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Spontaneous exciton dissociation in transition metal 
dichalcogenide monolayers
Taketo Handa1, Madisen Holbrook2, Nicholas Olsen1, Luke N. Holtzman3, Lucas Huber1†,  
Hai I. Wang4, Mischa Bonn4, Katayun Barmak3, James C. Hone5, Abhay N. Pasupathy2,  
Xiaoyang Zhu1*

Since the seminal work on MoS2, photoexcitation in atomically thin transition metal dichalcogenides (TMDCs) 
has been assumed to result in excitons, with binding energies order of magnitude larger than thermal energy at 
room temperature. Here, we reexamine this foundational assumption and show that photoexcitation of TMDC 
monolayers can result in a substantial population of free charges. Performing ultrafast terahertz spectroscopy 
on large-area, single-crystal TMDC monolayers, we find that up to ~10% of excitons spontaneously dissociate 
into charge carriers with lifetimes exceeding 0.2 ns. Scanning tunneling microscopy reveals that photocarrier 
generation is intimately related to mid-gap defects, likely via trap-mediated Auger scattering. Only in state-of-the-art 
quality monolayers, with mid-gap trap densities as low as 109 cm−2, does intrinsic exciton physics start to domi-
nate the terahertz response. Our findings reveal the necessity of knowing the defect density in understanding 
photophysics of TMDCs.

INTRODUCTION
Excitons in atomically thin two-dimensional (2D) semiconductors, 
particularly transition metal dichalcogenides (TMDCs), are central 
to a broad range of problems in 2D materials research. Examples in-
clude light-matter interactions (1, 2), optoelectronic processes (3, 4), 
photocatalysis (5), quantum phases (6, 7), and sensors for quantum 
phenomena (8–10). In all these examples, photophysical properties 
of TMDC monolayers are ultimately dictated by whether optical 
excitation primarily creates excitons (3, 11, 12) or free charge carriers 
(13–15). Since the seminal work on MoS2 monolayers (16, 17), pho-
toexcitation in atomically thin TMDCs has been assumed to result 
in excitons with large binding energies (~200 to 500 meV) (11, 12). 
Because the exciton binding energies are order of magnitude larger 
than thermal energy at room temperature, it is puzzling that photo-
current and photovoltage generation have been observed in TMDC-
based devices (13–15, 18, 19), even in monolayers with applied 
electric fields far below the threshold for exciton dissociation (20).

To solve the exciton-versus-carrier puzzle, we apply time-resolved 
terahertz spectroscopy (TRTS) to investigate the nature of the pho-
toexcited species by providing a contact-free measurement of charge 
carrier properties (21, 22). Previous studies have applied TRTS to 
investigate excited-state properties in monolayer TMDCs, but the 
reported amplitudes, timescales, and even the sign of THz signal 
vary greatly from report to report (23–27). One complication is that 
many of these experiments used excitation densities beyond the 
Mott phase transition, causing excitons to dissociate into electron/
hole plasmas (28–30). Moreover, the long wavelength of THz radia-
tion necessitates the use of large-area samples that could previously 
only be obtained from chemical vapor deposition, which typically 

yields polycrystalline monolayers with reduced crystalline quality 
compared to mechanically exfoliated single-crystal monolayers. The 
preparation of single-crystal TMDC monolayers is crucial when in-
vestigating their photophysics because, as we show in the present 
study, the fate of excitons in TMDC monolayers depends critically 
on defect density.

