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ABSTRACT: Ultrafast charge transfer processes provide a facile way to

Pump

create interlayer excitons in directly contacted transition metal dichalcoge-
nide (TMD) layers. More sophisticated heterostructures composed of
TMD/hBN/TMD enable new ways to control interlayer exciton properties

and achieve novel exciton phenomena, such as exciton insulators and
condensates, where longer lifetimes are desired. In this work, we
experimentally study the charge transfer dynamics in a heterostructure
composed of a 1 nm thick hBN spacer between MoSe, and WSe,
monolayers. We observe the hole transfer from MoSe, to WSe, through
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the hBN barrier with a time constant of 500 ps, which is over 3 orders of

magnitude slower than that between TMD layers without a spacer.

Furthermore, we observe strong competition between the interlayer charge transfer and intralayer exciton—exciton annihilation
processes at high excitation densities. Our work opens possibilities to understand charge transfer pathways in TMD/hBN/TMD
heterostructures for the efficient generation and control of interlayer excitons.

KEYWORDS: Ultrafast dynamics, transient absorption spectroscopy, interlayer charge transfer, exciton—exciton annihilation,

van der Waals heterostructures

Interlayer excitons are bound electron—hole pairs where the
constituent electron and hole are spatially separated near
the junction of two layered semiconductors. They are
energetically favorable in a heterobilayer with type-II band
alignment or in a homobilayer with an out-of-plane electric
field. In directly contacted transition metal dichalcogenide
(TMD) heterostructures, interlayer excitons can be easily
generated by any optical excitations above one of the intralayer
exciton energies, owing to ultrafast and efficient charge transfer
processes from one layer to the other.'™*

Adding a thin hexagonal boron nitride (hBN) layer to make
a TMD/hBN/TMD heterostructure provides the opportunity
to engineer many properties of the interlayer excitons, such as
their binding energy, dipolar exciton—exciton interaction
strength, and charge transfer dynamics. Since electrons reside
in one layer and holes reside in the other layer that are
separated by the hBN layer, the spatial overlap between their
wave functions is poor, and their radiative lifetimes can be
much longer’ than those of directly contacted TMD/TMD
heterostructures.””” A long lifetime is one of the key properties
that allows us to reach novel excitonic phases in equilibrium,
including excitonic insulators”'®'" and Bose—Einstein con-
densates,'” where excitons need to interact for a sufficiently
long time before they recombine and disappear. In addition,
the aligned nature of the permanent dipole moments of
interlayer excitons leads to enhanced exciton—exciton
interaction strength with increased hBN thickness."> The
dipolar interaction strength of interlayer excitons can exceed
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the exchange interaction between neutral excitons, which can
be used to stabilize strongly correlated excitonic phases.”' "'

Although the hBN layer is beneficial for realizing long-lived
and strongly correlated interlayer excitons, it exponentially
suppresses the tunneling probability and the charge transfer
rate. This will hamper the generation of such interlayer
excitons through optical excitations. An experimental study of
these effects in TMD/hBN/TMD heterostructures would be
crucial for understanding the dynamics of interlayer exciton
formation and for optimizing the strongly correlated excitonic
phases.

Transient absorption spectroscopy is a powerful tool to
investigate the interlayer exciton dynamics, where pump-
induced changes of absorption peaks are probed as a function
of the time delay between pump and probe pulses. Since the
intralayer exciton peak changes (induced by the presence of
interlayer excitons) are probed in these measurements, the
vanishing oscillator strength of interlayer excitons’ does not
prohibit the measurement; for this reason, transient absorption
spectroscopy has been primarily used to study the dynamics of
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Figure 1. Charge transfer pathway and pump—probe measurement scheme. (a) Charge transfer pathway in real space. A quasiresonant pump pulse
creates MoSe, excitons (red arrows). Holes in the MoSe, layer are transferred to the WSe, layer (blue arrow). The WSe, exciton absorption
spectrum is monitored by a broadband probe pulse (yellow arrow). The transfer process is accompanied by a real-space displacement of holes by
1.6 nm (dypy = 1.0 nm) and energy relaxation by AE = 0.3 eV. (b) Charge transfer pathway in momentum space. For the device with 6, = 20°,
the transfer process is accompanied by a momentum shift of Ak &~ 0.44 A™". (c) A microscope image of the MoSe,/hBN/WSe, heterostructure.
Graphite gates and contacts (gray shaded area) are grounded unless otherwise noted. (d) Schematic of the layered structure. Incident pulse
intensity I; is reflected (I,), transmitted (I,), and absorbed by the TMD layers, while only the reflected part is measured in the sample + background
(“sb”) region and the background (“b”) region. (e) Reflection contrast spectrum at 100 K (blue circles) and a fit (orange line) using the transfer-
matrix simulation described in the main text. A normalized pump spectrum is shown as the gray shaded area (inverted vertical axis on the right-

