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Investigating and manipulating photocarrier dynamics in van der
Waals (vdW) heterostructures with type-II band alignment have
being actively carried out because of their fundamental and
technological significance. Despite remarkable progresses on the
ultrafast dynamics of interlayer excitons in transition metal
dichalcogenides (TMDs) heterostructures, transient behaviors of
free photocarriers in vdW heterostructures, a critical process
governing the performance of optoelectronic devices, remain
poorly understood. In this work, ultrafast dynamics of photogenerated free carriers in a type-II black phosphorus-molybdenum
disulfide (BP/MoS2) heterostructure is studied. A remarkably
reduced lifetime (~ 5 ps) of interlayer electron-hole (e-h)
recombination has been found, compared with those of BP film (~
130 ps) and other exciton-prevailed TMD heterostructures. More
interestingly, this ultrafast interlayer recombination process can be
well described by the Langevin model, and the large recombination
rate is fundamentally linked to the high carrier mobility in BP. In
addition, broadband measurements reveal that the interlayer
recombination rate is insensitive to the broad energy distribution
of photocarriers. Our findings provide important and
complementary new insights into the fundamental photo-physics
of vdW heterostructures, and represent a novel proposal for
designing broadband high-speed optoelectronic devices.
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Concept Insights
Van der Waals (vdW) heterostructures with type-II band alignment hold
great promise for applications in the fields of optoelectronics,
photonics and spin-valleytronics. Photocarrier dynamics in such
systems has been actively studied for guidance on improving device
performance. However, current research efforts mostly focus on
(interlayer) excitons, while it is the free carriers that ultimately
determine the photocurrent and critically affect the performance of
photo-sensitive devices. In addition, the rarely studied free carrier
dynamics may offer complementary insights that may help elucidate
the rather complicated exciton dynamics. Herein, we investigate the
ultrafast dynamics of photo-generated free carriers in a type-II vdW
heterostructure, constructed by black phosphorus (BP) and
molybdenum disulfide (MoS2). An unusually fast interlayer
recombination (~ 5ps) of unbound photocarriers has been identified,
which can be well described by a simple Langevin model. The large
recombination rate is found to be fundamentally linked to the high
carrier mobility in BP, suggesting effective pathways for carrier lifetime
tuning. The present study not only reveals generic free carrier dynamics
in 2D semiconductor heterostructures, but also provides new
perspectives for interpreting the exciton dynamics in vdW
heterostructures, both of which are crucial for designing high-speed
novel devices based on 2D materials.

Van der Waals (vdW) heterostructures with a type-II band
alignment,1,2 formed by stacks of two-dimensional (2D)
materials, have attracted great attention in recent years as an
excellent platform to explore exotic physics3-9 and novel
atomically-thin devices.10-14 A comprehensive understanding on
the dynamical evolution of photocarriers in vdW
heterostructures is the prerequisite to control and optimize the
performance of related optoelectronic devices, on which rapid
advancements have been achieved.15-23 On short timescales (<
1 ps), the photo-generated charge carriers transfer across the
interface due to the built-in field within several tens of
femtoseconds regardless of the relative crystallographic
alignment;16,20-23 on longer timescales (> 1 ps), the separated
photocarriers recombine on a timescale varying from
picoseconds to nanoseconds.18,19,22 However, so far most
experimental investigations focus on the charge transfer and
recombination dynamics of interlayer excitons in transition
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metal dichalcogenides (TMDs) heterostructures,16,18-23 while in
fact the photocurrent in most optoelectronic devices arises
from free carriers and interlayer exciton cannot form
photocurrent until dissociating into free carriers.10-14,24,25 In
addition, most existing theoretical models10,23 on the
recombination dynamics do not fully account for the excitonic
effect in low-dimensional materials4,9, and a number of
experimental
observations
in
the
exciton-prevailed
heterostructures remain to be elucidated.20,22,29 Meanwhile, a
heterostructure supporting free carriers may be more
rigorously depicted by present theoretical mechanisms and the
obtained complementary insights can be valuable in explaining
the relatively complicated dynamics in exciton-dominated
systems. To the best of our knowledge, so far there has been
few investigations on the dynamic behaviours of free carriers in
2D semiconductor heterostructures.
Here, we chose to experimentally investigate the
photocarrier dynamics of a vdW heterostructure supporting
free carriers: a black phosphorus-molybdenum disulfide
(BP/MoS2) heterostructures with a type-II band alignment, as
shown in the top panel of Fig. 1(a).30,31 Compared with TMDs,
the binding energy between charge carriers in BP film is much
weaker (<40 meV) and unbound (quasi-)free carriers can be
directly injected by optical excitation,32,33 as shown in Fig. 1(a).
In addition, BP-based vdW heterostructures are capable of
extending the spectra range of 2D optoelectronic devices into
the infrared (IR) range.32,34-38 The direct and tunable bandgap
spanning from visible to mid-IR, together with its much higher
carrier mobility compared with TMDs and the anisotropy of

