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Abstract

Interaction of terahertz (THz) radiation with van der Waals semiconductors repre-
sents a considerable interest for optoelectronic applications. Here we report a redshift
(around 1 meV) of the trion resonance in MoSe, monolayer induced by picosecond THz
pulses. As its origin, we identify the kinetic excess energy gained by hot carriers due
to absorption of THz light which is transferred during the formation of trions. By
performing time resolved measurements, we have determined the electron cooling time
(t = 70 ps) and estimated the absorption at 7.7 THz (o« = 0.3%). A quantitative
model based on the Heisenberg equation of motion explains the experimental observa-
tions and can reproduce the data with good accuracy. The present work gives important
insights for the understanding of the trions in van der Waals semiconductors and their

interaction with the hot electrons driven by THz radiation.
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Introduction

Van der Waals (vdW) semiconductors possess unique properties making them particularly
attractive for terahertz/infrared technology. Due to a weak interlayer bonding atomically
thin vdW layers can be easily fabricated. The nanoscale thickness of such naturally-formed
transition metal dichalcogenide (TMD) quantum wells results in a quantization of electronic
energies: mid-infrared intersubband transitions have been observed in WSe, using a nano-
imaging technique.! Similar results were obtained in few-layer InSe flakes.?™* Furthermore, a
coherent modulation of the optical absorption of MoS, monolayer using intense THz pulses
has been demonstrated, showing the feasibility to use TMD monolayer as THz modulators
and switches.®

On top of these results, the capability to engineer vdW heterostructures greatly ex-
pands the possible ways to make vdW semiconductors operating as active materials for tera-
hertz applications.® For example, infrared interlayer exciton emission has been observed in
WSe,/MoS, and InSe/WS, heterostructures. %! However, besides some pioneering works,
the research on the THz properties of TMD monolayers did not proceed swiftly so far.2717

One of the important questions that has not been addressed so far is the influence of a
THz-induced hot electron distribution on sharp trion and exciton resonances in the near-
infrared / visible range. Understanding of this process can facilitate a precise and ultrafast
optical read-out of electron temperature in vdW semiconductors that potentially can be
utilized for a sensitive THz detection. In this work we study the influence of THz radia-
tion on the optical properties of MoSe, monolayers by performing THz-pump NIR-probe
measurements with the use of the free-electron laser (FEL) FELBE. This unique THz-FEL

source allows us to get direct information on the THz response of the materials under in-



vestigation. The THz pulse does not induce interband transitions but mainly leads to a
heating of the free carriers in the monolayer, the NIR probe pulse provides information of
the induced carrier dynamics via shifts of the exciton and trion resonance. Our experiment
monitors the electron dynamics, in the absence of holes, in the conduction band and provides
complementary information compared to VIS-pump VIS-probe and to VIS-pump THz-probe
experiments. 1824

We observe a pronounced redshift of the trion resonance induced by the THz radiation,
while the exciton resonance remains almost unperturbed. The trion redshift is mostly due
to the energy stored in the background hot carriers after THz absorption. The kinetic
energy of hot electrons is transferred during the trion formation, leading to a redshift of
the optical transition. A quantitative treatment based on the Heisenberg equation of motion
reproduces the experimental observation with good accuracy providing a solid understanding
of the observed phenomenon. The model considers the single-particle view of the trion. This
description holds in the limit of low electron density, i.e. Er ~ 4 meV< E% where Ef is the
Fermi energy and EZ is the trion binding energy.?

The present work gives significant information for the understanding of trion physics in
transition metal dichalcogenide monolayers?>%° and, beyond that, the studied THz proper-

ties can be used for broadband infrared detection and other THz technologies.

Results

The technical details of the THz-pump optical-probe experiment and of the MoSe, monolayer
sample fabrication are described in the experimental methods section.