hand side).

1,16—22 .
charge transfer processes.”’ Here, using the same

technique, we investigate the ultrafast charge transfer dynamics
in a heterostructure composed of a 1 nm thick hBN spacer
between MoSe, and WSe, monolayers. We reveal that the hole
transfer from MoSe, to WSe, across hBN takes place with a
time constant of ~500 ps, which is over 3 orders of magnitude
slower than the charge transfer between directly contacted
TMD layers (<100 fs). In addition, we show that there is a
strong competition between the interlayer charge transfer and
intralayer exciton—exciton annihilation processes in this system
at high excitation densities.

Figure lab illustrates our experimental scheme. We first
create MoSe, intralayer excitons using a quasiresonant pump
pulse, which essentially does not create WSe, excitons (EpumP
~ Eyose, < Ewse,). After a time delay (At = t,gpe — toump); @
broadband probe pulse (1.55—1.91 eV) measures the WSe,
intralayer exciton absorption peak. Holes dissociated from the
MoSe, excitons are transferred to the WSe, layer and relaxed
to its band edge, which saturate the WSe, intralayer exciton
absorption by Pauli blocking. A microscope image and
schematic layered structure are shown in Figure 1lc,d,
respectively. The hBN spacer consists of three atomic layers,
which is confirmed by an atomic force microscope (AFM)
measurement (see Figure Slab). The twist angle between
MoSe, and WSe, layers is determined to be 19.5° by a
polarization-dependent second-harmonic generation measure-
ment (see Figure Slc).
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Due to limitations in typical experimental configurations
(e.g, opaque substrate or cryostat sample holder, see Figure
S2), it is common that only the reflection is measured. To
separate the optical features of the sample (MoSe,/hBN/
WSe,) from the background (SiO,/Si substrate and other
dielectric layers) and to eliminate the effect of the uneven
probe spectrum, we measure a reflection contrast spectrum,
defined as (I* — I°)/I°, where I is a reflection spectrum
measured in a region with sample and background (“sb”), and
I is a reflection spectrum measured in a background (“b”)
region, as defined in Figure 1d. The measured reflection
contrast and pump spectra are shown in Figure le. The pump
is mostly resonant with MoSe, excitons, although it is slightly
red-shifted to reduce the direct generation of WSe, excitons
and carriers. The small spectral mismatch is taken into account
in the calibration of pump absorption by the MoSe, layer (see
Figure S4).

The local field at the TMD layers can be vastly different
from that of a free-space field due to the interference between
reflections from multiple interfaces in the layered structure.
Depending on the structure’s dimensions and dielectric
properties, the Fano-like line shapes and peak heights of
resonances can dramatically vary even with the same TMD
layer. Therefore, it is crucial to perform transfer-matrix
calculations to estimate the absolute values of absorption
(see the Supporting Information for details of the calibration).
A result of the transfer-matrix fitting to the measured reflection
contrast spectrum, starting from known thicknesses and

https://doi.org/10.1021/acs.nanolett.2c04030
Nano Lett. 2022, 22, 10140—10146


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c04030/suppl_file/nl2c04030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c04030/suppl_file/nl2c04030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c04030/suppl_file/nl2c04030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c04030/suppl_file/nl2c04030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c04030/suppl_file/nl2c04030_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c04030/suppl_file/nl2c04030_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04030?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04030?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04030?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04030?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c04030?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