physical properties, makes BP a highly versatile candidate
for
2D
View Article
Online
10.1039/C9NH00045C
optoelectronic and photonic devices DOI:
especially
for the IR
range.34-40
In this study, femtosecond transient absorption
spectroscopy is employed to investigate the dynamics of photogenerated free carriers in the BP/MoS2 heterostructure. In
addition to observing ultrafast electron transfer to MoS2 after
photoexciting the BP film, an unusually short lifetime of ~ 5 ps
of the transferred electrons has been identified, much shorter
than those of the constituent materials and the excitondominated heterostructures. Combining with the probing of the
lifetime of holes remaining in the BP film, we find that this fast
decay of interlayer free carriers can be well described by the
Langevin model. The significant reduction of lifetime (from
hundreds of picoseconds to several picoseconds) can be
understood by considering a dramatically enhanced Langevin
constant, caused by the high hole mobility of BP. Furthermore,
broadband pump-probe spectroscopy demonstrates interlayer
recombination rate of the free photocarriers is insensitive to
their energy distribution. Our results suggest that in contrast to
that of the exciton-dominated systems, the free carrier
dynamics in 2D semiconductor heterostructures can be
reasonably well depicted by a simple Langevin model. A new
strategy is found to drastically reduce the photocarrier lifetime
through engineering the Langevin constant at the
heterointerface, which may have practical implications for
designing broadband high-speed optoelectronic and
photovoltaic devices based on 2D heterostructures.

Experimental

Fig. 1 (a) Illustration of the band alignment of the BP/MoS2 heterostructure, which
belongs to the Type-II heterostructure. Such a band structure can easily separate
electrons and holes into different layers. (b) Optical microscope image of the
BP/MoS2 heterostructure, where the blue and yellow lines outline the BP film and
the bilayer MoS2 respectively. The scale bar is 20 𝜇𝜇m. It should be noted that a thin
hBN film (not marked) was used to protect the BP film from degradation. (c)
Photoluminescence spectra of MoS2 and the heterostructure under 514 nm laser
excitation. PL quenching has been observed, which is attributed to interlayer charge
transfer in the heterostructure.