RESULTS
We use a gold tape exfoliation technique (31) to prepare single-
crystal TMDC monolayers with macroscopic dimensions (millimeter-
centimeter). Figure  1Ai shows optical image of a representative 
single-crystal MoSe2 monolayer; here, the photo is obtained on a 
Si wafer with 285-nm SiO2 for enhanced optical contrast. In all 
spectroscopic measurements, the monolayers are on quartz sub-
strates (see fig. S1 for optical images). The large sizes of the single-
crystal monolayers, coupled with a high-sensitivity detection scheme 
(32), allow us to carry out optical pump–THz probe experiments 
at excitation densities as low as two orders of magnitude below 
the Mott threshold. We compare TMDC monolayers (WS2, WSe2, 
MoSe2) exfoliated from single crystals grown by chemical vapor 
transport (CVT) and the self-flux method. The latter is known to 
yield single crystals with defect densities order(s) of magnitude 
lower than those from the former (33). In this experiment, we 
photoexcite a macroscopic TMDC monolayer and measure the 
change in optical conductivity with a time-delayed (Δt) THz 
pulse by recording the real-time waveform ETHz via electro-optic 
sampling (EOS) as a function of timing τEOS of the electric field 
(Fig. 1Aii). Fourier transform of the τEOS-dependent ETHz gives a 
frequency range of ~0.5 to 3.5 THz (Fig.  1Aiii). We excite the 
TMDC monolayers at photon energy either in resonance or above 
the 1-s A-exciton transition, as shown by the arrows on the optical 
absorption spectra obtained for the macroscopic monolayer samples, 
in Fig. 1B. We keep the excitation densities below the Mott den-
sity of ~1013 cm−2 for TMDC monolayers (29, 30). The THz field 
predominantly detects charge carriers but not charge-neutral ex-
citons as we discuss below.
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Distinct photoconductivity below the Mott threshold in 
WS2 monolayers
We first show that in monolayer WS2 exfoliated from a CVT-grown 
crystal, THz photoconductivity reveals the generation of charge 
carriers from photoexcitation at photon energies above (green arrow 
in Fig. 1B) and in resonance with (red arrow in Fig. 1B) the 1-s A-exciton 
transition (34). Figure 1C shows the THz electric field trace, ETHz, 
transmitted through the WS2 monolayer (black dotted curve) and 
its pump-induced change, ΔETHz (red solid curve). The latter is 
obtained at absorbed photon density nabs = 8.5 × 1011 cm−2 and 
at pump-probe delay Δt = 5 ps, with excitation photon energy hν = 2.40 eV 
(above-gap). The photoinduced transient ΔETHz tracks the original 
waveform of ETHz, but with flipped sign and with no detectable phase 
shift, a signature of the spectrally broad absorptive response (22). 
The photoinduced THz field change at peak ΔETHz rises on ultra-
short timescales (Δt ≤ 1 ps) following photoexcitation and extends 
beyond 200 ps (Fig. 1D), with decay time constants in the 20- to 
260-ps range (obtained with biexponential fit to data at Δt ≥ 10 ps). 
The photoinduced complex conductivity spectrum Δσ (Fig. 1E) 
obtained from ΔETHz (see Methods) is dominated by the real part, 
over the entire Δt range (see fig. S2) (22). The large exciton binding 
energy and associated high frequency for intra-exciton Rydberg 
transitions (35) mean that excitons do not contribute to the real part 
of Δσ in this frequency range (see note S1 and fig. S3). Hence, the 
absorption of THz must be free-carrier induced.

We quantify the absolute carrier density through analysis of 
the complex Δσ by fitting it to the Drude-Smith model (36) at an 

effective carrier mass of meff  ~  0.35 me (me is the bare electron 
mass; see Methods) (37). The fitting (solid curves in Fig. 1E) gives 
a carrier density of nc = 7.2 ± 1.0 × 1010 cm−2 together with the 
Smith parameter of −0.58 ± 0.05 and scattering time of 49 ± 7 fs. 
In the Supplementary Materials (note S2 and figs. S4 and S5), we 
provide a quantitative analysis of the fitting and establish the reli-
ability of carrier density estimation. Accordingly, the fraction of 
free carriers to the absorbed photon density nabs is calculated to 
be fc (= nc/nabs) = 0.085 ± 0.011. As we discuss below, the genera-
tion of free carriers likely originates from the trapping of one car-
rier and the release of a free carrier from an exciton. Thus, fc is 
also the fraction of dissociated excitons. Note that the fc value 
obtained at Δt = 5 ps provides a lower limit estimate since ultra-
fast recombination may occur in this early time window (38).

The THz conductivity is observed in a broad range of excitation 
densities down to 1011  cm−2 [red open squares (right axis) in 
Fig. 1F] (also see fig. S6 for the complex conductivity spectra). As 
shown in fig. S7, the magnitude of the Smith parameter is found to 
increase with increasing excitation density. As the Smith parameter 
is considered a measure of carrier localization (36), this trend sug-
gests enhanced carrier localization through many-body interac-
tion, which emerges in the vicinity of the Mott transition (see fig. S7 
for more discussion). From the fitting shown in fig. S6, we obtain fc 
as a function of nabs (filled green circles, left axis in Fig. 1F). Also 
shown as solid green line is the calculated fraction of exciton dis-
sociation for monolayer WS2 at room temperature from thermody-
namic considerations (see Methods and note S3) (21). The measured 

