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Abstract

Since the discovery of graphene and its outstanding chemical, optical, and mechanical properties, other layered materials have been fiercely hunted for through physical and chemical means. Thanks to their van der Waals interaction, acting as weak
glue, different types of layered materials can be stacked without considering their lattice mismatch. The properties of the resulting multilayer structures can be tuned by
choice of the materials, layer thicknesses, sequence in which they are arranged, the
relative orientation between the layers, and by external electrical, mechanical, and optical controls. This opens the possibility for a large array of applications across many
different fields. With the vision to obtain the ability to precisely engineer materials
with desired properties, using two-dimensional materials as Lego-blocks, early studies have shown that research in van der Waals stacked two-dimensional materials to
be rich in discoveries and still on its early stages due to their abundant diversity. In
order to characterize, understand, and improve the properties of van der Waals stacked
two-dimensional materials, we first introduce and discuss the noninvasive laser spectroscopy techniques utilized to study them. To correctly interpret the data and to understand the limits of our ultrafast laser spectroscopy system, the dynamics the photocarriers undergo after the pump photoexcitation is examined. Next, the van der Waals
stacked two-dimensional materials are introduced by order complexity. First, we discuss the results obtained from bilayers of MoS2 –MoSe2 and MoSe2 –WS2 , which set
the groundwork needed to understand more complex structures. We then move on to
discuss trilayer MoS2 –WS2 –MoSe2 and are able to time resolve the electron transfer
process as electrons relocate from the MoSe2 into the MoS2 layer. Finally, in the spirit
iii

of trying to engineer a new ultrathin material with a high absorption of light in the
visible regime as well as extended the photocarrier lifetimes, we fabricated a set of
samples that grew in complexity as additional layers were added. It was discovered
that in our more complex multilayer structure WSe2 –MoSe2 –WS2 –MoS2 , that the absorbance peaked at 50% with about just 2.5 nm of material. Moreover, the photocarrier
lifetimes were extended up to a few nanoseconds. With all these we show that van der
Waals stacked two-dimensional materials can be engineered layer by layer with the
resulting stack having desired properties.

This dissertation includes previously published authored material.
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Chapter 1
Introduction
1.1

The Rise of Mankind

On June 8th, 1924, in their attempt to become the first men to reach the peak of Mount Everest,
George Mallory and Andrew Irvine were spotted a few hundred meters from reaching the summit
of Earth’s highest mountain. They disappeared into the clouds in their attempt to make the first
ascent and never to return. Whether they reached the mountain top or died within reach of grasping
their goal, still remains a mystery.
A year earlier, when a reporter of the New York Times asked George Mallory why climb
Everest, he boldly replied "Because it’s there." No other three words can better depict the spirit of
pure science. We require no extra justification in order to embark into a journey of struggle where
the end, the peak of the mountain, is always hidden within the clouds and only by reaching it one
conquers the unknown. If one cannot understand that there is something in men that awakens and
forces him to challenge the unknown when presented with a mountain like Everest, one won’t be
able to comprehend the noble reason behind every scientific endeavor. Why travel to Mars? Why
explore distant galaxies? Why spend 1.1 billion dollars and countless men hours over a span of
40 years in a project that has no practical benefits simply to confirm Einstein’s well accepted 100
year old theory? Why attempt to understand the universe at such a small scale? Questions which
sometimes even scientist struggle to satisfactorily answer but can easily be justified with Mallory’s
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simple yet brilliant answer "Because it’s there." It is the expression of our curiosity and thirst for
knowledge what has constantly pushed us forward. From the first caveman experimenting with
different rocks to the modern man with control over the electric charge, the story of mankind’s rise
cannot omit the undeniable fact that understanding and controlling the properties of materials is
what has provided us with the technological advances we now possess.

1.2

The Rise of Graphene

We have long departed from being satisfied with the natural elements, which had led to development of synthetic methods that yield carefully crafted materials with more controllable properties.
For example, molecular beam epitaxy, a method that was developed in 1968 at Bell Laboratories,
is a very precise technique for growing highly uniform crystals with low defects. Such thin-film
deposition techniques enable the further downscaling of electronic devices and allow for tunable
properties which can be exploited in high mobility transistors and solar cells. 1
Over the past five decades, intensive efforts were invested in isolating single layers of graphite
(graphene) which was predicted to possess groundbreaking properties. However, the best results
produced materials with 10-50 layers. Additionally, theoretical work from Landau and Lifshitz
showed that thermal fluctuations at any finite temperature in low dimensional materials would lead
to large displacement of atoms, comparable to their interatomic distances, thus making graphene a
highly unstable material. 2 Therefore, as a result of years of failed attempts supported with theory
from notable physicist, it was believed by many that the existence of monolayer (ML) graphene
was not possible.
It was not until 2004 that graphene was first isolated by Andre Geim’s group, at Manchester
University. 3 The reported cleaving method (absurdly simple yet revolutionary) for producing one
atomic layer thick crystals consisted in rubbing a fresh surface of a layered crystal against another.
This produced a great amount flakes, mostly of bulk crystal, but among the results occasionally
MLs could be found. Since MLs are transparent to visible light it is key to place them on top
of a silicon wafer capped with a layer of silicon dioxide (SiO2 ) of the right thickness for optical
2

contrast identification. The very low yield along with the microscopic size and random shape
of the MLs produced by the cleaving method makes it an unsuitable technique for any industrial
applications. However, as crude as the technique may be it proved that macroscopic high quality
two-dimensional (2D) materials can exist under ambient conditions. As a result, graphene rapidly
became a rising star appearing in a large number of articles (currently estimated 24,000 per year)
and across many journals. This obsession with graphene is no surprise. After all, this one-atomthick sheet of carbon has shown to be more conductive than copper, 4 stronger than any other
material, 5 transparent and yet impermeable to gases, 6 all which make it an attractive candidate for
a large number of applications. As a result of this interest, the fabrication of graphene has evolved
from microscopic cleaved flakes to the roll-to-roll production of 30 inch graphene films grown by
chemical vapor deposition onto flexible copper substrates demonstrating that 2D crystals can be
reliably grown in the large sizes required for industrial applications. 7
However, graphene devices on standard SiO2 substrate show inferior properties to the expected
properties of intrinsic graphene. This lead to the realization of graphene devices on hexagonal
boron nitride (h-BN) substrates, graphene heterostructures made out of mechanically exfoliated
graphite and bulk h-BN, which showed improved mobilities and carrier inhomogeneities by an
order of magnitude when compared to graphene devices on SiO2 substrates. 8 Consequently, epitaxial grown graphene and h-BN were stacked on top of each other to produce wafer-scale high
performance devices. 9

1.3

Two-Dimensional Materials Beyond Graphene

An exciting fact is that graphene does not stand alone in 2D land. A whole family of layered
materials with strong covalent intralayer bonds and weak van der Waals like coupling between
adjacent layers offers to extend the 2D library up to 500 types 10 which includes: the transition
metal dichalcogenides (TMDs), transition metal oxides, the already mentioned h-BN with insulating properties, phosphorene which unlike graphene has a bandgap, silicine from which field effect
transistors operating at room temperature have been built, 11 germanene (a graphene analogue)
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which offers a bandgap, 12 and even superconductors such as NbSe2 . 13 TMDs with formula MX2
(M = Mo, W; X = S, Se, Te) are among the most well studied 2D semiconductors. Their layered
structure is formed by two layers of chalcogen atoms separated by a layer of metal atoms as is
shown in Figure 1.1a and form a 2D honeycomb lattice just like graphene, see Figure 1.1b. The
adjacent layers are weakly coupled by the van der Waals force thus allowing for the mechanical
exfoliation of ML TMDs. Additionally, TMDs MLs have been synthesize by chemical vapor deposition and physical vapor transport techniques. 14 Capable of withstanding large amounts of strains
without compromising their properties; 15,16 with a transition from indirect to direct bandgap in the
visible spectrum as the thickness reaches the ML limit; 17,18 strong photoluminescence; 19–21 valleyselective optical coupling; 22–25 large binding energies of excitons, trions, and biexcitons; 26–29 and
strong nonlinear optical responses, 30–33 TMDs offer a new platforms for optoelectronics applications and flexible electronics. 34 By taking advantage of these superior properties and emerging
new physical phenomena, these 2D TMDs have been used to fabricate solar cells, 35,36 photodetectors, 35 light-emitting diodes, 36–38 field-effect transistors, 39,40 and integrated circuits. 41,42 Other
types of 2D semiconductors have also been discovered and extensively studied. For example, phosphorene, a single layer of phosphorus atoms, has emerged as a promising semiconductor due to
its novel and transport properties. Although, these 2D semiconductors are promising platforms as
individual materials, their great potential lies in the fact that they can be combined without lattice
matching restrictions; therefore, allowing the fabrication of new materials with properties that are
engineered at the atomic level.
The research in 2D materials has intensify over the past decade. To demonstrate this, Figure 1.2
shows the number of publications per year for some of the most common 2D materials. Starting
with the discovery of graphene in 2004, the research in graphene has exponentially grown, reaching
up to 24,000 publications in just 2016 alone. Other 2D materials, such as MoS2 , WS2 , MoSe2 , and
WSe2 , started to show a similar exponentially-growing interest, after 2010. Since the research
in 2D materials is intense as ever and their applicability has expanded to the realm of multilayer
heterostructures, the exponential increase in the number of publications for these 2D materials
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(b)
(a)

Figure 1.1: (a) Schematic representation of the TMDs layered structure where two layers of chalcogen atoms (shown in yellow) are separated by a layer of metal atoms (shown in purple) which
together form a monolayer. The adjacent layers are held together by the weak van der Waals force
to form bulk crystal. (b) Top view of the TMDs hexagonal crystal structure where the unit cell is
shown by the dashed line.
shows no sign of wearing off for the next several years. It is interesting to note that the publications
in 2016 for MoS2 , six years later since it started to catch the interest of the field, is about the same
as those of graphene in 2010, six years after its discovery. Comparatively, the interest in TMDs is
growing as fast as the interest in graphene once did.

1.4

Two-dimensional van der Waals Multilayer Heterostructures

Stimulated by these discoveries, significant efforts have been devoted to identifying, fabricating,
and characterizing various ML materials. Thanks to their van der Waals interaction, acting as
weak glue, different types of layered materials can be reassembled without considering their lattice mismatch to form multilayer heterostructures that are engineered monolayer by monolayer, as
shown in Figure 1.3. Although the van der Waals interaction between the stacked layers is weak,
the electron orbitals each layer possesses extend out of the plane and affect the adjacent layers. 43
Therefore, the electronic properties of the stacked layers are effectively coupled. The properties
of the resulting multilayer heterostructures can be tune by choice of the materials, 44,45 layer thicknesses, 17,18,46,47 sequence in which they are arranged, 48,49 the relative orientation between the
5

25000

3500
MoS2

Graphene

3000

Publications

Publications

20000
15000
10000
5000
0

2500
2000
1500
1000
500

2005

2010

0

2015

2005

2010

Year

2015

Year

700
WS2

250

MoSe2

WSe2

400

400
300
200

150

100

2005

2010

Year

2015

0

300

200

100

50

100
0

200

Publications

500

Publications

Publications

600

2005

2010

Year

2015

0

2005

2010

2015

Year

Figure 1.2: Number of publications per year for different 2D materials. The data was collected
from the ISI web of science.
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Figure 1.3: Schematic representation of a bilayer heterostructure.
layers, 50–53 and by external electrical, 48 chemical, 54 mechanical, 15,16 and optical 55 controls. This
opens the possibility for a large array of applications across many different fields.
These 2D van der Waals multilayer heterostructures can be realized by either manually stacking
different layers together 44,45 or directly grown by chemical means. 14,53,56 The resulting assembled
structure, that can possibly have superconducting, conducting, semiconducting, and insulating layers, represents a new artificial material which offers a large amount of controls to fine tune its
properties. The interface, when assembled properly, can be atomically sharp, thin as two atomic
layers, and free of contaminants. 57 So far, most studies of van der Waals heterostructures have
focused on combining two different MLs, 56,58–61 which has establish the foundation for understanding multilayer heterostructures.
Based on first-principle calculations, TMD bilayer heterostructures form different types of band
alignments. 62–64 Multilayer heterostructures that form type-II band alignment (see Fig 1.4) or ladder band alignment are the focus of this dissertation. Here the bottom of the conduction band (CB)
and top of the valence band (VB) reside in different layers. Upon optical excitation in a heterostructure, electrons and holes can be selectively injected into specific layers in the multilayer structure.
Normally, the excited photocarriers shortly form direct excitons, electrically neutral quasiparticle
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consisting of an electron and hole bounded by their electrostatic Coulomb force, that will live and
decay in the layer they were created; however, because of the band alignment, where lower energy states are available and accessible in a different layer, spatial separation of most electrons and
holes after photoexcitation will ensue (see Figure 1.4). Consequently, the formation of direct excitons will be limited by the rate in which the charge separates between the layers. Despite the fact
that electrons and holes populate different layers, their electrostatic Coulomb force bounds them
together to form bound electron-hole pairs (charge transfer excitons) across the interface. As a result, the spatial overlap in the charge transfer exciton’s electron and hole wave functions is reduce.
This together with the increase in separation in momentum space between the CB minimum and
VB maximum gives rise to charge transfer excitons whose lifetimes are longer than those of direct
excitons. These results have been experimentally verified by several groups. 45,60,65 So far all the
multilayer heterostructures that have been discussed are vertically assembled by manually stacking or growing different layers of 2D materials on top of each other. In these stacked multilayer
structures, the current transports out of the plane of the 2D materials. Additionally to the vertical structures, lateral bilayer heterostructures have also been realized. In contrast to the vertical
structures, these cannot be manually assembled, the current transports within the plane of the 2D
materials, and can only be effectively realized through lateral epitaxial growth. 56,66–71 Moreover,
the lattice mismatch between the 2D materials used to form these structures plays a critical role in
the formation of seamless high quality interfaces.
For several decades, multilayer structures composed with different three-dimensional (3D)
semiconductors have been the basis for light-emitting diodes, 72 diode lasers, 73 and high-speed
transistors. 74 In the heart of it all is the p-n junction. Analogously to the 3D multilayer structures,
atomically thin p-n junctions have been achieved by creating multilayer structures with p and n
doped 2D materials. For example, by putting together ML WSe2 , a p-type 2D semiconductor,
and ML MoS2 , a n-type semiconductor, the thinnest possible p-n junctions have now been obtained. 75 Additionally, a vertical field-effect transistor created by sandwiching few-layer MoS2
between ML graphene and a thin metal ohmic contact was shown to deliver a high current density
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Figure 1.4: In a type II band alignment or ladder band align multilayer heterostructures, electrons
(holes) are incline to transfer to the layer with the minimum (maximum) value of the conduction
(valence) band energy (indicated by the purple arrows). Shortly after, charge transfer excitons will
form across the interface and will recombine at a slower rate (as shown by the red arrow).
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of 5,000 A/cm2 and a room temperature on-off ratio > 103 . 76 Photodetection devices based on
2D van der Waals heterostructures achieving external quantum efficiency greater than 30% have
also been demonstrated. 49 To do this, they realized a device consisting of graphene/TMD/graphene
where the two graphene electrodes where electrostatically n and p doped thus creating a built in
potential. The researchers from Manchester University observed that this made possible to dissociate electron-hole pairs generated in the TMD layer. Using a similar approach, a high-speed
photodetection device consisting of graphene/WSe2 /graphene sandwich between hBN showed a
photoresponse time as short as 5.5 ps. 77 This ultrafast response time was tunable and depended on
the voltage applied as well in the TMD thickness.

