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We investigate the diffusion process of negatively charged excitons (trions) in a WSe, transition-metal
dichalcogenide monolayer. We measure the time-resolved photoluminescence spatial profiles of these excitonic
complexes. They exhibit nonlinear diffusion corresponding to an effective negative diffusion behavior. Specifi-
cally, we examine the dynamics of the two negatively charged bright excitons (intervalley and intravalley trions)
and of the dark trion. The time evolution allows us to identify the interplay of the different excitonic species: the
trionic species appear after the neutral excitonic one. This is consistent with a bimolecular formation mechanism.
Based on our experimental observations, we propose a phenomenological model suggesting the coexistence of
two populations: a first one exhibiting a fast and efficient diffusion mechanism and a second one with a slower
dynamics and a less efficient diffusion process. These two contributions could be, respectively, attributed to hot

and cold trion populations.

DOLI: 10.1103/PhysRevB.107.045420

I. INTRODUCTION

The great recent interest in transition-metal dichalco-
genides (TMD) monolayers relies on their direct band gaps
and a strong light-matter interaction, making these materials
suitable for ultrathin optoelectronic devices [1]. The unusual
optical and electrical properties of such monolayer semicon-
ductors are related to the strong Coulomb interaction between
electrons and holes in these materials, which opens new ways
for the development of devices based on excitonic species
rather than free carriers, even at room temperature. The inves-
tigation of the excitonic transport and unassisted diffusion is
therefore an important topic. Only a few experimental works
have achieved the control of the excitonic transport by ap-
plying electrical gates [2] or by modifying the local strain
[3,4]. More studies have instead focused on the unassisted
diffusion of several excitonic species [3-7]. Time- and spa-
tially resolved diffusion experiments allow, in addition, the
independent determination of the diffusion and recombination
mechanisms (i.e., lifetimes) offering a deeper insight into the
species transport mechanisms beyond a simple measurement
of the diffusion length.

Although efficient excitonic transport has been reported, it
turns out that the rich family of excitonic species can make
the transport mechanism rather complex. Nonlinear diffu-
sion processes have also been observed, essentially linked
to the interactions between the different excitonic complexes
[8—14]. For instance, the presence of nonequilibrium excitons
can create a surprising halolike carrier profile induced by
a hot population [8,11,15,16]. Such behavior might also be
influenced by the dielectric environment as the monolayer
encapsulation impacts on the transport mechanisms [17,18].

Another interesting phenomenon is effective negative dif-
fusion in TMDs which leads to the narrowing of the spatial
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exciton distribution during diffusion, and finds its origins in
the interplay of the excitonic species [19]. Effective negative
diffusion has been experimentally observed in several semi-
conducting materials such as perovskites [19], TMDs [20], or
organic semiconductor [21] at room temperature.

Here, we study a WSe, monolayer which offers a rich
variety of excitonic complexes. We use a state-of-the-art
charge-adjustable device and focus on the n-doped regime to
probe the influence of electron doping on the excitonic trans-
port properties. We investigate negatively charged excitons
(trions) and bright and dark complexes at low temperature in
photoluminescence experiments. Our study reveals a nonlin-
ear transport behavior where an effective negative diffusion
is observed. A simple diffusion model shows the coexis-
tence of two populations which could be related to hot and
cold trion populations. Their interplay with neutral excitons
through bimolecular formation with resident electrons is also
evidenced.

II. EXPERIMENTAL DETAILS

We study the charge-adjustable WSe, device sketched in
Fig. 1(a). Details of the sample fabrication can be found
elsewhere [22]. An electric bias can be applied to tune the
carrier concentration. We focus our analysis on the n-doped
regime [22-24]. Typical photoluminescence (PL) spectra as a
function of the electron doping concentration are displayed in
Fig. 1(c). Measurements are performed at 7 = 4 K with 5-uW
excitation power provided by a He:Ne laser at E,, = 1.96¢eV.
Several excitonic species are identified such as the bright
neutral exciton X°, the dark neutral exciton X2, the bright
negative trions (intervalley triplet X7~ and intravalley singlet
X5, [see Fig. 1(b)] and the negatively charged dark trion X?~

