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Two-dimensional van der Waals semiconductors feature a variety of stable Coulomb-bound
electron-hole complexes, which determine the optical response of the materials and serve as primary
carriers of energy and spin-valley encoded information. Importantly, transitions between different
excitonic states are found in the terahertz spectral range, motivating the use of strong THz radiation
for their manipulation on ultrafast timescales. In this work, we apply this technique to efficiently
transfer populations within the manifold of excitonic complexes in monolayer WSe2, combining
pulsed optical injection with a perturbation induced by a THz free-electron laser source. Monitor-
ing time-resolved photoluminescence we show conversion between different Coulomb-bound species
across biexcitonic and excitonic regimes. Depending on the lattice temperature, these processes
involve both short-lived bright and long-lived dark states. Combining experimental findings with
theory support, we outline possible dissociation and formation pathways of charged excitons and
biexcitons induced by the THz radiation. Finally, we demonstrate the access to formation dynamics
of charged biexcitons under controlled conditions of thermalized populations of their constituents,
avoiding complications of excess energies that otherwise occur after non-resonant optical excitation.
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I. INTRODUCTION

Low-dimensional semiconductors, such as monolayer
transition-metal dichalcogenides (TMDCs), feature a va-
riety of excitonic complexes with large binding energies
that form due to strong Coulomb interactions [1, 2].
These include neutral excitons, trions [3–5] and Fermi
polarons [6–9], neutral and charged biexcitons [10–14] as
well as increasingly exotic states [15] up to the Mott tran-
sition [16, 17]. Excitonic complexes dominate both the
optical properties of these materials and serve as pri-
mary carriers for energy and spin-valley-encoded infor-
mation. Consequently, it became important to find ef-
fective means for their manipulation and tuning of their
properties. A variety of successful approaches have been
employed, which make use of external electric [18], mag-
netic [19], optical [20], and strain [21, 22] fields, changes
in the dielectric environment [23] and chemical function-
alization [24].

In this context, a particular challenge is to trigger con-
version of one type of the excitonic species into another
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on ultrafast time-scales, especially from equilibrated pop-
ulations of low-energy states. A useful approach, demon-
strated for conceptually similar quantum well systems, is
the employment of low-frequency radiation following the
injection of excitons using optical pulses. Due to compar-
atively low binding energies of the excitonic complexes of
a few meV in these systems, this was achieved using either
strong microwave radiation [25–27] or frequencies on the
order of a THz [28–30]. The underlying mechanisms in-
volved impact ionization, multi-photon processes or cou-
pling to the intra-excitonic transitions. For TMDCs, sim-
ilar to bulk CuO2 [31], the relevant energy scales are on
the order of a few 10’s up to 100’s of meV instead. There-
fore, many-THz photon energies provide access to the
properties of excitonic states and their manipulation in
atomically-thin materials [32–36].

Consequently, radiation in this range can be used to
induce transfer between different excitonic species. As
a proof of concept, we have demonstrated how a com-
bination of optical injection with strong THz excita-
tion by a free-electron laser can rapidly convert excitons
dressed by free electrons into neutral excitons in mono-
layer MoSe2 [37]. In close analogy to the light-induced
ionization of molecules and atoms, this transient process
involves photodetachment of an electron from the com-
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posite trion state tunable by an externally set delay be-
tween the optical and THz pulses. While highly promis-
ing, the general applicability of this approach for other
types of TMDCs with a more complex excitonic struc-
ture involving long-lived dark states remains an open
question. Similarly, it is unclear whether higher-particle
states such as biexcitons could be manipulated in the
same manner. The capacity to control biexcitons, in par-
ticular, is especially interesting given their importance
for quantum information technologies and entanglement-
based sources of photons [38, 39].

Here we apply the optical-pump/THz-push approach
to WSe2 monolayers, which host a rich excitonic struc-
ture involving dark states and higher-order excitonic
complexes. After the optical injection and subsequent
equilibration, a THz pulse with a set delay triggers a
transient transfer of exciton populations within picosec-
onds. Monitoring time-resolved photoluminescence, we
observe almost complete quenching of the dominant emis-
sion from charged biexcitons and n-type trions. This
is accompanied by a transient brightening of neutral
biexcitons and bright exciton states followed by subse-
quent reformation of charged biexcitons within a few up
to tens of ps. Supported by theoretical considerations
extending the description of the exciton-trion scenario
to biexcitonic complexes, we discuss possible pathways
and demonstrate the applicability of the approach over
a broad temperature range up to 100 K. In this manner,
we also gain access to the temperature dependent forma-
tion time of the charged biexcitons, avoiding the compli-
cations of substantial excess energies after more typical
non-resonant optical injection conditions.