1.5

Organization of the Dissertation

The structure of the dissertation is as follows:
In Chapter 2, the noninvasive techniques used to characterized 2D materials as well as the van
der Waals stacked 2D materials are reviewed. Photoluminescence and absorption spectroscopy
are first introduced. Next, the ultrafast pump–probe technique is discussed in detail. In order to
correctly interpret the experimental results extracted with the pump–probe technique, we examine
the photocarrier dynamics shortly after the pump excitation and long after the pump excitation.
Finally, we discuss how adding precise control of the pump and probe relative position allows us
to monitor the evolution of the photocarrier density in real space.
In Chapter 3, the samples studied using the techniques discussed in Chapter 2 are introduced
by order of complexity. First the MoS2 –MoSe2 and MoSe2 –WS2 bilayer heterostructures are discussed. Both of these exhibit strong photoluminescence quenching as well as extended photocarrier lifetimes. In the MoSe2 –WS2 bilayer, by adding spatial resolution to our study, it is discovered
the charge transfer excitons display a similar in plane transport than that of excitons in TMD monolayers. In the MoS2 –WS2 –MoSe2 three-layer sample, strong photoluminescence quenching was
observed as well as photocarrier lifetimes that were extended up to 1 ns. Moreover, by injecting
photocarriers into the MoSe2 layer of the heterostructure, we were able to time resolve the electron
10

transfer between MoSe2 and MoS2 . The deduced electron transfer time of about 1.5 ps and its
coherent nature were reproduced by non-adiabatic molecular dynamics calculations. In the spirit
of trying to engineer a new material with a high absorption of light in the visible regime as well
as extended photocarrier lifetimes, we fabricated a set of samples that grew in complexity as additional layers were added. Seeing that a type II band alignment separated the electron and holes
in the bilayer heterostructures and that the charge transfer was still highly effective and ultrafast
in the three-layer sample with a ladder band alignment in both the conduction and valence band,
the following samples were fabricated: WSe2 monolayer, WSe2 –MoSe2 , WSe2 –MoSe2 –WS2 , and
WSe2 –MoSe2 –WS2 –MoS2 . In these samples as the number of layers was increased, it was observed that their photoluminescence was increasingly quenched, their absorbance increased, and
their photocarrier lifetimes significantly extended. All of these was possible due to their individual properties as monolayers and their ordering in the stacking. The WSe2 –MoSe2 –WS2 –MoS2
four-layer sample displayed the strongest quenching, up to 50% absorbance in certain regions of
the visible spectrum, and electron and holes lifetimes that were extended up to a few nanoseconds.
With this, we have demonstrated that complex van der Waals stacked can be fabricated with desired
properties by carefully selecting the constituent layers and their ordering.
We conclude the dissertation by providing a brief summary and pointing the direction in which
the field is going. In Appendix A, the fabrication of 2D materials as well as van der Waals stacked
structures is described. In Appendix B, the estimation of the photocarrier density in single and
multilayer structure is discussed in detail. Finally, in Appendix C, details about the instrumental
response function and its calculation are reviewed.

11

Chapter 2
Spectroscopy Techniques and Carrier
Dynamics
In this section, the methods used to study and characterize 2D materials are introduced. The steadystate photoluminescence (PL) and absorption spectroscopy are described in section 2.1 and 2.2,
respectively. In section 2.3, the time resolved pump-probe technique is discussed in detail and the
photocarrier dynamics are described in section 2.4. Finally, in section 2.5 a variation of the pumpprobe technique used to measure the diffusion of photocarriers is discussed. Part of the discussion
in section 2.3, section 2.4, and section 2.5 were published in Advanced Functional Materials. 78

2.1

Photoluminescence Spectroscopy

Steady-state photoluminescence spectroscopy is a contactless technique used to probe the electronic structure of the 2D materials. Usually, a monochromatic light source is directed onto a sample and focused by a 20⇥ or 100⇥ objective lens. If the sample is on a transparent substrate, the
light that transmits through it is collected by a second objective lens and guided into a spectrometer
equipped with a thermoelectrically cooled charge-coupled device (CCD) camera. Otherwise, the
reflected diverging light is collimated by the same objective lens and directed into the spectrometer
for data collection, as shown in Figure 2.1. To prevent the unwanted light from being reaching the
12

detector and affecting the PL measurement, a set of filters are placed before the detector. If the
photon energy of the light source, in our measurements this is typically between 1.5 to 3.0 eV, is
higher than the bandgap of the material, photocarriers (either electron-hole pairs or excitons) will
be generated. Electron-hole pairs generated at high energy levels rapidly relax to the band edge, as
it will be discussed in section 2.4, by non-radiative scattering processes such as carrier-carrier and
carrier-phonon scattering. Shortly after, excitons are formed in these 2D materials and the excess
energy is released either radiatively or non-radiatively. In materials free of defects, the energy is
dissipated through the emission of light. In other cases, when the 2D material is rich of defects,
the exciton population is rapidly trapped by the defects which can consequently greatly reduce the
emission of light of the 2D material. Since photocarriers first relax to the band edges and then
return to their equilibrium state, the emitted light energy reveals the difference in energy between
the excited and equilibrium state. The PL technique can be used to determine the thickness of the
2D films, since the electronic structure evolves as function of layers.

Figure 2.1: Typical photoluminescence spectroscopy setup in reflection geometry.
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Figure 2.2: Typical absorption spectroscopy setup in reflection geometry.

2.2

Absorption Spectroscopy

As discussed in the previous section, some materials are not efficient in generating PL. Moreover, the PL spectrum only reveals the energy released when and excitons recombine which is
not necessarily the bandgap of the 2D material. Therefore, in order to more robustly characterize the electronic structure of the material additional measurements are carried such as absorption
spectroscopy. From this the absorption coefficient and the index of refraction can be deduced. If
coupled with the PL spectra, the exciton binding energy can also be calculated. In our reflection
contrast measurements, a stable broadband tungsten-halogen lamp, which generates light from 300
- 2800 nm, is first spatially filtered with a pinhole and collimated with a pair of lens, see Figure 2.2.
The collimated light from the lamp is then directed into a 100⇥ objective lens and focused to a
spot size of 2 - 3 µm. Similarly to the PL setup, the reflected light is then collimated by the same
objective lens and sent into the spectrometer which integrates its spectrum over a period of time.
Usually two different spectra are taken, one from the sample and the other from a thick transparent
substrate. By subtracting the spectrum of the substrate from the spectrum of the sample on the
substrate and normalizing the difference by the spectrum of the substrate, the differential reflection
spectrum DR/Rsub can be determined. These spectrum normally identifies the different exciton
14

resonances of the 2D material.
If the sample is atomically thin, which is always true in 2D materials, and placed on a thick
transparent substrate, such as quartz, the absorbance spectrum (A) can be determined from the
differential reflection spectrum with
1
A = (n2
4

1)

DR
,
Rsub

(2.1)

where n is the index of refraction of the substrate. 79 From the absorbance spectrum we can determine the percentage of incident light at given wavelength absorbed by the sample. To calculate the
absorption coefficient, we use Beer-Lambert law defined as
I = I0 e

ad

,

(2.2)

where I is the transmittance intensity, I0 is the incident optical intensity, d is the thickness of the
material (in our case the thickness of the thin film in cm), and a is the absorption coefficient in
units of 1/cm. By noting that the absorbance A is defined as the fraction of incident intensity
absorbed, the absorption coefficient is calculated to be
a=

ln(1 A)
.
d

(2.3)

Along with the PL technique, the absorption spectroscopy measurements are used to confirm the
thickness of the sample as well as its optical properties.

2.3

Time Resolved Pump-Probe Spectroscopy

In Figure 2.3, the basic elements of a typical pump-probe setup are shown. The ultrafast laser
systems consist of a Ti:Sapphire laser that generates 100-fs pulses, that can be tuned between 700
- 1080 nm, with an average power of about 2.0 W and a 80 MHz repetition rate. A small portion of
this beam (10 - 20%) can directly be used as the probe beam or can either be sent to a beta barium
15

Figure 2.3: Typical pump-probe experimental setup in reflection geometry.
borate (BBO) crystal to generate its second harmonic. A set of filters is used right after the BBO
to prevent the Ti:Sapphire beam from reaching the sample. The majority of the beam is sent either
into a optical parametric oscillator, which outputs 130-fs pulses with wavelengths in the range 1.1
- 2.6 µm or is focus into a photonic-crystal fiber for supercontinuum generation, which outputs a
broadband pulse. The output of the optical parametric oscillator can either be used directly or it
can be sent into another BBO crystal to generate its second harmonic. The output of the photoniccrystal can be used as a pump or probe broadband pulse or it can be narrowed down with the used
of a band-pass filter with a 10-nm bandwidth, in order to select the desired wavelength. Therefore,
by using the Ti:Sapphire laser, the optical parametric oscillator, the photonic-crystal fiber, and
BBO crystals, a wide range of wavelengths are available to study samples with different optical
properties.
The configuration of the ultrafast-laser system depends on the sample being investigated. The
selection of the pump and probe wavelength are chosen generally after the absorption and PL
spectroscopy measurements are conducted. The results identify the excited states in the sample.
In some cases, the pump and probe wavelengths are determined after a literature search of the
material.
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In our measurements, the pump beam, blue beam in Figure 2.3, is focused by an objective lens
and is normally incident on the sample. The excited photocarriers generated by the pump pulse
can either be electron-hole pairs or excitons, depending on the wavelength and sample. 80 Due to
the presence of these photocarriers, the complex index of refraction of the sample is altered via
various mechanisms such as the phase-space blocking effect due to the exclusion principle and
the renormalization of the exciton orbital wavefunction due to the exchange effect and long-range
Coulomb effect. 81 These effects provide a convenient way to probe the presence of photocarriers.
The probe pulse, red beam in Figure 2.3, is aligned so that it propagates along with the pump
beam and is focused on the sample with the same objective lens. By tuning the probe beam to the
resonance of the material or higher, the presence of photocarriers can be sense by measuring the
normalized change in the probe’s reflection, DR/R0 = (R R0 )/R0 , typically referred as differential
reflection. Here, R is the reflection of the probe beam in the presence of the pump and R0 is the
reflection of the probe without the pump. The pump is prevented from reaching the photodiode
with a set of filters. The lock-in technique is used to detect the differential reflection signal DR/R0 .
This requires that the pump beam is modulated with a mechanical chopper at a given frequency,
typically in KHz in our experiments, while the output of the photodiode is sent into the lock-in
amplifier. Mathematically, this consist of integrating the product of the probe’s signal, which is
indirectly modulated by the pump beam, and a periodic reference signal with the same modulation
frequency. The integration limits are taken to be from time t = 0 up to t = tint , where tint is
large when compared to the period determined by the modulation frequency. The result of this
operation is then normalized by the integration time tint . Since the probe beam is being indirectly
modulated at the same frequency the pump beam is being chopped, the signal the probe beam
generates at the photodiode is a periodic square wave which can be decompose by taking its Fourier
transform. If one carries along this operation, it can be shown that the output of the lock-in detector
is proportional to (R

R0 ). Hence, the lock-in measures a voltage that is proportional to DR. To

obtain R0 , the pump beam is blocked and the probe beam is modulated (with the same frequency)
and detected by the lock-in. Using the same mathematical operations, but this time with the probe
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signal being modulated directly with the chopper, the output of the lock-in is proportional R0 .
Both the proportionality constants for (R

