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Conceptual Insight

We introduce and demonstrate a concept of controlling exciton transport in 2D
semiconductors by dielectric environment engineering. The concept of excitonic devices
has been proposed for several decades; however, its implementation has been hindered by
the lack of materials suitable for room-temperature operations. The recently discovered 2D
semiconductors offer a promising system for such devices due to their stable excitonic
states at room temperature. One challenge in excitonic devices is to control the transport
of excitons, which are neutral quasiparticles and thus less responsive to an electric field.
Using monolayer MoSe> as a model system, we demonstrate an approach to control exciton
transport by altering the local dielectric environment with thin BN layers. The method is
based on the fact that in 2D materials the Coulomb interaction between charged particles
extends to the environment, which provides opportunities to control the electronic and
optical properties of 2D materials by manipulating their surroundings. The results illustrate
the feasibility of using dielectric engineering to control exciton transport and help
understand the effects of dielectric environment on excitons and charge carriers.



Nanoscale Horizons Page 2 of 6

! ROYAL SOCIETY
OF CHEMISTRY

Journal Name

Controlling Exciton Transport in Monolayer MoSe, by
Dielectric Screeningf

Cite this: DOI: 10.1039/XXXXXXXXXX

Shengcai Hao,*” Matthew Z. Bellus,” Dawei He,* Yongsheng Wang,** and Hui Zhao*”

Received Date
Accepted Date
Due to their atomic thinness with reduced dielectric screening, two-dimensional materials can

possess a stable excitonic population at room temperature. This is attractive for future excitonic
devices, where excitons are used to carrier energy or information. In excitonic devices, controlling
transport of the charge-neutral excitons is a key element. Here we show that exciton transport in
a MoSe, monolayer semiconductor can be effectively controlled by dielectric screening. A MoSe;
monolayer was partially covered by a hexagonal boron nitride flake. Photoluminescence mea-
surements showed that the exciton energy in the covered region is about 12 meV higher than the
uncovered region. Spatiotemporally resolved differential reflection measurements performed at
the junction between the two regions revealed that this energy offset is sufficient to drive excitons
across the junction for about 50 ps over a distance of about 200 nm. These results illustrate
the feasibility of using van der Waals dielectric engineering to control exciton transport and con-
tribute to understanding effects of dielectric environment on electronic and optical properties of
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two-dimensional semiconductors.

1 Introduction

Current generation of electronic devices use electrons to carrier
energy or information. Their small de Broglie wavelength allows
nanoscale device sizes and thus high-density integration. How-
ever, as charged particles, electrons interact strongly with their
environment, leading to fast decoherence and strong inhomo-
geneity. Photonic devices, on the other hand, can harness the
excellent coherent properties of light. However, they demand
micrometer-scale dimensions and thus are challenging for high-
density integration. Excitons, formed by electrons and holes,
are neutral quasi-particles with a nanometer size. Thus, they
can potentially combine the advantages of electrons and pho-
tons. Indeed, excitonic devices have been previously proposed
and demonstrated 12, However, their application has been hin-
dered because in most semiconductors the excitons are unstable
at room temperature.

The recently discovered two-dimensional (2D) semiconduc-
tors3# offer a promising system for excitonic devices. Due to the
enhanced Coulomb interaction, the exciton binding energies in
these materials are much larger than the room-temperature ther-
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mal energy, making excitons stable at room temperature >-°, Exci-
tons in 2D semiconductors also showed novel transport properties
even at room temperature’. Hence, excitons in 2D semiconduc-
tors can be used to couple electronic and photonic systems, or
even in future room-temperature excitonic devices8. For such ap-
plications, controlling transport of the electric-neutral excitons in
2D semiconductors is a key requirement.