II. EXPERIMENTAL DETAILS

The investigated sample was a mechanically exfoliated
WSe2 monolayer encapsulated in hBN to reduce disor-
der [40, 41] and deposited on a diamond substrate using
visco-elastic transfer [42]. The transparency of diamond
to THz radiation prevents additional heating of the struc-
ture from the residual THz absorption. The initial opti-
cal characterization of the monolayer was performed with
the sample held in a microscopy-cryostat at the tempera-
ture 5 K and using a continuous-wave laser with a photon
energy of 2.3 eV for excitation. The laser was focused to a
spot of 1µm diameter by a 60x objective. For the hyper-
spatial mapping the power density was set to 74 W/cm2,
corresponding to an estimated steady-state electron-hole
pair density on the order of 1010 cm−2. The step size
was 1µm in both x- and y-directions. The resulting pho-
toluminescence (PL) signals were recorded with a CCD
after passing through an imaging spectrometer. A mi-
crograph of the sample is shown in Figure 1 (a) together
with a map of the bright exciton peak energy extracted
from the hyperspatial photoluminescence mapping. The
observed energy shifts on the order of a few 10’s of meV
are typical for this type of samples. They are attributed

to the roughness of the diamond leading to mechanical
strain that is inhomogeneously distributed in the mono-
layer. For the subsequent measurements we identified
sufficiently large homogeneous regions with reasonably
narrow linewidths of the exciton resonances.

The experimental configuration for the optical-
pump/THz-push experiments is schematically illustrated
in Fig. 1 (d). The sample was mounted on a cold-finger
microscopy cryostat and cooled down to temperatures be-
tween 5 and 130 K. To create the initial population of the
excitonic states, we used an optical pulse with a photon
energy of 3.1 eV obtained from the second-harmonic of a
picosecond Ti:sapphire laser. The laser was focused to a
2µm spot on the sample using a 50x objective, resulting
in typical fluence of several 10’s of µJ/cm2. Narrow-band
picosecond THz pulses (see Appendix A) generated with
an infrared free-electron laser (FEL) [43] were then used
as a perturbation to the system after an externally set
time delay. PL emission from the sample was dispersed
in an imaging spectrometer and detected in time by a
streak camera. The THz pulse duration was approxi-
mately 5 to 10 ps and the nominal time-resolution of the
PL detection, extracted from the scattered light of the
optical pulse using the streak camera, was determined
as 5 ps. The experiments were performed as a function
of temperature, THz excitation power, and for several
selected THz photon energies.

III. THZ-INDUCED TRANSITIONS BETWEEN
EXCITONIC STATES

Typical low-temperature PL spectra of the investi-
gated sample obtained under continuous-wave excitation
are presented in Figure 1 (b). The spectrum recorded
at a low power density shows the characteristic, spec-
trally narrow features of an hBN-encapsulated mono-
layer WSe2 with small residual n-type doping [44–46].
The features include neutral excitons (X0) and biexcitons
(XX), bright trions (X−), neutral (D0) and charged (D−)
dark states and phonon sidebands (P) as well as charged
biexcitons (XX−). Both neutral and charged biexcitons
become more pronounced with increasing power density
[10, 11, 13], as evidenced in the spectrum recorded at a
higher excitation power presented in Figure 1 (b). This
is reflected in the extracted ratios of neutral and charged
biexcitons compared to the neutral exciton. At low power
density these are XX−/X0 = 0.04 and XX/X0 = 0.01,
increasing substantially for the spectrum at high power
density, where XX−/X0 = 1.9 and XX/X0 = 0.4.

Corresponding streak camera image of the time- and
spectrally-resolved PL is presented in Figure 1 (c). The
photon energies of the peaks are plotted on a scale rela-
tive to the X0 resonance at 1.72 eV. The emission spec-
trum matches the main resonances of the continuous-
wave measurement aside from potential photodoping and
additional broadening. The latter stems from the larger
excitation area, smaller spectral resolution of the setup



3

0

200

400

P
L 

(a
rb

it
ra

ry
 u

n
it

s)

X0

X-

D0

XX-

P, D-

XX-
XX X0X-

Ti
m

e 
(p

s)

(b)

0-25-50
Energy relative to X0 (meV)

(d)

Ti
m

e 
(p

s)

-25 0-50

(c)

THz

(e)

PL
1

0

200

300

XX

10 µm

X0 (eV) 

(a)