Figure 1a shows the differential spectra at the time overlap of the pump and probe pulses
in comparison with the linear reflectivity at 8 K. The zero-crossing points of the dispersive
shapes of the differential signals are located at the trion and exciton energies. Figure 1b

shows the evolution in time of the differential reflection spectrum. The FEL excitation



frequency is 7.7 THz (32 meV), far below any electronic transition and not in resonance with
the infrared-active phonons.?**! The FEL pulse length is 5.5 ps (FWHM) and the fluence is
OrprL, =5 L sz The NIR narrowband probe is tuned across the exciton and trion resonances
in order to measure the changes in reflection induced by the THz pump as a function of
photon energy. We stress that the NIR pulse is only a weak probe of the microscopic
polarization. This is proven by the linear dependence of the differential reflection signal
with increasing probe fluence (see Supporting Information (SI)*?) and by the fact that we

observe pump-probe NIR signal at the trion energy after the time-overlap of THz and NIR

pulses.
Trion AR/R
a 01 b
' Trion X X 50 0.005
0.00 mama - %’0'30 9 60 0
v ™ § B a0 -0.005
% -001 0258 o -0.01
S E 20
r E -0.015
0.02 0 002
10.20
1600 1625 1650 1675 -20 -0.025
Photon energy (eV) 6 162 164 166 1.68
Photon energy (eV)
C 000 : d e
0.000 . . =
= 1
-0.01 1 S
@ @ 5
x S .0.001 S
4 g s
-0.02} . 1 . @
Trion -0.002 Exciton | 7
"""" data 1.619 eV e data 1653eV | <
oo3l—ft | ¥ ‘ ] —fit | ¢ . o1
30 0 30 60 90 30 0 30 60 90
Time (ps) Time (ps) Fluence (pJ/cm?)

Figure 1: (a) Differential reflection spectra at the time overlap in comparison with the
linear reflectivity. The dispersive shapes of the differential signal are located at the trion
and exciton energies. (b) Differential reflection spectra in time at 7" = 8 K. A strong and
long-living feature is observed at the trion energy. At the exciton energy a fast and weak
signal is also observed. (c) and (d) Differential reflection decays at 1.619 eV and 1.653 eV
probe energies, i.e. at the trion and the exciton energy, respectively. These two energies
are marked in figure 1b. The fast component is limited by the convolution of the pump and
probe pulses. The slow component is observable only at trion resonance and has a decay
constant of 75 = 70 £ 10 ps. (e) Fluence dependence of the differential signal at the trion
energy (1.619 eV).



A strong signal at the trion energy dominates the differential reflection spectrum. Al-
though the exciton provides the prominent signature in the linear spectrum, its signal in
the differential reflection is weak. The dispersive shape of the differential reflection signal
indicates a redshift of the two resonances induced by the THz radiation. Furthermore, the
time trace of the signal at the trion energy shows a slow component that is not observed at
the exciton energy.

The time dependence of the differential reflection is shown in Figure 1c and Figure 1d for
two specific photon energies corresponding to the trion and exciton resonances, respectively.
The weak signal at the exciton energy shows an instantaneous decay, i.e. the decay constant is
equal to the time resolution of the setup. Furthermore, the time trace shows two pump pulse
replicas. This is due to the reflection at the back side of the substrate. The temporal distance
cAt

- = 1.3 mm,

between the two pulses is around 15 ps which corresponds to a distance of d = s

about twice the substrate thickness. Pump pulse replica is a common issue for infrared
spectroscopy. 3

In order to get the time constants of the decays, the differential reflection signals in time
were fitted with the convolution of a bi-exponential decay and a response function. The
response function is assumed to be Gaussian since is the convolution of the pump and probe
laser pulses. The signal at the trion energy shows a bi-exponential decay (Figure 1¢). The
slow component at the trion resonance has a decay of 75 = 70 4 10 ps. The fast component
is shorter than the time resolution i.e. t;g;fmn < 6 ps. To avoid misunderstandings, we
note that these time constants have nothing to do with trion or exciton lifetime, rather
they characterize the decay dynamics of the THz-induced changes in the trion and exciton
resonances.

Similar results were obtained performing the experiment with different FEL photon en-
ergies of 14 meV and 24 meV (see SI*?). This indicates that the differential reflection signal

originates from non-resonant absorption of the THz radiation. For this reason, we rule out

resonant effects - like transition from trion bound state to continuum or THz excitation of



optical phonons - as possible responsible for the observed signal.3?

The experiment was also
repeated on different samples in order to verify the reproducibility of the experiment (see
SI,3? Figure 3). We also note that we did not observe any significant dependence on the
linear polarization of the THz radiation with respect to the NIR radiation (data in SI*?).

The differential signal at a fixed probe photon energy shows a linear dependence on pump
power (Figure le).

