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Abstract

The recently discovered two-dimensional materials offer a new route to fabricating
multilayer heterostructures. Interlayer charge transfer is a key process in such het-
erostructures as it can enable emergent optoelectronic properties. Efficient interlayer
charge transfer in van der Waals heterostructures has been observed by femtosecond
transient absorption and steady-state optical spectroscopy measurements, based on
measuring the interlayer carrier distribution. Here we show that a second harmonic
generation process allows direct probe of the electric field induced by the charge trans-
fer. An ultrashort laser pulse was used to excite electrons and holes in a MoSy/WSs
heterostructure. The separation of the electrons and holes to the two monolayers gener-
ates an electric field, which enables generation of the second harmonic of an incident a
fundamental pulse. We further studied the time evolution of this electric field by mea-

suring the second harmonic signal as a function of the time delay between the pump



and the fundamental pulses. The result agrees well with the dynamics revealed by a
transient absorption measurement. These results provide direct evidence of interlayer
charge transfer, demonstrate a new method of studying charge transfer and induced
electric fields in two-dimensional materials, and illustrate potential applications of van

der Waals heterostructures as tunable nonlinear optical materials.
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The discovery of graphene! has created a fast-moving research field of two dimensional
(2D) materials,? such as transition metal dichalcogenides (TMDs) and phosphorene. These
atomically thin materials are attractive to both fundamental research and applications. One
of the most intriguing aspects of 2D materials is that they provide a new route to fabri-
cating multilayer heterostructures® by combining several 2D materials with certain stacking
orders via van der Waals interlayer interaction. Since lattice match is no longer a constrain,
a large number of materials can be combined; hence, this approach can potential produce
many new functional materials.* One important process in van der Waals heterostructures is
the interlayer charge transfer, which is the foundation for achieving emergent optoelectronic
properties. Recently, this process has been studied by femtosecond transient absorption®*!
and steady-state optical spectroscopy measurements.? 4 It was found that between two
TMD monolayers that form a type-II band alignment, interlayer charge transfer occurs on
an ultrashort time scale.? 9121516 Gyuch observations are encouraging news for the develop-
ment of van der Waals multilayers for electronic and optoelectronic technologies, and have
stimulated significant discussions on the its physical mechanisms. 172!

So far, interlayer charge transfer has been studied only with experimental techniques
based on detection of the carrier population. Here we show that a second harmonic generation

(SHG) process allows direct probe of charge transfer by sensing the electric field produced by

the charge separation. Using a MoSy /WS, heterostructure as a model system, we show that



the separation of the photoexcited electrons and holes to the two monolayers generates an
electric field, which is directly sensed by SHG of a fundamental pulse. These results provide
a direct evidence of interlayer charge transfer, demonstrate a new method to study charge
transfer and induced electric fields in 2D materials, and illustrate potential applications of

van der Waals heterostructures as tunable nonlinear optical materials.
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Figure 1: (a) Schematics of field-induced second harmonic generation: A pump pulse injects
electrons and holes in a WS, /MoS, heterostructure. Separation of the charge carriers gen-
erates an electric field, which is sensed by the second harmonic of an incident fundamental
pulse (w). (b) Band alignment of WSy/MoS, and expected charge separation.

The experimental scheme of this study is shown in Figure 1. A pump pulse [the green
arrow in (a)] injects electrons (-) and holes (+) in a WSy/MoS, heterostructure. Because
the conduction band minimum and the valence band maximum reside in the MoS, and WS,
layers, respectively [as schematically shown in Figure 1(b)], the electrons and holes populate
in these two layers, respectively. The charge separation results in an electric field pointing
from WS, to MoS,. To probe this field, a fundamental pulse (w) is incident to the lens
off-center. The oblique incidence (at about 12°) to the sample is essential for observing the
effect, as it provides a component of the optical field along the direction of the space-charge
field. The second harmonic (2w) was collected in the reflection geometry with the same lens
and was measured by a spectrometer equipped with a thermoelectrically cooled camera.

