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ABSTRACT: Optically dark excitons determine a wide range of
properties of photoexcited semiconductors yet are hard to access
via conventional time-resolved spectroscopies. Here, we develop a
time-resolved ultrafast photocurrent technique (trPC) to probe the
formation dynamics of optically dark excitons. The nonlinear
nature of the trPC makes it particularly sensitive to the formation
of excitons occurring at the femtosecond time scale after the
excitation. As a proof of principle, we extract the interlayer exciton
formation time of 0.4 ps at 160 μJ/cm2 fluence in a MoS2/MoSe2
heterostructure and show that this time decreases with fluence. In
addition, our approach provides access to the dynamics of carriers
and their interlayer transport. Overall, our work establishes trPC as
a technique to study dark excitons in various systems that are hard
to probe by other approaches.
KEYWORDS: interlayer dark exciton, transition metal dichalcogenides (TMDs), 2D semiconductor heterostructures,
time-resolved photocurrent, interlayer dark exciton dynamics, time-resolved differential reflectivity

Coulomb-bound electron−hole pairs (excitons) dominate
the optical response of low-dimensional (0D, 1D, 2D)

semiconductors.1 While early studies focused on optically
allowed bright excitons, optically forbidden “dark” excitons
have been studied much less. The radiative recombination of
these latter excitons is suppressed as they involve states with
nonzero total momentum, noninteger total spin, or spatially
separated electron and hole wave functions.1,2 Due to the weak
interaction with light, these states exhibit a long lifetime. This
behavior of spin dark excitons is critical in understanding the
efficiency limitations of charge collection in perovskite solar
cells and photoluminescence (PL) in quantum dots.3,4

Momentum dark excitons are the lowest energy excitation in
many transition-metal dichalcogenides (TMDs).5 Because of
that, dark states likely dominate the long-range transport of
excitons,6,7 determine temperature-dependent optical spectra,8

and are responsible for long-lived spin signals.9,10 Furthermore,
dark excitons are promising for realizing interacting bosonic
many-body states including the Bose−Einstein condensate and
excitonic Mott insulator in TMDs.11−13 Special approaches are
required to investigate the properties of the dark states due to
their weak interaction with light. Spin dark excitons are
brightened in a strong magnetic field,;14 however, the
dynamics of the state is changed upon brightening. Conversely,
the brightening of momentum dark excitons is challenging,
thereby limiting the range of available techniques. For example,

time- and angle-resolved photoemission spectroscopy (trAR-
PES) or spectroscopies in the terahertz and far-infrared
frequency ranges have been used to study dark excitons in
TMDs and their heterostructures (HS).15−18 These ap-
proaches typically require large (hundreds of μm2 area)
homogeneous samples or are performed at room temperature.
Another approach to probe dark excitons, time-resolved
photoluminescence (trPL),12,19 has a submicrometer spatial
resolution but features a lower time resolution and does not
work for states with vanishingly small oscillator strengths. As a
result, many questions related to dark exciton formation, e.g.,
its time scale or the influence of phonon scattering and
electron screening, remain unresolved.

Time-resolved photocurrent spectroscopy (trPC) has
recently emerged as an approach to study optical processes
in (2D) semiconductors.20−23 In trPC, a current across the
sample is recorded vs the time delay between two light pulses
impinging onto it. Critically, the technique is inherently
sensitive to nonlinear processes. The approach applies to

Received: May 8, 2023
Revised: August 15, 2023
Published: October 3, 2023

Letterpubs.acs.org/NanoLett

© 2023 The Authors. Published by
American Chemical Society

9212
https://doi.org/10.1021/acs.nanolett.3c01708

Nano Lett. 2023, 23, 9212−9218

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

FR
E

IE
 U

N
IV

 B
E

R
L

IN
 o

n 
N

ov
em

be
r 

6,
 2

02
3 

at
 0

8:
20

:5
5 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Denis+Yagodkin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abhijeet+Kumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elias+Ankerhold"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johanna+Richter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kenji+Watanabe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takashi+Taniguchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cornelius+Gahl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cornelius+Gahl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kirill+I.+Bolotin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.3c01708&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01708?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01708?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01708?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01708?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.3c01708?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/nalefd/23/20?ref=pdf
https://pubs.acs.org/toc/nalefd/23/20?ref=pdf
https://pubs.acs.org/toc/nalefd/23/20?ref=pdf
https://pubs.acs.org/toc/nalefd/23/20?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c01708?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf
https://acsopenscience.org/open-access/licensing-options/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