In order to obtain the trion and exciton energy shifts, we fitted the experimental pump-
probe data with the difference of two Lorentzian functions for each resonance. The evolution
in time of exciton and trion energy shifts are shown in figure 2a. The maximum trion redshift
is around AFr = 1.1 meV at FEL fluence of ¢pgpr, =5 c’in—‘]z Figure 2b shows the differential
oscillator strength (51 = W) as a function of time. The oscillator strength of the

trion resonance increases slightly after the arrival of the THz pulse. This indicates that the

THz pulse increases slightly the carrier density.
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Figure 2: (a) and (b) Time dependence of the energy shift and the differential oscillator
strength of the trion and exciton resonances. The values were obtained by fitting the pump-
probe spectra with a difference of two Lorentzian functions.

Discussion

We explain the experimental observations considering THz free-carrier absorption and defect-

state absorption. After p erforming the calculation, we find that the dominant effect resp on-



sible for the trion redshift is the energy transfer from hot electrons to trions during the trion
formation. We note that also other effects of THz free carrier absorption are included in the
mo del, e.g. screening effects and band-gap renormalization.

We will first discuss qualitatively the effect of electron-to-trion energy transfer. Secondly,
we discuss qualitatively taterpretation-of-the-data—and-we-diseuss other p ossible effects of
THz radiation which are not included in the mo del and why they were ruled out. Afterwards,
we will present the theoretical model and the comparison with the experimental results.

The MoSe, monolayer has a certain unintentional doping. For this reason, the trion
resonance is observed in the NIR reflection spectrum (Fig. 1a). For negative pump-probe
delays, i.e. the NIR probe pulse arrives before the THz pump pulse on the sample, no signal
is observed. For positive pump-probe delays, the THz pulse causes a heating of the free
electrons due to the free carrier absorption, which results in a broadening of the electron
momentum distribution. We stress that for positive delays the THz pulse arrives on the
sample before the NIR pulse, i.e. when no trions are present in the sample. When the
NIR probe pulse arrives on the sample, it creates trions with hot electrons. During the
trion formation process, the electron momentum is directly transferred to the center of mass
momentum of the trion because of momentum conservation. At the same time, the energy
must be conserved: a photon with energy hw and an electron with energy 22—5, where m, is
the electron mass and q is the momentum, create a trion with energy E7 + % that includes
trion resting energy Ep and and the kinetic energy %, where q and My are the momentum
and the trion mass, respectively. We note that the electron and the trion momentum must be
the same because of momentum conservation. While the trion is heavier than the electron,
i.e. Mp > m,, the kinetic energy of the electron is larger compared to the kinetic energy of
the center of mass motion of the trion and, consequently, the required photon energy hAw to

form the trion is smaller than E”, which results in a red shift in the spectrum with respect

to E7. In fact, the trion optical transition energy is iw = ET + % — 7;2"‘3: = ET — W%

The quantitative treatment of this phenomenon is described in more detail in the theoretical



section.

To visualize this effect, we sketched the mechanism in figure 3.
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Figure 3: Sketch of the trion optical transition with resp ect to the transferred momentum
from the electrons to the trions. On the right axis, there is the kinetic energy of electrons
and trions (black and dark grey lines, resp ectively).

Now, we discuss other possible effects of the THz radiation on the MoSe, monolayer.
First of all, we notice that the pump-probe signal is not due to heating of the monolayer
lattice via FEL absorption or via substrate heating - inducing Varshni and Polaron shifts of

the exciton and trion resonances36-37

- for two reasons: 1) heating of the lattice would not
explain why the signal at the trion energy is around one order of magnitude higher than the
signal at the exciton energy; 2) the differential signals at the exciton and at the trion energies
would be expected to have the same time constants. To get a more quantitative proof, we
have measured the dependence of the trion and exciton energies on the lattice temperature
(see SI??), showing that the trion and the exciton resonances undergo similar redshift with
increasing lattice temperature. This is not compatible with our pump-probe data.

THz radiation can induced a transient change of the refractive index of the substrate.
This effect was also ruled out since it cannot explain the slow component of the signal
observed at the trion energy. For the same reason, ac Stark, dynamical Franz-Keldysh, and
field ionization effects have to be ruled out as well*”® (see SI for more details®?).

Free-carrier absorption and defect-state absorption give an explanation for the redshift of

the trion peak, while leaving the exciton peak almost unperturbed. The following theoretical



description supports this interpretation providing good agreement with the experimental

observations.