a 4 b c
5.0 210 0.2 5
Appearance [—e— pump off ——Pump off ——Pump off
. of trions  |—e—Pump on % 04 ——Pump on 4 ——Pump on
©845 Bkg © . =
5 £ <
3 p20%%%%%e g 00 c 3
e S
240 5 =
s 5 -0.1 S 2
c [0} %]
£35 ) <
c 9.
- Saturation ©-02 1
of excitons
3.0 -0.3 0
1.68 1.70 1.72 1.68 1.70 1.72 1.68 1.70 1.72
Energy (eV) Energy (eV) Energy (eV)

Figure 2. Determination of WSe, absorption spectra with and without the pump at 100 K. (a) Raw reflection intensities of the broadband probe in
the background region (yellow), in the sample region without the pump (blue), and in the sample region with the pump (orange). The pump

fluence was F,

oump = 394 4]/ cm?, corresponding to the initial MoSe, exciton density n,,(At = 0) = 3.0 X 10'* cm™2. The pump-on spectrum is taken

at a time delay of 30 ps, when the hole transfer process is completed. (b) Reflection contrast spectra with and without the pump (blue and orange
circles, respectively). The best fits to the transfer-matrix calculations are shown as blue and orange lines. (c) Extracted absorption profiles with and

without the pump (blue and orange lines, respectively).
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Figure 3. Pump—probe spectra at 100 K and transient spectral analysis. (a,b) Differential transient reflection spectra (AR/R) as a function of the
probe energy and time delay at low and high pump fluences. (c,d) Line cuts of transient reflection spectra at various time delays (different colors)

and at low and high pump fluences.

dielectric constants of each layer, is shown as the orange line in
Figure le. From the absolute values of the reflection contrast
spectrum, not only are the central energies and line widths
extracted but also the absolute values of absorption by each
TMD layer are determined (see Figure S4), which cannot be
simply read from the reflection contrast values.

Figure 2a shows representative transient reflection spectra
measured by the probe with and without the pump, which we
denote as R,yn on and Ry o Tespectively. The pump-on
spectrum is taken with a high pump fluence (Fpump =394 uJ/
cm?) and at a pump—probe time delay when the hole transfer
is completed (At = 30 ps). A probe spectrum in the
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background region is also measured to obtain the reflection
contrast spectra shown in Figure 2b. At this high pump fluence,
the exciton absorption peak saturates, and the trion absorption
peak (~20 meV below the exciton energy) emerges. Transfer-
matrix calculations including these two peaks can successfully
reproduce the measured reflection contrast spectra shown in
Figure 2b, and the extracted absorption profiles are shown in
Figure 2c.

We then varied the time delay to measure the charge transfer
dynamics. Figure 3a,b shows the transient reflection spectra at
low and high pump fluences, respectively. To visualize small
changes in the reflection intensities, we plotted their
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Figure 4. Transient spectral analysis as a function of time delay. Absolute values of (a) pump-induced absorption change AA/A, (b) pump-induced
line width broadening AT, and (c) pump-induced energy shift AE, when the initial MoSe, exciton densities are ,,(0) = 4.1 X 10" cm™ (blue) and
1,(0) = 3.0 X 10" cm™ (orange). Filled circles are the best-fit parameters from the transfer-matrix calculation at each time delay, and shaded

regions denote the 90% confidence interval from the fitting.
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differential changes, namely, AR/R = (RP = Ryump o)/
R},‘Jmp of In stark contrast to pump—probe spectra measured on
similar devices without any hBN spacer,'Figure 3a shows that
the WSe, exciton peak at 1.6923 eV rises slowly and saturates
by ~100 ps when the pump fluence is low, which corresponds
to the initial MoSe, exciton density n,,(At = 0) = 4.6 X 10"
cm™2 When the initial MoSe, exciton density is increased to
n,(0) = 2.7 X 10" cm™2, the WSe, exciton peak saturates by
~30 ps, as shown in Figure 3b. The observed density-
dependent dynamics suggests that nonlinear interactions are
involved in the charge transfer process in the MoSe,/hBN/
WSe, heterostructure. The vertical line cuts of transient
reflection spectra at various time delays are shown in Figure
3c,d, which reveal both the saturation of the exciton peak
(AR/R > 0) and the appearance of a trion peak (AR/R < 0).