devices down to the nanometer scale and is compatible with
other probes such as magnetic or electric fields, temperature,
or strain. Here, we use the nonlinear response of two-color
TrPC to probe the formation dynamics of dark excitonic
species. To test our approach, we interrogate the formation
dynamics of the commonly studied dark excitons in TMDs:
interlayer excitons in MoS2/MoSe2 heterostructures.
Toy Model of Time-Resolved Photocurrent. Our first

goal of this work is to show that the dynamics of dark excitons,
which are not accessible via conventional optical techniques,
can be obtained from the time-dependent populations of free
carriers. To understand this, we consider a minimal model of
an optically excited semiconductor while analyzing the
limitations of this model later on. We track the time-dependent
densities of free electrons Ne(t) and free holes Nh(t). We
assume that electron and hole populations can be excited
together (direct excitation) or separately (indirect excitation),
which we model by the generation functions Ge(t) and Gh(t).
The relaxation processes of excited carriers can be broadly
divided into two groups: linear (∼Ne/h) and nonlinear (∼Ne/h

2 ,
∼NeNh with carrier density. We focus on the coupled
relaxation ∼NeNh, which describes the binding of an electron
and a hole into an exciton24 (see Supplementary Note 1 for
discussion on other parameters and detailed analysis of Auger-
type and higher-order contributions). Overall, the carrier
populations are described within our toy model by following
rate equations

(1)

Here τe/h is the linear relaxation times of electron and hole
populations, and γe−h is the nonlinear exciton formation rate.
Since the decay of excitons is several orders of magnitude
slower compared to the relaxation/trapping of free electrons
and holes,25,26 the density of the excitons is given by

While the excitons described by Nex(t) can be dark (and
hence hard to probe), their density can be reconstructed if we

have experimental access to Ne(t) and Nh(t). To accomplish
this, we numerically solve the above equations (see the
Supporting Information for details). This simple model
broadly characterizes systems with long-lived excitons.

To gain insights into behaviors that eq 1 describes, we
employ a series of simplifying assumptions. We first assume
that holes and electrons can be excited separately (the
numerical solution is free of this assumption; dynamics in
this case is shown in Figure S1). When only holes are excited at
t1 = 0 ps and only electrons at, for example, t2 ≈ τh = 4 ps, the
solution yields the dynamics shown in Figure 1a−c. Initially,
the excited population of holes decays exponentially. After the
second pulse arrives, electrons are generated (Figure 1b). The
relaxation of holes speeds up due to the formation of excitons
if γe−h is nonzero. Interestingly, we see that the population of
excitons (Figure 1c) qualitatively follows the difference
between the hole populations with zero and nonzero γe−h
(dashed and solid lines in Figure 1a). For the noninteracting
case (γe−h = 0), the hole density is not affected by the second
pulse exciting electrons (as in a single pulse excitation case),
and therefore the population of excitons can also be equated to
the difference of hole densities between a single pulse
excitation (Gh ≠ 0; Ge = 0) vs two pulse excitation (Gh ≠ 0;
Ge ≠ 0). We see that, in principle, the dynamics of dark
excitons can be obtained from the dynamics of free carriers.

An obvious challenge arises when applying this toy model to
a realistic physical system. Conventional optical techniques,
such as transient reflectivity spectroscopy, detect combined
contributions from photoexcited electron (Ne), hole (Nh), and
exciton (Nex) populations. Therefore, an alternative technique
sensitive to charge carriers is needed. To address this problem,
we use time-resolved photocurrent spectroscopy as our
measurement technique. Generally, photocurrent spectros-
copies have the advantage of being directly sensitive to
photogenerated electrons/holes while being insensitive to
(neutral) excitons.21,22 In trPC, the system is illuminated by
two optical pulses separated by time interval Δt: Gh(t0) and
Ge(t0 + Δt), which generate populations of Nh

