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Layered two-dimensional (2D) materials offer many promising avenues for
advancing modern electronics, thanks to their tunable optical, electronic, and
magnetic properties. Applying a strong electric field perpendicular to the
layers, typically at the MV/cm level, is a highly effective way to control these
properties. However, conventional methods to induce such fields employ
electric circuit - based gating techniques, which are restricted to microwave
response rates and face challenges in achieving device-compatible ultrafast,
sub-picosecond control. Here, we demonstrate an ultrafast field effect in
atomically thin MoS, embedded within a hybrid 3D-2D terahertz nanoantenna.
This nanoantenna transforms an incoming terahertz electric field into a ver-
tical ultrafast gating field in MoS,, simultaneously enhancing it to the MV/cm

level. The terahertz field effect is observed as a coherent terahertz-induced
Stark shift of exciton resonances in MoS,. Our results offer a promising
strategy to tune and operate ultrafast optoelectronic devices based on 2D

materials.

Two-dimensional (2D) layered materials, with their atomic-scale
thickness and remarkable electronic, optical, and mechanical proper-
ties, offer significant potential across a broad range of scientific and
technological fields, from classical and quantum computing to pho-
todetection, energy harvesting, spintronics, memristor technology,
and the discovery of new quantum phases'™®. The primary advantage of
layered 2D materials is the broad tunability of their key physical
properties, which stem from microscopic interactions within and
between the material layers®'°, as well as between the material and its
environment' ™,

One very effective way to control these intra- and interlayer
interactions, and hence the physical properties of 2D materials, is via
field effect caused by a strong electric field perpendicular to the
material layers™. Field effect enables precise control of conductivity in
field-effect transistor channels, as well as of the efficiency and detec-
tion range of 2D photodetectors, the generation of ultrahigh-
frequency signals, and other processes critical to modern

technology™8. Moreover, it is crucial for exploration of the funda-
mental physics of 2D materials, allowing control over bandgaps'*'**
and excitonic states?* %, insulator-metal transition'®?°, structural phase
transitions?’, quantum phase transition in moiré systems® and more.
Due to their atomic thickness, achieving significant control in 2D
materials requires very strong electric fields, typically of the order of
Mv/cm16,17,20f28‘

Technologically, the field effect is realized by electrostatic gating.
So far, gating of 2D materials has been limited to static DC-based'* or
microwave-based®*** methods, thus lacking the technologically-
relevant ultrafast, sub-picosecond control capabilities. The key chal-
lenge here lies in the practical way of applying the terahertz (THz)
gating electric signal of MV/cm strength to the 2D material in the
direction perpendicular to its layers. Here, we demonstrate a pro-
nounced THz field effect in a model 2D semiconductor
MoS,°101621-232528 Eor this, we introduce a hybrid 3D-2D nanoantenna
structure that receives the broadband THz electromagnetic signal
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from the free space and converts it into a vertical gating field in the
MoS,, simultaneously enhancing it to a MV/cm level. Using time-
resolved optical measurements, we observe the field effect as a
coherent THz-induced Stark shift of characteristic exciton resonances
in MoS,. Therefore, our approach enables efficient ultrafast 2D (opto)
electronic technology controlled by the THz fields, as well as experi-
ments in fundamental investigations of 2D materials, where THz field
effect is essential.

Results

A hybrid 3D-2D nanoantenna for THz gating

The design of our hybrid 3D-2D nanoantenna for THz gating of 2D
materials is presented in Fig. 1. The antenna consists of two gold
electrodes, top and bottom, vertically separated by an Al,O5 dielectric
spacer layer. As shown in Fig. 1a, b, the electrodes are horizontally
displaced such that they only overlap in the middle section of the
antenna, which has lateral dimensions of 10 um x 10 um. In the top view
projection, our antenna has a bowtie dipole shape, which enables
efficient incoupling of broadband free-space THz fields to its electro-
des and strong local field enhancement in the sub-wavelength antenna
gap®**. The entire antenna structure is deposited on a glass substrate.
The 150-nm-thick Al,O; dielectric spacer layer was grown by atomic-
layer deposition®*® between the electrode planes in order to prevent
the dielectric breakdown in the antenna in strong THz fields. Figure 1c
shows the microscope optical image of our hybrid 3D-2D nanoan-
tenna. Several such devices were fabricated in two batches (below
referred to as o and 3 - batches) and tested in this study. For the details
see “Methods” Section 1,2, and the Performance Variation Among
Fabricated Devices section below.

The application of a THz electromagnetic field F, ,, vertically
illuminating the entire antenna structure and polarized along its
electrodes, leads to a THz-field-driven current in the top and bottom
electrodes. Due to their vertical separation and only partial horizontal
overlap, this creates an electric polarization in the middle section of

the antenna in the vertical direction. If a 2D material is placed in this
region with layers parallel to the electrodes, it will experience the
vertical gating THz field F,, as shown in Fig. 1d. Besides conversion of
the horizontally polarized incident THz field into the vertical gating
field, our antenna also provides a significant field enhancement in the
vertical direction. Finite difference time domain (FDTD) simulations of
our antenna allow for the calculation of the gating THz field F, from
the experimentally measured incident THz field F, ;, at the antenna
gap position. This resulted in a calculated field enhancement factor of
the antenna of |F,/F,;,|=13.3, as shown in Fig. le. This field
enhancement factor resulted in a maximum gating THz field |F,| in
excess of 1 MV/cm applied to a MoS, sample, an estimate confirmed in
our measurements. We note, however, that our experiments do not
allow for the direct measurement of |F, /F, ;,|. Therefore, we present
all the relevant THz-field dependent parameters in this work as a
function of incident THz field F, ;,, a directly measured quantity. The
details of the calculation of the gating field F, from the measured
incident THz field F, ;, can be found in Supplementary Notes 1, while
the experimental estimate of the gating field strength is presented in
the Discussion section below.