Theoretical model

The quantitative description of these phenomena was obtained following the approach de-
veloped by Esser et al. for the calculation of the exciton and trion spectra.?>3° A detailed
summary of the derivation of the trionic and excitonic microscopic polarizations in terms of
Green’s functions and of the total susceptibility is reported in SI.??

The starting point is to find the exciton and trion wavefunctions by solving the eigenvalue
problem. The Wannier equation of the exciton reads:*°

h2 q2
2m

Vo= D Vida = B3¢, (1)
k

with the Fourier component of the excitonic relative motion q, the reduced mass of the
exciton m and the Coulomb potential Vg, which is obtained from ab initio calculations.*!
The solution of the Wannier equation gives access to excitonic wave functions ¢y and binding

energies E5" for the exciton state v.

The Schrodinger equation of the trion reads

(hz(%Q + Q22) n R*q - gz

Iz I M e _ i Tugp
2m 2my, ) \PQ17Q2+; Vi (\Ilq1+k7Q2—k \Il(h—kﬂz \I]m,qz—k) - EB \IIOILOD’

(2)
with the Fourier components of the of the motion of both electrons relative to the hole qq 2,
the reduced mass of the electron hole pair m, hole mass my,, trion wave function W4  and
binding energy EL" for the trion state .

The Wannier equation, eq. 1, and the trion Schrodinger equation, eq. 2, are solved with

a Ritz variational ansatz.*? The trial wavefunctions are reported in SI.3?



The linear optical susceptibility is given as

X (OJ) oW mOQAg ZMk Pk (3)

with the elementary charge e, the free electron mass mg, the vacuum permittivity €;, A7 is the
vector potential of the incident light field, M are the optical matrix elements, €2 is the sam-
ple area, and light polarization 0. By exploiting Heisenberg equation of motion we calculate
the Bloch equations for the excitonic polarization PA* = 3", o (cLsdT__ks) with electron and

hole annihilation (creation) operators c\"* /d\) ™ with momentum k and spin s. Via Coulomb

Ts1 fs1 dTSl

52
Ck1+ me Ck1+ e 7nh q kl k2 q >

. . . . . . “8182 _ M
interaction it couples to the trion polarization T*1*2 = >, Wy | ( me g

for which we also derive an equation of motion by exploiting the Helsenberg equation. The
upcoming hierarchy problem is truncated by omitting 6-operator quantities.®> The resulting
system of equations is solved via Fourier transformation.
We note that in the calculation of the optical susceptibility of the trion we fo cus on
terms app earing in linear order of the electron o ccupation, b eing valid at weak doping.
Consequently, our mo del do es not capture effects which arise in higher orders of the doping
density which are for instance renormalizations of the trion energy E7 or screening effects.3
Focusing on the lowest lying exciton and trion states, we access an expression for the
linear susceptibility:

B }LX]2 23] 4
X(“)_X°<EX+5E—hw—mX+§Zq:quT—Wq—hw—ivT>’ “

The first term accounts for the exciton resonance, where LY = %Zq Pq(1 = f3) is the
excitonic coupling strength, the electron occupation is treated in thermal approximation, i.e.
fq = <exp (W) + 1) - is the Fermi-Dirac distribution where Er(n,T) is the Fermi
level, EX = E9 4+ E3 is the excitonic transition energy which is given by the band gap EY

and the binding energy of the exciton E5. 4% is introduced to account for the homogeneous

10



broadening of the exciton.3¢:37444 The Hartree-Fock term JE is given by*°

1
0B = 55 > Valfita = fi o) (5)

k,q

with the 2D screened Coulomb potential Vg.*'4647 The two addends in equation (5) are
the reduction of the exciton binding energy (blueshift) and the reduction of the band gap
(redshift) due to the presence of carriers in the conduction band. With the Coulomb potential
used in our calculation (see SI®?), an increase of the carrier temperature induces a decrease
of this term and, therefore, leads to a redshift of the exciton energy. Conversely, an increase
of carrier density induces a blueshift of the exciton resonance. Since the increase of carrier
temperature and carrier density are linked to each other, the two effects partially compensate.