0 and Ne
0,

respectively. The DC current across the material is recorded.
The trPC signal is defined as the difference in current with
both pulses being present versus only a single pulse. In general,
photocurrent is proportional to the total amount of free
carriers generated in a system over time. For the systems under
study, TMDs, the direct contribution of electrons to the

Figure 1. Excitation dynamics and photocurrent. Dynamics of holes (a), electrons (b), and excitons (c) modeled by eq 1. Solid and dashed lines
correspond to nonzero and zero exciton formation rate (γe−h). After the excitation by a pulse resonant with the MoSe2 band gap (PMoSed2

) at t = 0,
the hole population (Nh) decays exponentially with the rate τh. This decay is accelerated after electrons are excited (PMoSd2

) at Δt ≈ τh = 4 ps in the
case of γe−h ≠ 0. The quantitative measure of this acceleration, the shaded area in (a) is on the one hand determined by γe−h and, on the other hand,
can be detected in a time-resolved photocurrent (trPC) experiment. (d) An optical pump pulse in resonance with MoSe2 bandgap (PMoSd2

) excites
predominantly holes in the VBM of the heterostructure, while a MoS2 resonant pulse excites electrons in CBM (not shown). Binding of electrons
and holes in individual layers yields dark interlayer excitons (inset in (c)).
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photocurrent can be neglected to simplify analytical derivation,
as their lifetime is much lower and contact resistance is higher
than that of holes21,27 (see Supplementary Note 1). In that
case, the photocurrent produced by only the first pulse is given
by the area under the dashed orange curve in Figure 1a. The
relaxation of the hole population, in this case, depends only on
τh as Ge = 0 for a single pulse excitation. The same holds for
γe−h = 0 since the nonlinear term in eq 1 vanishes for both
cases. The photocurrent produced by two pulses is given by
the area under the solid curve in Figure 1a and is smaller than
that of a single pulse (dashed curve) because of holes
recombining with photoexcited electrons. It can be shown
analytically (Supplementary Note 4) that in the limit of small
γe−h and τh ≫ τe, the trPC scales linearly with the exciton
formation rate

(2)

Here the relaxation time (denominator in the exponent) is
τh if holes are excited first (positive delay time Δt > 0) and τe if
electrons are excited first (negative delay time Δt < 0). This
asymmetry stems from unequal generation terms Ge and Gh
and allows the extraction of τe and τh as well as the rate of
exciton formation from the single measurement.

We use the 2D heterostructure MoS2/MoSe2 as a system,
where the generation rates for electrons and holes can be
controlled separately. Indeed, the conduction band minimum
(CBM) and valence band maximum (VBM) of the
heterostructure reside in different materials, MoS2 and
MoSe2, respectively (Figure 1d). Because of that, an optical
pulse in resonance with, e.g., MoSe2 band gap (PMoSed2

) excites
holes in the VBM of the structure (MoSe2), while the excited
electrons can relax to the CBM (MoS2) through tunneling.
Crucially, only around m ≈ 60% of these electrons reach the
CBM of the structure in MoS2

28 (Figure 1d). The remaining
electrons are trapped and do not contribute to the photo-
current.29,30 These electrons are not affected by the second
pulse.31 Similarly, a pulse resonant with the MoS2 band gap
(PMoSd2

) excites electrons to the CBM while m ≈ 60% of
photoexcited holes reach the VBM of the structure (dynamics
of carriers for this case is shown in Figure S1). Overall, we see
that if m < 100%, the excitation of MoSe2 produces
predominantly free holes in the VBM of the heterostructure,
while the excitation of MoS2 produces predominantly free
electrons in the CBM of the heterostructure.