1.70 1.72 1.74

hBN

hBN

Diamond

Dt

XX- XX X0X-

Energy relative to X0 (meV)

w/o. THz with THz

1L WSe2

2 kW/cm2

44 W/cm2
T = 5 K

FIG. 1. (a) Top panel: optical micrograph of the sample with the highlighted WSe2 monolayer. Bottom panel: spatial map
of the bright exciton energy peak extracted from the PL spectra at 5 K under continuous wave excitation, superimposed on
the optical image. The black circle marks the area where the optical-pump/THz-push measurements were performed. (b)
A representative PL spectra of the WSe2 sample under continuous wave excitation at high (2 kW/cm2) and low (44 W/cm2)
power densities. (c) Spectrally- and time-resolved streak camera image in absence of terahertz pulse and the corresponding
time-integrated PL spectrum obtained for pulsed excitation using the fluence of 28µJ/cm2 per pulse. The shaded white area
indicates the time range studied in the subsequent measurements involving THz excitation. (d) Schematic illustration of the
experimental setting for the optical-pump/THz-push experiments. ∆t indicates the time delay between the optical and the
THz pulses. (e) Streak camera image of the PL in the presence of a strong THz pulse, with a fluence of 30µJ/cm2, that arrives
with a time delay of 250 ps after the optical excitation.

for time-resolved experiments and, most importantly,
higher optical pump density. In particular, the fluence
of the pulsed laser of 30µJ/cm2 corresponds to the av-
erage power density of 6 MW/cm2, which is three orders
of magnitude higher than that used for the high-power
PL spectrum shown in Figure 1 (b). This leads to a fur-
ther enhancement of the PL intensity ratio of XX− and
XX compared to X0). The spectrum in Fig.1 (b) (bot-
tom), yields PL ratios of XX−/X0 = 3.2 and XX/X0

= 0.8, both of which are significantly higher than the
corresponding values extracted from the spectra under
continuous-wave excitation. The absence of the D0 fea-
ture is attributed to both high fluence with the dominant
XX- emission and the limited observation time window
in the spectrally- and time-resolved measurements.

After the optical excitation at t = 0 ps, the bright
states X0 and X− (representing the trion doublet) de-
cay within a few 10’s of picoseconds, while charged biex-
citon, that is composed of a bright and a dark state,
decays much slower over a few 100’s of picoseconds. For
the experiments involving THz excitation, we thus focus
on this later time range, as indicated by the shaded re-
gion in the bottom panel of Fig. 1 (c). This enables us to
investigate the case of thermalized excitonic populations
[47, 48] when only the long lived XX− state and a resid-

ual trace of bright trions are visible. We also note, that,
while the image presented in Figure 1 (c) was recorded
as a general overview, the overall acquisition time was
increased substantially for all subsequent measurements
to ensure high signal-to-noise ratios.

When the THz pulse arrives, at tTHz = 250 ps after the
optical excitation, the emission dynamics changes sub-
stantially, as shown in Figure 1 (e). For this measure-
ment, the photon energy and fluence of the THz beam
were set to 14 meV and 30 µJ/cm2, respectively. The
magnitude of the changes is overall similar to the pre-
viously studied case of the MoSe2 monolayer [37], albeit
both the time delays are substantially longer and the ori-
gin of the emission involves biexcitons in the present case.
Here, the THz radiation causes a strong quenching of the
charged biexciton and residual trion populations and in-
duces a brightening of both neutral exciton and biexciton
states. The quenching occurs on the same timescale for
charged biexcitons and trions within the time-resolution
of the setup (see Appendix B). The impact of the THz
pulse resembles an effective reset to the initial conditions
of the system at time t = 0, corresponding to the exci-
tation by the optical pulse. This effect is evident in the
broadening of the trion emission, potentially related to a
higher temperature of the electronic distribution [36] and
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FIG. 2. (a) PL transients extracted at the energies of the
excitonic resonances in the time window of the THz pulse
arrival presented together with the corresponding fit curves.
The characteristic time constants for the THz pulse arrival
are of similar values for all fit curves within the temporal res-
olution of 5 ps. Maximal duration of the THz pulse is added
for comparison. The fluence of the THz pulse 30µJ/cm2 (b)
Top panel: brightening factor B of the bright exciton X0 and
neutral biexciton XX as a function of the THz fluence. Bot-
tom panel: quenching factor Q of the negative trion X− and
the charged biexciton XX−; the gray dashed line separates
the linear regime from the saturation regime. (c) Schematic
illustration of the possible THz-induced dissociation pathways
of the trions and charged biexciton. Gray shading indicates
contributions of the spin-dark states.

its impact on the trion lineshape via recoil effect [49]. In
addition, the increase of the intensity at the high energy
side of the trion could similarly stem from the transient
redistribution of the PL intensity within the spin-split
trion doublet [50] (see Appendix C). Here, the higher en-
ergy trion initially exhibits higher PL intensity that shifts
towards the lower energy trion at later times [51]. We
thus speculate that the arrival of the THz pulse returns
the distribution of the PL within the trion-doublet to the
conditions resembling those immediately after the optical
excitation.