Several single-crystalline MoS, flakes, prepared by mechanical
exfoliation, each containing 3-4 layers, were studied in this work. In our
experiments, we used optical probing to demonstrate the THz gating
effect on the MoS, flakes, which are positioned horizontally in the
middle field-enhancement section of the antenna, as shown in Fig. 1a,
b, d, e. In order to ensure optical access to the MoS,, the bottom
electrode of our hybrid 3D-2D nanoantenna was made 8 nm thin and,
therefore, optically semitransparent”’, whereas the top electrode
thickness was 25 nm and 50 nm for the devices in a- and - batches,
respectively. As shown in Fig. 1d, the optical probe pulse enters the
structure through the bottom electrode, travels through the spacer
region interacting with the MoS; flake, gets back-reflected off the thick
top electrode, and is then directed to the optical detection. We note
that, in such an arrangement, the relatively low thickness of the bottom
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Fig. 1| Hybrid 3D-2D THz nanoantenna. a Schematic top view of the device
around the bowtie antenna part. b Schematic side view of the device (A-A section of
a). ¢ Microscope image of a fabricated device. The dotted line represents the MoS,
flake. The scale bar corresponds to 10 um. d Schematic of the THz pump-optical
probe experiment. The red and green curved arrow represents incident THz field
and optical probe, respectively. The straight arrows in the gap of the antenna
represents the enhanced THz gating field. The blue and red circles represent

negative and positive charge density change. e Simulated field enhancement. Black
dashed line: measured incident THz field F ;,. Red solid line: gating THz field in the
antenna gap F,, calculated numerically from the measured incident THz field F, ;.
The calculated field enhancement factor is |F, /F ;,| =13.3. Both vertical axes in (e)
are on the same arb. unit scale. The traces F, ;, and F, are horizontally offset to
show the peaks of both signals at O ps.
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gold electrode of 8 nm was chosen to achieve both optical transpar-
ency as required for the optical probing and reasonably high
conductance® as required for efficient electrical gating. In a situation
where no optical access to the 2D material is required, using thicker
gold for both electrodes will lead to a higher conductance and, hence,
to an even larger field enhancement factor |F,/F, ;,|. The design of our
antenna enables efficient incoupling of incident free-space THz signal
with the bandwidth of at least 0.1 - 2.5 THz and its conversion into the
field-enhanced THz gating field without any loss of bandwidth (see
Supplementary Notes 1).

THz pump-optical probe measurements

As a probing mechanism for the THz gating effect, we used time-
resolved optical spectroscopy of characteristic exciton resonances in
MoS;. For this, a THz pump-optical probe (TPOP) experiment®’ was set
up, as schematically shown in Fig. 1d. The pump THz field was gener-
ated via tilted pulse front optical rectification of a 2 mJ, 800 nm laser
pulse with 100 fs duration in a lithium niobate crystal*®*'. This pro-
duced a broadband single-cycle pulse of the THz field with a frequency
range of 0.2-2.5 THz and a center frequency of 0.4 THz, propagating
into the free space. The THz beam was then focused and directed at
our antenna at normal incidence, leading to the maximum THz field
strength of |F, ;,| = 104 kV/cm, as measured at the position of the
antenna structure using free-space electrooptic sampling**. In order to
prevent the potential breakdown of the studied devices, we made sure
that the field-enhanced gating THz signal |F,| does not exceed the
estimated values of 1.2-1.5 MV/cm by properly attenuating the incident
THz field. For the gating field estimate, see the Discussion section. The
incident THz field was polarized along the bowtie antenna structure, as
shown in Fig. 1a-d. The diameter of the THz focus spot (1/e width for
the field) is estimated as 1mm at the center frequency of 0.4 THz,
which is much larger than the antenna size. A broadband optical probe
pulse was produced via supercontinuum broadening of another
800 nm, 100 fs laser pulse with 3 yJ energy in a sapphire slab of 4 mm
thickness*’. The generated optical supercontinuum signal was then
passed through a bandpass filter, resulting in an optical probe pulse
with 900 f] energy and covering the photon energy range of ca.
1.7-2.3 eV as required for our measurements. The probe pulse chirp
correction is addressed in Methods Section 4 and Supplementary
Notes 3.

The THz pump field and the optical probe pulse were directed at
the antenna from the side of the top and bottom electrodes, respec-
tively, as shown schematically in Fig. 1d. The optical probing was
performed in reflection in a confocal configuration using the x10
magnification microscope objective, where the optical probe was
focused on the field-enhancement region of the antenna, subject to the
gating field F,. For the analysis of the optical probe reflectance of our
structure, an imaging CCD spectrometer was used to simultaneously
record the spectra of the incident and reflected optical probe pulses.
As a result, we were able to measure the calibrated broadband optical
reflectance spectra of the field-enhancement region of our antenna as
a function of the time delay between the incident THz pump field and
the broadband optical probe pulse. All our experiments were per-
formed at room temperature. See the Methods Section 3 for the details
of our experimental setup.