The second term in equation 4 accounts for the optical response of the trion. It is given
as a sum of Lorentzian oscillators weighted with the electron occupation fg with coupling
strength LZ = % >k Vg k reflecting that each doping electron with momentum q contributes
to the formation of a trion with center of mass momentum q. The optical transition energy of
each oscillator is given as ET — W, where the first term E7 = F9+ ET includes the band gap

. . . T 35 . . o ﬁ2q2 . h2q2 . h2q2MX
and the trion binding energy Ep.” The kinetic energy transfer Wy = 5= — 3 e = oA

where My is the exciton mass, originates from the energy and momentum conservation

T

during the trion formation process as we discussed above. ' is introduced to take into

account an homogeneous broadening of the exciton and trion resonances,36:37:44:45

Figures 4a and 4b show the dependence of the trion and exciton energies on the carrier
temperature and carrier density considering the Hartree-Fock shift and the electron recoil
Wq. The dependence of the optical transition energies as function of carrier density is in
qualitative agreement with previous reports.?%453 The carrier temperature dependence of
the trion and exciton resonances is not easily comparable with any previous experiment.

From Equation (4), it is possible to calculate the reflection spectra R(w) (details in

SI32). Figure 4c shows the experimental and calculated spectra of the MoSe, monolayer at

11
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Figure 4: (a) and (b) Trion and exciton energies as a function of carrier temperature and
carrier density, respectively. The Hartree-Fock shift in equation 5 and the electron recoil
Wy are considered. (c) Measured reflection spectrum of MoSe, monolayer at 7' = 8 K (blue
curve) and calculated spectrum (red curve) based on equation 4.

T = 8 K. The carrier density is adjusted to match the relative oscillator strength of exciton

2, This value indicates a significant

and trion and is determined to be n, = 8.5 - 10'" cm™
intrinsic doping of the monolayer™*5° which is due to laser-doping effects from the pulsed
NIR probe laser.?**> Therefore, the monolayer is supposedly negatively charged.>® For this
reason, we restricted the discussion to the negative trion, neglecting the presence of free
holes in the monolayer.

Assuming a quasi-thermal equilibrium of the carriers at any delay time, the time evolu-
tion of the pump-probe signal can be reproduced as differential reflection using the carrier
temperature 7T, and the carrier density n. as parameters:

AR AR R(w,T.,n.) — R(w, Ty, ng)

R (w,1) = ?(M’Tc’ne) a R(w, Ty, ng) (6)

where R(w,T") is obtained as described above. We attribute the change in carrier temperature
and density to free carrier absorption, defect-state absorption and impact ionization by hot

carriers.
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Theoretical results

Figures 5a and 5b show the comparison between experimental data and the results of the
theory presented above. Figure 5a shows the calculated differential spectrum signal at the
time overlap of pump and probe pulses, and figure 5b shows the calculated time dependence
at the trion energy (1.619 eV). The theory is in good agreement with the experimental
observations, pointing towards the fact that the proposed model includes the main physical
contributions that lead to observed data. The details of the fitting procedure are explained

1.32 We note here that we used only two free parameters to fit the data, i.e.

thoroughly in S
carrier density and temperature. In any case, there is a small but significant quantitative
disagreement between experiment and theory. This is more pronounced at the time overlap
of the NIR and FEL pulses (Fig. 5a). Therefore, possible causes of this disagreement are
ac-Stark or Franz-Keldysh effect. The non-thermal distribution of the hot electrons could
also play a role.

Figures 5c and 5d show the change in carrier temperature and carrier density as a function
of time. The maximum change in the carrier temperature is AT, = 32 K and the change of
carrier density is around 20% of the initial doping value.

Furthermore, we calculated the full differential reflection signal in time to get a direct
comparison with the experimental data in figure 1a. Figure 5e shows the 2D false-color plot
of the calculated differential reflection spectra. The calculation based on the model presented

above shows a good agreement with the experimental observations.