Here we demonstrate an approach to control exciton transport
by altering the local dielectric environment. The method is based
on the fact that in 2D materials the Coulomb interaction between
charged particles extends to the environment, which provides op-
portunities to control the electronic and optical properties of 2D
materials by manipulating their surroundings®1°. Specifically,
we control exciton transport in a MoSe, monolayer by using a
hexagonal boron nitride (h-BN) top layer. We show that the h-
BN layer increases the optical bandgap of MoSe;, and thus cre-
ates an energy offset at the junction to drag excitons across the
junction. Very recently, lateral homojunctions with controllable
charge currents have been achieved by local gating 1619, chemi-
cal doping2°, and strain engineering?!. However, control of neu-
tral exciton transport has been rarely demonstrated. Our results
illustrate the feasibility of using dielectric engineering to control
exciton transport. They also contribute to understanding effects
of the dielectric environment on excitons and charge carriers in
general. With industry trends beginning to move towards 3D de-
vice integration, it is likely that future applications of 2D materials
will also involve multilayer structures. Thus, understanding the
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Fig. 1 (a) Schematics of sample structure. (b) Optical microscope im-
age of one of the samples used in this study. (c) Energy diagram of the
sample showing the bandgap (E,) and exciton energy (E,) of the uncov-
ered (left) and covered regions of MoSe, monolayer (right) (d) Normal-
ized photoluminescence (curves) and peak differential reflection signal
(symbols) measured from the uncovered (red) and covered (blue) regions
of MoSe;.

effect of neighboring materials on excitons and charge carriers is
important.

2 Experimental

2.1 Sample Fabrication

Figure 1(a) shows schematically the structure of the sample stud-
ied, where a monolayer MoSe; on a Si/SiO, substrate is par-
tially covered by an h-BN multilayer. The sample was fabri-
cated by mechanical exfoliation followed by a dry transfer pro-
cess. First, MoSe; flakes were exfoliated from a bulk crystal to
a polydimethylsiloxane (PDMS) substrate. A monolayer flake
was identified according to its optical contrast, by using previ-
ously established relations between the green channel contrast
and the thickness for thin layers on transparent substrates22-23,
The monolayer flake was then transferred onto a Si/SiO, (90
nm) substrate and annealed at 200°C in a H,/Ar environment
for 2 hours. To further confirm its monolayer thickness, Raman
spectrum was measured (see ESI) and the result is consistent with
previously reported Raman spectra of monolayer MoSe, 2425, A
relatively thick h-BN flake (about 5 - 10 nm, estimated by opti-
cal contrasts26) was obtained by the same exfoliation procedure
and was transferred on top of the MoSe, monolayer. The actual
sample is shown in Figure 1(b).

Due to the screening effect of the h-BN top layer, the elec-
tronic structure of MoSe, monolayer is expected to be modi-
fied 10:27-29 Figure 1(c) shows the transport bandgap (E,), the
optical bandgap (or exciton energy, E,), and the exciton binding
energy (E;) of the uncovered (left) and covered (right) regions of
the MoSe; monolayer, where E, = E, + E},. Due to the screening
effect of h-BN, E, is reduced by an amount of AE,. Previous stud-
ies have revealed that the screening effect on the electron-hole
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interaction also reduces E; by a similar amount. As a result, the
change of Ey, AE, = AE, — AE}, can be very small 1027729,

2.2 Photoluminescence Spectroscopy

In photoluminescence (PL) measurements, a 405-nm continuous-
wave laser beam was focused through a microscope objective lens
to a size of about 1 um. The resulting PL emission spectra are
shown in Figure 1(d) for the uncovered (red curve) and cov-
ered regions (blue curve) of MoSe;, respectively. Both spectra
are normalized for better comparison. In both regions, the PL
is dominated by the radiative recombination of the A-excitons in
MoSe,30. The PL peak energy of the covered region is about 12
meV larger than the uncovered region. Furthermore, the PL peak
of the covered region is higher by a factor of about 2.4 than that
from the uncovered region. The small change of the PL energy
can be attributed to the near-perfect cancellation of the changes
in E, and Ej, by h-BN10-27-29 Tt is interesting to note that the sign
of AE, shows that the change in E,, is slightly larger than that of
E,. We note that the optical measurements performed here can
only obtain AE,. However, it has been reported that the change
of E, could be on the order of a fraction of 1 eV!C. In addition,
the h-BN of 5 - 10 nm is expected to be thick enough to screen the
majority part of the field, producing the nearly maximum effect.