ump on

10143

To quantitatively measure physical properties, we analyzed
the reflection contrast spectrum at each time delay and fit it to
the transfer-matrix calculation result. We used the Lorentzian
oscillator model with complex dielectric constants to
approximate the WSe, absorption resonance and used the
oscillator strength f, central energy E, and line width I as fitting
parameters at each time delay. Other parameters are fixed to
the values obtained from the fitting without the pump (the fit
result shown in Figure le). The time traces of the extracted
quantities are plotted in Figure 4. We calculated AA/A =
(Apump on = Apump oft) /Apump ofp Where A is the absolute value of
the absorption, as well as the pump-induced line width
broadening AI' = ['ynpon — Dpump o and pump-induced
energy shift AE = E,,0n — Epump o Excitation-density-
dependent saturation dynamics is observed (Figure 4a), and
the line width broadening dynamics follows a similar trend

https://doi.org/10.1021/acs.nanolett.2c04030
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(Figure 4b). The absorption saturation and line width
broadening effects can be understood as a result of the Pauli
blocking at the WSe, exciton state by the transferred holes, and
these effects are consistent with the repulsive polaron picture.”®
On the other hand, the peak energy slightly red-shifts
immediately at At = 0 and then blue-shifts at later time
delays. We attribute the initial red-shift to the dielectric
screening effect from carriers in the MoSe, layer; thus, the
effect occurs instantaneously after the optical excitation and
does not reflect the charge transfer dynamics. After the carrier-
induced screening decays, the transferred holes result in the
blue-shift of the WSe, exciton peak (as well as its saturation
and broadening). We emphasize that such spectral analysis and
transfer-matrix calculations are crucial to deconvolute various
processes from complicated transient reflection spectra and to
obtain meaningful results.

From a separate gate-dependent reflection contrast measure-
ment (see Figure S5), we were able to correlate the density of
transferred holes in the WSe, layer, n,,, and the change of WSe,
exciton absorption induced by hole doping. This way, we can
convert the pump-probe AA/A data (as in Figure 4a) to n,,
which is plotted in Figure S5a as a function of the time delay
and excitation density. The estimated density of MoSe,
excitons created by the pump, n,(At = 0), ranges from 5.6
X 10" to 5.5 X 10'* cm™ (see the Supporting Information for
details of the calibration). The hole transfer time scale is not
only much slower than that without an hBN spacer but also
strongly density-dependent. Due to the slower time scale, it
competes with several other processes at the picosecond time
scale. Most importantly, the exciton—exciton annihilation
process within the MoSe, layer becomes very important at
higher pump fluences.”**

The maximum density of transferred holes, max[n, (At)], is
plotted in Figure 5b, and the charge transfer efficiency, defined
as max[n,(At)]/n,(0), is plotted in Figure Sc. As the
excitation density is increased, there is increased competition
between the charge transfer and other nonlinear processes,
which leads to a less efficient transfer. This behavior is different
from devices without an hBN spacer,'® where the charge
transfer process dominates all other losses and a linear increase
of max[n, (At)] is observed as a function of n,(0) until the
transferred hole density becomes too large. In a similar device
but with a 3 nm thick hBN spacer, the charge transfer becomes
too slow and inefficient, so we were not able to measure any
appreciable change of the WSe, exciton peak within the
measurement window (500 ps).

