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Terahertz Waveform and Spectra

In Figure Sla, we display the measured electric field of a terahertz pulse as a function of
time. In order to resolve the electric field of the terahertz waveform, we employed electro-optic
sampling! in a 300 pum thick GaP crystal. The resulting amplitude and phase spectra are shown in
Figure S1b. Continuous bandwidth from 0.5 to 8 THz was typical of our setup.
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Figure S1. (a) Time-domain trace of a terahertz waveform generated via air-plasma and detected
via electro-optic sampling (EOS). (b) Fourier transform of the time-domain trace. Solid (dashed)
black line is the magnitude (phase) of the transform. Dotted gray line is the noise floor.
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Temperature Dependence of the Absorption Spectrum

In Figure S2a, the UV-vis absorption spectrum of the NRL monolayer WS, sample is
shown at several temperatures ranging from 295 to 20 K. To collect this data, we used a balanced
deuterium tungsten source from Ocean Optics as our white light source and an Ocean Optics Jaz
spectrometer module to measure the absorption spectrum. The white light was focused onto the
NRL sample using gold off-axis parabolic (OAP) mirrors from within the terahertz setup. Since
gold OAP mirrors have poor reflectivity in the visible, we were only able to measure the A
exciton. To quantitatively track how the A exciton and the trion change with temperature, we
modeled the absorption spectrum as a double Lorentzian. From the multi-peak fitting, we found
that the A exciton peak shifts from 600 to 551 nm and that the trion absorption peak shifts from
614 to 563 nm (Figure S2b) as temperature is lowered from 295 to 20 K. To understand this blue
shift of the absorption spectrum, we consider the fact that as the temperature is lowered, the band
gap of the material increases.? Since the band gap is equal to the energy of the exciton plus the
exciton binding energy, which does not have a strong temperature dependence, the energy of the
exciton then must increase (blue shift) as the temperature is lowered. This effect has previously
been observed in monolayer WS,,? as well as in other monolayer TMDs.*
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Figure S2. (a) Absorption spectrum (solid black lines) of the NRL monolayer WS, sample at
several temperatures. Red (blue) lines at 295 and 20 K are the individual exciton (trion) peaks
extracted from the multi-peak fitting. As the temperature decreases, the exciton line width
narrows and the trion line width broadens. (b) Trion (blue circles) and exciton (red squares)
absorption peak positions as a function of temperature.

In the commercial sample, we took the location of the A exciton at 20 K to be 584 nm’ as we did
not have the capability to do a temperature-dependent absorption study on this sample.
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Extraction of Conductivity

In order to determine the frequency-dependent photoconductivity of monolayer WS», we
measured the entire pump-induced change in the transmitted terahertz field AE(t), as well as the
entire transmitted terahertz field E(t) through the sample when not excited. Then, after Fourier
transforming the data and applying the thin-film approximation,® we extracted the sheet
photoconductivity using,

n+ 1\ AE (w)
) (S1)
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where n = 1.52 is the refractive index of the TOPAS substrate and Z, = 377 (1 is the impedance
of free space. From the relation above, we see that a transient decrease in the transmitted
terahertz field (AE (t) < 0) results in an increase in photoconductivity. In Figure S3a, we show a
typical AE (t) and E,(t) waveform for monolayer WS;, with corresponding spectra in S3b. Since
the pump-induced change in the terahertz field AE (t) was extremely small (about 5000 times

smaller than the reference E,(t)), long averaging times were necessary in order to resolve the
photoconductivity with sufficient signal-to-noise.
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Figure S3. (a) Typical transmitted reference E,(t) (black line) and photo-modulated AE (t) (red
line) terahertz waveforms for monolayer WS. (b) Fourier transforms of E,(t) and AE (t). Solid
(dashed) black line is the magnitude (phase) of the E(t) Fourier transform. Solid (dashed) red
line is the magnitude (phase) of the AE(t) Fourier transform. Dotted gray lines are the noise
floors for the respective spectra.