Fig. 1. Observation of charge carriers in photoexcited monolayer WS2. (A) (i) Optical image of representative macroscopic MoSe2 monolayer on SiO2/Si substrate for 
enhanced optical contrast. (ii) Schematic of experimental setup. Optical pump excites a monolayer TMDC on z-cut quartz, while a time-delayed (Δt) THz probe pulse 
transmits through the sample and is directed to the EOS system. The real-time THz waveform ETHz(τEOS) is measured by scanning another gate pulse with the timing τEOS. 
(iii) Frequency-domain spectrum THz probe obtained via Fourier transform. (B) Absorption spectra of TMDC monolayers. The arrows indicate excitation photon energies. 
(C) THz transient (dashed) and its photoinduced change (solid) for CVT WS2 monolayer at absorbed photon density of 8.5 × 1011 cm−2 under above-gap excitation. 
(D) Photoconductivity dynamics monitored at the fixed τEOS, corresponding to the maximum of −ETHz/ETHz under above-gap excitation. (E) Complex photoconductivity 
spectra together with the fitting result with the Drude-Smith model (see text). (F) Excitation density dependence of the maximum THz photoconductivity amplitude (red 
squares, right axis) and corresponding charge carrier fraction (green circles, left axis). The solid line is the carrier fraction estimated for a perfect monolayer with the ther-
modynamic Saha equation at 293 K. All experiments were carried out at a sample temperature of 293 K, unless otherwise noted. a.u., arbitrary units.
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charge carrier fraction from THz measurement is two orders of 
magnitude larger (green shaded region) than the thermodynamic 
prediction for a perfect monolayer.

We confirm the nonthermal origin of the observed THz photo-
conductivity by measuring −ΔETHz/ETHz (fixed τEOS) at two tem-
peratures, 293 and 79 K, with above-gap excitation conditions in the 
CVT WS2 monolayer (Fig. 2A). The amplitudes of photoconductiv-
ity and their corresponding fc values (~0.1) are similar at these two 
temperatures (see fig. S8). If one considers the thermodynamics of 
exciton ionization at T =  79 K (21), the charge carrier fraction is 
predicted to be only 10−10 to 10−11 at the relevant excitation densi-
ties (fig. S9). Moreover, we observe clear photoconductivity under 
resonant excitation of the 1-s A exciton (Fig. 2B). The prompt rise in 
photoconductivity indicates spontaneous exciton dissociation with-
out the need for excess energy. The real part again dominates the 
conductivity at different pump-probe delays (Fig. 2C). These results 
establish that the driving force for exciton dissociation into free 
charges is not thermal, but likely mediated by an extrinsic process.

Exciton dissociation and mid-gap states in MoSe2 and 
WSe2 monolayers
To understand the origins of carrier generation in photoexcited 
TMDC monolayers, we investigate the potential role of mid-gap 
trap states in meeting the energetic requirements for exciton disso-
ciation (39, 40). Specifically, we compare MoSe2 and WSe2 mono-
layers exfoliated from crystals grown by CVT and flux methods; 
defect densities from the latter are known to be order(s) of magni-
tude lower than those from the former (33, 41). We first focus on 
MoSe2 and quantify defect density and its electronic structure using 
scanning tunneling microscopy and spectroscopy (STM and STS) 
on cleaved bulk crystal surfaces. As established before, quantitative 
defect analysis of the cleaved crystalline surface provides an excel-
lent proxy to defects in the exfoliated monolayer as determined in 
photoluminescence spectroscopy (33, 42). Figure 3A shows an STM 
topographic image of CVT MoSe2, which features bright defects at a 
density of nd = 2.7 ± 1.2 × 1010 cm−2; a magnified image of one 
such defect is shown in Fig.  3B. For comparison, the density of 
bright defects in flux-grown MoSe2 is an order of magnitude lower 
at nd = 3.6 ± 2.5 × 109 cm−2. While the exact origin of these bright 
defects is not known, it is a prevalent impurity present in the CVT 
crystals. STS reveals the presence of mid-gap state on each bright 
defect feature (red curve in Fig. 3C), similar to the previously 
reported gap states of defects in MoTe2 and MoS2 (43, 44). Confirming 

the occupied nature of these traps, the bright spot only appears in 
STM image at negative sample bias, not at positive sample bias 
(fig. S15). For comparison, STS shows no mid-gap state (blue curve 
in Fig. 3C) when the STM tip is not located on the bright defect of 
CVT MoSe2. Hence, the flux MoSe2 has less mid-gap defects and is 
largely trap-free as exemplified by a representative STS (black curve) 
in Fig. 3C.