The BP and the MoS2 films were mechanically exfoliated and
stacked onto a silicon substrate with a 280-nm oxide layer to
form a heterostructure as shown in Fig. 1(b). To avoid
degradation of the BP film, a thin boron nitride (BN) film was
used to cover the whole heterostructure. The thicknesses of the
BP and MoS2 films are ~8 and 1.1 nm, respectively, as measured
by atomic force microscopy (AFM) shown in Fig. S1. The layer
number of the BP film is estimated to be ~15, corresponding to
a bandgap of 0.3 eV and a binding energy below 40 meV.33,35,41
The layer thickness measured for the MoS2 film is close to that
1
of the bilayer sample (1.3 nm) and the difference between 𝐸𝐸2𝑔𝑔
and 𝐴𝐴1𝑔𝑔 Raman modes (shown in Fig. S2) is about 23 cm-1,
indicating that the sample is bilayer MoS2.4,42 Raman spectra of
the BP film, bilayer MoS2 and the heterostructure are presented
in Fig. S3. These Raman modes associated with the individual
materials have also been observed in the region of the
heterostructure, which is consistent with previous reports31,36
and suggests a good sample quality. In addition, because the 𝐴𝐴𝑔𝑔2
mode of BP film originates from the in-plane atomic motion, its
Raman intensity exhibits polarization dependence.43 The crystal
orientation of BP film can be easily identified through
polarization-dependent Raman spectroscopy, as reported in
Fig. S4. Photoluminescence (PL) spectra of the bilayer MoS2 and
the heterostructure are presented in Fig. 1(c). The peaks at 680
nm and 620 nm of the MoS2 (red line) arise from the A and B
excitons.4,42 Noticeable reduction (~30%) of PL intensity has
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been observed in the heterostructure region, which is a typical
signature for charge transfer in type-II heterostructures.30,31 The
~30% decrease is not significant compared with that of other
TMD-based heterostructures, and the main reasons could be
the low PL efficiency of bilayer MoS2 and the blocking of photoexcited hole transfer from MoS2 to BP film by the majority
carriers in BP film (holes) with high density.36,39
The ultrafast photocarrier response of the BP/MoS2
heterostructure was directly monitored by transient differential
reflection spectroscopy (details in Fig. S5 and Supplementary
Note 1). An 800 nm (1.55 eV) linearly polarized laser, with 100
fs pulse duration, worked as the pump beam to excite
photocarriers in the heterostructure. Due to the energy band
alignment as well as the layer thickness, pump pulses should be
primarily absorbed by the BP film, as confirmed by our
experiments on the MoS2 bilayer.4,42,44 Using a 0.4%/nm
absorption rate at 800 nm for BP film41 and assuming each
absorbed photon excites one e-h pair, the peak density of
photocarriers excited in the BP can reach a value of ~1012 cm−2
and these photocarriers should be free carriers rather than
excitons considering the low binding energy inside BP. To
observe the electron transfer from the conduction band (CB) of
BP film to the CB of MoS2, we adopted a 620 nm laser to probe
the dynamical behaviours of electrons in MoS2, as illustrated in
Fig. 2(a). As the photon energy of the pump pulse (1.55 eV) is
smaller than that of the probe pulse (2 eV) and the absorption
gap of MoS2 (1.88 eV), individual BP and MoS2 films yielded no
detectable signals, as shown in Fig. 2(b). However, an ultrafast
and intense photo-bleaching (PB) signal has been observed in

Fig. 2 (a) Schematic diagram illustrating the transient processes occurring in a
BP/MoS2 heterostructure when the probe wavelengths are 620 nm and 1050 nm,
respectively. (b) Transient reflectivity signals of the BP/MoS2 heterostructure and
its constituent layers when pumped at 800 nm and probed at 620 nm. The ultrafast
signal build-up of the heterostructure proves the existence of electron transfer, and
the ~ 5 ps relaxation time is much shorter than those of photocarriers in individual
MoS2 and BP. (c) Pump-fluence dependence of the maximum ∆R/R signal (top) and
lifetime (bottom) when the pump and probe wavelengths are 800 nm and 620 nm
respectively. (d) Time-resolved differential reflection measured for the BP film and
BP/MoS2 heterostructure with an 800 nm pump and a 1050 nm probe.