At first, we characterized the response of a reference structure, a
hybrid 3D-2D nanoantenna without the MoS, sample, to the incident
THz field. The results are shown in Fig. 2a, ¢, f. A measured static optical
reflectance spectrum R, of the reference structure without applied
THz field is shown in Fig. 2a. This spectrum has a simple convex shape
originating from the reflectance of gold electrodes and multi-
reflection in the antenna gap, as confirmed by our optical simula-
tions (see Supplementary Notes 2-1). Figure 2¢ shows the temporal
evolution of the differential optical reflectance spectrum AR/R of the
reference antenna subject to the incident THz field F ;, with a peak

,in

amplitude of 104 kV/cm, shown in Fig. 2e. Given the field enhancement
factor of |F, /F, ;,| =13.3, this corresponds to an estimated peak gating
field in the gap region of the antenna of F, =1.4 MV/cm. The THz field
leads to a small differential reflectance modulation of the reference
antenna structure of |AR/R|<1%, spectrally spread over the entire
range of probe photon energy of 1.75-2.15eV. This modulation is
several picoseconds long and does not show any temporal structure
present in the incident THz waveform, which is shown in Fig. 2e. We
attribute this response to the long-living THz-induced modulation of
the refractive index of the spacer layer and/or of the reflectance of the
thin gold electrode in the field-enhancement region of the antenna.
See Supplementary Notes 2-2 for details. In Fig. 2f, an absolute optical
reflectance spectrum R of a reference antenna structure is shown as a
function of the THz pump-optical probe delay. It does not demon-
strate any significant temporal modulation, and its overall shape
resembles that of the static optical reflectance spectrum of the refer-
ence antenna without the THz field, shown in Fig. 1a.

After the reference antenna without the MoS, sample was char-
acterized, we proceeded with the measurements on an actual device
containing the MoS,. Figure 2b, d, g shows the static optical reflectance
spectrum R, without the THz field, the time-dependent differential
reflectance spectrum AR/R, and the time-dependent absolute reflec-
tance spectrum R, respectively, of one of our manufactured devices -
an antenna containing the 3 layer (3L) flake of MoS; in its field-
enhancement region. The static optical reflectance spectrum of the
antenna with 3L MoS, (Fig. 2b) now shows two pronounced dips
around the probe photon energies of 1.89eV and 2.03eV. These
spectral dips correspond to optical absorption due to well-known A-
and B-exciton transitions in MoS,’. When this device was subject to the
incident THz field F,;, with peak amplitude of 104 kV/cm (see
Fig. 2e, h), corresponding to a maximum estimated gating field of
|F,| =14 MV/cm, a very clear spectral and temporal modulation was
observed in the differential reflectance spectrum AR/R of the antenna
loaded with MoS; (Fig. 2d). Spectrally, these THz-induced modulations
are concentrated around the A- and B-exciton transitions. Temporally,
these modulations resemble the structure of the incident THz field,
shown in Fig. 2e. The time evolution of the absolute optical reflectance
spectrum R of the antenna with MoS,, shown in Fig. 2g, shows mod-
ulation of spectral positions of both A- and B-exciton lines, time-
correlated with the oscillation of the incident THz field F, ;,, shown in
Fig. 2h. We have therefore observed a clear effect of THz gating of the
MoS, sample as spectral and temporal modulation of its characteristic
A- and B-exciton transitions, an effect also confirmed by our optical
simulations (see Supplementary Notes 2). When the antenna was
rotated by 90° with respect to the THz field polarization to avoid the
incoupling of the incident THz field into the antenna structure, no
measurable modulation of optical probe reflectivity was observed in
our devices. In the following, we will perform a detailed analysis of
these THz-induced optical modulations of MoS,.

We note that the time evolution of the incident THz field F, ;, and
the time evolution of the optical reflectance spectra R and AR/R were
measured separately, and the precise relative timing offset between
them could not be established experimentally. Therefore, in the data
presentation, we chose the timing such that the maximal modulation
of optical reflectance of MoS, would correspond to the strongest THz
field in the F, ;, waveform positioned at the time delay of O ps. The
details of the time offset and the parameters used in our data fitting
can be found in Supplementary Notes 4. We have also attempted to
characterize the optical response of our devices under static, DC-bias
conditions. However, all attempts to recreate the gating fields of the
order of MV/cm in the gap region of our antenna by applying the
necessary static voltage to the contact pads of the electrodes led to
permanent damage of the devices via dielectric breakdown and unin-
tentional shortcuts, as described in Supplementary Notes 5. This
observation points to yet another advantage of using very fast
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Fig. 3 | The fitting of transient absolute reflectance spectra of a hybrid 3D-2D
THz nanoantenna with 3 L MoS; from the production batch a. a Transient
reflectance spectra obtained via fitting of the experimental data. Two vertical
dotted lines show the position of A- and B-exciton resonances without the presence
of the THz field. Two solid curved lines show the temporal change of position of A-
and B-exciton resonances. b Incident THz field F, ;,. Horizontal dotted lines in (a, b)
point to time delays of 0 ps and —0.6 ps. Absolute reflectance spectra R in the

vicinity of A-exciton (c) and B-exciton (d) resonances without THz pump (blue),
under THz pump of F, ;, = 104 kV/cm corresponding to O ps time delay (light
green, vertically offset by +1%pt for clarity), and under THz pump of F, ;, = -52kV/
cm corresponding to —-0.6 ps time delay (dark red, vertically offset by +2 %pt for
clarity). Dotted lines are experimental data, and solid lines are fitting curves. The
vertical dotted lines in (c, d) show the position of A- and B-exciton resonances,
respectively, without the presence of the THz field.