R0 ) and R0 are the same, hence dividing them results

in the normalized differential reflection DR/R0 . When the samples are optically thin and placed
on a transparent substrate, one can also measure the differential transmission defined as DT /T0 .
For relatively thick samples, different aspects of the photocarrier dynamics are revealed by the
differential reflection and the differential transmission, since the reflection is more sensitive to the
surface. However, our samples are always atomically thin therefore the difference between the two
techniques is minor.
To obtain the time-dynamics of the photocarriers, the differential reflection (or transmission) is
measured as function of probe delay, defined as the arrival time of the probe to the sample relative
to the pump’s arrival. The delay of the probe can be precisely controlled by sending either the
pump or probe into a retroreflector placed on a motorized linear stage, see Figure 2.3. The position
of the retroreflector can precisely be chosen along the linear stage with the aid of a computer;
hence, allowing us to change the path length and consequently the arrival time of the probe beam
with respect to the pump’s arrival. Zero delay is defined as the simultaneous arrival of the pump
and probe beam to the sample. A probe beam that arrives before the pump has a negative arrival
time whereas a probe beam that arrives after the pump a positive arrival time. After the initial
alignment of the beams, the relative position of the pump and probe beams, which are observed
with a camera system that also images the sample surface, are each controlled with beamsplitters
equipped with motorized screws. As is shown in Figure 2.3, both the pump and probe beam copropagate, are normally incident on the sample and focused. The reflected beams from the sample
are then collected and collimated by the same objective lens, a fraction of this beams are sent to the
camera imaging system, and the unwanted pump beam is stopped from reaching the photodiode
with a set of filters.
The differential reflection signal, measured as a function of probe delay, obtained from a WSe2
ML at room temperature is shown in Figure 2.4. Here, the pump and probe energies are 2.0 and
1.65 eV, respectively. It displays the evolution of the photocarrier population that was injected by
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the pump at 0 ps.
In order to use the differential reflection (or transmission) signal to reflect the photocarrier
population, a relationship between the injected carrier density and the signal needs to first be established. This is always first done experimentally by measuring the signal shortly after zero probe
delay as a function of pump fluence. If the thickness and the absorption coefficient at the pump’s
wavelength of the material are known, these can then be used to calculate the initial photocarrier
density from the pump fluence, see Appendix B. The inset of Figure 2.4 shows these results for
the WSe2 ML. Such an experimentally established relation is used to convert the measured signal
to the photocarrier density, blue symbols in Figure 2.4. This relation can also be obtained from a
well established non-linear optical effect known as saturable absorption. 82
Since the number of available excited states is fixed at a given energy, the absorption of the material will be reduced as more excited states are occupied. In this model, the absorption coefficient,
a, is described as a function of the photocarrier density N by
a(N) =

a0
,
1 + NNsat

(2.4)

where a0 is the absorption coefficient when no photocarriers are present (N = 0) and Nsat is the
photocarrier density that causes the absorption coefficient to decrease by 50%. 82 The change in
absorption due to the presence of photocarriers with density N can now be calculate it as
Da = a(N)

a(0) = a0

"✓

N
1+
Nsat

◆

1

#

1 .

(2.5)

For photocarriers densities that are much smaller than Nsat , that is N ⌧ Nsat , we can use Taylor’s
approximation for Da and obtain
Da ⇡

a0
N
Nsat

!

Da
N
=
.
a0
Nsat

(2.6)

From equation 2.6, we can see that the change in absorption caused by the pump is directly propor-
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tional to the photocarrier density N. In our experiments, we do not directly measure the change in
absorption but instead we monitor the change of reflection or transmission of the probe beam. For
the sake of simplicity, we would derive this relation for the change in transmission and will note
that for our 2D samples, the change in reflection will require us to take into account the multiple reflections that are caused by the different interfaces. However, since the absorption coefficient from
the substrates we use [Si, SiO2 , and polydimethylsiloxane (PDMS)] at the wavelengths our experiments were conducted are practically zero, we can safely assume that any change in the reflection
is solely caused by the sample. To formulate the relation between Da and DT , we use Beer’s
Law, which established the transmittance, T , through a sample with thickness d and absorption
coefficient a as T = e

ad .

Consequently, the difference in transmission caused by a photocarrier

population N is
DT = T (N)

T (0) = e

a(N)d

e

a0 d

.

(2.7)

By normalizing equation 2.7 by the transmission of the probe beam without the presence of photocarriers T0 and assuming that ad ⌧ 1, which is usually true in our experiments, equation 2.7 can
be approximated to be
DT (N)
⇡ Dad.
T0
Therefore, by measuring

DT
T0 ,

(2.8)

we are indirectly measuring the change in the reflection coefficient

Da, which is cause by the presence of photocarriers with density N. By putting equation 2.6 and
equation 2.8 together, we then have
DT
⇡ Dad
T0

$

Da
N
=
a0
Nsat

(2.9)

From here, we can conclude that by measuring the differential transmission, we are indirectly measuring the change in the absorption coefficient caused by the population of photocarriers injected
by the pump. Moreover, equation 2.9 illustrates that a linear relationship exists between the signal
and the photocarrier density. This is confirmed by our experiment, see inset of Figure 2.4. The
significance of these results are that the signal (either the differential reflection or transmission) can
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Figure 2.5: The evolution of photocarriers after instantaneous interband excitation. Reproduced
with permission. 78 Copyright 2016, Advanced Functional Materials.
be used to monitor the population of photocarriers. The decay of this signal can therefore be used
to study the carier dynamics in a quantitative way. In most measurements, the injected density was
kept much lower than Nsat . In such a linear regime, the signal is proportional to the photocarrier
density.

2.4

Time-Domain Photocarrier Dynamics

To understand the origin of the signal shown in Figure 2.4, we need to analyze all physical processes and the time scales that they occur in order to correctly interpret the data. Figure 2.5 shows
the typical life cycle of photocarriers in semiconductors. 83 The interband excitation, a result of
of pump photoexcitation, produces a nonthermal distribution of electrons and holes. Shortly after, a thermalization process evolves the initial nonthermal distribution into a thermal one, where
the electron and hole temperatures are higher than the lattice temperature. Consequently, energy
relaxation (cooling) brings the photocarrier system into a quasi-equilibrium state with the phonon
system, sharing the same temperature. The free carriers can then form excitons, which can then
recombine radiatively or nonradiatively, returning the system to the equilibrium state before the
photoexcitation. These processes are not necessarily separated in time. For example, recombi-
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nation can occur with hot carriers and the cooling process can occur during the thermalization
process.

2.4.1

Thermalization and Energy Relaxation

The initial form of the photocarrier’s energy distribution is determined by the pump pulse. When
the pump pulse is tuned to the exciton resonance, excitons are directly injected. On the other hand,
for interband excitation, the initially injected electrons and holes have Gaussians distributions,
which is dictated by the pump spectrum. These extremely nonthermal carriers quickly develop
a thermal distribution via both carrier-carrier and carrier-phonon scattering, in a process known
as thermalization. Since the redistribution of energy among the carriers is mainly achieved by
carrier-carrier scattering, this process is expected to be very fast in 2D materials with an enhanced
Coulomb interaction due to the reduced screening that occurs due to dimensionality.
By using a 10-fs time resolution, the ultrafast carrier thermalization and cooling processes
were studied in few-layer MoS2 by Nie et al., 84 as shown in Figure 2.6. The researchers observed
a nonthermal distribution immediately after the pump’s photoexcitation and discovered that the
thermalization process occurs within 20 fs. Their interpretation that the thermalization occurs via
both by carrier-carrier and carrier-phonon scattering is supported by the measured dependence of
the thermalization time with the carrier density and temperature of the sample. After the thermalization process, they observed that the cooling of the hot Fermi-Dirac distribution happens in a 0.6
ps time scale via carrier-phonon scattering. Their experimental results are consistent with nonadiabatic ab initio molecular dynamics simulations, which predict carrier-carrier and carrier-phonon
scattering time scales of 40 fs and 0.5 ps, respectively.
These time scales are significantly shorter than those in conventional semiconductors which
illustrates the enhanced carrier-carrier and carrier-phonon scattering that occurs in 2D semiconductors. 83
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Figure 2.6: Thermalization and energy relaxation of photocarriers in few-layer MoS2 . Two different relaxation processes can be identified and their physical origins are attributed to carrier thermalization that occurs within the first 20 fs mainly via carrier-carrier scattering and carrier cooling
that occurs via carrier-phonon scattering and lasts about 0.6 ps. Reproduced with permission. 84
Copyright 2014, American Chemical Society.

2.4.2

Exciton Formation

One of the key differences between 2D and conventional 3D semiconductors is the exceptionally
large exciton binding energies on the order of several hundred millielectronvolts that have been
revealed in monolayers of MoS2 , 85–87 WS2 , 86–88 MoSe2 , 86,89 and WSe2 . 29,86 The large exciton
binding energies are a result of the reduced electric field screening that occurs in two dimensions
which in turn enhances the electron-electron interactions. This gives rise to excitons that are stable
at room temperature and dominate the optical properties of 2D materials.
The exciton formation process in 2D materials, namely in TMDs, was studied by Ceballos et
al. 80 After interband excitation, the injected photocarriers thermalize and form a hot Fermi-Dirac
distribution that is cooled down via carrier-phonon scattering, as discussed in the previous section. It was found that after the injection of free electron-hole pairs, two different time scales
were observed in the decay of the differential reflection signal generated from ML MoSe2 at room
temperature, as shown in Figure 2.7(a). The decay of the signal was measured as a function of
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Figure 2.7: (a) The differential reflection signal from ML MoSe2 measured at different pump
fluences. The pump and probe wavelengths as well as the pump fluence are noted in the legend.
(b) The peak differential reflection and the signal at 3 ps measured as a function of pump fluence.
(c) From the bi-exponential fits (shown as the red curves in (a)), the fast decay constants are
extracted and plotted as a function of pump fluence. (d) The relative strength of the fast decay
component measured as a function of pump fluence. No dependence is observed in either the fast
decay constant or the relative strength of the fast decay with the pump fluence. Reproduced by
permission from The Royal Society of Chemistry. 80
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pump fluence, shown in Figure 2.7(b), and fitted bi-exponential functions to the signals shown in
2.7(a). The extracted short decay constants, that characterize the fast decay, were then plotted as a
function of pump fluence and show no dependence, Figure 2.7(c). To measure the strength of the
fast decay component the quantity DR(peak)/R(3 ps) was computed which is simply the ratio of
the peak signal and the signal at 3 ps. This quantity showed no dependence with pump fluence, see
Figure 2.7(d). Finally, by measuring DR(peak)/R(3 ps) as function of the pump photon energy,
while keeping the initial injected photocarrier density constant, it was observed that the strength
of the fast decay component decreased as the pump photon energy approached the A exciton resonance and in some cases was virtually absent. Since the excitons are less efficient than free carriers
in inducing a transient absorption signal, the rapid decay of the signal was attributed to formation
of excitons from free electrons-electrons hole pairs. Such a decay process lasted between 0.3 to
0.5 ps for MoS2 , WS2 , MoSe2 , and WSe2 MLs. This interpretation is supported by the fact that
when the pump energy was tune close to the A exciton resonance, that is when excitons are directly
injected as oppose to free electron-hole pairs, the fast decay component was absent in the signal.
Although other mechanisms, such as the lost of the photocarriers population to defect trapping,
can also induce a fast decay of the transient absorption signal, further evidence showed that in
this study there is no rapid loss of the carrier population to defects. These experimental results,
are consistent with a theoretical study 90 showing that the exciton formation process can be shorter
than 1 ps and generated via a longitudinal optical phonon-assisted scattering process. In a recent
report, the exciton formation in a ML of WSe2 was observed to occur in a subpicosecond timescale
by using a time-resolved THz spectroscopy technique. 91

2.4.3

Exciton-Exciton Annihilation

As the exciton population forms, it immediately starts to decay due to electron-hole recombination.
This process can be radiative, where the energy is released in a form of a photon, or nonradiative,
accompanied by other forms of excitations, such as phonon generation or intraband excitation of
carriers.
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It was found that with high exciton densities of above 1011 cm 2 , the decay of the exciton population in TMD MLs is a bimolecular process that depends on the exciton density. This phenomenon
is attributed to exciton–exciton annihilation, which has been widely observed in systems with
strong exciton–exciton interactions, such as organic molecules 92,93 and carbon nanotubes. 94,95
With the contribution of exciton–exciton annihilation, the decay of the exciton density N can
be written as
dN 1
= N
dt
t

1 2
gN ,
2

(2.10)

where t and g are the exciton lifetime and the exciton annihilation, respectively. 95 At very early
times when t ⌧ t, the first term in the right hand side of the equation can be ignored and by solving
for the exciton density N it can be shown that
N0
N(t)

1 = gN0t,

(2.11)

where N0 is the initial exciton density.
Figure 2.8 shows the observation of the exciton-exciton annihilation in ML MoSe2 . 96 The
evolution of the carrier density as a function of probe delay is shown in the left panels. As it can be
seen, a fast decay component starts to develop and becomes stronger as the initial carrier density is
increased. From the data in the left panels, the quantity [N0 /N(t)]

1 is calculated and plotted on

the right column. The initial part of the dynamics can be described by this model. From the linear
fits (solid red line) the annihilation rate is found to be g = 0.33 ± 0.06 cm2 s 1 . Exciton–exciton
annihilation has also been observed in MoS2 , 97 WS2 , 98 and WSe2 MLs. 99

2.4.4

Exciton Recombination

At lower injected photocarrier densities or later decay times, the decay of the exciton density is
less affected by exciton–exciton annihilation. The lifetimes of the electrons-hole recombination
are critical for TMDs photoelectronic applications; however, the recombination mechanisms are
complex and depend on the experimental conditions and the sample being investigated. To develop
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Figure 2.8: Left column: Exciton density as a function of probe delay for various initial injected
densities. At times scales shorter than 100 ps, a fast decay component starts to develop as the
initial exciton density increases. The red solid curves are single exponential fits to the data after
150 ps. Right column: The quantity N0 /N(t) 1 is calculated from the data in the left panels as
function of the probe delay. The red lines are linear fits. Reprinted with permission. 96 Copyright
2014, American Physical Society.