Most importantly, however, the simultaneous change in
dynamics demonstrates an effective population transfer
between charged and neutral excitonic complexes, illus-
trated by the corresponding PL transients presented in

Figure 2 (a). These are obtained by integrating the PL
signal over the spectral region of interest of each peak,
after the background subtraction of the streak camera
image. We also add the time scale t − tTHz, relative to
the arrival of the THz pulse, and use it for the rest of
the presented data. Following the THz-induced redistri-
bution of the PL intensity, the initial PL counts prior to
the THz pulse arrival recover within 10’s of ps. We also
note that the initial changes of the dynamics occur on
the same time-scale during THz-pulse arrival. Slight dif-
ferences in the positions of the minima and maxima are
attributed to the interplay of depopulation and popula-
tion dynamics, as discussed in more detail below, as well
as differences in the reformation times that are either fast
or slow, depending on the given state.

For the analysis of the THz-induced dynamics we note,
that the full picture of interacting charged and neutral
exciton and biexciton states is a very complex problem
and is currently not accessible in a unified, microscopic
framework. We thus use both qualitative comparison
with the generic picture of a charged-to-neutral trans-
fer scenario further below and phenomenological fitting
of the experimental data. In particular, the transients of
the excitonic peaks are fitted with a single exponential
function multiplied by a Heaviside function, convoluted
with a Gaussian to account for the limited time resolution
of the experiment given by the streak camera resolution
and the pulse lengths. The resulting fitting function is
the following:

PL(t) =
γ

N
H(t− t0) e

−(t−tTHz)/τ + a t+ b,

where the parameter γ is the quenching (if negative) or
brightening (if positive) factor, N is a normalization fac-
tor to the intensity prior to the THz pulse arrival at
tTHz, τ is the time characteristic constant of the recov-
ery. H(t− t0) indicates the modified Heaviside function
erfc

(
− (t − t0)/

√
2σ + σ/

√
2τ

)
, where σ is the stan-

dard deviation of the Gaussian function. The linear term
(a t+ b) approximates the PL emission dynamics in this
very short time-window compared to the overall long de-
cay time of the signal.

Using this fit function we extract the brightening B of
the X0 and XX states and the quenching Q of the X−
and XX− states. The extracted quenching and bright-
ening factors are subsequently normalized with respect
to the PL intensity of the corresponding populations at
time tTHz in the absence of THz radiation, enabling a
quantitative analysis of the impact of the FEL on each
excitonic population. The resulting values are shown in
Figure 2 (b) as a function of THz fluence. The initial lin-
ear dependence of both quenching and brightening fac-
tors indicates a predominant one-photon origin of the
underlying processes. At higher fluences, it is likely that
the finite doping density in the material contributes to
the saturation of the quenching. We note, however, that
due to the potential competition of the THz-induced dis-
sociation and filling dynamics of the trion state in partic-
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ular, quantitative assessment of the saturation behavior
is likely to be more complex. The brightening of the XX
also saturates, while the intensity of the X0 state contin-
ues to increase at higher powers. While this difference
stems from the data point for the highest THz fluence,
one could in principle consider THz-induced dissociation
of the bright trions to serve as an additional pathway to
create neutral excitons.

In general, there are several possible dissociation chan-
nels for the initial populations of trion and charged biex-
citon states at the arrival of the THz pulse, as schemati-
cally illustrated in Fig. 2 (c). Upon THz photon absorp-
tion, a trion separates into a bright exciton and a free
electron (e−):

X− → X0 + e− . (1)

For the charged biexciton, being a five particle state, in
analogy to the negative ion of the hydrogen molecule H2

−

[52, 53], two pathways are in principle possible. It can
separate into a neutral biexciton and a free electron

XX− → XX + e−, (2)

or, alternatively, dissociate into a (dark/bright) exciton
and a (bright/dark) trion, considering the typical com-
position of the charged biexciton binding an electron, a
bright and a dark exciton states [54]:

XX− → D0 +X − . (3)