oscillating THz fields for efficient gating of 2D materials as being non-
destructive.

Quantifying the effect of THz gating in MoS,

In order to quantify the effect of the THz gating on the excitonic
transitions in MoS, and to extract the THz field-dependent parameters
of A- and B-exciton resonances, we have performed the fits of the time-
dependent absolute reflectance spectra R of the THz-gated antenna
shown in Fig. 2g. The reflectance spectra of the antenna with 3 L MoS,
sample could be well described by a third-order polynomial describing
the background convex curve, and the two Lorentzian dips repre-
senting A- and B-exciton resonances. The details of the fitting are
described in “Methods” Section 5.

Figure 3a is an image plot of the fitted transient reflectance
spectra, and Fig. 3b is the incident THz field F, ;, measured at the
position of the antenna. Measured and fitted optical reflectance
spectra in the vicinity of A- and B-exciton resonances, corresponding
to selected pump-probe delays are shown in Fig. 3c, d, respectively.
These pump-probe delays of 0 ps and -0.6 ps correspond to the inci-
dent field strength of F, ;, =104 kV/cm and F, ;, =-52 kV/cm, or to
estimated gating fields of F,=14MV/cm and F,=-0.69 MV/cm,
respectively. The dashed vertical lines in Fig. 3c, d mark the spectral
positions of A- and B- exciton resonances without the THz field. Note
that the presented optical reflectance spectra are distorted due to the
presence of a spectrally broad convex background. This leads to an
apparent shift of spectral minima with respect to the true spectral
positions of the exciton resonances, which, however, can be reliably
determined from the Lorentzian parts of the fit functions, as presented
below. We note that in our experiments, the absolute polarity of the
electric field within the incident THz waveform F, ;, could not be
determined. Therefore, in the context of our discussion, we define the
electric field of the strongest half-cycle in F, ;,, presented in Figs. 1-4
as “positive”.

In Fig. 4a, b, we present the dependence of the spectral positions
of A- and B- exciton resonances, extracted from the fitting described
above, on the THz pump-optical probe delay. The incident THz

waveform F ;, is presented in Fig. 4c as a reference. One observes a
clear spectral modulation of the transition energy of both A- and B-
excitons, which is time-coherent with the dynamics of the incident THz
field. The strongest effect is the blueshift of both resonances at the
strongest “positive” half-cycle of the THz field oscillation, and both
resonances also show a weaker redshift when the THz field changes its
sign. This is the demonstration of the coherent nature of the THz
gating field effect on the exciton resonances in MoS,, realizing the
ultrafast, sub-picosecond control of the fundamental properties of a
2D material via THz gating.

The maximum THz-driven modulation of resonant energy for
both A- and B-exciton was of the order of 6-7meV. We have estab-
lished a dependence of the spectral shift of exciton resonances on
the applied THz field, using the correlation between the field
strength, including its sign, and the time delay within the incident
THz waveform F ;,. This correlation is illustrated by color coding in
Fig. 4c-e. The THz-field dependence of the spectral positions of A-
and B-excitons is presented in Fig. 4d, e, respectively. The strongly
dominant blueshift at the “positive” THz gating field and much
weaker redshift at the “negative” THz fields are observed for both
exciton resonances. We have also tested the response of our devices
to the THz gating field with the reversed polarity. For this, we rotated
the antenna by 180° about the propagation axis of the incident THz
beam (see Fig. 5a). The generally bipolar modulation of the exciton
transition energies with applied gating THz fields of opposite signs
and the observations related to the reversal of polarity of the THz
gating field, which are detailed in the following section, point to an
existence of permanent symmetry breaking in the z-direction in our
structure comprising a hybrid 3D-2D nanoantenna and a MoS; flake.
The possible origin of this symmetry breaking will be addressed
below in the “Discussion” section.

Performance variation among fabricated devices

As mentioned above, several devices with varying numbers of MoS,
layers were fabricated and tested in this work. A total of two device
batches were produced, termed here a- and -batches. Besides the
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difference in the top electrode thickness (25 nm and 50 nm for the
devices in a- and - batches, respectively), another difference between
the batches was the annealing condition during the fabrication, as
described in Methods Section 1. Below, we present the variation in
performance among the fabricated structures, crucial for the expla-
nation of the symmetry breaking within the devices.

