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Figure 3.7 | THz generation using dilerence-frequency mixing. a, Energy

diagram for di"erence-frequency generation (DFG). A virtual energy leves excited
by &g followed by a two-photon emission process that is stimulated s generating
radiation at frequencyag = a8 - a@&. b, The mixed frequenciesg and @& are not
part of separate pulses, but located at the spectral wings of a single ultrashdéaser
pulse and are used to generate THz radiation by intra-pulse DFQ, Frequency
dependent THz phase velocite?>® (a9 (red) and near-infrared group velocityg®
for 290 THz (dashed blue line) in GaP [Bar68]d, Two-dimensional phase-matching
plot for GaP providing the calculated spectral amplitudeg®., | of the generated
THz radiation for di"erent crystal thicknessesL as a function of THz frequency.
A bandwidth of 2 THz full width at half maximum (FWHM) is predicted for the
2-mm-thick crystal employed in the experiment.

To generate the THz probe pulses in the experiment, we use a 2-mm-thick GaP crys-
tal, to achieve the optimal balance between bandwidth and eld strength. We focus
up to 20 W of average optical power (corresponding to a pulse energy?00.85uJ)
with a beam diameter of 7Qum into the crystal. The peak intensity within the focus

is 110 GW/cm?, which is high enough to drive the nonlinear mixing process, but still
low enough to avoid unstable behavior or damage of the GaP crystal. As a result,
we generate phase-stable broadband THz pulses at an average power ofl¥@@hat

are used as the probe in the near-+eld experiment.
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Jwse,ws, WSe,ws, 1 ‘e Figure 4.7 | Field-resolved THz
) WSWSe:l 5 emission nanoscopy. Recorded
I‘U'J; THz emission of a WS@WS , het-

erostructure (blue symbols), the
substrate (gray symbols) and an
inverted, WS,/WSe, heterostruc-
ture (red symbols). The colored
lines represent the respective run-
ning average over 3 data points.
The inset shows the spectral ampli-
tude of the smoothed THz emission

waveforms. The dashed line indi-
-2 *WTQ'Z/V‘VS?z S cates an echo of the emission signal
2 0 1 5 3 after 2.6 ps.
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Furthermore, we can estimate the number of charge carriers that are inveld in the
emission process. Due to the high spatial resolution, only the peak pump ,uence
in the center of the photoexcitation spot is probed, which in our case is f0/cm?.
Even though the typical absorption of the monolayers on SiOis3 6- 7% [Lil4],
thin-eIm interference with the 300-nm-thick SiO, layer can increase this value up
to 3 30% [Ans18]. Therefore, we end an upper limit of the photo-induced charge
carrier density of 2.3 x 10 cnr 2 in the monolayers. Due to the spatial resolution
given by the tip radius of 40nm and a carrier tunneling elciency of 70 % [Ma19],
we estimate that fewer than 1000 carriers per monolayer moving less than 1 nrade
to the detected emission waveform.

In order to verify the nanoscale origin of the THz emission experimentally, we go
back to the region investigated in Figure 4.3. We raster scan over the monodsy
heterostructure step marked by the orange frame (Figure 4.8a), while recording
the peak electric «eld " ; of the emission transient modulated at the tip oscilla-
tion frequency. The step edge in the center of the AFM image can be identieed
(Figure 4.8b). More importantly, strong contrast is observed in the emissiongnal
(Figure 4.8c). No emitted <eld is expected or measured on the monolayer (left),
while a uniform emission signal is detected on the heterostructure (right). A sligh
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Figure 4.12| Modeling of the emission waveform. a, Time-dependent cur-
rent featuring a sharp onset due to photoexcitation and an exponential tail due
to relaxation of the hot carriers and interlayer tunneling. b, Emitted-electric «eld
determined by the time derivative of the current. The corresponding spectral am-
plitude is shown in the inset. ¢, Predicted experimentally observed waveform by
taking detector and tip response function into account. The corresponding spe
trum is shown in the inset. The arrows indicate the operation to obtaim and c.

our experiment is only noticeable at the otherwise inenitely fast onset of the bare
current (black, 0 ps) compared to the convoluted one (red). To obtain the emitte
waveform, we use Maxwell's equations. Whereas the electric near-+eld is propor-
tional to the current, the emitted radiation in the far «eld corresponds to the time
derivative of the current [Sha04] (Figure 4.12b). The complex-valued spectrum is
accessed by performing the Fourier transform (inset). In the frequency doma
we account for our detector response (Detector) and the in,uence of the simtsa

tip transfer function (Tip). In the end, we compute the inverse Fourier transform
of the resulting spectrum (Figure 4.12c, inset) and obtain the emitted waveform
(Figure 4.12c), which depends only on the parametér.

Fitting our experimental results by varying & and comparing theoretical and ex-
perimentally retrieved emission waveform (Figure 4.13), we end best agreentéor
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Figure 5.3 | Time evolution of the scattered THz waveform on the hete ro-

structure. a, Steady-state (black) and pump-induced transient (blue) recorded on
the heterostructure (top panel). The lower panel shows the time dependent electric
«eld of the pump-induced waveform for various delay times,y up to 180 ps normal-
ized to the peak «eld attyy = 1 ps. The inset shows the same data normalized to the
peak eeld of each row.b, Corresponding normalized spectra of the pump-induced
signal in a.

even though the signal-to-noise ratio is reduced, we still record clear pump-induced
features related to the electron-hole pair formation after almost 200 ps (irtsend
main panel). This is also re,ected in the normalized pump-induced spectral ampli-
tude, shown in Figure 5.3b. The spectral maximum is located at 1.4 THz, which
typically varies slightly for di"erent near-+eld tips used in the experiment. The
spectrum does not change within the 180 ps, conerming the absence of any distinct
electronic resonance. Hence, the broadband spectral response is the resulthef t
nonresonant subcycle polarization of electron-hole pairs [Wan06] by the THz mea
eelds.

In order to monitor the ultrafast photo-carrier dynamics, we trace the peak athe
photo-induced waveform$ ~ ; (tty; = 0 ps, red arrow in Figure 5.3a), which yields
the spectrally integrated response as a function of the pump delay tintg,m, (Fig-
ure 5.4a). Interestingly, there are signiecant di"erences in the ultrafast chaye carrier
dynamics in monolayer and heterostructure areas. The pump-probe signal of the
monolayers (orange and green curves) shows a rapid onset within the respomnse t
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