the heterostructure region, depicted by the blackView
dots
inOnline
Fig.
Article
DOI: 10.1039/C9NH00045C
2(b). While the ultrafast interlayer electron
transfer is not
directly resolvable due to the limited instrumental response (~
300-400 fs),16,20,22,45 a remarkable observation is the extremely
short carrier relaxation time of ~5±0.2 ps. (Single-exponential
fitting is shown by the red line in Fig. 2(b).) Such a short lifetime
is not only at least one order of magnitude faster than the
intrinsic lifetimes of photocarriers in individual MoS2 and BP film
(as shown in Fig. S6),18,22,41,46-48 but also strikingly distinct from
those of the long-lived interlayer excitons in the TMD
heterostructures.18,22 To explore the origin of such fast
relaxation process, power-dependent measurements have
been carried out. We extracted the peak values of the ∆R/R
signal from the dynamic curves and summarized them as a
function of pump fluence, as illustrated in the top panel of Fig.
2(c). Clearly, below the pump fluence of ~80 µJ/cm2
(photocarrier density of ~1013 cm-2), the transient signal
increases linearly with the incident power density, while for
higher fluences it displays a saturation behavior.38,43,44
Interestingly, the lifetime of the transferred electrons in MoS2
stays almost constant (~5 ps) (shown in the bottom panel of Fig.
2(c)), and exhibits negligible dependence on injected
photocarrier density even beyond the linear region, indicating
that such short electron lifetime should not arise from trapping
by interfacial defects.49
To reveal more details of the relaxation mechanisms, we
changed the probe wavelength to 1050 nm (~ 1.2 eV) while
fixing the pump wavelength at 800 nm. As its photon energy is
far below the bandgap of MoS2, the probe pulse then primarily
detected transient signal from holes in the BP film, as is
illustrated by Fig. 2(a). The measured transient signals of the BP
film and the heterostructure are presented in Fig. 2(d). The
transient signal of the BP film can be well fitted by a time
constant of 130 ps (see Fig. S6), in agreement with the
previously reported lifetime of free carriers in BP.41,47,48
Meanwhile, much stronger PB signal has been observed for the
heterostructure, show in Fig. 2(d), whose magnitude is
comparable to the signal induced by transferred electrons in
MoS2 (Fig. 2(b)), and 3-4 times larger than that of the individual
BP. Such large enhancement in signal is tentatively ascribed to
the increase of screening effect and similar phenomenon has
also been found in a graphene/WS2 heterostructure.17
Noticeably, a fast relaxation component (yellow shaded area)
clearly emerges in the dynamic curve of the heterostructure
with a time constant of ~6±0.5 ps, well corresponding to the
lifetime of holes’ population in the BP film. It should be noted
that the observed ultrashort lifetime of holes in BP film
coincides with that of the transferred electrons in MoS2, which
strongly suggests that there exists an efficient bimolecular
recombination process between photocarriers across the
interface.
In the vdW heterostructures, there are two mechanisms
potentially contributing to this unusual interlayer e-h
recombination: Shockley-Read-Hall (SRH) recombination
(assisted by traps or defect states) and Langevin recombination
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Fig. 3 (a) Two potential interlayer recombination mechanisms. In the top panel, the
blue and purple arrows indicate SRH and Langevin recombination processes,
respectively. The circle in the bottom panel conceptually marks the Coulomb radius,
according to the Langevin model, of an electron at the heterointerface. The dashed
arrows point to an interfacial defect which may act as a SRH recombination centre
for charge carriers. (b) Transient signals when pump=800 nm and probe=620 nm
measured at different pump fluences. The dashed blue lines are the fitting results
using the rate equation based on Langevin model (Equation S(1)).

(mediated by interlayer Coulomb interaction), as illustrated in
Fig. 3(a).10,50,51 The coexistence of these two mechanisms has
been previously reported in TMD heterostructures devices, and
both of them made significant contributions to the interlayer
recombination, significantly affecting the formation of
photocurrent and the efficiency of photon-electron
conversion.10-14 In our case, the trap-assisted SRH
recombination can be ruled out as the dominant process by the
observed pump fluence-independence of photocarrier
lifetimes. In contrast, the Langevin model describing the
simultaneous recombination between electrons and holes is
more consistent with our observations in Fig. 2. The Langevin
model could be applicable here with another important reason
being the enhanced Coulomb interaction between
photocarriers confined in low-dimensional systems.
The rate equation based on Langevin recombination can be
expressed as:10,50
𝑑𝑑∆𝑛𝑛
= 𝐺𝐺 − 𝐵𝐵 × (𝑛𝑛0 + ∆𝑛𝑛) × (𝑝𝑝0 + ∆𝑝𝑝) 𝑠𝑠
𝑑𝑑𝑑𝑑
where G is the rate of photocarriers generation, B is the
Langevin recombination constant, n0 and p0 are the intrinsic
densities of electrons in MoS2 and holes in BP, and ∆n and ∆p
are photo-generated electron and hole densities. An exponent
s (1.2<s<1.5) is typically used to account for the 2D case.51 It
should be noted that besides the photo-generated carrier
density, the intrinsic carrier densities in BP and MoS2, whose
influence on photocarrier recombination is usually neglected in
previous analysis, also play a role in the rate equation above.
The temporal evolution of photocarrier density is given by
Equation S(1) in SI, a simplified solution of the above rate
equation. As shown by Fig. 3(b), the transient reflectivity signals
at different pump fluences can be well reproduced by Equation
S(1) when a typical value of 1.2 is adopted for s,10,50,51 indicating