The difference in the mid-gap defect densities between the 
two crystals is reflected in distinct photoinduced THz responses. 
Figure 3D shows THz time trace, ΔETHz (red curve), at Δt = 10 ps 
from the CVT MoSe2 monolayer following above-gap excitation at 
hν = 2.0 eV and at an excitation density nabs = 4.5 × 1012 cm−2. The 
sign reversal from ETHz (gray dashed curve, without pump) reflects 
the positive photoconductivity also observed in the other CVT 
monolayers of WS2 (Fig. 1C) and WSe2 (shown below in Fig. 4). In 
stark contrast, ΔETHz from the flux MoSe2 monolayer (blue curve in 
Fig. 3E) is small but of the same sign as ETHz (gray dashed curve), 
indicating that the transmitted THz field is increased by photoexci-
tation, i.e., negative photoconductivity. The negative photoconduc-
tivity can be attributed to the formation of exciton complexes (24), 
i.e., exciton polarons commonly referred to as trions (45–47). The 
MoSe2 monolayer with low defect density from flux grown crystals 
is known to be n-doped; the free electrons can combine with photo-
generated excitons to create negative trions (42). Without photoex-
citation, the intrinsically doped electrons in the conduction band 
absorb THz radiation and reduce the transmitted THz field. Upon 
photoexcitation, trion formation leads to an increased carrier effec-
tive mass, thus reducing THz absorption (24). The negative photo-
conductivity, represented by −ΔETHz/ETHz (blue dots in Fig. 3F) in 
the flux MoSe2 monolayer, is characterized by a single exponential 
recovery (blue fit) with a time constant of ~20 ps, in agreement with 
the trion recombination time (24). The positive photoconductivity 
in the CVT monolayer (red dots in Fig. 3F) decays on a similar tim-
escale (~20 ps), but the exponential fit (red curve) reveals a residual 
signal, i.e., longer-lived carriers attributed to exciton dissociation. 
These results show that the defect-mediated carrier generation pro-
cess existing in the CVT monolayers is suppressed in flux-grown 
monolayers. In the latter, with much lower mid-gap trap density in 
the 10−9 cm−2 region, optical excitation results in intrinsic exciton 
physics. See also fig. S10 comparing the amplitudes of photoconduc-
tivity of CVT and flux MoSe2.

The correlation of spontaneous exciton dissociation with mid-
gap defect states is also confirmed in WSe2 monolayers from CVT 

Fig. 2. Nonthermal origin for exciton dissociation in CVT WS2. (A) Excitation density dependence of THz photoconductivity amplitude at 293 and 79 K under the 
above-gap excitation, showing almost temperature-independent conductivity response. (B) THz conductivity dynamics following the 1-s resonant excitation. (C) Com-
plex conductivity spectra at different pump probe delays, demonstrating that at all delays real part dominates, testifying to the presence of free charges.
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and flux-grown WSe2 crystals, with defect density from the former 
being one order of magnitude higher than that in the latter (33, 41). 
Figure 4 (A and B) shows THz time traces, ΔETHz, at Δt = 20 ps 
from CVT (red) and flux (green) WSe2 monolayers, respectively, 
following above-gap excitation at hν = 2.30 eV and at excitation 
density nabs  =  5.0 × 1012  cm−2. The THz photoconductivity at 
Δt = 20 ps is 8× lower in the flux WSe2 monolayer (Fig. 4B) than 
that in the CVT monolayer (Fig. 4A). This difference between the 
two samples varies strongly with Δt. Figure 4C shows the THz pho-
toconductivity, −ΔETHz/ETHz, as a function of delay time for both 
samples. The −ΔETHz/ETHz values from CVT and flux WSe2 mono-
layers are nearly the same immediately following photoexcitation 
but diverge to a ratio of ~8 at Δt ≥ 20 ps. Specifically, −ΔETHz/ETHz 
from flux WSe2 monolayer decays faster on timescales of 0.5 ± 0.1 ps 
and 5 ± 1 ps (biexponential fit as solid gray curve). For comparison, 
the signal from CVT monolayer decays on much longer timescales 
of 1.9 ± 0.2 ps and 20 ± 2 ps (biexponential fit as dashed gray curve). 
Because the THz probe predominantly detects charge carriers, this 
result suggests that the population of charge carriers decays more 
efficiently in the flux WSe2 monolayer than in the more defective 
CVT monolayer.