In Fig. 5a—f, the measured exciton spectral position shifts for
three selected devices are shown: (I) A device with 3L MoS, from «-
batch, (II) a device with 3 L MoS, from B-batch, and (Ill) a device with
4L MoS, from a-batch. These measurements include rotation of the
antenna structure by 180° in the incident THz beam, thereby
inverting the polarity of the THz gating field on MoS, (see Fig. 5a).
Each individual measurement in Fig. 5 b-g is presented in a different
color. For the measurement performed with the antenna rotated by
180°, the sign of the incident THz field in the horizontal axes in
Fig. 5a-e was inverted. The results shown in Figs. 2-4 and discussed
previously are related to the device (I). The individual measurement
data for each device can be found in Supplementary Notes 6 and
Supplementary Data 1.

Comparing the devices, we found that the bipolar THz gating can
lead to a predominant blueshift (Fig. 5b, c), both blue- and redshifts
(Fig. 5d, e), or a predominant redshift (Fig. 5f, g) of the exciton reso-
nances, with both A- and B-exciton resonances following the same shift
trend. The possible origin of this behavior is addressed in the Discus-
sion section below.

Discussion

As described above, we have demonstrated an efficient THz gating in
MoS, embedded into a hybrid 3D-2D THz nanoantenna. The THz gat-
ing resulted in the pronounced shift of transition energy of A- and
B-excitons in MoS,, which is time-coherent with the incident broad-
band THz field. In addition, the polarity of the observed energy shifts
varied among the studied devices and included predominant blueshift,
bipolar shift, and predominant redshift of the exciton transition in
response to the bipolar-oscillating THz gating field (see Fig. Sb-g).

In a 2D semiconductor without broken symmetry in out-of-plane
direction, an application of an electric field of any polarity along the
same direction will lead to an instantaneous redshift of a ground state
optical transition—the well-known quantum-confined Stark effect
(QCSE). In the perturbative regime, the magnitude of this Stark shift
has a quadratic dependence on the electric field strength***°. Let us
assume that this electric field in a semiconductor pre-exists, and we
refer to it as a built-in field. An application of an additional electric field
along the same direction, such as, e.g., the THz gating field, depending
on its polarity, will lead to either a weakening or to an enhancement of
the pre-existing QCSE induced by a built-in field. This will, in turn,
result in either the blueshift or the redshift of the optical transition
energy, respectively. The direction and strength of the observed shift
of the optical transition energy will thus depend on the polarity and
strength of the pre-existing built-in field and that of the applied
external gating field, as illustrated schematically in Fig. 4f.
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gating field by rotation of antenna by 180°, as depicted in (a) and shown by the
trace legends. Error bars in (b-g) show the standard deviation of the exciton
resonance energies resulting from the corresponding fitting. Solid lines in (b, d, f):
fit of the parabolic part of the dependence of A-exciton resonance energy on the
incident THz field F ;, with a quadratic equation describing the perturbative-
regime quadratic quantum confined Stark effect, and the polarizability of the
A-exciton established in ref. 22. These fits allow one to estimate the strength of the
built-in field in the tested devices, as well as the THz field enhancement factors of
the antennas and the peak THz gating field strength.

The static field-induced QCSE is by now well studied in MoS,***
and other 2D semiconductors®*”. Here, we compare our THz gating-
induced energy shifts of A- and B-exciton transitions with that from
existing literature describing the DC field-induced Stark shifts in
MoS,. In ref. 22, Klein et al. studied the QCSE in mono- and few-layer
MoS, films sandwiched between the two enclosing oxide layers, a
geometry similar to the design of our hybrid 3D-2D nanoantenna
(Fig. 1b). Excitonic Stark shifts of the order of 5-10 meV were
observed in response to applied static gating fields of MV/cm scale,
which is in line with our observations. It was also found in ref. 22 that
the amount of the Stark shift in single- and multi-layer MoS, does not
depend on the number of layers in the sample but only on the total
applied field strength, which is also in agreement with our results.
From this, it was concluded that the observed exciton transitions
belong to intra-layer excitons in MoS,. Further, it was found that
several studied samples had an unintentional built-in electric field in
the z-direction. The origin of this built-in field can be explained by the
presence of the positively charged trap states near the MoS,/oxide
interface, such as border traps originating from oxygen vacancies
within the oxide layer or interface traps originating from impurities/
defects of MoS,**"*%. If the concentration of these positive traps is
different for the two opposing MoS,/oxide interfaces in the struc-
ture, e.g., due to intentional or unintentional difference in layer
growth conditions, a potential difference, and hence a net built-in
electric field in MoS; in the z-direction will be created, as was indeed

demonstrated in refs. 22,46-48. These uncompensated charged
interface traps thus lead to the pre-existing QCSE in MoS,/oxide
structures in the z-direction, resulting in a generally bipolar shift of
excitonic transition energy in response to a bipolar external gating
field, which is in full agreement with our observations. For some
samples in the literature, a deviation of the Stark shift from its initi-
ally quadratic field dependence, followed by its strong saturation
with increasing gating field in one certain direction was also reported
in ref. 22, again in agreement with our observations presented in
Fig. 5b, d. In ref. 22, this saturation was explained by the charge
transfer between MoS, and the charged trap states at the MoS,/Al,03
interface.