©2023 American Physical Society


https://orcid.org/0000-0002-7434-1882
https://orcid.org/0000-0002-9550-3254
https://orcid.org/0000-0002-5123-8102
https://orcid.org/0000-0001-5252-5309
https://orcid.org/0000-0003-3701-8119
https://orcid.org/0000-0002-7772-2517
https://orcid.org/0000-0001-7895-913X
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.107.045420&domain=pdf&date_stamp=2023-01-20
https://doi.org/10.1103/PhysRevB.107.045420

D. BERET et al.

PHYSICAL REVIEW B 107, 045420 (2023)

Log PL (a.u.)
0] Y 0.0

10000

Voltage (V)
&

1000

K K K

WAV

Electron density (x10'" cm)

-12 9.0 100.0
1.64 1.65 1.66 1.67 1.68 1.69 1.70 1.71 1.72

!

A \WAURVAWAY e
FIG. 1. (a) Scheme of the sample structure: ML = monolayer,

FLG = few—layer graphene. (b) Sketch of the two negative trion

configurations: triplet X7~ and singlet X5~. (c) Color map showing

the evolution of the PL spectra with the applied bias (resulting in an

electrostatic doping).

in agreement with previous reports [23,25-30]. The encap-
sulation in hexagonal boron nitride layers offers state-of-the
art quality, as can be seen by the narrow optical transition
linewidth of 2.5 meV for the neutral exciton X° transition
[31].

In the following we mainly focus on the transport proper-
ties of the two bright trions (negatively charged exciton) X7~
and X5~. As sketched in Fig. 1(b) the triplet X7~ is composed
of a bright exciton and an electron in the opposite valley. In
contrast, the singlet X5~ is composed of a bright exciton and
a resident electron in the same valley. The photoluminescence
experiment is based on a diffraction-limited laser excitation
that induces lateral diffusion of the photogenerated species
[32]. The excitonic complex of interest is spectrally selected
by adding angle-tunable long- and short-pass interferential
filters which transmit a spectral region as narrow as 6 meV
(2.5 nm). We then used a Streak camera system to record the
time evolution of the PL spatial profile [13]. The instrument
response function has a full width at half maximum (FHWM)
of 5.5 ps (see Fig. 3). The Ti: Sa laser excitation is set to
E,; = 1.79eV, with 80 MHz repetition frequency, 1.5 ps pulse
width, and ~ 1uJ/cm? pulse energy density. We have used a
microscope objective with numerical aperture NA = 0.8. An
~700nm FWHM excitation spot is measured from the laser
intensity profile (insets of Fig. 2).

The spatiotemporal information allows separating the
transport and the recombination mechanisms [33]. The PL
spatial profile is considered as Gaussian, V¢ Iprp(x) ~
exp(—l’;—zz), and we examine the squared width w? of the PL
profile as a function of time w?(t) [33]. In case of linear
broadening (i.e., classical diffusion process) an effective dif-
fusion coefficient D can be extracted according to the relation
w? (t) = 4Dt [33]. However, this simple relation is not appli-
cable if nonlinear diffusion is observed.

We first describe in Fig. 2 the time dependence of w? for
the X7~ trion for different electron doping densities. Note that
similar observations are made for the X5~ trion with only a
small difference on the dynamics due to their slightly different
lifetimes (see Supplemental Material) [34]. Three regimes
can be identified: (I) Within a few picoseconds we observe a
fast broadening, which would indicate an efficient diffusion
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FIG. 2. Squared width of the PL spatial profile w? for the X7~
trion as a function of time. Temporal evolution is displayed for dif-
ferent biases from —3 to —10 V. Insets represent the spatial profiles at
short times when w? is maximum and a few picoseconds later after
the effective negative diffusion. The laser profile is displayed as a
reference. Temporal regimes I (purple), II (red), and III (green) are
indicated in each panel.

process with an effective diffusion coefficient close to
1000 cm?/s. For higher electron doping densities, this first
regime becomes less and less visible, indicating a very fast
diffusion. The PL profile becomes broader than the laser
spot on a timescale shorter than our temporal resolution at
the highest doping density. In the following 20 ps, a second
regime (II) is visible with a clear reduction of the PL profile
width, mimicking an effective negative diffusion process. The
insets in Fig. 2 report the measured spatial profiles of w? at
its maximum and a few picoseconds later to better illustrate
this second regime. (III) Finally, on a longer timescale, we
observe a weak diffusion process with a weak dependence on
the electron doping.