The process of trion photodetachment (1) accounts for
the quenching of the trion population and should also
serve as the primary source for the observed brighten-
ing of the neutral exciton. We note, however, that this
process may not be highly efficient in absolute terms as
the energy of THz pulse of 14 meV is below the trion
binding energies in the range of 30 meV [50]. The sec-
ond process of charged biexciton dissociation, (2), then
acts as a main source for the THz-induced population of
neutral biexcitons. Similar to X0, the low intensity of the
brightening is attributed to the different THz photon and
charged biexciton binding energies. The latter is similar
to the trion binding energy of about 30 meV as extracted
from the energy separation between the XX− and the
XX states. Finally, the dissociation process (3), with a
binding energy in the range of 20 meV, contributes to the
strong decrease of the XX− states while simultaneously
increasing the trion population. This should account for
the bleaching of the trion being less pronounced com-
pared to that of the charged biexciton. Moreover, chan-
nel (3) may also produce bright excitons either directly
or from the dissociation of trions.

In addition, higher-order processes, cannot be fully ex-
cluded as a contribution to the brightening of the neu-
tral exciton, especially at elevated THz fluence. We also
note that similar observations are obtained for the lower
(9 meV) and higher (35 meV) photon energies of the THz
pulse (see Appendix D). This may further indicate the

additional role of higher-order processes, while preclud-
ing reliable statements regarding the resonance behavior
due to the coarse energy intervals between these mea-
surements.

In principle, the two dissociation processes of the
charged biexciton, (2) and (3), can be conceptually con-
sidered as the biexcitonic versions of the trion photode-
tachment, (1). Thus, the model used to describe the lat-
ter [37] can be adjusted by changing the effective masses
of its constituents. In that case biexcitons and trions
are taking the role of excitons and electrons, respec-
tively, in this simplified description (see Appendix E).
Then, the matrix element for the THz-induced dissoci-
ation depends only on the Bohr radius and the reduced
mass of the composite exciton states involved. Com-
paring the case of the trions and charged biexcitons,
the reduced masses are µX− = mXme/(mX +me) and
µXX− = 2mXme/(2mX + me), respectively. Assuming
me = mh, that reasonably applies for WSe2, the result-
ing differences in the reduced masses are rather small
with µX− = 2/3me and µXX− = 4/5me. Thus, despite
much heavier total mass, the reduced mass of the charged
biexciton is only 20 % higher than that of the trion, ren-
dering the processes (1) and (2) very similar. For the
dissociation pathway (3) into an exciton and a trion the
difference is factor of two, rendering it even more efficient
for sufficiently high THz photon energies compared to (1)
(see Appendix E).

We note that we addressed the dissociation of charged
excitonic particles in terms of photon energy rather than
THz-field-driven ionization. This choice is qualitatively
motivated by estimating the THz electric field strength
relative to the relevant binding energies. The maximum
electric field in air is about 60 kV/cm at 30 µJ/cm2 an 87
µm, corresponding to a ponderomotive energy of about
Up =

e2E2
THz

4m∗ωTHz
= 3meV. Considering the exciton binding

energy of a about Ip = 300 meV, the Keldysh parameter
is

√
Ip
2Up

∼ 10 [55]. This condition is far from the field-
regime and supports the use of a photon-energy-based
description.

IV. TEMPERATURE-DEPENDENT DYNAMICS

The observed interplay between different excitonic
complexes in WSe2 triggered by THz radiation moti-
vates temperature-dependent measurements to change
the population of the initial states. Streak camera im-
ages at selected temperatures are presented in Figure 3
(a) together with the extracted transients at individual
resonances and corresponding fits shown in (b). The
complete data set is presented in Appendix F. The PL
decays of the four resonances are obtained by summing
over the energy regions of Figure 3 (a), each centered at
the energy of the corresponding excitonic state. Overall,
it shows that THz-induced population transfer in WSe2
monolayers is a robust effect with respect to temperature,
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FIG. 3. (a) Streak camera images of the spectrally- and time-
dependent PL for different temperatures in the time range
of the THz pulse arrival. The energy scale on the x-axis is
relative to the X0 resonance at 5 K. (b) Transients extracted
at the energies of charged biexciton, negative trion, neutral
biexciton and bright exciton together with the fit curves. The
arrows indicate dominant THz-induced dissociation processes
at 5 and 100 K. The THz pulse fluence used for the tempera-
ture dependent measurements is 20µJ/cm2

observed up to 130 K. Two distinct regimes are identified:
at low temperatures the predominant process is the dis-
sociation of the charged biexcitons, while, at higher tem-
peratures only the interplay between bright trions and
excitons remains.