S3



Positive Photoconductivity

The evidence and analysis presented in the main paper suggest that the source of positive
photoconductivity in monolayer WS; is due to trions. Lui et al. on the other hand, report that
trions in monolayer MoS; result in a negative photoconductivity.” To address these differences,
we mention that the monolayer MoS: sample studied by Lui et al. was n-doped. Being an n-
doped material, the monolayer MoS; sample already had positive conductivity. Therefore, upon
photoexcitation, the photoconductivity lowered because photogenerated electron hole pairs
combined with the excess electrons in the MoS; to form trions, which have increased effective
mass and thus lower conductivity. Since our sample is not doped, we observe a positive change
in the photoconductivity. In our study, charge carriers only exist after photoexcitation and thus,
there has to be a positive change in the conductivity. This assignment is verified by directly
comparing, under the same experimental conditions, the rise in conductivity seen when exciting
GaAs, a known Drude material with positive photoconductivity.

Calculation of Trion Mobility

To estimate the mobility of trions in monolayer WS: from the extracted fitting parameters
presented in Tables 1 and 2, we looked at the first term of the three-oscillator model (Eq. 3),
which is the Drude component. In the DC limit (w = 0), this Drude term reduces to

ne e?

Ao(w) = —

=nrey (S2)
where u = e/myr is the trion mobility. Using the extracted values of yp, we estimate the trion
mobility to be roughly 60 cm?/ (V s) in the commercial sample and 900 cm?/ (V s) in the NRL
sample. These results are higher than expected. Trion mobilities should be three times smaller
than electron mobilities in monolayer WS,, which are on the order of hundreds of cm?/ (V s). In
monolayer WS, Jo et al.® observes room temperature electron mobilities up to approximately 50
cm?/ (V s) and Ovchinnikov et al.” observes electron mobilities as high as 140 cm?/ (V s).
However, Zhang et al.!? predicts electron mobilities to be over 1000 cm?/ (V s) in monolayer
WS>. To understand these various results, we consider the fact that we make measurements at
terahertz frequencies. At terahertz frequencies, we sample length scales on the order of tens of
nanometers. At such a scale, we expect good crystalline order and thus higher mobilities.

To account for the difference in mobility between the commercial and NRL sample, we
consider grain boundaries. Larger grain sizes in the NRL sample would suggest higher
crystalline order on average and thus higher carrier mobilities. One piece of evidence that
suggests that grain sizes are larger in the NRL sample is the smaller broad resonance frequency
in the NRL sample than in the commercial sample. In the NRL sample, the broad resonance
frequency is 3.2 THz (Table 2) and in the commercial sample, the broad resonance frequency is
4.4 THz (Table 1). In larger grain sizes, we expect a smaller broad resonance frequency since
less charge builds up at the boundary.
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Results from Above Resonance Pump Excitation

In addition to the on-resonance work presented in the main paper, we also investigated
pumping monolayer WS> above the band gap. In Figure S4, we present the frequency-dependent
photoconductivity of monolayer WS, (NRL film) pumped at 400 nm. Here, we find that the
photoconductivity behaves the same as when the sample is pumped on resonance with the A
exciton. This suggests that the initial free charge population achieved by pumping above gap
cools down within hundreds of femtoseconds to form trions. Lui et al. observe a similar ultrafast
trion formation time in monolayer MoS, with above-gap photoexcitation.”
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Figure S4. Complex frequency-dependent photoconductivity of monolayer WS, (NRL film)
pumped above gap at 20 K (400 nm). Absorbed fluence was ~5.6 X 1013 photons/cm?.
Conductivity was probed 400 fs after excitation. Solid (open) circles are the real (imaginary) part
of the induced photoconductivity. Solid lines represent fits to Eq. 2.

Note that the trion resonance measured while pumping above gap (Figure S4) is smaller
in magnitude than the trion resonance measured while pumping on resonance with the A exciton
(top plot in Figure 3) even though the conductivity was probed at the same time and the absorbed
fluence was approximately the same. This suggests that trion formation is more efficient when
pumping on resonance than when pumping above the gap. To understand this, we consider what
happens when pumping above gap. During above gap photoexcitation, some of the absorbed
photons generate free electron-hole pairs and some of the absorbed photons just create free holes
by promoting electrons deep within the valence to immobile defect states. We therefore expect
an increased dielectric screening environment (since we have a sea of electrons in the conduction
band and a sea of holes in the valence band). This increased screening environment then weakens
Coulombic interactions between electrons and holes and consequently reduces trion formation. A
slight increase in the Drude component of the photoconductivity when pumping above gap
further supports this argument since free electrons/holes have higher mobilities and thus
contribute more to the low frequency conductivity.
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