2.3 Spatially Resolved Transient Absorption Measurements

The spatiotemporally resolved differential reflection measure-
ments were performed with a transient absorption microscope. A
Ti-doped sapphire laser produces 100 fs pulses near 790 nm, with
a repetition rate of 80 MHz. Part of this output was directly used
as the probe pulse. The rest of it was used to pump an optical
parametric oscillator to produce a 1400-nm signal output, which
is frequency-doubled to 700 nm, serving as the pump pulse. The
two beams are combined by a beamsplitter and are send to a mi-
croscope objective lens. The reflected probe is sent to a silicon
photodiode, the output of which is measured by a lock-in ampli-
fier referenced to a chopper that modulates the pump intensity at
about 2 KHz. The spatial scan is achieved by tilting a mirror in the
pump arm with a motorized mirror mount. The time scan is done
by controlled by the length of the pump arm by a linear stage.
Differential reflection of the probe is measured, which is defined
as AR/Ry = (R—Ry)/Ry. Here, R and Ry are the probe reflection
with and without the presence of the pump beam, respectively.
We confirm that under the experimental conditions used here,
the differential reflection is approximately proportional to the in-
jected carrier density31:32, Hence, its spatial and temporal varia-
tions reflects the spatiotemporal dynamics of the photocarriers.

3 Results and discussion

We first measured the peak differential reflection on each side of
the junction as a function of the probe photon energy. The 1.75-
eV pump pulse with a fluence of about 14 uJ cm~2 injects a peak
carrier density of about 4.8x10!'! cm~2, based on an absorption
coefficient of 1.37x107 m~! in MoSe, for this pump energy33.
The normalized peak differential reflection at each probe energy
is shown in Figure 1(d) as the red and blue symbols for the uncov-

This journal is © The Royal Society of Chemistry [year]
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Fig. 2 Differential reflection signal of a 1.57-eV probe measured from the
uncovered (red squares) and covered (blue circles) regions of the MoSe,
monolayer sample, under the pump of 1.75 eV. The light-gray curves are
bi-exponential fits. The inset provides a closer view of the data in early
probe delays, with the data from the uncovered region scaled by a factor
of 2.33.

ered and covered regions, respectively. In these measurements,
the probe delay is close to zero such that the differential reflection
signal is the maximum. The spectral shape of the peak differen-
tial reflection signal is similar to the PL line shape. In each region,
the peak differential reflection spectrum appears to be red-shifted
with respect to the PL peak. Similar to the PL results, there is a
noticeable blue shift (about 10 meV) of the peak when covered
with h-BN.

We next time-resolved the photocarrier dynamics by measur-
ing the differential reflection signal as a function of probe delay.
The red symbols in Figure 2 show the signal obtained with the
1.75-eV-pump and 1.57-eV-probe spots overlapped and located in
the uncovered region. The same pump fluence of 14 uJ cm™2 was
used in this measurement. The inset of Figure 2 shows the data at
early probe delays. The rapid drop of the signal before 1 ps can be
attributed to the formation of excitons from the injected electron-
hole pairs 343>, The rest of the decay can be fit by a bi-exponential
function with a background, AR/Ry = Ag+Aje "/ +Aye ™"/, as
shown by the light-gray curve over the red symbols in the main
panel. The two decay constants are 16 +2 and 114 +4 ps, respec-
tively. According to previous studies, the fast time constants could
reflect impact of multi-exciton processes, while the slow time con-
stant can be attributed to the nonradiative recombination lifetime
of excitons32. Moving the laser spots to the h-BN covered region,
we studied the photocarrier dynamics in that region (blue sym-
bols in Figure 2). The peak signal is 2.33 times higher. This factor
is close to the ratio of the PL intensities of the two regions, sug-
gesting that the difference is mainly caused by the difference in
the pump powers delivered to the MoSe; layers. The two time
constants are 16 +2 and 88 +4 ps, respectively. The decreased ex-
citon lifetime when covered with h-BN could be attributed to the
decreased exciton binding energy from the dielectric screening.

