a wider gap, and consequently, a narrower gap
is more compatible with thin epitaxially-grown semiconductor films.
The strategy presented in this paper will allow researchers, focused
on the intermediate electric field strength regime (∼1 kV/cm), to
investigate unprecedented nonlinear phenomena. In addition, the
proposed strategy has diverse potential applications with ultrathin
semiconductors.

SUPPLEMENTARY MATERIAL

In the supplementary material, details are provided about the
estimation of the voltage across a gap induced by the transmitted
terahertz pulse and metal–insulator–metal tunneling in a 5 nm gap.
Calculation of the normalization process.
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