We now apply eq 1 to model the excitation dynamics of the
MoS2/MoSe2 heterostructure. The parameter Ne(t) describes
the electron density in the CBM of the structure (MoS2) and
Nh(t) describes the hole density in the VBM (MoSe2). The
free electron/hole relaxation time (the term linear with Ne/h)
describes the combined contributions of defect capture,32

intervalley scattering,33 and radiative decay processes.29,30 The
rate γe−h describes the formation of (dark) interlayer excitons.
Of course, intralayer exciton are formed by optical pulses,
especially in resonant excitation. However, optically excited
intralayer excitons decay much faster (within <50 fs15) via
charge separation across the heterostructure, compared to
intralayer exciton recombination and electron/hole population
cooling rate (>1 ps).34−36 Therefore, it is absorbed in the
generation functions Ge and Gh. The latter contain
contributions from both pulses (i.e., Ge(t) = PMoSd2

(t,t0) + m·

PMoSed2
(t,t0+Δt); see the effect of m on the dynamics of charge

carriers in Figure S1). Finally, the excitonic ground state of
MoS2/MoSe2 is an interlayer exciton composed of an electron
in MoS2 bound to a hole in MoSe2 (inset in Figure 1c). When
the twist angle between the heterostructure layers (θ) is
nonzero, the interlayer exciton has large in-plane momentum:

, where a is the averaged lattice constant of the
heterostructure.37,38 In this case, the radiative recombination
must involve a phonon and the state is dark.38 Thus, the
interlayer exciton decay (>100 ps) can be neglected on the
time scales of the population buildup.39 Our next goal is to
obtain the dynamics of Nex(t) via trPC.
Time-Resolved Photocurrent. For trPC measurements,

we fabricate MoS2/MoSe2 on hBN samples (Figure 2a; see

Supplementary Note 2 for details). We observe the character-
istic intralayer A and B excitons for both materials in static
photocurrent spectroscopy in the heterostructure region
(green dots in Figure 2b and Figure S9). In addition, weak
photoluminescence due to interlayer excitons (IX) is observed
at 1.3 eV40 (blue line in Figure 2b). For time-resolved
measurements, the sample is illuminated with two time-
delayed (with ∼10 fs precision) optical pulses, one in
resonance with the MoS2 band gap and another with the
MoSe2 band gap (PMoSed2

= 50 μJ/cm2 unless otherwise stated).
The photocurrent is measured with a lock-in amplifier
synchronized to an optical chopper in one of the beam paths
with no bias voltage applied. This measurement effectively
allows us to evaluate the difference between single- and two-

Figure 2. Sample structure and measurement techniques. (a) Scheme
of two-color time-resolved photocurrent measurements (trPC). A
photocurrent excited in the TMD heterostructure is measured vs time
delay between a pulse in resonance with MoSe2 (PMoSed2

) and a pulse
in resonance with MoS2 (PMoSd2

). (b) Photocurrent responsivity (green
dots, left axis) and PL (blue line, right axis) spectra of the MoS2/
MoSe2 heterostructure. Intralayer A and B excitons of MoS2 and
MoSe2 are seen (solid green fit) in PC at a bias voltage of 3.0 V. In PL
an additional feature, an interlayer exciton (IX), is observed.
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pulse responses, which corresponds to the area between the
dashed and solid curves in Figure 1a.

Figure 3a shows experimental trPC data (green dots) of the
MoS2/MoSe2 sample vs delay Δt between the excitation
pulses. Positive delay corresponds to the pulses resonant with
the MoS2 band gap arriving first. The most prominent features
of the data are a strong dip at zero time delay and a
pronounced asymmetry between positive and negative delays.
We now show that these features can be understood within our
toy model. First, a large drop in trPC suggests nonlinear
interaction between the carrier populations produced by both
pulses, described by γe−h in our model (eq 2). Second, the
asymmetry can be understood from eq 2. It suggests that the
lifetime of electrons photoexcited in MoS2 is much smaller
than the lifetime of holes excited in MoSe2 (see insets in Figure
3a for the illustration of trPC at negative, zero, and positive
time delays). Third, we note a slower decaying component at
Δt > 3 ps. This minor effect is missing in Figure 1a and occurs
for m ≠ 0 (Supplementary Note 5). Its origin is the transfer of
holes excited by PMoS2 from MoS2 to the VBM of the structure
(MoSe2). The ratio between fast and slow decaying
components is proportional to m2 (eq S12).