We now describe the time-resolved photoluminescence
data and we focus on the interplay of the excitonic species.
Figure 3(a) shows the spatially integrated time evolution
of the PL intensity (TRPL) for different biases for the ex-
citonic complex X7~, while Fig. 3(b) reports the TRPL
intensity dependences for XP~. The TRPL dynamics of
the dark complexes are longer than the bright complexes’
ones [22,23,35,36] and shows a rather monoexponential be-
havior. Another difference is the temporal evolution of the
squared width w? for X”~ which show a linear dependence
as shown in the inset of Fig. 3(b) for V=3 V and in
the Supplemental Material for all the voltages [34].

The X7~ TRPL exhibits a fast decay followed by a slow
one; the fast dynamics becomes progressively shorter with in-
creasing the electron concentration and mostly corresponds to
the second regime (II) mentioned above (see Fig. 2). Zooming
in on the first picoseconds [inset of Fig. 3(a)] we observe that
negatively charged excitonic complexes appear with a clear
delay after the emission of the neutral exciton. Note that all
negatively charged excitonic complexes (X5~, X7, XP~ not
shown here) appear after the neutral exciton X°. We also mea-
sure shorter delay times for higher doping. This observation is
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FIG. 3. (a) TRPL dynamics for X7~ at different biases. Inset :
TRPL dynamics for the first picoseconds for X7~. X is shown as
the time reference. (b) TRPL dynamics for X?~ at different biases.
Inset: squared width w? of the PL profile as a function of time for
V=-3V.

consistent with a bimolecular formation process of the trionic
species between the neutral exciton and the resident electrons.
A trimolecular formation process seems less probable as the
TRPL signal of the trion in the early stage is negligible as
compared to the X°. Moreover, the laser excitation energy
being below the band-gap energy [37], the geminate formation
of the X excitonic species is the most efficient mechanism
[38], whereas the trimolecular formation of the trions from
free charges is very unlikely under these excitation conditions.

III. DISCUSSION

‘We now discuss the origin of the nonlinear diffusion regime
of the bright negatively charged excitons. We focus once again
on the triplet X7~ but similar conclusions can be applied
to the singlet X5~. To model the effective negative diffu-
sion the presence of one single population is insufficient.
Indeed, the solution of the classical diffusion equation can-
not result in effective negative diffusion, even considering a
time-dependent diffusion coefficient. For instance, one can
model a reduction of the diffusion coefficient when the car-
rier concentration is decreasing as it becomes more sensitive
to potential fluctuations or defects [38]. But, even in this
scenario, the temporal evolution of w? is slowed down but
cannot decrease. A time-dependent diffusion coefficient mod-
ifies the PL profile broadening only in a monotonic way. A
phenomenological explanation can be proposed admitting the
contribution of two populations (nyr: and nyr2 ), which cannot
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FIG. 4. (a) TRPL simulated signal for Iyri, Iyr> and Ip, =
Iyr> + Iyri shown in semilogarithmic scale (b) Top: Simulated tem-
poral evolution of the squared width w? of the PL spatial profiles; see
text. Bottom: first derivative of the squared width w? to evidence the
effective negative behavior of the diffusion process.

be spectrally distinguished within the ~6-meV width of our
spectral resolution, the first one having a fast diffusion mech-
anism combined with a shorter effective lifetime and a second
one presenting a slow diffusion process and a longer effective
lifetime. In this case, the first population contributes to the
rapid increase of w? while vanishing quickly to make room
for the second contribution having a weak role on the diffusion
process.