28

a better understanding of the ultrafast dynamics of the photoexcited carriers optical pump-probe
studies as well as time-resolved photoluminescence (TRPL) measurements have been conducted
in TMDs MLs.
In the transient absorption spectroscopy studies with 100-fs time resolution (using orthogonal
pump-probe polarizations), the differential reflection signal DR/R0 is observed to reach its maximum value in an ultrafast timescale (< 500 fs). This interpreted as the excitation, thermalization,
and relaxation of photoexcited carriers. 84,100,101 The DR/R0 signal then exponentially decays with
different time scales depending on the experimental conditions in which the experiments were
carried. At low injected densities or later decay times, a single exponential function is enough
to satisfactorily fit the DR/R0 signal where the exponential decay time (lasting hundreths of ps)
is simply attributed to the electron-hole recombination lifetime. 97,102 Furthermore, in a different
study in which the probe pulse is tuned close to the A exciton resonance, the excited state population decays in three distinct time scales in where the 2 - 4 ps fast decay is attributed to the trapping
of excitons by surface trap states, the intermediate decay of 30-80 ps is associated with interband
carrier-phonon scattering, and the slow decay component of 300-1000 ps is assigned to the direct
interband electron-hole recombination. 101
To further investigate the exciton emission dynamics, temperature dependent steady-state PL
and TRPL experiments have been carried. The TRPL study by Yuan and Huang 98 on a WS2
monolayer reports that the PL lifetime, obtained by integrating in time the entire PL spectra and
fitting it with a single exponential function, is 806 ± 37 ps. The authors point out that the single
exponential decay as well as the high PL yield is the result of the PL originating from a single
state showing that the number of defects in WS2 is low. In contrast, two TRPL studies on WSe2 103
and MoS2 104 MLs show that two distinct temporal regions arise in the PL decay. In the WSe2
study it is noted that the low temperature steady-state WSe2 PL spectra shows that trion and exciton emission spectrally overlap each other over the investigated temperatures. By analogy of the
shorter trion lifetimes when compared to the excitons found in GaAs quantum wells the authors
assigned short (long) lived component that evolves from 20 (70) to 60 (250) ps in the temperature
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range of 130 to 260 K to the trion (exciton) radiative decay. Conversely, in the MoS2 study the
short decay occurring over the first few picoseconds is ascribed to the exciton lifetime while the
long lived component that arises at temperatures higher than 150 K is related to an exciton-phonon
scattering process. The discrepancies that exists among different techniques more likely arise from
the defects in the samples.
Different from the defect-limited lifetimes, the intrinsic exciton lifetime describes the radiative recombination of excitons in ideal samples. The radiative lifetime of excitons with small
in-plane momenta (within the light cone) in WSe2 MLs was found to be shorter than 0.2 ps by
time-resolved mid-infrared measurements 99 and optical two-dimensional Fourier transform spectroscopy. 105 Wang et al. developed a model that produced results of radiative lifetimes that are
in excellent agreement with these experimental results. 106 The model also shows that thermalized
exciton populations have lifetimes much longer than the radiative lifetime, since the majority of
the population is out of the light cone

2.5

Spatially Resolved Pump-Probe Spectroscopy

The measurements in Figure 2.4, reveal the time-domain carrier dynamics, however, the power of
the pump-probe technique is fully unleashed when combined with additional knobs. For example, adding spatial resolution, which is usually accomplished with beam splitters that are equipped
with picomotor piezo linear actuators that provide exceptional motorized fine positioning of the
beams (as shown in Figure 2.3), when coupled with ultrahigh time resolution can reveal the diffusion of photocarriers in 2D materials. In this section, recent studies of exciton diffusion in 2D
semiconductors achieved by introducing high spatial resolution will be discussed.

2.5.1

Photocarrier Diffusion

The principle of spatially resolved pump-probe spectroscopy is shown in schematically in Figure 2.9. Here, a tightly focus pump beam (blue in the figure) injects photocarriers with a thin
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Figure 2.9: Schematic representation of transient absorption microscopy measurements of exciton
diffusion in 2D semiconductors. A tightly focused pump pulse (blue beam) injects photocarriers
and at a later time a probe pulse (red beam) monitors their spatial profile.
Gaussian spatial profile (same as the beam). The lateral size of the initial distribution can be characterize by its full width at half maximum, w0 , and ranges typically from 1 to 2 µm. The evolution
of the Gaussian profile is then driven by the in-plane density gradient which causes the photocarriers to diffuse in the sample, where the profile remains a Gaussian but with a width w that
expands. 107 The diffusion equation for a density N(r,t) is
∂N
=
∂t

N
+ D—2 N,
t

(2.12)

where D is the diffusion coefficient and t the photocarrier lifetime. By assuming that the diffusion
constant and the photocarrier lifetime are independent, the solution to this equation is found to be
N(r,t) =

1
·e
4pDt

r2 /4Dt

·e

t/t

,

(2.13)

where the profile’s squared width increases linearly with time t as
w2 (t) = w20 + 16ln(2)Dt,
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(2.14)

Figure 2.10: Schematic illustration depicting the imaging process of the photoexcited carriers
where a pump pulse is scanned relative to a fixed probe beam.
where w20 is the initial width at t = 0. The probe pulse (red beam in Figure 2.9) arriving at a later
time acquires the spatial profile at that time. In our measurements, this achieved by measuring the
differential reflection or transmission as a function of the distance between the pump and the probe
spots, schematically depicted in Figure 2.10.
An example of such measurement is shown in Figure 2.11, which was carried on a 20-layer
exfoliated black phosphorus film. 108 Here, the differential reflection, with a 1.70-eV pump and
1.53-eV probe, is plotted as function of probe delay and relative probe position in Figure 2.11(a).
To demonstrate that at later times the exciton density maintains a Gaussian profile several spatial
profiles at different times are shown in Figure 2.11(b). Finally, the spatial profiles are fitted with
Gaussian curves, shown as the solid lines in Figure 2.11(b), and the squared widths are extracted
and plotted as a function of probe delay in Figure 2.11(c). According to equation 2.14, the slope
of the data will contain the diffusion coefficient D. Therefore, by fitting a line and extracting the
slope, shown as red solid curve in Figure 2.11(c), a diffusion coefficient 1, 300 ± 30 cm2 s
determined.
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Figure 2.11: (a) The differential reflection from a 20-layer black phosphorus film measured as
function of probe delay and relative probe position. This measurement was obtained by scanning
the probe spot relative to the fixed pump spot along the armchair direction for different probe
delays. (b) Examples of the spatial profiles at different probe delays. The solid lines are Gaussian
fits. (c) From the Gaussian fits shown in (b) and others not shown, the square width of the profile
is extracted and plotted as function of probe delay (black squares). The solid red line is a linear fit
to the data and displays the linear evolution of the width squared. Reprinted with permission. 108
Copyright 2015, American Chemical Society.
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Figure 2.12: Summary of known exciton and electron-hole pairs diffusion coefficients at room
temperature for several 2D materials (solid symbols) and bulk materials (open symbols). 102,108–116
Reproduced with permission. 78 Copyright 2016, Advanced Functional Materials.
This same approach has been used to study the exciton or electron-hole pair diffusion in other
2D materials. 102,108–116 The results are summarized in Figure 2.12 where the measured coefficients are plot it against the optical bandgap of the materials. The 2D semiconductors have their
diffusion coefficients in the range of 10 to 50 cm2 s 1 , which are comparable to the 3D conventional semiconductors such as Si and GaAs. However, graphene and bulk black phosphorus show
diffusion coefficients that are several orders of magnitude larger than those of the reported 2D
semiconductors.
In order to deduce the diffusion coefficients using equation 2.14, two conditions must be met.
First, the transient absorption signal must be proportional to the carrier density otherwise the measured spatial profile won’t represent the true spatial profile of the density. Second, the recombina-
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tion time should be independent of the carrier density else the decay of the photocarriers in different
parts of the spatial profile will decay at different rates making more difficult to determined the true
spatial profile of the samples. This will cause the true spatial profile of the density to deviate
from being a Gaussian distribution and the change of the width will be unrelated to the diffusion.
These conditions are usually verified experimentally by measuring the transient absorption signal
as function of injected carrier density. By fitting the different curves with the appropriate functions
the extracted carrier lifetimes can be plot it as a function of injected carrier density. An example of
these procedure is shown in Figure2.7(a) and (c). Once it is verified that the carrier lifetime does
not depend on the carrier density the signal shortly after zero probe delay is plot it as a function of
the injected carrier density, as shown in the inset of Figure 2.4. The spatially resolved pump-probe
measurement is then carried at density where the signal scales linearly with the injected carrier
density.
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Chapter 3
Vertically Stacked Two-dimensional
Multilayer Structures
The structure of this section is organized by the complexity of the samples. Our experimental
results on bilayer heterostructures are first discussed which stimulated and encouraged the investigation of more complex multilayer structures. Consequently, we fabricated a three-layer and
four-layer samples with the purpose of controlling the charge dynamics by the sequence we ordered the layers. All the multilayer samples discussed in this section were fabricated by stacking
semiconducting TMDs exfoliated monolayers. The photocarrier dynamics in the monolayers and
the multilayer samples as well as the interlayer interactions were optically characterized with nondestructive techniques, such as photoluminescence, absorption, and transient absorption (pump–
probe) spectroscopy. With these, we demonstrate the electronic and optical properties of multilayer
structures that can help improve their fabrication and design; moreover, it has encouraged the fabrication of 2D multilayer samples that are put together by chemical means.
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3.1

Extended Photocarrier Lifetimes and Charge Transfer Exciton Formation in a MoS2 –MoSe2 Bilayer Heterostructure

We report on the time-resolved photocarrier dynamics and formation of charge transfer excitons
in a bilayer heterostructure formed with MoSe2 and MoS2 exfoliated semiconducting TMDs MLs.
By selectively injecting photocarriers in one of the layers and probing the exciton states of the other
layer, we establish that electrons and hole transfer to the lower energy side of the heterostructure on
a subpicosecond time scale. The transferred electrons and holes very quickly form charge transfer
excitons, with electrons and holes residing in different layers of the heterostructure. It is discovered
that the charge transfer excitons have longer recombination lifetimes when compared to excitons
in the individual MLs. Most results in this section were published in ACS Nano. 45

3.1.1

Experimental Results and Discussion

For several decades, multilayer structures formed with different 3D materials have been the cornerstone for developing functional materials with tunable properties. 72–74 Traditionally, such conventional structures are fabricated by epitaxy techniques that require that the component materials have
a closely matching lattice. This restriction limits the number of component materials that can successfully be put together where oftentimes a poor interface is the result of a slight lattice mismatch.
With the undeniable success that graphene brought to the 2D world and its substrate dependance
properties, soon 2D multilayer structures using graphene and hexagonal boron nitride (hBN) were
extensively studied. 8 Encourage by the results that showed that graphene devices on hBN substrates had improved mobilities and carrier inhomogeneities by up to an order of magnitude when
compared to graphene devices on SiO2 , multilayer structures composed with 2D materials other
than graphene and hBN started to be realized. Since what keeps together 2D multilayer structures
is the weak van der Waals force (which acts like glue between the layers) the lattice matching
restriction is greatly relaxed. This opens up a new avenue where a huge number of combinations
can be designed and explored, 117 where the only limitation is the stability of the 2D material. The
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Figure 3.1: Schematic illustrations of Type I, II, and III band alignment in bilayer heterostructures. The valence (conduction) bands are indicated by the green (blue) color. The direction of the
electron and hole flow are denoted by the pink arrows.
interface can be atomically sharp and the junction region as thin as two atomic layers. 118 Moreover, the van der Waals multilayers are flexible and their fabrication is compatible with current thin
technologies.
When two different semiconducting materials are brought together, three different types of
band alignments can be formed, for example, type I (symmetric), type II (staggered), or type III
(broken), as illustrated in Figure 3.1. Depending on the type of the desired application, different
types of band alignments are used. For example, for light emitting diodes and in lasers, a type
I band alignment is more advantageous since electrons and holes can be confined into one layer
for more efficient electron-hole recombination. By sandwiching an undoped semiconductor, such
as GaAs, between a p-type and n-type semiconductor, such as AlGaAs, a quantum well can be
formed, see Figure 3.2. Quantum wells are an extension of type I band alignments where electrons
and holes are generated in the outside layers and driven into the middle layer where the lower
energy states reside. By carefully selecting the lattice mismatch between the different layers, the
band gap of the middle layer and its thickness, the energy of the emitted photon can be tuned. To
enhance the performance of these light emitting devices, oftentimes multiple quantum wells are
stacked together. 119
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Figure 3.2: Quantum well application formed from Type I heterojunctions.
It has been shown multiple times through theory 62–64 and experiments, 45,55,60,75,120 that type
II heterostructures can be formed with semiconducting TMDs MLs, where the conduction band
minimum and valence band maximum are located in opposite layers.
The micromechanical exfoliation technique allows for the rapid exploration and realization
of multilayer structures and helps reveal functional promising multilayer combinations (see Appendix A). It is in this way that we stumbled upon the MoS2 –MoSe2 bilayer heterostructure. The
sample was fabricated by mechanically exfoliating bulk crystals and identifying MoSe2 and MoS2
MLs by optical contrast on separate transparent substrates. Since ML MoSe2 is affected by ambient
conditions, we first transferred the MoSe2 ML onto a Si wafer caped with 90 nm of SiO2 , shown
in Figure 3.3(b). Part of the MoSe2 region was then covered with the MoS2 ML for protection, see
Figure 3.3(a) and (c).
Figure 3.3(d) shows the predicted band alignment obtained from first principal calculations, 62–64
where the conduction band lowest electron energy states exclusively populate the MoS2 layer and
the highest valence band states reside in the MoSe2 layer. The conduction (valence) band offset

