PRL 115, 125501 (2015)

PHYSICAL REVIEW LETTERS

week ending
18 SEPTEMBER 2015

Electromagnetic Saturation of Angstrom-Sized Quantum Barriers
at Terahertz Frequencies

Young-Mi Bahk,' Bong Joo Kang,2 Yong Seung Kim,’ Joon-Yeon Kim,' Won Tae Kim,” Tae Yun Kim,* Tachee Kang,1
Jiyeah Rhie,1 Sanghoon Han,5 Cheol-Hwan Palrk,4 Fabian Rotermund,z’* and Dai-Sik Kim"'

1Departmem‘ of Physics and Astronomy and Center for Atomic Scale Electromagnetism,
Seoul National University, Seoul 151-747, Korea
*Department of Energy Systems Research and Department of Physics, Ajou University, Suwon 443-749, Korea
3Gmphene Research Institute and Department of Physics, Sejong University, Seoul 143-747, Korea
4Department of Physics and Astronomy and Center for Theoretical Physics, Seoul National University, Seoul 151-747, Korea
>Photonic Systems Laboratory, School of EECS, Seoul National University, Seoul 151-744, Korea
(Received 26 March 2015; published 16 September 2015)

Metal-graphene-metal hybrid structures allow angstrom-scale van der Waals gaps, across which electron
tunneling occurs. We squeeze terahertz electromagnetic waves through these 4/10000000 gaps,
accompanied by giant field enhancements. Unprecedented transmission reduction of 97% is achieved
with the transient voltage across the gap saturating at 5 V. Electron tunneling facilitated by the transient
electric field strongly modifies the gap index, starting a self-limiting process related to the barrier height.
Our work enables greater interplay between classical optics and quantum tunneling, and provides optical

indices to the van der Waals gaps.
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Since the discovery of two-dimensional (2D) crystal
layers such as graphene, hexagonal boron nitride (hBN),
and molybdenum disulphide (MoS,), there has been intense
research on van der Waals (vdW) heterostructures, made by
stacking various 2D layers [1,2]. The diversity of atomically
thin materials and their heterostructures opens the possibil-
ity of new electrical and optical properties as well as novel
physical phenomena and device functionalities at the ang-
strom scale: van der Waals epitaxy [3]; band gap engineering
[4]; high-T'~ superconductivity [5-7]; room-temperature
excitonic superfluidity [8,9]. The interfaces in various
vdW heterostructures are found to be clean and atomically
sharp because vdW bondings are weak [3], which opens a
new possibility of angstrom-gap lithography.

Figure 1 (top) shows a cross-sectional TEM image and
vertically averaged line profile of a metal (copper)-single
layer graphene (SLG)-metal (copper) structure where two
bright lines, each with a width of about 1.5 A, are clearly
seen. These lines indicate the double vdW gaps with gene-
rally low electron density, formed between the graphene
layer and the surrounding copper surfaces. The red curve
(middle) shows the plane-averaged inverse valence electron
charge density obtained from density functional theory
calculations, in agreement with the 1.5 A-wide double-gap
picture. These gaps with a single layer of carbon atoms in
the middle have been approximated by a single 3-A-wide
gap of permittivity three [10,11] (bottom), across which
quantum tunneling may occur [11-14].

To study the angstrom gap using visible or infrared light
is not a trivial task, because the wavelength is several orders
of magnitude longer than the gap width. For exclusive
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probing and manipulation, it behooves all the incoming
electromagnetic waves to squeeze through the angstrom
gap without any strays. A metallic nanogap at longer
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FIG. 1 (color). (Top) Cross-sectional TEM image and vertically
averaged line profile of copper (Cu)-single layer graphene
(SLG)-Cu composite. SLG was grown on 300-nm-thick Cu film
by chemical vapor deposition (CVD). Two bright lines with an
average thickness of ~1.5 A are clearly visible at Cu-SLG-Cu
interfaces, indicative of two van der Waals gaps. (Middle) The
plotted red curve denotes the plane-averaged inverse valence
electron charge density through a line of Cu-carbon-Cu atoms
calculated by density functional theory. (Bottom) The graphene
spacer with double angstrom gaps is approximated by a single
3-A-wide gap with permittivity of three.
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wavelengths naturally accompanies gigantic field enhance-
ment [15-21], allowing exclusive probing of the gap itself.
In particular, to see only the angstrom gaps without the
usual background optical signals, for ready comparison
with theory one is required to manufacture ultralong
angstrom gaps much longer than any of the wavelengths
of the incoming light used in experiments. In this Letter,
for exclusive, background-free probing of the quantum
barrier using electromagnetic waves, we manufactured
angstrom-sized gaps of 5 mm length, through which
virtually all terahertz (THz) waves funnel. To our surprise,
record nonlinearity, far greater than its optical counterparts,
is found, which enables determination of both the effective
barrier height and effective width. Our work has far rea-
ching implications towards vdW gap masks for angstrom
lithography, as well as in the emerging field of long
wavelength quantum plasmonics.