In alater study, Roch et al.” similarly observed the QCSE in a MoS,
sample sandwiched between the two hexagonal boron nitride (hBN)
layers and subject to MV/cm - scale DC bias fields. The hBN, in contrast
to commonly used oxides such as Al,O5 or SiO,, famously features a
very low density of defects and charge trap states. Yet, the observed
Stark shifts in ref. 23 were reported to be significantly smaller than
those observed by Klein et al.?? and by us, both using the MoS,/oxide
arrangement. This demonstrates the enhancement of exciton polar-
izability in a MoS,/oxide arrangement as compared to the MoS,/hBN
one, once again highlighting the role of the environment in the physics
of 2D materials ™.

Based on the above, we conclude that our observations—namely,
the generally bipolar shift of exciton transition energy under bipolar
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THz gating and the saturation of the quadratic QCSE at stronger gating
fields—are consistent with the results of DC-Stark shift experiments
presented inrefs. 22,23. Our findings can be thus explained by the THz-
induced QCSE in MoS; in the presence of a symmetry-breaking built-in
electric field applied in the z-direction. This built-in field originates
from an unintentional imbalance in the concentration of positive trap
states at the opposing MoS,/oxide interfaces within the structures,
creating a potential difference between the two interfaces. Therefore,
the observed variations in device performance can be attributed to
different strengths of this built-in field, resulting from variation in
interface trap concentrations among the devices. This is likely caused
by the variation in fabrication conditions, most notably the device
annealing process (see “Methods” Section 1).

With this physical picture in mind, we use the known dependence
of the Stark shift on the applied static bias field in order to experi-
mentally calibrate the THz gating field F, in our experiments. In ref. 22,
using MoS,/oxide arrangement and observing the Stark shift similar to
ours, the A-exciton energy was described by the quadratic QCSE in the
wide range of applied fields, and the polarizability of A-exciton was
determined as = (0.58+0.25)x10~8 DmV. Using this value, we fit
the parabolic parts of the observed field-dependent A-exciton transi-
tion energy E,(F, ;,) from Fig. in 5b, d, f with the quadratic equation
Ex(Fyin)=Ep o — H(kFy i — F, bi)’, Where E, o is the A-exciton tran-
sition energy in MoS; in the absence of QCSE, F, ;, is the experimen-
tally measured incident THz electric field, k= |F,/F, ;,| is the field
enhancement factor of our antenna, and F, y; is the pre-existing built-
in field in the MoS, discussed above. For details, see Methods Section
6. The resulting fits are shown as black solid lines in Fig. 5b, d, f,
yielding the following parameters. The exciton transition energy in the
absence of QCSE was found to be E, ( =1.8977 + 0.0008 eV,
1.8701 + 0.0004 eV, and 1.8898 + 0.0001 eV for devices I, II, and III,
respectively, which is in good agreement with refs. 9,10,22,23. The
sample-to-sample variation in E, o of about 15meV is related to the
difference in number of layers®° and to dielectric disorder in the
samples”. The built-in field in our antennas was found to be
F,5i=24+01MV/cm, 1.5+0.1 MV/cm, and 0.94 +0.07 MV/cm for
devices I, 11, and II, respectively, which is consistent with the values
reported for similar MoS,/oxide structures in ref. 22. We also deter-
mined the field enhancement factors of k=15+2, 25+4, and 15+1 for
devices I, II, and 1lI, respectively. These experimental values are of the
same order as our theoretical estimate of k= |F,/F, ;,| =13.3. While
the experimental and the calculated field enhancement factors are in
good agreement for devices I and IlI, the experimental value exceeds
the theoretical prediction by almost a factor of two for device Il. This
scattering among the experimentally measured field enhancement
factors is most likely caused by the variation of antenna fabrication
conditions. The fact that our experimental values always exceed the
theoretical ones can originate from the conservatively underestimated
value of gold electrode conductivity used in our FDTD simulations, in
turn leading to a smaller computed THz-driven current in the top and
bottom electrodes and hence to a weaker conversion into the THz
gating field than measured experimentally.

As already mentioned, in order to prevent potential damage to
our devices, in our experiments, we kept the maximum gating field at a
level not exceeding |F,|= 1.2-1.5 MV/cm by monitoring the observed
Stark shifts and using the field calibration as described above. For this,
the incident THz field was attenuated in order not to exceed this
maximum value of |F,| when necessary.

We note that apart from the THz-induced QCSE as described
above, several alternative physical mechanisms could potentially also
lead to the modification of optical absorption at the exciton reso-
nances. However, none of these mechanisms would be fully compa-
tible with our observations in the same way as the QCSE. Free-carrier
generation and carrier heating in the MoS, via a strong THz field can be
eliminated since these effects will be insensitive to the polarization of

the driving field, in contradiction to our observations shown in Fig. 5.
THz-field-driven doping-level change in the MoS,, which could occur if
aMoS, flake were in good electrical contact with either electrode in the
field-enhancement region, is also not likely. In this case, such an elec-
trical spacer breakdown or current leak would have to occur in all our
measured devices without exception. This is highly improbable,
especially since all our devices feature well-insulating 75 nm-thick ALD-
grown Al,O3 spacer layers.

In this work, we have demonstrated a pronounced THz field effect
in a 2D semiconductor MoS; using a specially designed hybrid 3D-2D
nanoantenna. It converts an incident broadband THz electromagnetic
field into a vertical gating field within the material, simultaneously
amplifying it by more than one order of magnitude to MV/cm level,
while maintaining its full bandwidth of at least 0.1-2.5THz. The THz
field effect was observed via the time-resolved optical probing of
characteristic exciton resonances in MoS,, and the specific gating
mechanism in this case was the quantum-confined Stark effect, which
is time-coherent with the driving THz field.