From the change in the carrier temperature, we estimate the absorption of the THz

kgT

radiation by the MoSe, monolayer. Assuming the electron heat capacity 2P = %nekBE—F,

the THz absorption is estimated as:

AZTCC?;D‘Amono —
B (Frenays = 3107 (7)

Nabs =
pulse ( drErL

where E,,;5 is the pulse energy, A,,on, is the monolayer area, d,,,on, and dppy, are the flake size

13
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Figure 5: (a) Comparison between the calculated (lines) and measured (dots) differential
reflection spectra at different delay time. The curves are shifted vertically for clarity. (b)
Comparison between calculated and measured differential reflection decay at the trion energy
(1.619 eV, marked in figure 5e). (c) and (d) Carrier density and carrier temperature as a
function of delay time, respectively. The slow component of the electron cooling has a decay
constant of 70 ps. (e) 2D false-color plot of the calculated differential reflection signal. The
carrier temperature and the carrier density were used as fitting parameters. The simulation is
in good agreement with experimental data shown in figure 1b. (f) Temperature dependence
of the hot electron cooling time. The cooling time increases considerably at low temperatures
because it is determined mainly by the less efficient acoustic phonon emission.
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and the FEL spot size, respectively. As cross-check, the absorption is calculated with a Drude
model. Assuming the electron scattering time of 7 = 1072 5,57 the absorption coefficient is

a=—2"_—15.10°m~* and the absorption is a = 1 — e™® ~ ad = 0.9 - 1073, where

€0CMew? T

d = 0.6 nm is the monolayer thickness. The two values of absorption are in good agreement,
suggesting that the analysis of the trion redshift in terms of carrier heating is the correct
interpretation.

Finally, we theoretically investigate the cooling of free carriers via carrier-phonon scat-
tering in order to explain the long decay time observed in the experiment. By implementing
Boltzmann equations that include absorption and emission processes of acoustic and optical
phonons, we calculate T.ooiing = 45 ps at Tjaice = 8 K (Fig. 5f). A detailed description of
this calculation is reported in SI.3? The value of the cooling time obtained from the micro-
scopic analysis is similar to the experimental value of 70 ps. The increase of cooling time
at low temperatures is due to the optical phonon bottleneck: the optical phonons have too
high energy in comparison to the thermal energy of carriers and do not contribute efficiently
for the cooling of the electron distribution. The cooling is mainly determined via the less

efficient acoustic phonon scattering.

Conclusion

We have demonstrated that THz radiation induces free carrier and defect-state absorption
in MoSe, monolayers which results in pronounced redshifts of the trion resonance in the
transient reflection. While free carriers transfer momentum and energy to the trions leading
to a net redshift of trion resonance, defect-state absorption leads to an increase of the carrier
density that partially compensates the redshift of the exciton peak. By performing time
resolved pump probe experiments, we found that the relaxation time of the free carriers is
7 = 70 ps after THz absorption. This value is in agreement with the microscopic calculation

of cooling via phonon emission. The absorption at 7.7 THz is estimated to be around 0.3%.
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A quantitative model based on the Heisenberg equation of motion theory reproduces the
experimental data with good agreement and gives a solid understanding of the phenomenon.

Our study broadens the comprehension of the impact of THz radiation on transition metal
dichalcogenide monolayers. More generally, the dynamics of the energy transfer between
free carriers and trions was observed for the first time in any semiconductor system. This
knowledge is an important step for the development of terahertz technology that uses vdW

semiconductors as building blocks.

Experimental methods

The sample was fabricated via mechanical exfoliation. The substrate is high-resistivity silicon
with a 90 nm thin SiO, layer on top. The sample is placed in a cold finger cryostat and was
kept at 7' = 8 K during the measurements.

The pump-probe setup is arranged in a reflection geometry (see SI*?). As probe beam, a
narrowband Titanium:Sapphire (TiSa) oscillator is used. As pump beam, the infrared FEL
was used. The infrared spot diameter is around 400 pm, i.e. much larger than the MoSe,
monolayer flake. However, the NIR probe laser was focused on a spot diameter of 3 ym. In
this way, the signal was collected only from the monolayer flake.

The time resolution is limited by the THz pulse length of 7ppr, = 5.5 ps (see SI*?).
The repetition rate of the TiSa laser was reduced from 78 MHz to 13 MHz with a electro-
optic pulse-picker in order to match the repetition rate of the FEL. The two sources were
synchronized using the electronic signal from the FEL as master clock and a mirror mounted

on a piezo for the fine adjustment of the repetition rate of TiSa oscillator.
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The TOC figure shows on the left a sketch of the mechanism that causes the redshift of
the trion resonance. The mechanism is the transfer of energy from the free electrons, heated
by the THz pulse, to the trions. The kinetic energy of the trion center mass decreases
the energy of the trion optical transition. On the right, there are the differential reflection
spectra as function of time. A strong signal at the trion energy is observed and it decreases

with a decay constant related to the cooling time of the hot electron distribution.
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