To obtain the precise values of the model parameters, we fit
the numerical solution of eq 1 (the solid line in Figure 3a) to
the experimental data. We obtain relaxation times of τh = 6.0 ±
0.5 ps, τe = 1.0 ± 0.2 ps, an interaction strength of γe−h = 0.13
± 0.04 cm2/s, and a transfer efficiency of m = 55 ± 5%. The
effect of the variation in every parameter is shown in Figure S2.
Using the extracted values, we plot the generation dynamics of
interlayer excitons vs excitation fluence (black dashed line in
Figure 3b). Since the rate at which excitons are formed is
proportional to NeNh within our model (eq 1), its acceleration
is expected with a higher density of electrons/holes, as seen in
the simulations for several fluence values (solid lines in Figure
3b). We observe the formation time (inset of Figure 3b)

dropping by more than a factor of 2 in the range of fluences
between 100 and 500 μJ/cm2. Overall, the simulations suggest
two key behaviors. First, we see a much faster relaxation of the
electron population compared to holes. Second, we obtain a
formation time of the exciton, gex = 0.4 ps, at our experimental
incident fluence PMoSd2

= 160 μJ/cm2.
Next, we tested the predictions of these simulations. To

check the dependence of exciton formation on fluence given by
our model (Figure 3b), we carried out fluence-dependent trPC
measurements. We keep the incident fluence of PMoSed2

fixed,
while PMoSd2

is varied in the range used in simulation: 75−450
μJ/cm2 (dots in Figure 3c). We see that the magnitude of the
drop of the trPC at zero time delay increases with fluence from
around 30% at 75 μJ/cm2 up to 50% at 450 μJ/cm2. The
experimental data closely follow the independent predictions
of the model (lines in Figure 3c), where we used the same
parameters as in Figure 3a and only changed the fluence of the
beam (PMoSd2

). We extract the formation time of interlayer
excitons gex (inset in Figure 3b) and find that it is more than
halved in the given fluence range from 0.5 to 0.2 ps. We
observe small deviations between simulated trPC and the
experiment around the delay Δt ≈ −5 ps and Δt ≈ 2 ps at high
excitation fluence (green in Figure 3c). The first deviation
could be the signature of the contribution of higher-order
terms in eq 1 (see Supplementary Note 1). The second
deviation may be an effect of the electric field created by layer-
separated carriers. This field reduces band offsets, resulting in a
decrease of the interlayer transfer efficiency by Δm ≈ 10%
(Figure S3).

To independently check the dynamics of free carriers, we
carry out two-color time-resolved reflectivity (trRef) measure-
ments26 (Figure 4). In this approach, one optical pulse, e.g., in
resonance with the MoSe2 band gap, excites both holes and
electrons. Part of the electron population is transferred to the

Figure 3. trPC measurements and extraction of exciton dynamics. (a) trPC response of a MoS2/MoSe2 heterostructure (points). The solid line
shows simulated dynamics from the eq 1 with the following model parameters: τe = 1.0 ps, τh = 6.0 ps, interaction strength γe−h = 0.13 cm2/s, and
electron/hole tunneling m = 55%. The insets display dynamics of holes (orange) and electrons (blue) for selected delays between pulses for the
simplified case of m = 0. The difference between response to a single optical pulse (solid) and two pulses (dashed) is proportional to ΔtrPC (green
area). (b) Simulated dynamics of interlayer exciton formation for data in (a) (black dashed line) and for other fluences PMoSd2

= 75, 150, 225, 300,

375, 450 μJ/cm2 (solid lines from purple to yellow). The exciton formation becomes faster for higher fluences, as quantified by fitting to ,
where gex is the exciton formation time. Inset: extracted gex for the aforementioned fluence range (blue points). The green area corresponds to the
cross-correlation of the pulses. The formation time drastically decreases for high laser fluences. (c) Normalized fluence dependence of trPC
response (points, each data set is offset by 0.2) and independent from measurement simulations using eq 1 with parameters from (a) (lines). At
higher fluences (yellow), the trPC drop at zero time delay increases, suggesting a faster formation and higher number of excitons.
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CBM in MoS2. The relaxation time of that electron population
is probed by the second (probe) pulse in resonance with the
MoS2 band gap, PMoSd2