The results in Fig. 4C appear counterintuitive. To understand the 
origin, we used transient absorption (TA) spectroscopy since it can 
measure the total population of charge carriers and charge-neutral 
excitons from the bleaching of the 1-s A-exciton resonance (see fig. S11) 
(28, 48). Figure 4D compares photoinduced bleach (ΔT/T, photoin-
duced transmission normalized by transmission without excita-
tion), integrated over the 1-s exciton resonance in CVT (red) and 
flux (green) samples. We use the same excitation condition as TRTS, 
hν = 2.30 eV and nabs = 5.0 × 1012 cm−2, for both monolayers. The 

Fig. 3. Mid-gap state induced exciton dissociation in CVT MoSe2 and trion-induced negative photoconductivity in flux MoSe2. (A) STM topographic image for CVT 
MoSe2, showing bright defects. (B) A close-up image of the bright defect in (A). STM images in (A) and (B) were obtained at a sample bias of −1.3 and −1.5 V, respectively. 
(C) STS spectra collected on (red) and off (blue) the bright defect in CVT MoSe2, identifying the existence of mid-gap states on the bright defect. Also shown with black 
curve is the STS scan for flux-grown MoSe2. (D and E) Photoinduced THz transients (solid lines) for CVT and flux MoSe2 monolayers, respectively, at Δt = 10 ps with the 
excitation energy of 2.0 eV (above-gap) and density of 4.5 × 1012 cm−2. The dotted lines show the ETHz waveform. (F) THz photoconductivity dynamics as a function of Δt 
for CVT (red) and flux (blue) MoSe2. Note that the trace for flux MoSe2 is multiplied by 10. The solid lines show the fitting curves.

Fig. 4. Intrinsic exciton formation in flux WSe2. (A and B) Photoinduced THz tran-
sients (solid lines) for CVT and flux WSe2 monolayers, respectively, at Δt = 20 ps 
with the excitation energy of 2.30 eV and density of 5.0 × 1012 cm−2. The dotted 
lines show the ETHz waveform. (C) THz conductivity dynamics for CVT (dotted) and 
flux (solid) WSe2 monolayers, showing a faster conductivity decay in flux WSe2 due 
to the formation of charge-neutral excitons. The gray curves are fitting results. 
(D) TA bleaching dynamics monitored at the 1-s A-exciton resonance of the same 
CVT and flux monolayer WSe2 as THz photoconductivity was measured under the 
same excitation condition.
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ΔT/T time profiles are essentially the same, and they deviate from 
each other only slightly at longer times. Thus, the presence of mid-
gap defect states does not contribute appreciably to the overall decay 
dynamics of electronic excitations [see note S5 for more discussion 
of bleaching amplitudes arising from excitons and carriers (30, 49)]. 
Since the TA measurement establishes similar dynamics in both 
CVT and flux WSe2 monolayers (Fig. 4D), the much faster decay of 
THz photoconductivity in the latter (Fig. 4C) cannot be due to the 
decay of the overall electronic excitation. Rather, we attribute the 
fast decay of THz photoconductivity in the flux WSe2 monolayer on 
the 0.5- to 5-ps timescale to a change in the identity of the photoex-
cited species, particularly the formation of insulating excitons from 
the unbound and conducting electrons and holes formed initially 
from above-gap excitation (38, 48). With this in mind, the long-
lived THz signal in CVT monolayers is attributed to a substantial 
portion of the electronic excitation remaining as carriers, in contrast 
to the common view of the dominance of excitons.

DISCUSSION
The THz photoconductivity in CVT monolayer TMDCs is indepen-
dent of temperature, is correlated with mid-gap trap states, and is 
observed at sufficiently low excitation density. Defect mediation at 
the single excitation limit has been proposed before for nonradiative 
recombination (50), including Auger scattering (39, 40). Figure 5 
illustrates the proposed intra-exciton Auger mechanism for exciton 
dissociation in a TMDC monolayer. We adopt the rigorous energy 
level diagram based on either ionization energy or electron affinity 
for both carriers and excitons (Fig. 5) (51). The energy liberated 
from hole trapping by a mid-gap state can satisfy the energy require-
ment for exciton dissociation, which releases the free electron into 
the conduction band in an Auger scattering process (Fig. 5A). The 
same argument applies to electron trapping and releasing the free 
hole to the valence band (Fig. 5B). Recent theoretical work suggests 
that Auger scattering processes are particularly efficient for mono-
layer TMDCs because the same strong Coulomb potential respon-
sible for large exciton binding energies also leads to high electron/
hole trapping and high Auger scattering rates (39, 40). The estimated 
electron/hole trapping time for an exciton in a TMDC monolayer is 

≤1 ps (39). This is the same timescale for the Auger mechanism to 
release a free electron or hole, in agreement with the observed ultra-
fast rise in THz photoconductivity.