Based on these observations, all three dissociation
channels outlined above are active up to 50 K. Around
50 K, a transition regime begins where the charged biex-
citons become increasingly less populated due to the el-
evated temperature and their emission intensity gradu-
ally decreases [10, 11]. This interplay is particularly ev-
ident at 70 K. At this temperature, also the brightening
of the neutral biexcitons is completely suppressed, as fur-
ther illustrated in the corresponding transient presented
in Fig. 3 (b). Simultaneously, the gradual depopulation
of charged biexcitons leads to a decrease of dissociation
channel 3, resulting in reduced trion formation. This, in
turn, induces a more pronounced quenching of the trion
population. For even higher temperatures of 100 K and
above, the only states that remain in the system are the
bright excitons X0 and trions X−. The quenching dy-
namics extracted at the spectral position of the XX−

resonance can thus stem from the shoulder of the broad-
ened X− peak in the 100 K data. Consequently, the pro-
cess triggered by the arrival of the THz radiation is the
one associated with (1). This result closely resembles the
behavior of MoSe2 monolayers at low temperature [56]
further supporting the direct dissociation of trions into
bright excitons and free electrons, as discussed in Section
III.

For the analysis, fits of the transients provide quench-
ing and brightening factors of the four states for in-
creasing temperature, as presented in Figs. 4 (a) and (b)
for bright excitons and charged biexcitons, respectively.
These allow for the quantitative assessment of the two
temperature-dependent regimes, as shown in Figure 4 (c).
Notably, a crossover of the quenching factors of XX− and
X− is observed around 70 K, originating in the thermal
dissociation of the biexciton states, as discussed above.
Specifically, the quenching factor of XX−, which domi-
nates at low temperatures, strongly decreases due to the
gradual vanishing of the dissociation channels 2 and 3
caused by the thermal instability of the charged biexci-
ton. In principle, one can also consider the heating of
the excitonic complexes by the THz radiation, leading to
decreased recombination rate and thus quenching. If the
lattice temperature is already high, the additional heat-
ing should be less pronounced. Moreover, increasingly
faster reformation dynamics, as shown in panel (d), ap-
proaching the time-scales of the THz-pulse length should
render the quenching less pronounced due to simultane-
ous refilling. In contrast, the initially higher population
of the trions with increasing temperature attributed to
the thermal dissociation of biexcitons also leads to an in-
crease in the quenching factor of X−. At the same time,
the gradual suppression of the brightening factor of X0

reflects the strong increase of the bright exciton popu-
lation, which becomes dominant at higher temperatures.
The brightening of the neutral biexciton, XX, slightly de-
creases and vanishes completely at temperatures around
50 K.

Particularly interesting is the extracted time τform for
the re-formation of the charged biexciton as a function
of temperature, shown in Figure 4 (d). The values are
extracted from the fits to the rising profile of the XX−
after the arrival of the THz pulse and are substantially
larger than the temporal resolution of the measurements.
Importantly, here charged biexcitons are created with a
low kinetic energy due to the quasi-resonant condition
with the THz radiation. Therefore, we are able to ana-
lyze the re-formation times in a pristine manner, avoid-
ing any cooling and relaxation processes that otherwise
would occur after optical excitation. The overall behav-
ior and the obtained time scales resemble the character-
istics of trion and free carrier cooling times [49, 56] as
well as relaxation timescales typically found for excitonic
complexes[57, 58]. These values are thus indicative of
charged biexciton formation mediated by phonon scatter-
ing. As the temperature increases, the phonon-assisted
processes become more likely due to the occupation of
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the left one, in which the population is dominated by dark states, and the right one, in which only bright states are left in the
system. (d) Re-formation time of the charged biexciton extracted from the fits in (b) as a function of temperature.

both optical and acoustic zone-edge modes [59]. In ad-
dition to phonons, however, the re-formation of charged
biexcitons under the emission of photons could also be in
principle possible. This would correspond to the reverse
pathways of (2) and (3) mechanisms, involving either a
capture of an electron by a neutral biexciton or the bind-
ing of an exciton to a trion, with the consequent emission
of a THz photon.