39

Figure 3.3: (a) Optical image of MoS2 ML flake on a transparent substrate. (b) The ML MoSe2 on
a Si-SiO2 substrate. (c) The MoS2 –MoSe2 heterostructure sample fabricated by transferring the
MoS2 ML shown in (a) on top of the MoSe2 ML in (b). (d) The type two band alignment of the
conduction band and the valence band predicted from first principles. 62–64 (e) PL spectra generated
from MoS2 ML (blue), MoSe2 ML (red), and the heterostructure region (purple). Reproduced with
permission. 45 Copyright 2014, American Chemical Society.
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is predicted to be about 0.37 (0.63) eV. Fortunately, next to the bilayer heterostructure region, isolated areas of the same composing MLs are also accessible, facilitating and allowing the direct
comparison of the heterostructure with the individual MLs.
The PL spectra shown in Figure 3.3(e) of the MoS2 ML (blue), MoSe2 ML (red), and the
MoS2 –MoSe2 heterostructure (purple), was generated under the same experimental conditions
with the excitation of a 632.8 nm continuous-wave laser that had an incident power of 50.0 µW.
The observed peak positions from the MoS2 (663.0 nm) and MoSe2 (790.5 nm) MLs are consistent with previously reported values and confirms their thickness. 17,121 Since the PL yield from the
MoSe2 ML is about 20 times higher than the PL generated from the MoS2 ML, we can conclude
that stronger nonradiative recombination occurs in MoS2 . The spectrum from the MoS2 –MoSe2
sample consists of two peaks each centered at 656.0 and 798.5 nm, which are close to the individual
ML peaks. The 7–8 nm shift of the peaks can be attributed to the different dielectric environment
present in the bilayer sample. Moreover, the peak corresponding the MoSe2 layer of the bilayer
heterostructure is quenched about 20 times pointing out that most electron excited in MoSe2 prefer to transfer to MoS2 instead of forming excitons in MoSe2 and radiatively recombining. The
same PL quenching effect is also observed in a MoS2 –WSe2 bilayer heterostructure with a type
II band alignment. 120,122 A not so strong quenching (only 30%) can be seen from the PL peak
corresponding to the MoS2 of the heterostructure. This low quenching of the PL can be justified
by the stronger nonradiative recombination that occurs in MoS2 . Note that the transition from the
conduction band of MoS2 to the valence band of MoSe2 in the heterostructure is expected to be
about 1030 nm, which is out of the spectral range of our detector. 62–64
To study the charge transfer dynamics as well as the exciton formation and recombination,
ultrafast transient absorption measurements were performed in reflection geometry in both the individual MLs and the heterostructure. To study the transfer of electrons from MoSe2 to MoS2 ,
the pump–probe configuration illustrated in Figure 3.4(a) was used. By tuning the pump pulse to
the A exciton resonance of MoSe2 at 790.0 nm [blue arrow in Figure 3.4(a)], we ensure that we
selectively inject excitons solely into the MoSe2 layer of the heterostructure since the energy of
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the pump photon is far below any exciton states in MoS2 . To monitor the presence of the transferred electrons, the probe pulse is tuned to 655.0 nm, the A exciton resonance in MoS2 , and its
differential reflection is measured as a function of probe delay. The differential reflection DR/R0 ,
defined in Section 2.3, its the normalized change in the probe’s reflection caused by the pump and
when measured as a function of time it displays the lifetime of the photocarrier population. In
our case, this would be the lifetime of the electron population occupying the MoS2 layer of the
heterostructure.
Since the pump does not injected photocarriers into the MoS2 layer, a signal is only expected
if the electrons injected in MoSe2 transfer into the conduction band of MoS2 , as illustrated by the
purple arrow in Figure 3.4(a). The panels (b) and (c) in Figure 3.4 show the long and short scale
dynamics of the signal, respectively, when measured with a pump energy fluence of 5 µJ cm
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(see Appendix B for an explanation of the fluence calculation). As shown in Figure 3.4(c), the
signal rapidly reaches its maximum value, within the instrumental response time (see Appendix C)
and momentarily maintains the same peak value. The ultrafast rise of the signal shows that the
transfer of electrons across the van der Waals interface occurs in an ultrashort time scale, in less
than 200 fs, and cannot be resolve by our ultrafast laser system. Surprisingly, this happens despite
the strong Coulomb interaction between electrons and holes in the injected excitons. Shortly after,
after a few picoseconds, the signal starts to slowly decay as shown with in Figure 3.4(b). The signal
is then fitted with a single exponential function (shown as the black curve) from which a 160 ps
decay constant is extracted. The decay of the signal reveals that the electrons and holes start to
recombine across the interface. To exclude the possibility that probe beam was sensing higher
energy states in MoSe2 , the measurement was repeated using different probe wavelengths. The
results summarized in Figure 3.4(d), demonstrate that magnitude of the signal strongly dependends
on the probe wavelength, traces the MoS2 PL, and peaks roughly at the same position where the
MoS2 PL peaks. With this we confirm that the differential reflection signal is mainly generated
in response to electrons that transferred from MoSe2 into MoS2 . To investigate if the signal had
any dependence with the injected carrier population, the same measurement were repeated with
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Figure 3.4: (a) Schematic illustration of the pump–probe configuration used to study the transfer
of electrons from MoSe2 to MoS2 in the heterostructure. Differential signal obtained as function
of probe delay in a long (b) and short (c) time scale. The solid black curve in (b) is a single
exponential fit. (d) Differential reflection signal at 3.0 ps as function of probe wavelength. (e)
Decay constant as a function of pump fluence. These were deduce by repeating the measurement
at different fluences and fitting the signals with single exponential curves. An example is shown
in (b). (f) Differential reflection signal at 3.0 ps as a function of pump fluence. Reproduced with
permission. 45 Copyright 2014, American Chemical Society.
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different pump fluences and the decay time was extracted. No dependence of the decay time was
observed, Figure 3.4(e), and the signal scaled linearly with pump fluence, Figure 3.4(f).
We proceed to investigate the hole transfer from MoS2 to MoSe2 by using the pump–probe
configuration illustrated in Figure 3.5(a). This time, the pump pulse is tuned to the exciton resonance in MoS2 at 655.0 nm (blue arrow in Figure 3.5(a)) and inevitably both layers are excited.
The probe pulse tuned at 790.0 nm (red arrow) senses the presence of holes in the valence band
of MoSe2 . The differential reflection signal, plotted as a function of probe delay with a pump
fluence of 2.0 µJ cm 2 , is shown by the purple squares in panels (b) and (c) of Figure 3.5. In the
short time scale panel shown in panel (c), the signal rapidly rises and it reaches it peak and then
single-exponentially decays with a time constant of about 240 ps extracted from the exponential fit
shown by the solid curve in (b).
As we already mentioned, the pump photon energy is large enough to excite both layers; therefore, the differential reflection signal originates from holes directly injected in MoSe2 and holes
that transfer from MoS2 . To separate the contribution from the transferred holes that were directly injected in MoS2 , we repeated the measurement with different pump wavelengths around
the MoS2 exciton resonance. The purple squares in Figure 3.5(d) show the magnitude of the signal
at 3.0 ps for different pump wavelengths. In the same figure, the MoS2 PL is shown as the gray
curve. The wavelength dependance of the signal exhibits the contribution the holes that transfer
from MoS2 into MoSe2 make to the differential reflection signal. The 30% variation in the signal
observed, indicate the contribution holes that transfer from MoS2 make to the signal. Moreover, as
is expected, the dynamics of the signal show no dependence as the pump wavelength was varied.
The orange squares in Figure 3.5(c) show the signal obtained after a 670.0 nm pump excited both
layers while the same 790.0 nm probe monitored the presence of holes in MoSe2 . By scaling this
signal by a factor of 1.25, gray squares in panel (c), the scaled signal perfectly matches the signal
detected when a 655.0 nm pump excited both layers. From the ultrafast rise of the signal shown in
panel (c) by the purple or orange squares, we can conclude that the hole transfer occurs within a
subpicosecond time scale, faster than the time resolution of our system. If this was not the case, a
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Figure 3.5: (a) Schematic illustration of the pump–probe configuration used to study the transfer
of holes from MoS2 to MoSe2 in the heterostructure. The differential signal obtained as function
of probe delay in a long (b) and short (c) time scale. The purple squares in (b) and (c) show
the differential signal obtained from the heterostructure using a 655.0 nm pump and a 790.0 nm
probe. The differential reflection signal from a MoSe2 ML is shown as the red circles in (b) and
(c). The orange circles in (c) show the differential reflection signal from the heterostructure when
a 670.0 nm pump excites both layers while 790.0 nm probe senses the MoSe2 . The gray squares in
(c) represent the scaled signal obtained from the orange squares. (d) Differential reflection signal
at 3.0 ps as function of pump wavelength (purple squares). The gray curve is the PL generated
from a MoS2 ML. (e) Decay constants from the heterostructure (purple squares) and from the
MoSe2 ML (red circles) plotted as function of pump fluence. (f) Differential reflection at 3.0 ps for
the heterostructure (purple squares) and the MoSe2 ML (red circles) plotted as function of pump
fluence. Reproduced with permission. 45 Copyright 2014, American Chemical Society.
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slow rise of the signal at early times would be expected. However, we do not observe this.
After the electrons and holes have separated, due to the type II band alignment in this system, it
is expected that they will form charge transfer excitons, where electrons and holes populate different layers. Since the spatial overlap between the electron and hole wave functions is decreased, due
to their increase in spatial separation, it’s expected that the electron-hole recombination would be
suppressed. To establish this, we measured the exciton lifetimes in the isolated MoS2 and MoSe2
regions shown in Figure 3.3(c). For comparison, the signal obtained from the MoSe2 ML, taken
under the same experimental conditions as the signal shown by the purple squares in panel (b), is
shown as the red circles Figure 3.5(b) and (c). The signal from MoSe2 is roughly 10 times less and
can be fitted with a single exponential function (solid curve) that is characterized with a time constant of 150 ps. The MoS2 signal (not shown here) decays even faster. Therefore, we can conclude
that the signal obtained from the bilayer heterostructure that decays with a time constant of 240 ps
reflects that extended recombination lifetime of the charge transfer excitons. Panels (e) and (f) in
Figure 3.5, show the decay constant dependence as well as the dependence of the signal with pump
fluence for holes in the heterostructure (purple squares) and excitons in ML MoSe2 (red circles).
With evidence presented for the MoS2 –MoSe2 heterostructure, we establish that ultrafast charge
separation and the formation of charge transfer excitons that exhibit extended lifetimes occurs in
type II heterostructures formed by two semiconducting MLs. Moreover, the strong PL quenching observed in the heterostructure regions indicates that the charge transfer is highly efficient.
Our results are consistent with other experiments. For example, in their measurements Hong et
al observed in a MoS2 –WS2 heterostructure, which has a type II band alignment, ultrafast charge
separation, quenched PL from the heterostructure region, and derived ⇠50 fs hole transfer times. 60
Moreover, Fang et al showed that in a WSe2 –MoS2 heterostructure a new strong PL emerged at
a lower energy that couldn’t be attributed to either WSe2 or MoS2 PL. 120 Therefore, since the PL
generated by the individual MLs was heavily quenched, it was presented as evidence of the strong
and efficient charge transfer exciton radiative recombination.

46

3.2

Spatiotemporal Dynamics of Charge Transfer Excitons in a MoSe2 –
WS2 Bilayer Heterostructure

In this section we show that the van der Waals heterostructure formed by MoSe2 and WS2 provides
a unique system with near degenerate interlayer and intralayer excitonic states. Our photoluminescence measurements indicate that the charge transfer exciton states are approximately 50 meV
below the MoSe2 exciton states, with a significant spectral overlap. By monitoring the transient
absorption of a femtosecond pulse, we studied the spatial and temporal dynamics of the charge
transfer excitons at room temperature. We found a lifetime of approximately 80 ps for the charge
transfer excitons and a diffusion coefficient of about 14 cm2 s

1

was deduced, which is compa-

rable to individual excitons in transition metal dichalcogenides. The results in this section were
published in Nanoscale. 123

3.2.1

Excitonic States in MoSe2 –WS2 heterostructure

The MoSe2 –WS2 heterostructure sample studied is shown schematically in Figure 3.6(a) and visually in Figure 3.6(b). The monolayers composing the heterostructure have neighboring secluded
regions of WS2 and MoSe2 which ease the comparison between any measurement done in the heterostructure and its constituent monolayers. No efforts were made to determine and control the
relative orientations of the two flakes; as a matter of fact, the WS2 location was selected so that the
heterostructure region contained a large area. In all the measurements discussed here, the sample
was kept under an ambient condition. No sample degradation was observed during the course of
the entire study.
Two groups have predicted, using first-principle calculations 63,64 that the conduction band offset of MoSe2 and WS2 could be as small as 20 or 60 meV. Figure 3.6(c) shows schematically
the type-II band alignment of this heterostructure, where the near degenerate conduction bands
facilitate the control of the electron population between the two layers which can be utilized in
tunneling-based devices.
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Figure 3.6: (a) Schematic illustration of the MoSe2 –WS2 heterostructure. (b) Microscope images
of the sample containing the heterostructure (indicated by the red box) and the individual MoSe2
and WS2 monolayer regions on the a Si–SiO2 substrate. Band alignment predicted by first principle
calculations, 63 showing 60 and 270 meV conduction and valence band offsets, respectively. (d)
Energy diagram of excitons states determined by the photoluminescence spectrum. Reproduced
by permission from The Royal Society of Chemistry. 123