A large fraction of charge carriers exceeding the Saha consider-
ation has also been suggested in other excitonic semiconductors, 
namely, 2D lead halide perovskite thin films (52, 53), where polar-
onic screening in the dynamically disordered lattice and exciton-
exciton annihilation at sufficiently high excitation densities have 
been suggested as possible reasons. These mechanisms are not 
applicable here for the TMDC monolayers with no dynamic phonon 
disorders and at excitation densities far below the Mott density. Our 
combined TRTS and STM/STS studies reveal the critical role of 
mid-gap states in mediating the dissociation of excitons with large 
binding energies. This mechanism should be applicable to other 2D 
semiconductors, including the 2D perovskites, where the Auger-
like trap-mediated exciton dissociation is enhanced by the poorly 
screened Coulomb interactions. Note that we may expect a satura-
tion behavior for free carrier generation with increasing exciton 
density in a trap-mediated mechanism, but this was not observed in 
the excitation density range probed here (Fig. 2A). Such saturation 
behavior may be obscured by other competing many-body scatter-
ing events. For example, a charged trap may be freed in another 
Auger-type nonradiative recombination (39, 40). In addition, the 
Mott transition from exciton gas to electron-hole plasma is a second-
order process (28), and its increasing importance with exciton den-
sity may well compensate for the saturation behavior expected for a 
trap-mediated exciton dissociation mechanism.

Our findings have solved a major conundrum in the photophys-
ics of TMDC monolayers, namely, the seemingly contradicting re-
sults on large exciton binding energies and free carrier generation in 
various optoelectronic devices. These findings also suggest that the 
common assumption of excitons being the dominant quasiparticle 
formed in photoexcited TMDC monolayers is only valid in the lim-
it of low defect densities. The fact that ~10% of excitons spontane-
ously dissociate into carriers in photoexcited TMDC monolayers 
exfoliated from commonly available CVT crystals indicates that one 
needs to be cautious when applying the widely held views of exciton 
physics, especially when defect densities are unknown. For example, 
in studies of trions in TMDC monolayers (54, 55) and, more recently, 

Fig. 5. Defect-mediated exciton dissociation. (A) Drawn on the energy scale of ionization potential, the energy of hole trapping to a mid-gap state can satisfy the 
energy requirement for dissociating the exciton and releasing a free electron to the conduction band. (B) Similar diagram for electron trapping and hole releasing on an 
electron affinity scale. CB (VB), conduction (valence) band; Ex, exciton level.
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on exciton-charge mixed quantum phases (56) or trion sensing of 
quantum phases (57) in TMDC moiré bilayers, the presence of 
charges is usually assumed to be from intrinsic and/or external elec-
trostatic doping. Our finding of efficient dissociation suggests that 
charge carriers can also be generated directly from photoexcitation, 
which may substantially alter the formation kinetics of trions of 
mixed exciton-charge phases. The process of spontaneous exciton 
dissociation in the presence of trap states should be of general im-
portance, as the poor screening at the 2D limit not only is respon-
sible for the large exciton binding energy but also enhances any 
process involving the Coulomb potential. While reducing defect 
density to reach the intrinsic physical limit is always an important 
goal in 2D materials research, one may also intentionally incorpo-
rate or control these defects for efficient carrier generation in opto-
electronics, such as photodetectors.