V. CONCLUSION

We have demonstrated transient population transfer
on picosecond time-scales between charged and neutral
excitonic complexes via THz absorption in WSe2 mono-
layers. At highest THz fluences we report almost com-
plete depletion of the charged biexciton and trion pop-
ulations leading to the emergence of the biexciton and
exciton luminescence. We discuss possible dissociation
channels and demonstrate the phenomenon for a broad
range of temperatures, from 4 up to 130 K. Two charac-
teristic regimes are observed, dominated by the THz radi-
ation coupling primarily to either charged biexcitons and
trions as a direct consequence of the changes in thermal
populations. In this manner, we also gain access to the
temperature-dependent formation time of the charged
biexciton during the relaxation of the excitonic system.

Altogether, these findings show the general applicability
of using THz radiation to switch between populations of
different excitonic states, including exciton molecules in
atomically-thin semiconductors. Both the manipulation
of the exciton complexes on ultrafast time-scales as well
as the additional insights into the quasiparticle formation
dynamics are expected be useful for a wide range of exci-
tonic materials. One can also consider the application of
the approach to excitons coupled to correlated electronic
states as well as consider its use for non-linear optics and
photonics merging optical and THz excitations in ultra-
thin crystals.
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Appendix A: THz spectrum and spot size

To capture the FEL beam size at the sample position,
a pyroelectric infrared camera was used. The dimension
of the beam varies within the range of hundreds of µm
depending on the energy of the THz pulse. Figure 5 (a)
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t – tTHz (ps)

FIG. 6. Normalized (in intensity) transients of the charged
biexciton (XX-) and trion (X-) emission corresponding to the
data from Figure 1 (e) of the main text. The data is shown
together with phenomenological fit curves modeling both rise
and decay with exponentials.

shows an exemplary image of the FEL spot size at an en-
ergy of 14 meV, which corresponds to the energy used for
the results presented in the main manuscript. The cor-
responding intensity profile, along with a Gaussian fit to
the data, is shown in Figure 5 (b), yielding a full-width-
at-half-maximum of 323µm at the sample position. For
reference, a representative normalized spectrum of the
THz source centered at 14 meV is presented in Figure 5
(c), along with the Gaussian fit and the extracted full-
width-at-half-maximum of 0.22 meV, corresponding to a
pulse duration of approximately 5 ps.

Appendix B: Trion and charged biexciton transients

With the arrival of the THz radiation, both charged
biexciton and trion populations undergo strong quench-
ing on similar timescales, as shown in Figure 6. Here,
the time zero, defined as the half-time of the initial THz-
induced intensity decrease, is extracted from the fits to
the data using the function described in the main text.
The extracted values are the same for both excitonic pop-
ulations within the experimental uncertainty of several
picoseconds. This indicates that the initial quenching
occurs simultaneously, but due to the faster reformation
dynamics of the trions, their minimum appears at earlier
times compared to that of the charged biexciton tran-
sient.

Appendix C: PL spectra before and after the THz
pulse

From the streak camera image in Figure 1 (e), the PL
spectra are extracted at the times just before and after
the arrival of the THz pulse, as shown in Figure 7. This
direct comparison reveals an additional broadening of the
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of the THz pulse, as extracted from the streak camera image
shown in Figure 1 (e) of the main text. The arrows indicate
the two spin-split trions.

trion (X-) emission by approximately 10 meV in the spec-
trum extracted after the arrival of the THz pulse, along
with the appearance of a shoulder on the higher-energy
side. The broadening could be associated with the in-
crease of the trion PL flank related to the increase of
the electronic temperature and recoil effect [36, 49]. A
probable cause to the increased PL at the higher-energy
flank is the consequence of the trion dissociation and the
subsequent reformation. Specifically, the trion in WSe2 is
split into a doublet peak due to exchange interaction [50].
After optical excitation, the higher-energy trion usually
exhibits stronger PL, followed by the subsequent redis-
tribution into the lower-energy trion [51]. Here, the THz
pulse acts as an effective reset of the initial conditions of
the system at the time of the optical excitation, leading
to the reappearance of the higher-energy trion, observed
as a shoulder in the red spectrum in Figure 7.

Appendix D: Dissociation dynamics for different
THz photon energies

The presented spectrally- and time-resolved measure-
ments were repeated at 5 K also for two additional
THz photon energies, one below (9 meV) and one above
(35 meV) the value presented in the main text. In both
cases, the results were similar to those obtained for the
14 meV photon energy. Specifically, with the arrival of
the THz pulse, we observe a transient quenching of the
chanrged biexciton and negative trion populations, ac-
companied by a brightening of the bright exciton and
neutral biexciton populations. Brightening B of bright
exciton and neutral biexciton as well as quenching Q of
negative trion and charged biexciton are extracted from
the fits to the transient profiles and normalized as de-
scribed in the main text. The obtained values are shown
per unit fluence in Figure 8 as a function of the THz
photon energy. The data does not show any strong