Our approach to THz gating in 2D materials can be readily applied
to numerous advances in nanotechnology and fundamental science.
Besides the THz-driven QCSE described above, the ultrafast control of
the doping level in 2D materials embedded in a hybrid 3D-2D
nanoantenna is feasible. Here, the THz-injected carrier densities
could become as high as 10®cm? in case of direct contact between the
2D material and one of the electrodes (see Supplementary Notes 2-4),
thus enabling f.ex., the direct THz-rate modulation of 2D transistors>"'
via ultrafast control of the doping level in the channel. We also note
that the carrier density of the order of 10®cm™ is sufficient even to
induce a phase transition in a material such as MoS,'. In case of direct
contact between a 2D material and both electrodes, an ultrafast out-of-
plane current in the 2D material can be induced, f.ex., enabling the
ultrafast control of 2D memristors’. Other possible applications of our
hybrid 3D-2D nanoantenna structures could be sub-picosecond acti-
vation of 2D photodetectors and optical modulators*”, memristor
networks*’, direct THz control over the phase transitions including
quantum phases in moiré systems®*®?*? ultrafast manipulation of
neutral and charged excitons in 2D semiconductors®, direct electric
field activation of THz layer-breathing phonons in van der Waals
heterostructures™-, and many more.

Our THz gating method has significant potential for further
development. The nanoantenna geometry and structure can be further
optimized for more efficient resonant or non-resonant incoupling and
conversion of the input control signals, also from other spectral ranges
such as mid-infrared. It can also be further optimized to allow the non-
destructive application of static bias fields of MV/cm scale, thereby
realizing an active control over the polarity and depth of the THz field
effect in 2D materials. The dielectric spacer layers enclosing the 2D
material can be engineered in order to deterministically create the
built-in bias fields within the structures via control of the interface trap
states. Further, the electronic polarizability in a 2D material, and hence
its basic response to the gating fields in the antenna, can be controlled
via the suitable choice of dielectric layer materials such as high defect
density Al,O5 or SiO,, or low defect density hBN.

In summary, our results pave the way for technology and funda-
mental science of 2D materials where field effects induced on a sub-
picosecond time scale are essential.

Methods

Device fabrication

The hybrid 2D-3D THz nanoantenna was fabricated as follows: (1) A 1.1-
mm thick alkaline earth boro-aluminosilicate glass (Corning Eagle XG)
substrate was prepared. (2) An 8-nm-thick Au layer was deposited via
electron-beam lithography and sputtering to form the bottom elec-
trode. (3) A 42-nm-thick Au layer was added for the connection line and
contact pad of the bottom electrode via electron-beam lithography
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and sputtering. (4) A 75-nm-thick Al,O5 layer was grown via atomic-
layer deposition (ALD) as the bottom half of the spacer layer. (5) A few-
layer MoS, flake was fabricated via mechanical exfoliation technique.
(6) The MoS, flake was transferred above the square of the bottom
electrode using the viscoelastic stamp technique®. (7) A 75-nm-thick
Al,O3 layer was grown via ALD as the top half of the spacer layer. (8)
The bottom contact pad was exposed by etching the top Al,O5 layer.
(9) A 3-nm-thick Cr and a thick Au layer were deposited via electron-
beam lithography and sputtering to form the top electrode. The
thickness of the thick Au layer was 25 nm for a-batch and 50 nm for
S-batch. Samples of S-batch were annealed at 250 °C for 1 h in ambient
conditions after step (9). The layer number of the MoS, flake was
determined via Raman microscopy before step (6). The shape of the
flake was monitored with an optical microscope to confirm that the
desired layer number had been transferred to the target location.

Device characterization
The leak current and dielectric-breakdown threshold for devices
without MoS, flake were measured via a two-terminal method, as
shown in Supplementary Notes 5. Although the samples from a-batch
had large sample-to-sample variation of leak current and breakdown
threshold, these devices typically had a leak current of up to 8 to 40 pA
under a DC voltage of 110-150 V and underwent dielectric breakdown
at larger voltages. The samples from S-batch had much less variation,
and had a leak current of 200 pA under a DC voltage of 20 V. The
similar TPOP response observed for samples from a- and S-batch
regardless of the large difference of the insulation of the leak current
indicates that the TPOP response is not caused by the leak current.
Photoluminescence (PL) spectra of the MoS; at the antenna gap
were measured via PL microscopy. For each device, a PL peak corre-
sponding to A-exciton luminescence was observed. This result sup-
ports our assignment of the A-dip to the A-exciton transition (for
detail, see Supplementary Notes 7).