METHODS
Crystal growth of self-flux crystals
We synthesized MoSe2 and WSe2 crystals using a self-flux method 
with excess Se (33, 58). Mo (W) powder of 99.997% (99.999%) pu-
rity was loaded into a quartz ampule with Se shot of 99.999+% pu-
rity in a metal-to-chalcogen molar ratio ranging from 1:5 to 1:100. 
The ampule was evacuated to ~10−5 torr and sealed. The sealed am-
pule was heated to 1000°C over 24 hours, held at that temperature 
for 2 weeks, and then cooled at a rate of 1°C/hour to 500°C, at which 
the cooling rate was increased to 5°C/hour down to room tempera-
ture. The ampule was then reheated back to 1000°C over 24 hours, 
held at that temperature for 5 days, and the same cooling procedure 
was done down to room temperature. The TMDC and excess sele-
nium contents were transferred to a new quartz ampule, and a piece 
of quartz wool was added and pushed down to about 1 cm above the 
TMDC crystals and excess selenium. The second ampule was sealed 
under vacuum at the aforementioned pressure, heated to 285°C to 
melt the unreacted Se and dwelled for 30 min, and then removed 
from the furnace, flipped, and centrifuged. The TMDC crystals were 
collected from the quartz wool, transferred to a third ampule, and 
then sealed under vacuum. The crystals were annealed for 24 hours 
in a temperature gradient with the crystals at the hot end at 285°C, 
and the cold end of the ampule held at room temperature. The pur-
pose of this annealing step was to melt and remove any excess sele-
nium from the crystals.

Gold tape exfoliation of large-area monolayer TMDs
Macroscopic TMDC monolayers were exfoliated via the gold tape 
method (31). Bulk WS2, WSe2, and MoSe2, grown via CVT, were 
purchased from HQ Graphene; flux-grown WSe2 and MoSe2 were 
grown as described above. Gold tape is prepared by evaporating 
gold onto a polished silicon wafer before spin coating a protective 
layer of polyvinylpyrrolidone (PVP). We deposit 150 nm of gold 
onto the polished silicon wafer at a rate of 0.05 nm/s (Angstrom 
Engineering EvoVac Multi-Process thin-film deposition system). 
The PVP protection layer is prepared by spinning a solution of PVP 
(40,000 molecular weight, Alpha Aesar), ethanol, and acetonitrile 
with a 2:9:9 mass ratio onto the gold surface of the wafer (1000 rpm, 
1000 rpm/s acceleration, 2 min) before curing on a hot plate (150°C, 
5 min). Once the gold tape is prepared, it is removed from the sili-
con wafer using thermal release tape [Semiconductor Equipment 
Corp. Revalpha RA-95LS(N)]. The gold tape is lightly pressed onto 

the surface of a bulk TMDC crystal, exfoliating a large-area mono-
layer, and then onto a 0.5-mm-thick z-cut quartz substrate (MTI 
Corporation). The sample assembly is heated on a hot plate at 130°C 
until the thermal release tape goes cloudy and can be easily removed. 
The sample assembly is soaked in deionized water for 3 hours to 
remove the PVP protection layer and in acetone for 1 hour to 
remove any remaining polymer residue. Then, the gold is dissolved 
by a 5-min bath in an I2/KI gold etchant solution (iodine, 99.99%, 
Alfa Aesar; potassium iodide, 99.0%, Sigma-Aldrich, and deionized 
water with a 4:1:40 mass ratio). The sample is soaked in deionized 
water for 2 hours to remove any residual etchant, rinsed in isopropa-
nol, and dried with N2.

Time-resolved THz spectroscopy
The setup for optical pump-THz probe spectroscopy is schemati-
cally illustrated in fig. S12. For the light source, we used a Ti:sapphire 
regenerative amplifier (RA) with a pulse duration of 30 fs, a repeti-
tion rate of 10 kHz, and a wavelength centered at 800 nm (Coherent, 
Legend). The RA output was split into three beams for THz genera-
tion, THz sampling, and optical pump, respectively. The THz probe 
pulse was generated in a two-color air plasma method, where the 
fundamental 800-nm beam passes through a beta barium borate 
(BBO) crystal to generate the frequency doubled beam. Both the 
fundamental and frequency-doubled beams were focused onto 
the same point in air, generating a broadband THz probe pulse. 
The THz beam was collimated by an off-axis parabolic mirror and 
transmitted through a high-resistivity Si wafer, which blocks the 
fundamental and frequency-doubled beams while transmitting the 
THz field. The THz beam was then focused onto a sample mounted 
in an LN2 flow cryostat, after which it was collimated by another 
parabolic mirror. High-density polyethylene and Teflon polymer 
plates were used to filter the optical pump beam while allowing 
the transmission of the THz probe. The THz probe was then focused 
onto a 1-mm (110) ZnTe crystal along with another 800-nm 
sampling beam, by which the real-time waveform of THz elec-
trical field was detected via EOS. Following the ZnTe crystal, the 
sampling beam passes through a quarter-wave plate and a Wollaston 
prism, and the split sampling beams were detected on a balance de-
tector (Thorlabs, PDB210A). The amplified signal from the balance 
detector was integrated with a boxcar integrator (Stanford Research 
Systems, SR250), and the output was recorded using a data acquisi-
tion (DAQ) card (National Instruments, USB-6216).