= 150 μJ/cm2 (blue points in Figure 4).
Conversely, the pump in resonance with MoSe2 band gap and
the probe in resonance with MoS2 band gap detect the
dynamics of holes in MoS2 (green points in Figure 4). Time
constants for electron and hole populations obtained by fitting
the data of Figure 4 to our model (Supplementary Note 3), τe
= 1.4 ps and τh = 6.3 ps, are close to what is obtained from
trPC, further validating that approach. In addition, the detailed
analysis of this model suggests that the biexponential decay
seen for holes (green in Figure 4) across a range of fluences
(Figure S4), as well as observed in other works,26,27 originates
from the formation of dark excitons.
Conclusion and Outlook. To summarize the discussion

above, we proposed a unique method to probe the electron−
hole dynamics as well as the dynamics of dark excitons via
time-resolved photocurrent spectroscopy. We extract the
following parameters of the system: e−h coupling (γe−h =
0.13 ± 0.04 cm2/s), relaxation times of electrons and holes (τe
= 1.0 ± 0.2 ps and τh = 6.0 ± 0.5 ps), and efficiency of
interlayer transport (m = 55 ± 5%), for all fluence regimes.
The interlayer exciton formation time varies from 0.2 to 0.5 ps
in the range of fluences 450−75 μJ/cm2. It is useful to compare
these values with those obtained by other approaches.
Electron/hole lifetimes are consistent with those broadly
reported from optical measurements.9,29,36,41,42 The discrep-
ancy in the lifetimes of electrons and holes, with electrons
exhibiting shorter lifetimes, likely arises from trapping at defect
states located closer to the conduction band.43−45 The
observed exciton formation time gex = 0.4 ps at 160 μJ/cm2

fluence matches the time scales reported in trARPES (∼230
fs),15 trTHz reflectivity (∼350 fs),46 and trFIR (∼800 fs)47

experiments. The interlayer transfer efficiency m has been
estimated from THz measurements to be 50−70%,28 also close
to the values here. Overall, our approach provides simple
access to the dynamics of the dark excitons. Moreover, the

proposed model describes trRef dynamics of heterostructures
and explains the biexponential decay reported before.26,27

While our model of trPC based on eq 1 is transparent and
matches the main observed behavior, its simplified nature
necessitates several key approximations that may affect its
validity. First, the model assumes that the entire photocurrent
is produced by free electrons and holes quasi-instantaneously
created by the excitation pulses. In reality, the photocurrent is
also produced by nonradiative Auger processes21,29 and field-
induced dissociation of both inter- and intralayer excitons.21

We believe that these effects are only relevant at high excitation
fluences and large applied bias voltages (Vb > 5 V) as was
shown before.12,22 Second, the model neglects the decay of the
interlayer excitons. This is a well-controlled approximation
given that their decay is 4 orders of magnitude slower
compared to the rate of their formation.25,26,39 The dynamics
of the intralayer exciton is absorbed within the model into the
generation functions of the carriers. That is justified as long as
the charge separation across the interface is much faster
compared to other decay channels.15,24 Third, the separation of
electron and hole dynamics in the data such as Figure 3 is
facilitated by the difference of electron/hole generation
functions (Gh ≠ Ge in eq 1) giving rise to a pronounced
asymmetry between positive and negative time delays.
Nevertheless, the same time-resolved photocurrent technique
can also be applied to systems without such an asymmetry, for
example, single-layer TMDs or perovskites. In that case,
relaxation constants for electrons and holes should be obtained
via an independent measurement, such as optical reflectivity.
Finally, the model makes a simplifying assumption of a 1 − m
fraction of carriers staying in the layer where they were excited
and the fraction m tunnels across the layers. While this
assumption matches our data as well as previously reported
experiments by others,28 it can only be confirmed via future
detailed studies of localized and free carrier dynamics.