Optical measurements

We used femtosecond laser from a Ti;Sapphire regenerative amplifier
(Solstice, Spectraphysics) with center wavelength of 800 nm, spectral
bandwidth of 50 nm (FWHM), repetition rate of 1kHz, pulse energy of
6 mj for the reflection microspectroscopy, TPOP reflection micro-
spectroscopy, and electro-optic (EO) sampling measurement. The
laser was divided into THz-generation and optical-probe pulse via a
beam splitter. The probe pulse attenuated to approximately 1 mW was
loosely focused on a 4-mm-thick sapphire crystal to generate a white-
light pulse as a probe of the microspectroscopy covering the range of
1.75-2.2 eV. The white light was split into sample and reference beam
using a cube beam splitter to obtain the reflectance spectra. An ima-
ging spectrometer (Shamrock 303i, Andor) with a grating of 150 I/mm
and a CCD camera (iKon-M 934, Andor) was used to simultaneously
measure the spectra of the sample and reference beam focused in the
entrance slit of spectrometer. The spectral resolution was
characterized as 0.8nm (FWHM) by measuring a spectrum of a
HeNe laser.

For the reflection microspectroscopy, the sample beam atte-
nuated to 100 f]/pulse was focused on the field-enhancement region of
the antenna from the backside of the substrate, using a 20x objective
lens (LCD Plan Apo NIR 20x (t1.1), Mitsutoyo.). The size of the focused
beam was approximately 2 um as radius of the dark ring of Airy disk,
corresponding to peak fluence of 3 pJ/cm? The spectra of the reflected
sample beam and reference beam were measured simultaneously. A
reflection spectrum of protected silver mirror (PO1, Thorlabs) was
measured to calibrate the spectral transfer function of the setup and to
derive the absolute static reflectance spectra R, of the devices.

For the TPOP measurement, the THz-generation pulse of
approximately 2 W was used for THz-pulse generation in a LINbO3 with
a tilted-pulsefront scheme**2, The THz pulse was focused on the

antenna device from the front side of the substrate. The sample beam
attenuated to 900 f)/pulse was focused on the field-enhancement
region using a 10x objective lens. The radius of dark ring of Airy disk
was approximately 5 um, corresponding to the fluence of 4 pj/cm?. By
measuring the spectra of the reflected sample beam and reference
beam while chopping the THz pump, transient differential reflectance
spectra AR/R under the THz pump was obtained. The time delay
between the pump and probe was swept to obtain the transient dif-
ferential reflectance. The amplitude of THz pulse was attenuated with
high resistivity silicon wafers to approximately 100 kV/cm to avoid the
dielectric breakdown of the devices which was observed in the higher
field. The transient absolute reflectance spectra were obtained from R
and AR/R as R=Ry(1+AR/R). We note that the out-of-plane THz field
in the field-enhancement region has slight spatial inhomogeneity, and
the observed spectral change is the average of the effect of the inho-
mogeneous field. However, the inhomogeneity is small enough and
does not affect our observation in any significant way (see Supple-
mentary Notes 1-6).

An EO sampling measurement™ at the sample position in a
transmission geometry with a 1-mm thick ZnTe was performed to
measure the THz-field waveform. For more detail on the measure-
ments with the setup geometry, see Supplementary Notes 8.

2

De-chirping of the optical probe pulse

The chirp of the optical probe pulse was separately characterized, and
the numerical chirp correction was applied in the data processing in
order to ensure the maximum time resolution in our measurements of
ca 100 fs. We note that due to a very low pulse fluence of the order of
1yJ/cm?, the probe field interaction with the antenna structure and the
2D material remains linear for both chirped and compressed probe
pulses®® with and without the THz field present. Therefore, numerical
chirp correction of the probe pulse, performed at the stage of the data
processing, cannot influence the dynamics of the presented results.
See Supplementary Notes 3 for more detail.

Fitting of transient reflectance spectra

In the fitting of transient absolute reflectance spectra, we fitted the
reflectance spectra at each TPOP time delay with the following equa-
tion: R(E,t) =f(E) — Lor,(E, t) — Lorg(E, t), where f(E) is the third-
order polynomial which does not vary in time, and Lor,(E, ¢) and
Lorg(E,t) are Lorentzian shape corresponding to A- and B-dips.
Amplitudes, widths, and center energies of Lor,(E, t) and Lorg(E, t) are
fitting parameters at each time delay. Global fitting was used to fit all
the spectra with the common time-constant background f(£) and the
time-dependent Lorentzian parameters.

Fitting of exciton transition energy

In the fitting of exciton transition energy against incident THz field in
Fig. 5, to fit the data point without significant saturation in the lower-
energy side while maximizing the available data points, we fitted in
the following way: For Fig. 5a, we used the trace (1) and limited the fitting
range to the range without significant saturation in the lower-energy
side. In the fitting of Fig. 5c, e, we used multiple traces without sig-
nificant saturation on the lower-energy side without limiting the range
and performed a global fitting by linking all the fitting parameters. The
obtained fitting parameters are as follows: From the fitting of trace (1) in
Fig. 5b, Ej i =1.8977 + 0.0008 eV, F, ;; =2.4+0.1MV/cm, k=15+2,
from the global-fitting of traces (2) and (3) in Fig. 5d,
E, i =1.8701 £ 0.0004 eV, F, ,;=15+01MV/cm, k=25+4,  and
from  the  globalfitting of traces (1)-(3) in  Fig.
5f, E 4 inie =1.8898 + 0.0001¢€V, F, ,=0.94+0.07MV/cm, k=15+1.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

The Source Data underlying the figures of this study are available with
the paper. All raw data generated during the current study are available
from the corresponding authors upon request. Source data are pro-
vided with this paper.
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