The femtosecond optical pump beam was generated using a 
homebuilt noncollinear parametric amplifier pumped by the sec-
ond harmonic of the Ti:sapphire laser. The center wavelengths were 
tuned in the range of 500 to 620 nm with enough fluence for the 
large-area far-field THz measurements. The beam spot sizes at the 
sample position were determined with a knife-edge method using a 
photodetector (Thorlabs, DET100A2) and pyroelectric terahertz 
power detectors (Gentec-EO, THZ9B-BL-DA) equipped with lock-
in amplifier (Stanford Research Systems, SR830) for optical pump 
and THz probe, respectively. In front of the THz power detector, 
additional polymer filters were used to block the higher-frequency 
THz beam from entering the detector. The typical spot sizes (1/e 
diameter in power) were 2 and 0.15 mm for optical pump and THz 
probe, respectively. The absorbed photon density was determined 
via nabs = aeffPex × (fAhν)−1, where aeff is the effective absorptivity, 
Pex is the laser power, f= 5 kHz is the effective repetition rate after 
the chopper, A is the beam area, and hν is the photon energy. The 

D
ow

nloaded from
 https://w

w
w

.science.org at M
ax Planck Society on A

pril 23, 2024



Handa et al., Sci. Adv. 10, eadj4060 (2024)     31 January 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

7 of 8

effective absorptivity was calculated from the convolution of ab-
sorptivity spectrum a(E) and pump spectrum Ipump(E) aeff = [∫ 
dE a(E) × Ipump(E)]/[∫ dEIpump(E)]. aeff was 0.049 (0.031) for the 
above-gap (resonant) excitation of WS2, 0.072 for WSe2, and 
0.043 for MoSe2. We optimized the spatial overlap between the 
optical pump and THz probe by inserting a Si wafer as a refer-
ence (which gave strong signal) and then replaced it with the 
actual sample. The Si wafer was also used to confirm the sign of 
photoinduced signal ΔETHz. The relatively high repetition rate 
of 10 kHz together with the DAQ acquisition scheme (32), the 
use of filters to block optical beams, and the optimization of 
electronics allowed for high signal to noise ratio. We confirmed 
that there was no photoinduced THz signal from the SiO2 sub-
strate by measuring the area without the TMDC monolayer 
(fig. S13).

Scanning tunneling microscopy/spectroscopy
STM measurements were performed on a commercial Omicron 
ultrahigh vacuum STM system. Bulk single crystals of MoSe2 and 
WSe2 were mounted onto metallic sample holders by vacuum-
compatible silver paste (EPO-TEK H20E). Samples were then exfo-
liated to expose a clean surface and transferred into the STM 
chamber. A chemically etched tungsten STM tip was conditioned 
and calibrated on a Au(111) single crystal before the measurements. 
Measurements were performed at room temperature (300 K).

Photoinduced conductivity spectra
The time-domain THz electric fields obtained from EOS were con-
verted to the frequency-domain spectra ETHz(ω) by Fourier transfor-
mation. Complex spectra of the photoinduced conductivity were then 
obtained under thin-film approximation: Δσ(ω) = −

1+nsub

Z0

ΔETHz(ω)

ETHz(ω)
 . 

Here, ΔETHz(ω) = ETHz, w/pump(ω) − ETHz, w/o pump(ω) is the photoin-
duced change in the THz field, Z0 = 377 Ω is the vacuum imped-
ance, and nsub is the complex refractive index of the SiO2 substrate. 
nsub was determined independently by performing the THz time-
domain spectroscopy on the substrate: nsub = 2.19 + 0i.

We analyzed the complex photoconductivity spectra Δσ(ω) with 
the Drude-Smith model (36), Δσ =

ne2τ ∕meff

1− iωτ

[

1 +
cDS

1− iωτ

]

 , where n is 
the carrier density, e is the elementary charge, meff is the effective mass, 
τ is the scattering time, ω is the angular frequency, and cDS is the Smith 
parameter. For the fitting, the effective mass meff = (me

−1 + mh
−1)−1 is 

the average of the electron and hole effective masses reported in (37). 
The real and imaginary parts were fit simultaneously with a global 
fitting procedure.
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