The inset of Figure 2 shows an optical microscope image of the WS, /MoS, heterostructure

sample, which was fabricated by standard exfoliation and dry transfer procedures.?? First,
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Figure 2: Photoluminescence spectra of the WS, /MoS, heterostructure sample and two
individual monolayer samples. The inset shows an optical microscope image of the het-
erostructure sample.

flakes of WS, and MoS, were exfoliated from their respective bulk crystals (acquired from 2D
Semiconductors) to polydimethylsiloxane (PDMS) substrates. The green channel contrast
under an optical microscope was used to initially identify the monolayer regions.?® A MoS,
monolayer was transferred onto a Si/SiOs (90 nm) substrate, and annealed at 200°C in a
Hy/Ar environment for 2 hours. Next, a WS, monolayer flake was transferred on top of the
MoS, flake under a long-working-distance microscope. The heterostructure was annealed
again under the same conditions.

The sample was first characterized by photoluminescence (PL) spectroscopy. The blue
curve in Figure 2 shows a PL spectrum of the heterostructure obtained under the excitation of
a 405-nm continuous-wave laser with a power of 1 4W with the sample at room temperature.
For comparison, monolayer flakes of MoS,; and WS, that were fabricated together with the
heterostructure sample were also measured under the same conditions, as shown by the purple
and gray curves in Figure 2. The PL yield and peak position observed are consistent with
previously results, confirming their monolayer thickness.?? The PL from the heterostructure

is significantly lower than the corresponding monolayers. Such pronounced PL quenching has



been observed in TMD heterostructure and is indicative of the efficient charge transfer, which

separates electrons and holes to different layers and thus suppress their recombination. >4
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Figure 3: Second harmonic power as a function of the fundamental power. The red curve
shows a quadratic fit. The inset shows the second harmonic spectra with and without the
pump, respectively.

In the SHG measurement, a 795-nm and 100-fs fundamental pulse obtained from a 80-
MHz mode-locked Ti:sapphire oscillator was focused to the sample. Its second harmonic at
397.5 nm was detected by a spectrometer. The black curve in the inset of Figure 3 shows
the second harmonic spectrum measured with a 7-mW pump power, confirming the SHG
origin of the signal. This is just the regular SHG process?* that has been widely observed in
2D TMDs?2 and their heterostructures,®® where the second-order polarization, originated
from the second-order nonlinear susceptibility of the sample, results in radiation at the double
frequency of the fundamental. Next, we used a 600-nm pump pulse that arrives about 5 ps
before the fundamental pulse to excite the sample. The electrons and holes excited are
expected to separate, as illustrated in Figure 1. The resulted space-charge field is expected
to induce an additional SHG process through a process known as the field-induced SHG. 332
By measuring the second harmonic spectrum under the same conditions, we found that
the second harmonic intensity is increased, as shown in the inset of Figure 3. The change

is small, but repeatable as we verified by taking many back-to-back measurements of the



second harmonic spectra with and without the presence of the pump beam. As a further
confirmation, we studied the pump-power dependence of the SHG. As shown in the main
panel of Figure 3, the second harmonic power shows a quadratic dependence on fundamental

power (the red curve), as expected.
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Figure 4: (a) Differential second harmonic signal as a function of the time delay between the
pump and the fundamental pulses. The red curve is an exponential fit with a time constant
of 125 ps, indicating the lifetime of the electric field. The inset shows the differential second
harmonic signal is proportional to the pump power. (b) Differential reflection signal of a
620-nm probe measured with a 400-nm pump. The red curve is a bi-exponential fit with
two time constants of 17 and 110 ps, respectively. The inset shows the probe-wavelength
dependence of the differential reflection signal.

We next used the SHG to probe the space-charge field by measuring the differential SHG
signal, which is defined as the difference between the second harmonic intensities with and
without the presence of this field. To measure this quantity for a certain time delay between

the pump and the fundamental pulses, we acquire a pair of second harmonic spectra with