48

We begin our study by conducting PL spectroscopy on the heterostructure and its neighboring
monolayers. To generate the PL a continuous wave laser with a 405 nm wavelength and incident
power of 0.6 µW was focused onto a perpendicularly placed sample using a 50⇥ microscope objective lens. The PL spectra of the WS2 (blue), MoSe2 (red), and WS2 –MoSe2 heterostructure
(black), shown in Figure 3.7, were collected by an imaging spectrometer equipped with a thermoelectrically cooled CCD camera. An intense PL emission centered at 617.3 nm was observed
when the laser spot was located on the WS2 monolayer region (blue curve in Figure 3.7, divided
by 23). The peak position, line-width, and PL yield are all reasonably consistent with previous
reports, 124–127 further confirming its monolayer thickness. When the laser spot was placed on the
MoSe2 region, a much weaker PL peak was observed at 785.5 nm (red curve in Figure 3.7), which
is also consistent with previous results. 27,96,128
Of more interest is the heterostructure PL spectrum which exhibits two peaks at 614.7 nm and
810.0 nm. Without interlayer coupling or charge transfer, the PL spectrum of the heterostructure
is expected to be the sum of the two individual monolayer spectrum. However, the 614.7 nm peak,
due to the radiative recombination of excitons in the WS2 layer of the heterostructure, is close to the
WS2 monolayer peak, but is slightly blue shifted due to the different dielectric environment present
in the heterostructure. Moreover, its magnitude has been quenched by a factor of 23, suggesting
that most of the holes created in WS2 transferred to MoSe2 before forming direct excitons and
recombining radiatively. A similar PL quenching effect has been recently observed on WS2 –MoS2
heterostructures with clean interfaces. 60,67,129–131 In addition, its shape displays a shoulder, absent
in the WS2 PL spectrum, that occurs at longer wavelengths from the 614.7 nm peak and is attributed
to the formation of trions. 132
The strong peak at 810.0 nm, observed in the heterostructure, appears near the spectral range of
the MoSe2 exciton. The following facts show that the radiative recombination of excitons in MoSe2
is not the origin of this peak. First, the 810.0 nm peak in the heterostructure is 25.0 nm longer than
the MoSe2 monolayer PL peak (785.5 nm). When forming heterostructures, the exciton binding
energies are expected to slightly change due to the different dielectric environment; actually, pre-
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vious measurements show that the shift of the MoSe2 PL peak is at most a few nanometers when
forming heterostructures with MoS2 45 and WSe2 . 55 Considering the similar dielectric properties
of these TMDs, it is unlikely that WS2 would cause a 25 nm shift of the MoSe2 exciton peak. In
fact, in this sample, the shift of the WS2 peak is only 2.6 nm. Second, previous studies on TMD
heterostructures have all observed PL quenching. Specifically, exciton PL of MoSe2 was found
to be reduced by a factor of 15 when forming a heterostructure with MoS2 45 and by a factor of 5
with WSe2 . 55 However, the 810 nm peak magnitude in our MoSe2 –WS2 heterostructure sample
is twice as large than the magnitude of the MoSe2 monolayer, strongly suggesting that it does not
originate from excitons in MoSe2 .
Having excluded the MoSe2 excitons as the origin, we attribute the 810 nm peak to the spatially
indirect excitons, known as charge transfer excitons (XCT ). Upon optical excitation with a 405.0
nm laser, electrons and holes are injected into both layers. This would normally produce direct
excitons that would reside and decay in the particular layer they were produced; however, as a
result of the heterostructure type-II band alignment, where the minimum of the conduction band is
located in the WS2 monolayer and the maximum of the valence band is in the MoSe2 monolayer,
spatial separation of most electrons and holes after the photoexcitation will ensue. Despite the
fact that electrons populate the WS2 monolayer and holes the MoSe2 monolayer, their electrostatic
Coulomb force binds them together to form charge transfer excitons. With this assignment, we can
construct the exciton energy states diagram as shown in Figure 3.6(d). The energy difference of
50 meV between the charge transfer and MoSe2 excitons is order-of-magnitude consistent with the
theoretical predictions on the conduction band offset. 63,64
We note that the annealing process described in Appendix A is necessary for forming a clean interface between the two monolayers, which is required for efficient charge transfer. Samples before
the annealing process show no sign of charge transfer, where the PL spectra of the heterostructure
is similar to the sum of the spectra of individual monolayers.
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Figure 3.7: Room Temperature photoluminescence spectra of the MoSe2 –WS2 heterostructure
(black) and the individual WS2 (blue, divided by 23) and MoSe2 (red) monolayers obtained under
the same experimental conditions. The pink curves are the two components of a double-Gaussian
fit to the 810 nm peak. Reproduced by permission from The Royal Society of Chemistry. 123
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3.2.2

Probing The Charge Transfer Excitons

To further confirm the observation of the charge transfer excitons, we performed transient absorption measurements in reflection geometry. A 730 nm pump pulse with a peak fluence of 5.6 µJ
cm

2

is used to inject excitons in the MoSe2 layer of the heterostructure sample. To monitor the

charge transfer excitons, we measured the differential reflection of a 810 nm probe pulse (tuned to
the charge transfer exciton PL peak). The differential reflection is defined as the relative change
of the probe reflection cause by the presence of the pump, see Section 2.3. We observed a strong
differential reflection signal with a magnitude on the order of 10 3 , as shown by the black curves
in Figure 3.8, that reaches a peak immediately following the pump excitation. The ultrafast rise of
the signal is a clear indication that charge transfer excitons are formed in an ultrashort time scale.
Two control experiments were performed to ensure that the charge transfer excitons were
probed. First, we repeated the measurement on the MoSe2 monolayer region of the flake, where
no signal could be measured (shown as the blue curves on Figure 3.8) since the 810 nm pulse is
well below the exciton resonance of MoSe2 . Second, we used the 810 nm pulse as the pump and
730 nm pulse as the probe on the heterostructure sample. No signal was observed (shown as the
purple curve on Figure 3.8), which further confirms the nature of the 810 nm peak. As a spatially
indirect transition, its absorption is expected to be weak and even if some charge transfer excitons
are injected by the 810 nm pump, they cannot populate the MoSe2 exciton states; therefore, they
should not be detected by the 730 nm probe. These two measurements prove unambiguously that
the black curves shown in Figure 3.8 are indeed from the charge transfer excitons.
To compare the charge transfer excitons with excitons in the individual monolayers, we probed
the excitons in MoSe2 (395 nm pump and 790 nm probe, red curve) and WS2 (385 nm pump and
620 nm probe, orange curve) regions. We found that under the same conditions, the differential
reflection signals when probing the monolayers were larger than the signal of the charge transfer
excitons. Although part of the difference could be attributed to changes of absorption coefficient
at different pump wavelengths, the indirect nature of the charge transfer exciton absorption should
result in a weaker transient absorption response.
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Figure 3.8: Differential reflection signals measured with 730 nm pump and 810 nm probe pulses
from the MoSe2 –WS2 heterostructure (black) and individual MoSe2 (blue) at room temperature.
The red and orange curves are signals from individual MoSe2 and WS2 monolayers, with 395 nm
/ 790 nm and 385 nm / 620 nm pump/probe wavelengths, respectively. The purple curve shows the
signal from the heterostructure sample with 810 nm / 730 nm configuration. The inset shows the
results near zero probe delay. Reproduced by permission from The Royal Society of Chemistry. 123

53

Figure 3.9: (a) Differential reflection signals measured at room temperature with 730 nm pump and
810 nm probe pulses from the MoSe2 –WS2 heterostructure with different values of the pump pulse
fluence as indicated. The red curves are bi-exponential fits. (b) The magnitude of the differential
reflection signal, represented by the signal at a probe delay of 3 ps, as a function of the pump
fluence. The inset shows the short (black squares) and long (red circles) time constants obtained
from the fits shown in (a). Reproduced by permission from The Royal Society of Chemistry. 123
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3.2.3

Dynamics of Charge Transfer Excitons

Having established the probe of charge transfer excitons, we used the 730 nm pump and 810 nm
probe to study the dynamics of charge transfer excitons.
First, to study the recombination of charge transfer excitons, we performed time-resolved differential reflection measurements with different values of the pump fluence. Figure 3.9(a) shows
the decay of the signal, with the pump fluences indicated in the figure. We find that the magnitude
of the signal is proportional to the pump fluence, as summarized in Figure 3.9(b), which shows that
the transient absorption signal is proportional to the density of the charge transfer excitons. After
a short transient of less than 1 ps, the rest of the decay can be well described by bi-exponential
functions, as confirmed by the fits shown as the red curves in Figure 3.9(a). The two time constants
obtained from these fits are summarized in the inset of Figure 3.9(b). We found that in this range,
the decay constants are independent of the pump fluence, which shows the multiexciton recombination process plays an unimportant role in the dynamics of charge transfer excitons. This is
in contrast to exciton dynamics in monolayer MoSe2 , where a density dependent dynamic due to
exciton–exciton annihilation was observed. 96 We attribute the long time constant of approximately
80 ps to the lifetime of charge transfer excitons. Given the expected long radiative lifetime of these
excitons, the lifetime deduced here is likely limited by nonradiative recombination. The short time
constant of less than 20 ps can be attributed to energy relaxation since the carriers are injected with
large excess energies.
Next, we performed spatially resolved differential reflection measurements to study the diffusion of charge transfer excitons, see Section 2.5 for more details. Here, the pump and probe pulses
are both focused to about 2 µm in full width at half maximum. The distance between the centers of
the pump and probe spots, defined as the probe position (with respect to the pump spot center), can
be adjusted by slightly changing the incident angle of the beam to the objective lens. By measuring
the differential reflection signal as a function of the probe delay at each probe position, we obtain
the evolution of the signal as a function of both time and space, as plotted in Figure 3.10(a). At
each probe delay, the spatial profile has a Gaussian shape. Figure 3.10(b) shows a few examples
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of these profiles, along with the Gaussian fits (solid curves). The squared width deduced from all
the fits are plotted in Figure 3.10(c), as a function of the probe delay.
In this process, the pump pulse injects excitons in MoSe2 , which form charge transfer excitons rapidly after the electrons moved to WS2 that then diffuse in the heterostructure, driven
by the in-plane density gradient. This diffusion process can be described by the classic diffusion equation, which predicts that the squared width (full of the profile increases linearly as
w2 (t) = w20 + 16ln(2)Dt, where D and w0 are the exciton diffusion coefficient and the initial width,
respectively. 107 We find that this model can well describe the expansion of the profile after about
20 ps. By a linear fit, as indicated by the red line in Figure 3.10(c), we obtain a diffusion coefficient
of 14 ± 3 cm2 s 1 . This value is similar to exciton diffusion coefficients found in individual TMD
monolayers, 110,112 showing that the spatial indirect nature of the charge transfer excitons does not
significantly change its in-plane transport property.

3.2.4

Conclusion on MoSe2 –WS2 Bilayer Heterostructure

We present multiple evidence that the 810 nm PL peak originates from charge transfer excitons
in the MoSe2 –WS2 heterostructures. Based on that, we constructed the energy diagram of exciton states in this structure, with near degenerate charge transfer and MoSe2 exciton states. Our
PL measurement confirmed the theoretical predictions of the small conduction band offset of this
structure. Finally, through transient absorption measurements with high temporal and spatial resolution, we obtained a lifetime of 80 ps and an in-plane diffusion coefficient of 14 cm2 s

1

for these

charge transfer excitons.

3.3

Highly Efficient and Ultrafast Charge Transfer in a MoS2 –WS2 –MoSe2
Three-layer Heterostructure

A central issue in developing such multilayer structures is understanding and controlling the interlayer electron transfer process, which plays a key role in implementing these materials in logic
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Figure 3.10: (a) Differential reflection signal of the MoSe2 –WS2 heterostructure as a function of
the probe delay and probe position at room temperature. The pump and probe wavelengths are
730 and 810 nm, respectively. (b) Examples of the spatial profiles of differential reflection at
several probe delays. The solid curves are Gaussian fits. (c) Squared width of the profile deduced
from Gaussian fits as a function of the probe delay. The linear fit, as indicated by the red line,
corresponds to an exciton diffusion coefficient of 14 cm2 s 1 . Reproduced by permission from
The Royal Society of Chemistry. 123
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electronics, thin-film transistors, and optoelectronics. Recent efforts on this issue have focused
on bilayer heterostructures. Our steady state optical measurements and that of others have revealed effective charge transfer between different monolayers from the quenching of photoluminescence. 55,75,120,122,130,132,133 Later, transient absorption measurements were attempted to time
resolve the charge transfer between two different monolayers. It was found that this process occurs on an ultrafast time scale that was beyond the time resolution of these studies, has it been
demonstrated in the previous two sections. 45,60,123,134 Due to the weak interlayer coupling and the
large momentum mismatch between these atomic layers, such a fast transfer is rather surprising. 135
Various mechanisms have been proposed, such as resonant transfer to higher energy states, 135 delocalization of the electron wave function in momentum space, 135 coherence enhancement, 136 and
Coulomb potential enhancement. 137 Nevertheless, there is still a lack of fundamental understanding on how this process can be so efficient at van der Waals interfaces.
In this section, we show evidence suggesting the coherent nature of the interlayer electron
transfer. In a three-layer sample of MoS2 –WS2 –MoSe2 , electrons excited in MoSe2 transfer to
MoS2 in about one picosecond. Surprisingly, these electrons do not populate the middle WS2 layer
during this process. Calculations showed the coherent nature of the charge transfer and reproduced
the measured electron transfer time. The hole transfer from MoS2 to MoSe2 is also found to be
efficient and ultrafast. The separation of electrons and holes extends their lifetimes to more than
one nanosecond, suggesting potential applications of such multilayer structures in optoelectronics.
Most results in this section were published in Nano Letters. 138

3.3.1

Experimental Section

The three-layer sample, which is schematically shown in Figure 3.11(a), was fabricated by mechanically exfoliating the monolayers and transferring them one by one, with the sequence of
MoSe2 –WS2 –MoS2 , on a silicon substrate covered with 90 nm of SiO2 , (see Appendix A for more
details). The monolayer thickness of each layer was identified by optical contrast and photoluminescence. The sample was kept in an ambient condition during all the measurements.
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The interlayer charge transfer and the charge transfer exciton lifetime in the three-layer sample
was studied by PL and the ultrafast pump–probe technique based on a 80 MHz femtosecond laser
system, see Section 2.1 and 2.3.