To quantitatively understand the density-dependent dynam-
ics and competition between different processes, we used
coupled rate equations to solve for the exciton and hole
densities. The exciton density in the MoSe, layer is denoted by
n,, while the transferred hole density in the WSe, layer is
denoted by n,. The rates of their population change can be
expressed as

dn,, 1

- _ _ = 2 _
dt - ymnm 2 }/mmnm ytnm (1)
dﬂw + + 1 2
— ==Y n n — n
dt yw w yt m 2 me m (2)

where y,, is the MoSe, exciton population decay rate, ¥,, is the
WSe, hole population decay rate, y,,, is the MoSe, exciton—
exciton annihilation rate, and y, is the hole transfer rate from
MoSe, to WSe,. The last term in eq 2 represents a nonlinear

charge transfer mechanism, where the high-energy excitations
created by the exciton—exciton annihilation provide additional
transfer pathways.

We numerically solved the coupled differential equations
with fitting parameters to reproduce the measured density-
dependent dynamics and plotted it in Figure Sa as gray dotted
lines. The global parameters that give best fits to all excitation
densities are y,, = (100 ps)™", ¥, = (4 n8)™}, ¥sum = 0.3 cm?/s,
and 7, = (500 ps) ™" (see Figure S8 for fit results using different
starting parameters). The value of y,,, is consistent with that
observed in a previous study with a MoSe, monolayer,” and
the intralayer exciton decay rate y,, represents the effective rate
that includes radiative decay, nonradiative decay, and the
dynamics between bright and dark excitonic species’® (see
Figure S7 for a separate measurement). Without the nonlinear

1 .
charge transfer term 297, n2, the very steep saturation at

m
higher excitation densities cannot be reproduced with any
reasonable fit parameter values. We estimate that @ = 0.023,
which implies that about 2.3% of the annihilated particles
eventually find a way to the WSe, layer.

The hole transfer time of 500 ps is over 3 orders of
magnitude longer than that observed in a directly contacted
MoSe,/WSe, heterostructure (<100 fs). The phonon
relaxation time to the band edge is negligibly short (optical
phonons at ~40 meV can be emitted efficiently at the
femtosecond time scale’” %), so the charge transfer process is
only slowed down by the increased tunneling barrier and
reduced interlayer coupling. However, even though the transfer
time scale is much slower, the overall transfer efficiency is still
significant, so the optical generation of interlayer excitons is
minimally compromised.

The measured efficiency shown in Figure Sc gives additional
bounds to the fitting result. In the low-excitation-density limit,
the analytical solutions of eqs 1 and 2 show that the transfer
efficiency should be 77 = 7,/(¥; + 7). The measured efficiency
of 16% at the lowest excitation density implies that the transfer
time 7, is about S times longer than the exciton lifetime 7,
which is consistent with the measurements and fit results. Note
that, without the density-dependent measurements, the lowest-
density data alone cannot satisfactorily distinguish the charge
transfer time 7, from other time scales on the same order. In
addition, we exclude the possibility of faster charge transfer at
higher excitation densities, which would result in higher
transfer efficiencies at higher excitation densities. Therefore, we
confirm that the charge transfer rate is indeed hundreds of
picoseconds in MoSe,/1 nm hBN/WSe,.

In conclusion, we used a thin hBN spacer between MoSe,
and WSe, monolayers to study the effects of the tunneling
barrier on the charge transfer time scale and efficiency. We
extracted pump-induced saturation, energy shift, and line width
broadening at each time delay to distinguish different processes
that affect the absorption peak. Density-dependent saturation
dynamics reveals competing processes such as exciton—exciton
annihilation and nonlinear charge transfer processes. By fitting
the solution of coupled rate equations to the measured density-
dependent charge transfer dynamics, we found that the
intrinsic charge transfer time is ~500 ps, which is over 3
orders of magnitude slower than without a spacer. Our work
opens possibilities of investigating the factors contributing to
charge transfer, e.g, the effects of momentum mismatch
between the layers, which have not been feasible in directly
contacted TMD heterostructures due to the extremely fast
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time scale. Understanding the charge transfer process across
various thicknesses of an hBN spacer will allow us to further
optimize the generation and control of interlayer excitons with
tunable dipole moments and lifetimes.
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