In order to qualitatively model the nonlinear diffusion with
an effective negative diffusion deriving from the existence of
the two contributing populations nyr: and nyr we develop the
following rate-equation model:

dl’le) e g nxo
= G + V,.[DyoV,nyo] — — — Bynyon,- —Bynyon,-,
dt Txo
anTl g g nyri
= V,[Dxr1 V,nxr] — + Binyon,-,
dt TxT1
ann = = nyr2
———— = V,[Dxr2 V,nyr2] — + Bynyon,-,
dr Txr2

where G is the generation rate of neutral excitons. nyr1 and
nyr2 populations are determined from the neutral exciton
density nyo via a bimolecular formation with the electron
reservoir n,_ [see scheme in Fig. 4(a)]. The two populations
arise from the solution of the simple diffusion equation in
polar coordinates when considering similar global recombina-
tion lifetimes tyr1 = Ty but different diffusion coefficients
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Dxri # Dyr2. Note that although tyr1 = tyr2 the effective
lifetime of the two populations is different [see Fig. 4(a)] since
the temporal dependence is linked to the spatial dependence.

Solving these equations yields a space-time evolution of
the trion PL intensity Ipp (7, t) o nyri + nyr.. We then ex-
tract the temporal dependence of the spatial PL profile with
the same method used to treat the experimental data. The
modeling of w?(¢) for each individual trion contribution as
well as for their sum (i.e., the PL intensity) is presented in
Fig. 4(b). A satisfactory qualitative agreement is found with
our experimental data. The lifetime values are extracted from
our TRPL data, whose values are consistent with those found
in the literature, i.e., Txo = 1 ps and tyr = txr2 = 60 ps
[22]. The bimolecular recombination coefficients are B} =
0.9 x 107" ecm?/ps and B, = 0.1 x 107! cm?/ps [22]. The
extracted diffusion coefficients Dyo = Dyr = 1 cm?/s are
typical for excitonic species [17], while Dy = 1000 cm? /s is
much larger. However, this high value can also be evaluated by
considering a linear diffusion process in the first picoseconds
(region I) from the relation w? = 4D¢. Such high values have
already been reported for instance for the room-temperature
diffusion of hot excitons in WS, [20].

To better illustrate the role of the two populations in the
nonlinear diffusion process, we plot in Fig. 4(a) the simulated
TRPL signals Ipy for V = —3 V as well as the contribution
of the populations Ipy, = Iy + Iyr1. Figure 4(b) reproduces
the temporal evolution of w?. The colored shaded areas repre-
sent the time boundaries of the three regimes experimentally
observed. Consistent with the experimental results, the first
regime (region I) shows a positive and rapid classical diffu-
sion. This is then followed by an effective negative diffusion
behavior (region II). The change between the two regimes
occurs when the contribution of the X! PL intensity becomes
small enough to observe the PL intensity due to X2, Finally, a
small variation of w? is observed after a certain delay (region
III) where the contribution of X7! becomes negligible com-
pared to X2, Note that if we could experimentally distinguish
the individual contributions of the two populations, we would
obtain the two populations’ w? dependences displayed in
the top of Fig. 4(b) : red for the X”' PL signal and green
for the X2 one. The fast contribution would result in an
effective diffusion coefficient Dy, ~ 450 cm? /s using the lin-
ear relation w? = 4D¢, while an effective diffusion coefficient
Dgow ~ 3cm?/s is obtained considering the slow contribu-
tion of X72. The bottom of Fig. 4(b) represents the first
derivative of the total w? = w?  + w2, to better appreciate
the change from a positive to a negative effective diffusion
behavior.