the delays of that value and -3 ps, respectively. The latter spectrum detects the regular
SHG without the field, since the pump arrives at the sample after the fundamental pulse in
this case. The difference between these two spectra thus measures the field-induced SHG
corresponding to the space-charge field at that time delay. We first established the relation
between the differential SHG and the strength of the space-charge field by measuring this
quantity (with a delay of 15 ps) as a function of the pump power. The results are shown in
the inset of Figure 4(a). Clearly, the differential SHG is proportional to the pump power.
Since the space-charge field is proportional to the injected carrier density, which is in turn
proportional to the pump power, this result shows that the differential SHG is proportional
to the space-charge field. To understand this result, we note that the measured second
harmonic intensity is the result of two fields, the regular SHG of the sample (Ag) and the
field-induced SHG (Ar), I = (ceo/2)(Ao+ Ap)? = (ceo/2)(AgAf+ Ap Ay + AgAl + AR Af) =
In + Ir + (ceo/2)(AoAs + ArpAf). Since the field-induced SHG is much weaker than the
regular SHG (see the inset of Figure 3), we can ignore [ and the regular SHG actually
act as a local amplifier for a homodyne coherent detection.®® Hence, the differential SHG
Al =1— 1y~ (ceo/2)(AgAs + ApAf). Since Ap is proportional to the field-induced second-
order susceptibility, the result shown in the inset of Figure 4 proves that the field-induced
susceptibility is proportional to the space charge field.

To probe the time evolution of the space-charge field, we measured the differential SHG as
a function of the time delay between the fundamental and the pump pulses, as summarized
by the blue squares in the main panel of Figure 4(a). By fitting the data with a single-
exponential function, we found a decay time constant of 125 4+ 30 ps, as indicated by the
red curve in Figure 4(a). The result indicates that the space-charge field created by the
charge transfer has a lifetime of about 125 ps. This can be attributed to the recombination
of electrons and holes.

To further confirm this interpretation, we also preformed a transient absorption measure-

ment on the same sample.?* We used a 400-nm pump pulse to inject electrons and holes.



After the charge transfer process, electrons and holes populate the MoSy; and WS, layers,
respectively. We used a 620-nm probe to monitor the population of the holes in WS, by
measuring its differential reflection, defined as AR/Ry = (R — Ry)/ Ry, where R and R, are
the reflectance of the sample with and without the pump excitation, respectively. The result
is shown in Figure 4(b). We found that the decay of AR/Ry is a bi-exponential process
[the red curve in Figure 4(b)], with two time constants of 17 and 110 ps, respectively. The
long time constant is reasonably consistent with the lifetime of the space-charge field de-
duced from the time-dependent differential SHG measurement. The short time constant is
similar to exciton lifetime in monolayer WS,.%? It could be attributed to the recombination
of excitoins in WS, after their generation in the regions of sample with poor interface and
thus inefficient charge transfer. Furthermore, we confirm that the 620-nm probe senses the
exciton resonance of WS, by measuring the peak AR/R, as a function of the probe wave-
length. As shown in the inset of Figure 4(b), the spectrum of the signal agrees well with the
A-exciton resonance of WS,.

Finally, we provide an order-of-magnitude estimation of the strength of the SHG induced
by the space-charge field, by comparing it with the regular SHG of TMDs. From the spectra
shown in the inset of Figure 3, AI/ly is about 0.1. Based on the above analysis of the
homodyne detection, this indicates that the field-induced susceptibility is about 10% of that
of the regular susceptinility of the sample. To estimate the magnitude of the electric field
in this measurement, we treat the heterostructure as a parallel-plate capacitor. The pump
power of 50 W corresponding to a peak fluence of 0.8 pJ cm™2. According to the absorption
coefficient® of about 3 x 10" m~!, this pulse injects a peak carrier density of 2 x 10! cm™2.
Assuming all the injected electrons and holes transfer, the peak charge density (at the center
of laser spot) in WS, is 3.2x 10~* C m?, leaving the same density of negative charges in MoS,.
This gives an electric field on the order of 10 V m~!, using an average dielectric constant
of about 7. Since the second-order nonlinear susceptibilities of monolayer TMDs?¢"2 are on

the order of 107, we conclusion that a space-charge field on the order of 10 V m~! induces



a susceptibility on the order of 1071,

In summary, we have observed second-harmonic generation induced by the electric field
due to interlayer charge transfer in a TMD heterostructure. The observation provides unam-
biguous evidence of interlayer charge transfer in van der Waals heterostructures, offers a new
methods to study the charge transfer with high temporal resolution, and suggest the possi-
bility of new optical devices based on 2D heterostructures with nonlinear optical responses

controllable by interlayer charge transfer.
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