To conclude, we demonstrate an approach for studying the
dark exciton formation dynamics. In the future, this approach
can be used to study other systems where the excitonic ground
state is optically dark, e.g., monolayer TMDs, organic films,
and perovskites. Unlike other approaches, trPC is fully
compatible with other optical techniques (trRef and PL
shown here, Kerr and ellipticity spectroscopies, second-
harmonic generation), has a spatial resolution of hundreds of
nanometers, and works at cryogenic temperatures. It will be
particularly interesting to use trPC to uncover the effects of
many-body interactions (exciton Mott transition, localization
at low temperature), electric field, and twist angle on the
exciton formation time.
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Dynamics of the holes, electrons, and interlayer excitons
for nonzero interlayer transfer, effect of the parameter
variation of the simulated trPC and carrier dynamics,
high fluence effects in trPC, fluence dependence of trRef,
and discussion of the model, methods, two-color time-
resolved reflectivity, analytical solution of the charge

Figure 4. Testing the model: reflectivity dynamics. Semilog plot of
time-resolved reflectivity signal from the MoSe2/MoS2 heterostruc-
ture. Green points correspond to the probe pulse in resonance with
MoSe2 band gap (pump MoS2) and blue in resonance with MoS2
band gap (pump MoSe2). The inset shows a longer time scale. Lines
are fits (eq S1) derived from the model in eq 1.
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carrier and exciton dynamics, and resulting the photo-
current and dynamics in case of nonzero transfer
efficiency (m ≠ 0) (PDF)
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Bieniek, M.; Huang, Y.-S.; Hawrylak, P. Room temperature multi-
phonon upconversion photoluminescence in monolayer semiconduc-
tor WS2. Nat. Commun. 2019, 10, 107.
(32) Alkauskas, A.; Yan, Q.; Van de Walle, C. G. First-principles

theory of nonradiative carrier capture via multiphonon emission. Phys.
Rev. B 2014, 90, 075202.
(33) Ferry, D. K. First-order optical and intervalley scattering in

semiconductors. PHYSICAL REVIEW B 1976, 14, 1605.
(34) Robert, C.; Lagarde, D.; Cadiz, F.; Wang, G.; Lassagne, B.;

Amand, T.; Balocchi, A.; Renucci, P.; Tongay, S.; Urbaszek, B.; Marie,
X. Exciton radiative lifetime in transition metal dichalcogenide
monolayers. Phys. Rev. B 2016, 93, 205423.
(35) Zhang, J.; Hong, H.; Zhang, J.; Fu, H.; You, P.; Lischner, J.; Liu,

K.; Kaxiras, E.; Meng, S. New pathway for hot electron relaxation in
two-dimensional heterostructures. Nano Lett. 2018, 18, 6057.
(36) Nie, Z.; Long, R.; Sun, L.; Huang, C.-C.; Zhang, J.; Xiong, Q.;

Hewak, D. W.; Shen, Z.; Prezhdo, O. V.; Loh, Z.-H. Ultrafast carrier
thermalization and cooling dynamics in few-layer MoS2. ACS Nano
2014, 8, 10931.
(37) Wu, F.; Lovorn, T.; MacDonald, A. H. Theory of optical

absorption by interlayer excitons in transition metal dichalcogenide
heterobilayers. Phys. Rev. B 2018, 97, 035306.
(38) Yu, H.; Wang, Y.; Tong, Q.; Xu, X.; Yao, W. Anomalous light

cones and valley optical selection rules of interlayer excitons in twisted
heterobilayers. Phys. Rev. Lett. 2015, 115, 187002.
(39) Jiang, Y.; Chen, S.; Zheng, W.; Zheng, B.; Pan, A. Interlayer

exciton formation, relaxation, and transport in TMD van der waals
heterostructures. Light: Science and Applications 2021, 10, 72.
(40) Hanbicki, A. T.; Chuang, H.-J.; Rosenberger, M. R.; Hellberg,

C. S.; Sivaram, S. V.; McCreary, K. M.; Mazin, I. I.; Jonker, B. T.
Double indirect interlayer exciton in a MoSe2/WSe2 van der waals
heterostructure. ACS Nano 2018, 12, 4719.
(41) Wang, H.; Zhang, C.; Rana, F. Surface recombination limited

lifetimes of photoexcited carriers in few-layer transition metal
dichalcogenide MoS 2. Nano Lett. 2015, 15, 8204.