the dominance of Langevin process in this system.
ViewThe
Articlefitted
Online
DOI:
values of the intrinsic carrier densities
for10.1039/C9NH00045C
BP and MoS2 ~
(4.9±0.5) ×1012 cm-2 are close to previously reported
values.10,36,52 The dominance of Langevin model distinguishes
the recombination dynamics in the studied BP/MoS2 system
from those in TMD heterostructures, and this difference could
result from the binding degree (free carriers or excitons) of
interlayer photocarriers in vdW heterostructures. Moreover,
the Langevin recombination constant B is extracted to be
~(2.33±0.25)×10−10 m2/s, much larger than the reported value
of a MoS2/WSe2 heterostructure (B ~ 4.0×10−13 m2/s when
s=1.2).10 As demonstrated by the expression of B (Equation S(2)
in SI), this constant is proportional to the carrier mobilities in
constituent layers. Considering the much higher mobility of
holes in BP compared with TMDs, the large discrepancy
between B in these two systems could be mainly accounted for
by the difference in carrier mobility. In addition, since the rate
of Langevin recombination essentially depends on the
probability of electrons and holes meeting each other in
coordinate space, the unbound nature of interlayer free carriers
in BP/MoS2 heterostructure could also partially contribute to
the much larger Langevin constant.
Therefore, we attribute the observed ultrashort lifetime of
photocarriers at the BP/MoS2 interface to an efficient Langevin
recombination process, with contributions from high (intrinsic)
carrier densities in the two constituent materials and a large
recombination constant B. Our findings indicate that the carrier
density and mobility, as well as the binding degree of
photocarriers together determine the photocarrier dynamics in
BP/MoS2 heterostructure and could provide effective
approaches for tailoring the photocarrier lifetime in a type-II 2D