We now show results of spatiotemporally resolved differential

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 (a) Spatiotemporally resolved differential reflection measurements
on a junction between covered and uncovered monolayer MoSe,. (b)
Spatial profiles at each probe delay for the data in (a).

reflection measurements to reveal the transfer of excitons across
the junction between the two regions. For these measurements,
the 1.57-eV probe spot with a full-width at half maximum of
about 0.6 um is centered near the junction. A 1.68-eV pump spot
of a similar size was used to inject carriers with a peak density of
about 10'2 em~2. The pump spot is scanned across the probe spot
along the direction normal to the junction. At each pump posi-
tion, the differential reflection signal was measured as a function
of the probe delay. The results are shown in Figure 3(a). The ver-
tical black line represents the estimated position of the junction
between the covered and uncovered regions. Clearly, the peak of
the measured spatial profile shifts towards the direction of uncov-
ered region over time. This suggests that excitons formed in the
covered region of the sample move across the junction into the
uncovered region, driven by the energy offset. The correspond-
ing profiles for various probe delays are plotted in Figure 3(b) as
the symbols, from which the peak shift is also clearly visible.
Although the shift of the peak position is a clearly indication of
the exciton transport across the junction, to quantify this process,
it is necessary to deconvolute the measured profiles with the fi-
nite probe spot, since the shift is much smaller than the spot sizes
used in the measurement. For this purpose, we used a rigid-shift
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Fig. 4 (a) Peak position of the spatial profile from the model shown in
Figure 3(b) as a function of probe delay. (b) The displacement of the
profile deduced from the model as a function of the probe delay.

model: The exciton spatial profile at zero time was represented
by the sum of two half Gaussian functions that are connect at the
junction. The heights of the two halves are adjusted to match
the excitation density difference of the covered and uncovered
regions. For each probe delay, the half-Gaussian function of the
covered side was shifted across the junction by a certain displace-
ment. The resulted profile (that is, the sum of the two halves)
is convoluted with the profile spot. The result is compared with
the data and when needed, the displacement was adjusted to fit
the data. Details of this procedure is given in ESI. As shown by
the curves in Figure 3(b), this procedure produced profiles that
are reasonably agree with the data. The peak position extracted
by the model is plotted in Figure 4(a). We note that the shift of
the peak position of several tens of nanometers is smaller than
the laser spots of 0.6 um. However, since the shift is determine
by the fit of the entire profile, it is not limited by the laser spot.
Figure 4(b) summaries the displacement of the profile deduced
from the model. The exciton profile in the covered region moves
with an initial speed of about 10 nm ps~!, which drops to about a
quarter of this value in about 30 ps. Due to the simple rigid shift
model used, the speed extracted should be viewed as an order-
of-magnitude estimate. Understanding the exciton transport at a
quantitative level as well as the dependence on the energy offset
require a more sophisticated model, which is beyond the scope of
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this experimental work.

4 Conclusions

In summary, we have demonstrated control of exciton transport
through the dielectric screening effect. Photoluminescence and
differential reflection measurements showed that covering mono-
layer MoSe, with h-BN increases its optical bandgap by about 12
meV. Spatiotemporally resolved differential reflection measure-
ments performed at the junction between the uncovered and h-
BN-covered regions revealed that such an offset can drive exci-
tons from the covered to the uncovered regions, with an initial
speed on the order of 10 nm ps~!. These results illustrate the
feasibility of using van der Waals dielectric engineering to control
exciton transport and contribute to understanding effects of di-
electric environment on electronic and optical properties of two-
dimensional semiconductors.
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