(42) Chi, Z.; Chen, H.; Chen, Z.; Zhao, Q.; Chen, H.; Weng, Y.-X.
Ultrafast energy dissipation via coupling with internal and external
phonons in two-dimensional MoS 2. ACS Nano 2018, 12, 8961.
(43) Kar, S.; Su, Y.; Nair, R. R.; Sood, A. K. Probing photoexcited

carriers in a few-layer MoS 2 laminate by time-resolved optical pump−
terahertz probe spectroscopy. ACS Nano 2015, 9, 12004.
(44) Pandey, M.; Rasmussen, F. A.; Kuhar, K.; Olsen, T.; Jacobsen,

K. W.; Thygesen, K. S. Defect-tolerant monolayer transition metal
dichalcogenides. Nano Lett. 2016, 16, 2234.
(45) Yagodkin, D.; Greben, K.; Eljarrat, A.; Kovalchuk, S.; Ghorbani-

Asl, M.; Jain, M.; Kretschmer, S.; Severin, N.; Rabe, J. P.;
Krasheninnikov, A. V.; Koch, C. T.; Bolotin, K. I. Extrinsic localized
excitons in patterned 2d semiconductors. Adv. Funct. Mater. 2022, 32,
2203060.
(46) Merkl, P.; Mooshammer, F.; Steinleitner, P.; Girnghuber, A.;

Lin, K. Q.; Nagler, P.; Holler, J.; Schüller, C.; Lupton, J. M.; Korn, T.;
Ovesen, S.; Brem, S.; Malic, E.; Huber, R. Ultrafast transition between
exciton phases in van der waals heterostructures. Nat. Mater. 2019, 18,
691.
(47) Chen, H.; Wen, X.; Zhang, J.; Wu, T.; Gong, Y.; Zhang, X.;

Yuan, J.; Yi, C.; Lou, J.; Ajayan, P. M.; Zhuang, W.; Zhang, G.; Zheng,
J. Ultrafast formation of interlayer hot excitons in atomically thin
MoS2/WS2 heterostructures. Nat. Commun. 2016, 7, 1.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.3c01708
Nano Lett. 2023, 23, 9212−9218

9218

https://doi.org/10.1038/srep06608
https://doi.org/10.1038/srep06608
https://doi.org/10.1038/ncomms9831
https://doi.org/10.1038/ncomms9831
https://doi.org/10.1038/s42005-019-0122-z
https://doi.org/10.1038/s42005-019-0122-z
https://doi.org/10.1126/science.aac7820
https://doi.org/10.1126/science.aac7820
https://doi.org/10.1021/acs.nanolett.1c01538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c01538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.1c01538?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn505736z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn505736z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn505736z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.aau0073
https://doi.org/10.1126/sciadv.aau0073
https://doi.org/10.1126/sciadv.aau0073
https://doi.org/10.1021/nl503636c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nl503636c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms3642
https://doi.org/10.1038/ncomms3642
https://doi.org/10.1038/s41467-018-07994-1
https://doi.org/10.1038/s41467-018-07994-1
https://doi.org/10.1038/s41467-018-07994-1
https://doi.org/10.1103/PhysRevB.90.075202
https://doi.org/10.1103/PhysRevB.90.075202
https://doi.org/10.1103/PhysRevB.14.1605
https://doi.org/10.1103/PhysRevB.14.1605
https://doi.org/10.1103/PhysRevB.93.205423
https://doi.org/10.1103/PhysRevB.93.205423
https://doi.org/10.1021/acs.nanolett.8b03005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.8b03005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn504760x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn504760x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevB.97.035306
https://doi.org/10.1103/PhysRevB.97.035306
https://doi.org/10.1103/PhysRevB.97.035306
https://doi.org/10.1103/PhysRevLett.115.187002
https://doi.org/10.1103/PhysRevLett.115.187002
https://doi.org/10.1103/PhysRevLett.115.187002
https://doi.org/10.1038/s41377-021-00500-1
https://doi.org/10.1038/s41377-021-00500-1
https://doi.org/10.1038/s41377-021-00500-1
https://doi.org/10.1021/acsnano.8b01369?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b01369?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b03708?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b03708?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b03708?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b02354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.8b02354?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b04804?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b04804?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.5b04804?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b04513?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.5b04513?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.202203060
https://doi.org/10.1002/adfm.202203060
https://doi.org/10.1038/s41563-019-0337-0
https://doi.org/10.1038/s41563-019-0337-0
https://doi.org/10.1038/ncomms12512
https://doi.org/10.1038/ncomms12512
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.3c01708?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