Fig. 4 Broadband ultrafast nonlinear optical properties of BP/MoS2 heterostructure.
(a) The ultrafast pump-probe measurements with a probe wavelength varying from
550 nm to 675 nm, covering the A and B exciton peaks, when pump wavelength is
fixed at 800 nm. Coloured dots are experimental data and red solid lines correspond
to single-exponential fitting results. (b) Peak values of ∆R/R signal in the
heterostructure under different probe wavelengths (red stars, left axis), extracted
from (a). For comparison, the PL spectrum (black line, right axis) of the bilayer MoS2
is also drawn, suggesting that exciton states in MoS2 may affect the distribution of
the transferred electrons. (c) The lifetime extracted from signals in (a) by singleexponential fitting as a function of probe wavelength. The lifetime of the
heterostructure remains insensitive to the change of probe wavelength.
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heterostructure and the photo-response of related
optoelectronic devices, e.g., gate-control,53 chemical doping54
or substrate-induced screening.53 Further experimental and
theoretical studies may be useful to clarify the effects from
other potential contributing mechanisms, such as interlayer
coupling or electronic-state hybridization.55
To further investigate the energy distribution of transferred
electrons and its influence on the Langevin recombination
dynamics, broadband ultrafast spectroscopy has been
performed. The probe wavelength was tuned from 550 nm
(2.25 eV) to 675 nm (1.84 eV), covering the A and B excitonic
peaks of MoS2, while the pump wavelength was fixed at 800 nm.
The measured differential reflectivity dynamics of BP/MoS2
heterostructure are shown in Fig. 4(a), with the red lines
indicating the single-exponential fittings. Firstly, the
observation of transient signals for all probe wavelengths
suggest that the transferred electrons occupy a broad spread of
energy states in the CB of MoS2. This phenomenon agrees with
some recent theoretical and experimental results, where hot
electrons are able to transfer from conduction band minimum
(CBM) of one layer to energy levels above the CBM of the other
layer.26,56 Interestingly, broadband PB signals are observed for
the first time, in contrast to the alternation between photoabsorption (PA) and PB as a result of broadening and redshift of
exciton absorption in TMD heterostructures. Secondly, the
excess energy available to the transferred electrons could
induce a thermalization process. The peak values of the
transient signals in Fig. 4(a) are extracted and plotted as a
function of the probe wavelengths in Fig. 4(b). The trend of peak
values roughly follows that of the PL spectrum of MoS2 (the
black solid line), confirming that thermal distribution of
electrons is established on an ultrafast timescale.56,57 These
observations mean that the ultrashort rising time (300-400 fs)
in Fig. 4(a) covers both the electron transfer and thermalization
processes. Then we examined the relationship between
electron lifetime and the probe wavelength, as shown in Fig.
4(c). Interestingly, the lifetime varying between 5 and 8 ps
shows no obvious dependence on the probe wavelength, which
suggests that the rate of interlayer Langevin recombination is
not sensitive to kinetic energy of electrons. Besides the energy
distribution, we also investigated the polarization dependence
of the transferred electrons and found that the anisotropy of
photocarriers in the heterostructure has been partially
weakened, compared with that of individual BP film
(Supplementary Note 3).
Combining all our measurements, the transient photocarrier
process in the BP/MoS2 heterostructure can be characterized by
three major steps: the generation of hot e-h pairs in BP through
optical excitation; ultrafast interlayer charge separation
(electrons transfer to the MoS2 layers while holes are left in the
BP layers) and thermalization (redistribution among the CB of
MoS2) within few hundreds of femtoseconds, and finally the
Langevin recombination between the separated electrons and
holes in different layers on a timescale of ~5 ps. The response
time of BP-based photodetectors is generally limited by the
intrinsic lifetime of photocarriers (up to hundreds of
picoseconds) and such a significant reduction of photocarrier

lifetime in the BP/MoS2 heterostructure, closeView
toArticle
that
of
Online
10.1039/C9NH00045C
graphene,58 makes it possible to DOI:
construct
BP based
heterostructures to realize novel IR photo-sensitive devices
with high speed.

Conclusions
In conclusion, we have investigated the ultrafast dynamics of
photoexcited free carriers in a BP/MoS2 heterostructure by twocolor ultrafast pump-probe optical spectroscopy. In addition to
observing ultrafast charge transfer, we found an unusually short
lifetime of ~5 ps of the interlayer photocarriers, significantly
shorter than those of pure BP film and TMD heterostructures.
Supported by experimental and theoretical analysis, we
attributed the observed ultrafast relaxation of interlayer free
carriers to the Langevin recombination with a significantly
enhanced Langevin constant B, due to the much higher hole
mobility in BP. Moreover, broadband measurements revealed a
relatively broad energy distribution of transferred electrons in
MoS2. The broadband PB signals with similar lifetimes
demonstrated
the
energy-independent
recombination
processes of interlayer free carries. Our findings provide new
insights into the fundamental photo-physics in vdW
heterostructures and point out a new route to dramatically
shorten photocarrier lifetimes at 2D heterointerface, promoting
the development of ultrafast optoelectronic devices in the IR
range.
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Free photocarriers in a BP/MoS2 type-II vdW heterostructure are found to undergoes
a usually fast Langevin interlayer recombination (~ 5 ps).
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