3.3.2

Coherent Electron Transport Across a Monolayer

According to first-principle calculations, 62,63 this three-layer sample forms a ladder alignment in
both the conduction and the valence bands, as schematically shown in Figure 3.11(b).The conduction band minimum and valence band maximum lie in the MoS2 and MoSe2 layers, respectively.
Photoluminescence measurements were performed to probe the quality of the interfaces, as shown
in Figure 3.11(c). Without the interlayer charge transfer, the spectrum of the three-layer sample
would resemble the sum of the spectra from the three monolayers. However, the WS2 A- exciton peak is about 250 times weaker in the three-layer sample than the monolayer. The significant
quenching of the MoS2 and MoSe2 peaks, which are practically invisible in the three-layer spectrum, also confirms the high quality of the interfaces between the monolayers. 55,75,120,122,130,132,133
The strong peak at 1.54 eV observed in the three-layer is consistent with the charge transfer exciton
PL we previously identified in the MoSe2 –WS2 heterostructure. 123,132
The interlayer charge transfer in the three-layer sample was studied by the ultrafast pump–
probe technique based on a 80 MHz femtosecond laser system. 78 A 1.57 eV and 100-fs pump pulse
is used to selectively excite electrons in MoSe2 . Since the optical band gaps of MoS2 and WS2
are 1.88 and 2.01 eV, respectively, the pump photon energy is not sufficient to excite these layers.
Once excited to the conduction band of MoSe2 , the electrons are expected to transfer to MoS2 , as
shown in Figure 3.11(b). To monitor the population of these electrons in the conduction band of
MoS2 , the differential reflection of a 1.88 eV probe pulse (tuned to the MoS2 optical band gap) was
measured as a function of its arrival time at the sample with respect to the pump pulse. The carrier
densities initially injected in MoSe2 , as indicated in the label of Figure 3.11(d), were estimated
from the fluences of the pump pulse and the absorption coefficient of MoSe2 , see Appendix B
for more details. A control experiment performed with a MoSe2 monolayer yielded no signal,
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Figure 3.11: (a) Schematic illustration of the MoS2 –WS2 –MoSe2 trilayer sample studied. (b)
Band alignment of the three-layer sample and the pump–probe configuration, where a pump pulse
excited the MoSe2 layer and a probe pulse detects carriers in MoS2 . (c) Photoluminescence spectra
of the three-layer (purple) and monolayers of MoS2 (black), WS2 (red, divided by 50), and MoSe2
(blue) under steady excitation of 405 nm and 0.5 µW. (d) Differential reflection of a 1.88 eV probe
pulse (sensing carriers in MoS2 ) after a pump pulse of 1.57 eV injected carriers in MoSe2 . The red
curves are fits. (e) The gray symbols are differential reflection of a 2.00 eV probe (sensing WS2 of
the three-layer) after a pump pulse of 1.57 eV injected carriers in MoSe2 . The purple symbols are
measured from a WS2 monolayer sample with a 3.14 eV pump pulse injecting carriers. The blue
symbols are replotted from (d) for comparison. (f) Charge transfer time as a function of injected
carrier density. Reprinted with permission. 138 Copyright 2017, American Chemical Society
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confirming that the 1.88 eV probe does not sense carriers in MoSe2 . Hence, the signal originates
from electrons in MoS2 that have transferred from MoSe2 . The rise of the signal can be modeled, as
indicated by the red curves in Figure 3.11(d), by noticing that the population of electrons in MoS2
should follow N(t) = N0 [1

exp( t/te )], where N0 is the initially injected density in MoSe2 and

te the transfer time. Here we assume that all the electrons injected in MoSe2 transfer to MoS2 due
to the strong photoluminescence quenching observed in the three-layer sample, where the MoSe2
photoluminescence is practically absent in the three-layer spectrum, as shown in Figure 3.11(c).
From these fits and others that are not shown, we obtain an average charge transfer time of 1.5 ±
0.2 ps, which shows no significant density dependence, see Figure 3.11(f).
To determine whether the electrons temporarily populate the conduction band of the WS2 middle layer during the transfer, a 2.00 eV probe was used, which is tuned to the optical band gap of
WS2 . To gauge the probe, we first measured a WS2 monolayer sample. With a pump of 3.18 eV
injecting a carrier density of about 4.3 ⇥ 1010 cm 2 , a signal of about 4 ⇥ 10

3

was observed,

purple symbols in Figure 3.11(e). If the electron transfer from MoSe2 to MoS2 is an incoherent
and sequential process, the electrons are expected to temporarily populate WS2 . With the 1.57
eV pump injecting a density of 4.3 ⇥ 1010 cm

2

in MoSe2 , one would expect the detection of

a transient signal that would last for about 1 ps and with a peak magnitude similar to the purple
symbols. However, the observed signal (gray symbols) is much weaker than expected and does
not show the temporal feature described above. A detailed investigation on the magnitude and
temporal behavior of this residual signal shows that it originates from the holes residing in MoSe2 .

3.3.3

Simulation of the Electron Transfer

The observation that the electrons do not populate WS2 as they move from MoSe2 to MoS2 suggests that the transfer could be a coherent process. To obtain physics insight into this process,
our collaborators performed nonadiabatic molecular dynamics simulations to make the discussion
more complete. 139,140 An electron transfer time of about 0.9 ps was obtained, in good agreement
with the experiment.
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Figure 3.12: (a) Schematic diagram of energy levels involved in the excited electron dynamics.
(b) Decay of population of excited electron states. Adapted with permission. 138 Copyright 2017,
American Chemical Society
Figure 3.12(a) shows wave functions of the states near the band edges, based on the configuration of the molecular dynamic trajectory at 1 ps. The highest occupied molecular orbital (HOMO)
is entirely localized in MoSe2 , while the lowest unoccupied molecular orbital (LUMO) is mostly
localized in MoS2 but slightly extends to the other two layers. Among higher excited states, the
LUMO+1, LUMO+2, and LUMO+3 states exhibit similar wave function distributions as LUMO,
whereas only LUMO+4 shows significant distribution in the MoSe2 . Hence, the 1.57 eV pump
excites electrons initially from HOMO to LUMO+4, where the electrons are delocalized between
MoSe2 and MoS2 . The initially excited LUMO+4 can be viewed as a donor state while the four
lower LUMO states can be viewed as acceptor states. The strong donor–acceptor interaction results in the electron transfer from MoSe2 to MoS2 . More importantly, in both acceptor and donor
states, molecular orbitals are mostly localized in MoSe2 and MoS2 , indicating that electrons can
coherently transfer from MoSe2 to MoS2 without populating WS2 .
Figure 3.12(b) shows the simulated dynamics of the electron population at various LUMO
levels. From an exponential fit to the LUMO+4 population shown in green in Figure 3.12(b), an
electron transfer time of about 0.9 ps was obtained, in good agreement with the experiment.
62

3.3.4

Hole Transfer Across a Semiconducting Monolayer

The ladder arrangement of the valence bands in the sample allows hole transfer from MoS2 to
MoSe2 , opposite to the electron transfer direction as shown in Figure 3.13(a). To study this process,
a 1.88 eV pump excites MoS2 while a 1.57 eV probe monitors MoSe2 . The result is shown by the
blue symbols in Figure 3.13(b). Although undesired for the sake of investigating hole transfer, the
pump also inevitably injects carriers in MoSe2 , which has a smaller optical band gap. The total
carrier density injected in the two layers is about 1.3 ⇥ 1011 cm 2 . To isolate the contribution of
the holes directly injected in MoSe2 , we changed the pump to 1.75 eV, so that it injects carriers in
MoSe2 only, with a density of about 4.4 ⇥1010 cm 2 . It is not energetic enough to excite MoS2 .
As the excited electrons transfer to MoS2 , the signal observed, red symbols in Figure 3.13(b) , is
induced by holes in MoSe2 . Since the signal is proportional to the hole density, we can deduce the
signal corresponding to a hole density of 1.3 ⇥ 1011 cm

2

by multiplying the observed signal with

a factor of 3. The result, open symbols in (b), is in excellent agreement with blue symbols. This
comparison confirms that holes injected in MoS2 transfer to MoSe2 with a near unity efficiency.
This interpretation is further confirmed by the systematic variation of the signal measured at 3 ps
as the pump photon energy is changed, shown in Figure 3.13(c) . Since the temporal profiles of the
two signals are identical, both rising to maximum on a time scale limited by the time resolution of
the instrument, the hole transfer process is at least as fast as the instrument response time of 0.3 ps
and is faster than the electron transfer.

3.3.5

Long Lifetime of Photocarriers

After the charge transfer, the electrons and holes settle in different layers and are separated by
a middle layer, which is expected to extend the carrier lifetime. To probe the lifetime of the
electrons in MoS2 after their transfer from MoSe2 , the differential reflection of the 1.88 eV probe
was measured over a long time range after the 1.57 eV pump injected a carrier density of 1.1 ⇥ 1010
cm

2

in MoSe2 . As shown by the blue symbols in Figure 3.14(a), the lifetime of these electrons is

about 950 ps. This is significantly longer than the 30 ps photocarrier lifetime in MoS2 monolayer
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Figure 3.13: (a) Experiment configuration used to study transport of holes from MoS2 to MoSe2 .
A 1.88-eV pulse (blue arrow) is used to excite the MoS2 layer. Holes transferred to MoSe2 are
detected by a probe pulse of 1.57-eV (red arrow). (b) Differential reflection signal of the 1.57-eV
probe after the three-layer sample is pumped by 1.88 (blue) and 1.75 eV (red) pumps, respectively.
(c) The differential reflection signal at a probe delay of 3 ps as a function of the pump photon
energy. The two data points corresponding to b are plotted with the corresponding colors. Adapted
with permission. 138 Copyright 2017, American Chemical Society
(open symbols), determined by measuring a monolayer MoS2 sample with the same probe but a
3.14 eV pump. We also probed the lifetime of holes in MoSe2 by using the 1.57 eV probe. As
shown in Figure 3.14(b), the lifetime is also significantly extended compared to MoSe2 monolayer
and is reasonably consistent with the lifetime of electrons in MoS2 of the three-layer sample.

3.3.6

Conclusions in MoS2 –WS2 –MoSe2 Three-layer Heterostructure

In summary, we time-resolved the transfer of electrons from MoSe2 to MoS2 monolayers that are
separated by a WS2 monolayer. The transfer time is about 1.5 ps. Considering the thickness of
these monolayers of about 1 nm, such a transfer time corresponds to a speed on the order of 1000
m s 1 . Surprisingly, the electrons do not populate the middle WS2 layer during the transfer, which
suggests that the transfer could be a coherent process. Our first-principle calculations reproduced
both the transfer time and the coherent nature of the transfer. However, we note that our measurement does not directly monitor the coherence of the transfer due to the incoherent nature of the
probe technique. We also observed efficient and ultrafast transfer of holes from MoS2 to MoSe2 .
The spatial separation of electrons and holes by the WS2 layer enhanced their lifetime to about 1
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Figure 3.14: (a) Blue solid symbols show the differential reflection of a 1.88 eV probe after a 1.57
eV pump pulse injected carriers with a peak density of 1.1 ⇥ 1010 cm 2 in the MoSe2 layer of
the three-layer sample. Open symbols represent results from a MoS2 monolayer, with the same
probe, but with a 3.14 eV pump pulse that injects carriers with the same density. The red curves
are exponential fits. (b) The differential reflection of a 1.57 eV probe after a 2.00 eV pump pulse
injected carriers in the three-layer sample (blue solid symbols) and a MoSe2 monolayer (open
symbols) with a density of 9.5 ⇥ 1010 cm 2 . The red curves are exponential fits. Adapted with
permission. 138 Copyright 2017, American Chemical Society
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ns. These results on efficient charge transfer and long carrier lifetime suggest potential applications
of van der Waals multilayers as new electronic and optoelectronic materials.

3.4

Separating Electrons and Holes by Monolayer Increments in van der
Waals Heterostructures

In this section we present a systematic study with 2D stacked layered materials, where their properties are tailored monolayer by monolayer. By arranging WSe2 , MoSe2 , WS2 , and MoS2 monolayers in predetermined sequences, that are predicted to have a ladder band alignment in both
the conduction and valence bands, we separate electrons and holes between the two utmost layers. The samples studied are a WSe2 monolayer, a WSe2 –MoSe2 bilayer, a WSe2 –MoSe2 –WS2
trilayer, and a WSe2 –MoSe2 –WS2 –MoS2 four-layer. We observed an increase in absorbance, a
decrease in photoluminescence, a variation in interlayer charge transfer, and photocarrier lifetimes
that are extended up to a few nanoseconds as additional layers were added. With these results, we
demonstrate that van der Waals stacked 2D materials can form effective complex stacks and are
promising platforms for fabricating ultra-thin and flexible optoelectronics applications.