The angstrom gaps are made as follows [see Fig. 2(a)].
First, we patterned a 300-nm-thick copper (Cu) film
with a desired array of rectangular structure of 5 mm by
0.2 mm onto a quartz substrate using the standard photo-
lithography technique. An SLG was then seamlessly grown
on the patterned Cu layer also covering the sidewalls. For
the graphene growth, a flowing mixture of methane and
hydrogen gases were used in a chemical vapor deposition
(CVD) system, where the pressure was kept at 10 mTorr.
After growing graphene directly on the patterned Cu film, a
thinner secondary Cu layer was additionally deposited on
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FIG. 2 (color).

the same sample by thermal evaporation filling the trench.
Finally, adhesive tape was applied to the surface to peel
off the second Cu layer selectively. The resulting final
Cu-SLG-Cu composite sample is shown in Fig. 2(b).
Figure 2(c) shows top views of the SEM (left), reflection
type (center), and dark field scattering (right) optical
microscope images of the sample used in our experiments.
With the THz spot size of about 2.5 mm, the structure can
be considered as an array of infinitely long slits with a
period of 0.2 mm, for the most frequencies used.

We performed THz time-domain spectroscopy using
both an oscillator- and amplifier-based THz system [22].
A femtosecond Ti:sapphire laser operating at an 80-MHz
repetition rate is used to illuminate a biased GaAs emitter
for generation of single-cycle THz pulses with peak electric
field of 30 V/cm at the focus. In addition, we employed
pulse-front-tilted efficient optical rectification in a prism-cut
LiNbO; crystal based on a 1-kHz Ti:sapphire regenerative
amplifier system for intense THz wave generation [26]. The
maximum incident electric field is 200 kV /cm at the focus.
The strength of the THz electric field can be varied with
a pair of wire grid polarizers, allowing us to change the
field amplitude from 10 to 200 kV/cm. In both setups,
the transmitted THz field amplitudes are collected with
parabolic mirrors and detected by electro-optic sampling
technique using (110) oriented ZnTe and GaP crystals.

Figure 3(a) shows measured time traces of THz field
amplitudes transmitted through the sample for various
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(a) Schematic of fabrication procedure for vertically oriented graphene spacer in Cu-SLG-Cu composite. First,

a patterned Cu layer with desired geometry is prepared by photolithography. Subsequently, SLG is directly grown on the patterned
Cu layer by the CVD method. The second Cu layer is then deposited over the graphene-deposited patterned Cu film and an adhesive tape
is applied to the surface to peel off the second Cu layer selectively. (b) Cross-sectional view of Cu-SLG-Cu composite array. An SLG
spacer forms vertically oriented angstrom gaps through which normally incident THz waves squeeze. (c¢) Top views of SEM (left),
reflection type (center), and dark field scattering (right) optical microscope images of the Cu-SLG-Cu sample used in our experiment.
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FIG. 3 (color).

(a) Time traces of transmitted THz electric field through the Cu-SLG-Cu sample normalized by the substrate

transmission for various THz field strengths. (b) Maximum normalized transmittance as a function of the incident THz electric field.
Inset: Maximum field enhancement vs the incident electric field. (c) Transient voltage across the gap as we increase (red dot) and then
decrease (blue dot) the incident THz electric field. Note that the nonlinear response is reproducible as long as the incident THz field stays
below the breakdown field of 200 kV/cm. The dotted line is the case without nonlinearity assuming the same field enhancement for all
field strengths. (d) Experimental and calculated nonlinear optical response 7 /T, of the SLG-based angstrom gap sample as a function of
the applied bias voltage forw = 3 A and ¢» = 3 eV. T is the transmittance in the linear regime. Inset: The inverse of the total sum of the
square of the difference between the calculation and the experimental data for various barrier heights ¢ and widths w. (e) Tunneling
barrier profiles in the angstrom gaps for the low (top) and high (bottom) voltages across the gap. (f) Calculated normalized intensity
distribution near the 3-A-wide gap for low-(top) and high-field (bottom) cases.

incident THz pulse strengths, divided by the maximum
field amplitudes transmitted through the quartz-substrate
only. For low-intensity THz pulses generated with an
oscillator-based setup (Ej n.x ~ 30 V/cm), the normalized
amplitude ¢ after subtracting direct transmission (~0.15%)
is about 1.0% at the maximum of the single-cycle pulse in
the time domain. This one percent transmission is in fact
extremely high, when one considers the gap size w of only
3 A [11], so that the coverage ratio is extremely small:
p=w/d=3A/02mm=15x10"° where d is the
period. Thereby, a field enhancement of ¢/f ~ 7000 is
extracted by the Kirchhoff integral formalism [17,31-33].
The measured huge field enhancement, even larger than
those achieved with the help of resonance for 1 nm gap
rings [34], is a clear evidence for the formation of
an effective gap of subnanometer width by the metal-
graphene-metal configuration [11,35,36]. This is consistent
with the nonmetallic behavior of graphene with respect to
the external electric field perpendicular to the surface [10].