B
ri

gh
te

n
in

g 
B

/ 
µ

J 
cm

-2

(b)

THz energy (meV)

10 20 30

Q
u

en
ch

in
g 
Q

/ 
µ

J 
cm

-2

-0.1

0

X0

XX
X-
XX-

(a)

1

0

FIG. 8. (a) Brightening factor B per unit fluence of bright
exciton and neutral biexciton as a function of the THz photon
energy at the time of arrival of the THz pulse. (b) Quench-
ing factor Q per unit fluence of negative trion and charged
biexciton as a function of the THz photon energy at the same
time as for (a).

dependence on the THz energy, indicating that the ef-
ficiency of the transfer processes between neutral and
charged states remains constant in the studied range.
This behavior could indicate that additional contribu-
tion of higher-order processes may be involved in the
THz-induced transfer processes. Nonetheless, due to the
coarse energy scan between the measurements, the data
does not allow to draw definitive conclusions regarding
specific resonance conditions.

Appendix E: Adaptation of the trion dissociation
model to charged biexcitons

In Ref. [37] we modeled the conversion from charged
into neutral excitons induced by a THz field with the
matrix element dk = e0

∫
d2rψ∗(r) rϕk(r). The lat-

ter describes the transition of an electron bound to the
exciton into a free electron with relative momentum k.
The bound and unbound states correspond to charged
and neutral excitons and are phenomenologically mod-
eled by the wave functions ψ(r) =

√
2/πa2exp(−|r|/a)

and ϕk(r) = exp(ik · r)/
√
A, respectively, with the Bohr

radius a and the system area A. Here, we extend this
model to account for the conversion from charged biexci-
tons into neutral biexcitons. In the same spirit, an elec-
tron bound to a biexciton can be described by the wave
function ψ(r), and the same approach can be employed.
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The conversion rate reads

γi(ℏω) =
2π

ℏ
∑
k

|E · dk|2δ
(
ℏω −∆i −

ℏ2k2

2µi

)
, (E1)

where i denotes either charged excitons (i = X−) or
charged biexcitons (i = XX−). Here, we have intro-
duced the charged exciton and biexciton reduced masses
µX− = mXme/(mX+me), µXX− = mXXme/(mXX+me),
the binding energy ∆i, and the THz photon energy ℏω.
Using the analytical expression for the matrix element,
dk ∝ a2(ak)/[1 + (ak)2]5/2, the conversion rate reads

γi(ε) =
18π

ℏ
|e0E|2a2i ξi

ξiε

[1 + ξiε]5
Θ(ε), (E2)

with ε = ℏω − ∆i and ξi = 2µia
2
i /ℏ2. This ap-

proach can also be used to describe the conversion from
a charged biexciton into a neutral and a charged ex-
citon by having the charged exciton take the role of
the electron above, i.e. considering the reduced mass
µ′

XX− = mXmX−/(mX +mX−).

Appendix F: Temperature dependent
measurements: complete data set

Here, we present the complete data set of the temper-
ature dependent measurements. Streak camera images

of the spectrally- and time-resolved PL measured with
temperature between 130 and 5 K are shown in Figure
9 from the top left (130 K) to the bottom right (5 K)
panel. Note that, as mentioned in the main text, the
energy scale is relative to the bright exciton X0 reso-
nance at 5 K and the time scale is relative to the time
arrival of the THz pulse. The extracted transients for
all temperatures, with corresponding fits, are illustrated
in Figure 10 for neutral biexciton XX0 (a) and negative
trion X− (b), and in Figure 4 of the main text for bright
exciton X0 (a) and charged biexciton XX− (b). The
transition between biexcitonic and excitonic regimes are
clearly identified. Specifically, at 5 K all four resonances
(X0, XX, X−, XX−) are present, with the predominant
THz-induced process being the dissociation of charged
biexcitons, following the pathways (2) and (3) described
in Section III of the main text. These two channels, to-
gether with the one related to the trion (1), coexist up
to around 60 K. Above this temperature, as illustrated
in the transient profiles of Figure 10 (a), the brighten-
ing of the charged biexciton is suppressed and with this
also the dissociation channels (2) and (3). At the same
time, neutral exciton and negative trion populations gain
in intensity, dominating the dynamics at higher temper-
atures. Therefore, the only process activated by the THz
radiation in this regime is the one related to the trion
dissociation (1). Overall, the THz-induced population
transfer in monolayer WSe2 is shown to be robust with
respect to temperature, persisting up to 130 K.
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