Although the three-population model reproduces the exper-
imental nonlinear behavior with a relatively good agreement,
the influence of the electron doping cannot be reproduced.
This model is quite insensitive to the variation of n,_. Indeed,
a change of the latter parameter has a weak influence on the
ratio nyri (t)/nxr2 (¢t) which is responsible for the change of
w(t) (see Supplemental Material (SM) for details [34]). In
order to improve the model, we introduce two neutral ex-
citonic populations: a hot and a cold exciton population, as
already considered for the interpretation of diffusion process
in a previous study [38]. In this case, splitting the first equation
of the population nyo in two parts (see SM), allows for the
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FIG. 5. (a) TRPL simulated signal for X7~ for different biases
(resulting in different electron doping densities). (b) TRPL simulated
signals in the first picoseconds for X° and for X7~ at different
biases. (c) Simulated temporal evolution of the PL profile with w?
for different biases. (d) Sketch of the energy levels used in the model
showing the two trion populations X”! and X7? as well as the two
neutral exciton populations X% and X2,

reproduction of the voltage dependence as seen in Fig. 5.
The results shown have been obtained setting Dyr1 = Dyo
and DxTZ = DX(Jz.

As the electron doping is increased, the contribution of X 72
population (with small Dyr:) becomes dominant at shorter
times (with respect to X”! population) which weakens and
shortens the first regime of efficient diffusion [see Fig. 5(c)]
as Dyr2 < Dyri. It is evidenced by the voltage dependence of
the ratio nyr (t)/nyr2 (t); see SM for details [34].

TRPL data are also reproduced with a good agreement as
observed in Fig. 5(a), where a slight variation of the dynamics
with the bias is seen at short time. In particular, the time delay
between the neutral exciton X° PL emission and the trion PL
emission is also found to be reduced as the electron doping
concentration is increased [see Fig. 5(b)]. These results are
in agreement with the experimental observations [inset of
Fig. 3(a)].

The origin of the two trions’ populations is still unclear. As
mentioned earlier, it is unlikely that the experimental results
are related to defects or disorder as a unique diffusion coeffi-
cient cannot reproduce the experimental observation. This is
also consistent with the narrow PL linewidths of the excitonic
species which suggest a high-quality sample. One possibility
would be the presence of hot- and cold trion populations
that cannot be distinguished within the 6-meV width of our
spectral window. A hot population of trionic species has been
shown to slightly increase the PL spectral width at low en-
ergy [39] and its dynamics can correspond to what has been
theoretically reported for WSe, [40], especially this material
having a hot population lifetime of a few picoseconds. This
hypothesis is also supported by the experimental observation
of excitonic complexes at 300 K in perovskite materials [19]
and WS, [20]. Moreover, some theorical investigations on
the effective negative diffusion for excitons also put forward
thermalization mechanisms with intervalley exciton-phonon
scattering [41] or interaction with the electron gas [42]; also
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see Supplemental Material [34]. Finally, we point out that no
effective negative diffusion is seen on the negatively charged
dark trion species. This might be explained by its relatively
long lifetime where efficient thermalization might occur be-
fore recombination. The monoexponential TRPL signal of this
excitonic complex could also be an indication of the relaxation
of a single population as compared to the negatively charged
bright excitons for which a roughly biexponential decay is ob-
served. The diffusion coefficient of X P~ is slightly reduced by
the electron doping (see Supplemental Material [34]), which
would be consistent with a reduction of the thermalization
while increasing the cold electronic reservoir. Overall, the
experimental data and the model suggest the existence of effi-
cient transport mechanisms assisted by hot population. These
effects are only visible if the effective lifetime of the excitonic
complex is sufficiently small compared to the thermalization
time. To confirm this hypothesis, a pump-probe experiment
combining picosecond time resolution and a meV spectral
resolution could be performed in the future.

IV. CONCLUSION

We have investigated the transport properties of nega-
tively charged excitonic complexes in WSe, monolayers. A

nonlinear diffusion process is revealed for the two bright
trions where an effective negative diffusion is evidenced. A
phenomenological model highlights the contribution of two
populations with, respectively, a fast and efficient diffusion
mechanism for the first one and a slow but inefficient dif-
fusion mechanism for the second one. The coexistence of
two populations might also be present for the neutral exciton
and could originate from a hot and cold populations. As a
general trend, hot populations would have a large diffusion
coefficient before they thermalize. Although this hypothesis
might require further experimental studies, our results indicate
that an efficient transport mechanism in TMD materials can be
tuned by controlling the thermalization rate.
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