As we increase the incident THz electric field up to
Ejmax ~ 192 kV/cm, the normalized transmitted ampli-
tude in the time domain dramatically decreases, down to

0.16% at the maximum. This gives rise to a 97% reduction
in normalized transmitted power. Figure 3(b) shows the
normalized transmittance 7 and field enhancement factor
(inset) at the maximum in time domain, as a function of the
strength of the incident THz electric field. The strong
transmission decrease of our system can be compared with
previous works where the in-plane THz fields impinge on
the graphene surface resulting in increased transmission
[37,38]. To gain insights into the origin of the reduction in
the normalized transmission through the angstrom gaps,
we plot the maximum voltage across the gap, Vgup max =
W X Eqgap max> driven by THz funneling [Fig. 3(c)] [22]. The
dotted line indicates the case without nonlinearity, assum-
ing the same field enhancement for all intensities. The
measured data show that the voltage across the angstrom
gap saturates at approximately 5 V. Intuitively, it is clear
that the applied electric field is sufficiently strong to distort
the quantum-mechanical barrier facilitating electron tun-
neling across the gap, making it more lossy, which in turn
limits the field enhancement, and thereby V., itself. This
self-limited funneling can be observed without damage
to the angstrom gaps because of the single-cycle nature of
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transient THz waves [39,40] and the material robustness of
graphene. We note that the subnanometer gap structure can
be easily destroyed by an intense optical pulse because of
its higher photon energy (~2 eV), so that the nonlinearity is
much more difficult to observe before sample damage.
Therefore, counterintuitively, given the same peak power,
THz nonlinearity is much larger and much easier to observe
than its optical counterpart.

We performed numerical calculations on the tunneling
conductivity by assuming a square quantum barrier aided by
an image potential [28]. In this approach, the electrical con-
ductivity inside the gap under the bias voltage V can be des-
cribed with the tunneling current density J as follows [22]:

J
c=w—.
1%

Regarding conductivity o, a quantum-corrected plas-
monic model provides dielectric constant g, of the
fictitious material inside the gap [29],

qc

w;
Ege =€ T T N
; g
a)(a)-i-l—)
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where &, is the high frequency dielectric constant, w, the
plasma frequency of the surrounding metal, and @ the
frequency of the light fixed at 0.5 THz (4 = 0.6 mm) which
is the center frequency of our spectrum. With the calculated
€g» we obtain field enhancement both by analytical
calculation based on the modal expansion [30] and by
two-dimensional finite-difference time-domain (FDTD) sim-
ulation for a slit array structure. We note that the field
enhancement factors obtained by these two calculations are
remarkably close.

In Fig. 3(d), the calculated transmission 7/T|, is plotted
as a function of the applied bias voltage V for the effective
gap size of w =3 A and permittivity of three [10,11], and
the quantum barrier height of ¢ = 3 eV. The dc applied
bias voltages V in the tunneling calculations are aligned
with the measured voltages across the gap, Vg, max for
comparison. The fit (red line) is in good agreement with the
experimental data denoted by red dots, reproducing the
near-zero transmittance at high V, as well as the overall
Vdependence. In the inset of Fig. 3(d), we show the inverse
of the total sum of the square of the difference between the
calculation and the experimental data D, ' for various
barrier heights ¢ and treating the width w also as a variable
[22]. It is noted that for the best fit, the barrier height and
the barrier width need to fall around ¢ ~ 3 eV and w ~ 3 A.
These values are consistent with the existing literature on
the graphene gap width [11,35] and less than the accepted
work function of Cu (W, ~4.65 eV), respectively.
Figure 3(e) shows the potential barrier schematics of the
Cu-SLG-Cu structure, using 7 eV of the Fermi level (Cu)
and the applied bias of 0.005 V (top) and 5 V (bottom).
FDTD results of the normalized intensity distribution for the

low-intensity [0.005 V (top)] and the high-intensity [5 V
(bottom)] cases, respectively, are consistent with experi-
ments as shown in Fig. 3(f). The observed THz nonlinearity
is thus well explained by the light-driven electron tunnel-
ing, which enhances the imaginary part of the effective
dielectric constant of the angstrom gap. The tunneling-
induced nonlinear response of the metallic gap can be
much stronger at the long wavelength than near-infrared
light, because of the mismatch between optical period
and screening time. These strong nonlinearities at THz
frequencies allow accurate determination of the quantum
barrier height that is otherwise impossible.

In conclusion, we have demonstrated extreme terahertz
nonlinearities of angstrom-size gaps fabricated by inserting
a vertically oriented single layer graphene spacer between
two coplanar copper films. This is achieved by intense tera-
hertz funneling through the infinitely long angstrom gaps,
across which a large transient potential difference facilitates
electron tunneling. The tunneling electrons in turn change
the effective index of refraction of the angstrom gaps, leading
to the gigantic optical nonlinearity with a self-limiting
nature. Background-free electromagnetic-manipulation of
diverse chemical vapor deposition-compatible materials
will enable linear and nonlinear angstrom optics in long
wavelength domain, yielding invaluable information on
the light matter interaction in quantum scale.
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