3.4.1

Optical Properties and Exciton Lifetimes of WSe2 , MoSe2 , WS2 , and
MoS2 Monolayers

To better understand the evolution of the multilayers, we begin by describing the relevant properties of the four component MLs used to fabricate them. To do so, WSe2 , MoSe2 , WS2 and MoS2
flakes were first prepared on flexible PDMS substrates by mechanical exfoliation from their bulk
crystal counterparts (see Appendix A). The ML samples were first identified under a microscope by
their optical contrast and then transferred onto either Si–SiO2 (90 nm) substrates for photoluminescence (PL) and pump-probe spectroscopy studies or quartz substrates for absorption spectroscopy
measurements.
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Figure 3.15: (a), (e), (i) and (m): Optical microscopy image of the WSe2 , MoSe2 , WS2 , and
MoS2 MLs on a Si–SiO2 substrate. (b), (f), (j), and (n): Absorbance spectra of WSe2 (purple),
MoSe2 (orange), WS2 (green), and MoS2 (blue) MLs. The dashed vertical lines denote previous
reported A and B exciton resonances. (c), (g), (k), and (o): Photoluminescence (PL) spectra of the
MLs samples measured under the same conditions. (d), (h), (l), and (p): Decay of the transient
absorption signal. The solid curves represent bi-exponential fits where the long decay constant
extracted are shown in the corresponding panel.
The left column of Figure 3.15 shows the optical microscope images of the individuals MLs
on Si–SiO2 . For clarity, the ML regions in these images are identified by the colored outlines. Figure 3.15(b), (f), (j), and (n) show the absorbance of WSe2 (purple), MoSe2 (orange), WS2 (green),
and MoS2 (blue) MLs, deduced from reflection measurements. For sufficiently thin samples on

67

transparent and thick substrates, the absorbance A of the samples can be calculated from the fractional change of reflectance defined as (RS+Q

RQ )/RQ , where RS+Q and RQ are, respectively, the

reflectance of the sample on quartz and the reflectance of the quartz substrate. The absorbance can
be obtained by A = (1/4)(n2

1)(RS+Q

RQ )/RQ , where n denotes the index of refraction of the

substrate. 79 The absorbance and peak positions are consistent with previously reported A and B
exciton resonances 141 indicated by the dashed vertical lines. The PL spectra, measured under the
excitation of a 405 nm continuous-wave laser with an incident power of 0.5 µW and a spot size of
about 1.0 µm, are shown in Figure 3.15(c), (g), (k), and (o). The peak positions of WSe2 (749 nm),
MoSe2 (786 nm), WS2 (612 nm), and MoS2 (655 nm) along with the PL yield agree with earlier
reports, too. 29,45,80,96 From the optical contrast, the absorption, and the PL spectra, we securely
confirm the ML thickness of these samples and their high quality.
To obtain the exciton lifetimes in the MLs, we conducted ultrafast transient absorption measurements in reflection geometry with orthogonal pump–probe polarizations. Here, a linearly polarized and above-resonance pump pulse is used to injected photocarriers which are then monitored
by measuring the differential reflection DR/R0 of a time delayed probe pulse tuned to the A exciton
resonance of the sample. Panels (d), (h), (l), and (p) in Figure 3.15 present these results with an
injected carrier density of 2.0 ⇥ 1011 cm

2

on each sample. Right after photoexcitation, the signal

reaches it maximum value within the instrument response time and starts to immediately decay.
The decay of the signal reflects the decay of the exciton population; therefore, by fitting a biexponential function (solid curves) we extract the decay constants shown in the the corresponding
panels.

3.4.2

Optical Properties of Multilayer Samples

Next, we study the multilayer samples composed from exfoliated MLs. Similar to the fabrication
of the isolated MLs, flakes were first exfoliated onto PDMS substrates using adhesive tape and
inspected under an optical microscope. The multilayer samples were then composed by precisely
transferring different TMDs on top of each other (see Appendix A). This set of sample consist of
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WSe2 ML, WSe2 –MoSe2 bilayer, WSe2 –MoSe2 –WS2 trilayer, and WSe2 – MoSe2 –WS2 –MoS2
four-layer. The particular arrangement of the layers was chosen in order to study the behavior
of the electrons and holes has their spatial separation gradually increases. According to firstprinciple calculations, these multilayers form ladder band alignment. 62,63 As schematically shown
in Figure 3.17(a), (d), and (g), the valence band maximum is located in the bottom WSe2 while
the conduction band minimum is in the top layer in all these samples. Consequently, electrons
and holes are incline to separate between the layers in order to populate the lower energy states
available. Purposely the arrangement of the layers in the multilayer samples maximizes the charge
separation.
We study the evolution of the absorption and PL spectra under the same experimental conditions used to study MLs. Starting with two distinctive peaks, previously identified as the A and
B exciton resonances, the WSe2 absorption spectrum [Figure 3.16(b)] shows that at 749 nm the
absorbance is about 12%. The optical absorption spectrum of the WSe2 –MoSe2 bilayer, shown as
the gray curve in Figure 3.16(e), closely resembles the sum of the individual spectra (black curve)
that was obtained by adding the spectra of the composing MLs. Noticeable differences start to
be visible when comparing the spectrum from WSe2 –MoSe2 –WS2 trilayer (gray curve) and that
put together by summing the composing ML spectra (black curve) shown in Figure 3.16(h). The
trilayer sample absorbs approximately 1 - 1.5 times more light over the wavelength range studied
with the two evident peaks from WSe2 and WS2 red shifted about 10 - 15 nm, which can be attributed to the different dielectric environment present in different samples. Following a similar
trend, in the WSe2 –MoSe2 –WS2 –MoS2 four-layer, absorption [gray curve in Figure 3.16(k)] is
increased by a factor of 1.5 - 2 when compared to the sum of the four individual ML absorption
spectra (black curve). The enhanced absorption in multilayers could be attributed the broadening
of the exciton transitions due to the reduced lifetime of excitons in these MLs, 142 which is a consequence of ultrafast charge transfer between these layers and the local field effect in multilayers. 143
The peak absorbance of the four-layer sample, with a thickness d of only 2.5 nm, is about 50%.
This corresponds to an absorption coefficient a =
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ln(1

A)/d = 2.8 ⇥ 106 cm 1 , calculated
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Figure 3.16: Optical images of the WSe2 ML (a), WSe2 –MoSe2 (d), WSe2 –MoSe2 –WS2 (g),
and WSe2 –MoSe2 –WS2 –MoS2 (j) on quartz substrates. The absorption and PL spectra taken
under the same experimental conditions (gray curves) for the WSe2 ML (b) and (c), WSe2 –MoSe2
(e) and (f), WSe2 –MoSe2 –WS2 (h) and (i), and WSe2 –MoSe2 –WS2 –MoS2 (k) and (l). In the
absorption spectra panels, the black curves are composed by summing the individual MLs spectra.
The quenching factors for the PL peaks are labeled in the legend and are shown as the non-gray
curves.
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using Beer - Lambert law. 82
The demonstrated ultrahigh absorbance of such ultrathin films suggests their potential uses in
ultrathin and flexible photovoltaic and photodetection devices as a light-absorbing layer. For such
applications, the properties of photocarriers, especially their lifetime, are also very important. To
understand the photocarrier dynamics in these samples, we first use PL spectroscopy to probe the
effectiveness of interlayer charge transfer. Figure 3.16(c) shows the PL spectrum of WSe2 ML,
which displays a pronounce peak at 749 nm. We then measured the PL spectrum from the WSe2 –
MoSe2 bilayer, shown as the gray curve in Figure 3.16(f). The PL spectra from WSe2 (purple)
and MoSe2 (orange) MLs are shown with the quenching factors labeled in the legend. The strong
quenching of the PL from the bilayer structure is a clear indicator of effective charge transfer;
that is, interlayer charge transfer occur on a time scale shorter than the recombination lifetime of
excitons. The PL spectrum from the WSe2 –MoSe2 –WS2 trilayer, gray curve in Figure 3.16(i),
displays several spectral features. First, the WSe2 (purple), MoSe2 (orange), and WS2 (green)
PL peaks are quenched by factors of 225, 590, and 278, respectively. Secondly, the appearance
of a pronounce fourth peak at 630 nm is displayed, which has been identified as the radiative
recombination of trions in a MoSe2 –WS2 sample. 132 Finally, the four-layer PL spectrum, gray
curve in Figure 3.16(l), shows one distinctive quenched peak corresponding to the WSe2 ML.
Interestingly, we note that the WSe2 peak in the four-layer is about 6 times stronger than in the
trilayer. The origin of this counter-intuitive observation will be discussed after the time–resolved
results are presented.

3.4.3

Probing the Electron Dynamics

Having confirmed that the samples form effective heterojunctions between adjacent layers, we
proceed to time–resolve the dynamics of the photocarriers in the multilayer samples with the
pump-probe configurations shown in Figure 3.17(a), (d), and (g). Layers that are resonantly (nonresonantly) excited are denoted by the solid (dashed) vertical arrows. To measure the lifetime of
the electrons in the WSe2 –MoSe2 sample, we monitor the differential reflection of a probe pulse
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tuned near the A exciton resonance of MoSe2 after a pump pulse non-resonantly injects excitons
into both WSe2 and MoSe2 [dashed vertical arrows in Figure 3.17(a)]. The total injected carrier
density in the multilayer structures was calculated using Rouard’s method that yields the reflection
and transmission coefficient R and T , respectively, for a system of k thin films on a thick transparent substrate. 144 It accounts for the reflected photons at each interface and those absorbed within
each layer, which allows us to estimate the incident fluence on each layer and thus the injected
carriers, see Appendix B for more details. Given that the conduction band minimum is situated in
the MoSe2 layer, electrons in the conduction band of WSe2 are predispose to transfer to MoSe2 ,
pink dashed arrow in (a). Similarly, holes in the valence band of MoSe2 are incline to transfer into
WSe2 . Once electrons and holes separate between the layers, they are expected to form charge
transfer excitons. As a result of the increase in spatial separation between electron-hole pairs, the
electron-hole recombination will be suppress and their lifetime will be extended. Figure 3.17(b)
and (c) show the differential reflection of the 790 nm probe in a short and long time scale (blue
squares), respectively, where the total injected photocarrier density is 15.0 ⇥ 1010 cm 2 . The signal immediately reaches its maximum value, within the instrument response function [solid red
curve in Figure 3.17(b)], and starts to decay shortly after. The long decay constant of 92 ps shown
in Figure 3.17(c), extracted from a bi-exponential fit shown as the solid red curve in Figure 3.17(c),
is slightly larger than the lifetime of excitons in MoSe2 ML, see Figure 3.15(h). Moving on to the
trilayer sample, the 750 nm pump pulse injects a total of 15.0 ⇥ 1010 cm

2

excitons into MoSe2

and WSe2 . This time a 620 nm probe pulse is used to detect the presence of electrons in WS2 . As
a result of the lower energy of the pump photons, the WS2 layer is not excited; hence, a strong
change in the reflection of the 620 nm probe will be caused only by transferred electrons. Three
temporal regions are observed and shown in Figure 3.17(e) and (f): (I) After photoexcitation by
the pump pulse, the DR/R0 quickly rises within the first 500 fs as seen in (e). (II) Shortly after,
DR/R0 slowly rises and reaches it maximum value around 5 ps. Typically in the ML and bilayer
samples, DR/R0 reaches it maximum value in the first 500 fs; however, since the pump excites
MoSe2 and WSe2 , two different transfer processes have to occur. We attribute the ultrafast rise
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Figure 3.17: (a), (d), and (g) Schematics of the pump-probe configuration used to study the transfer
of electrons from different layers into the conduction band minimum. (b) and (c) Differential
reflection signal (sensing electrons MoSe2 ) as function of probe delay in a short (b) and long (c)
temporal regions. The solid red curve in (b) is the pump-probe cross-correlation function and in
(c) is a bi-exponential fit with the long decay constant shown in the figure. (e) and (f) are the
same as (b) and (c) but for the three-layer sample (sensing electrons in WS2 ). (h) and (i) show the
differential reflection signal in the four-layer structure (sensing electrons in MoS2 layer) in a short
(h) and (i) long time scale. The solid red curves are fits.
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of the signal to the transfer of electrons from MoSe2 into WS2 and the second temporal region
to the transfer of electrons from WSe2 into WS2 . To model the second temporal region, we used
N(t) = N0 [1

exp(t/te )], where N0 is a fraction of the injected density and te is the transfer time,

red curve in (e). The extracted transfer time is of 0.37 ± 0.02 ps. (III) Finally, a slow decay of the
signal occurs after 5 ps that last a few hundred picoseconds. As it is expected, the lifetime of the
electrons in the three-layer sample, shown in panel (f), are extended up to 262 ps.
In the four-layer sample, the 750 nm pump injects excitons into the WSe2 and MoSe2 layers,
leaving the WS2 and MoS2 layers unexcited, see Figure 3.17(g). By tuning the probe near the exciton resonance of MoS2 , we observe three temporal regions shown in Figure 3.17(h) and a fourth
one in (i): (I) The ultrafast rise of the signal that occurs within the first 500 fs. (II) A relatively fast
rise of the signal that occurs within 1-10 ps that we attribute to the transfer of electrons from the
MoSe2 (the closer layer) into MoS2 . (III) A very slow rise of the signal from 10 - 70 ps. (IV) A
very slow decay shown in Figure 3.17(i).
We attribute the slow rise of the signal in (III) to the transfer of electrons from the bottom WSe2
to the top MoS2 layer in this four-layer structure. This assignment is supported by the decay of
the exciton population in the WSe2 ML. As shown in Figure 3.15(d), about 90% of the injected
excitons in the WSe2 ML decays in 70 ps due to their recombination. This is approximately the
rising time observed in the four-layer. The PL of the three-layer [Figure 3.16(i)] and the fourlayer samples [Figure 3.16(l)] at 755 nm (corresponding to WSe2 ) is 4 and 24 counts per second,
respectively. The higher PL yield from the four-layer sample indicates that a higher fraction of
electrons recombine in the WSe2 layer of the four-layer sample as a consequence of a less efficient
electron transfer, further supporting this interpretation. The rise of the signal in temporal regions
(II) and (III) is modeled by N(t) = N0 [1

exp(t/te )]. From the fit shown in Figure 3.17(h) and

others not shown, we obtain the transfer times of 1.4 ± 0.6 ps and 14.9 ± 1.8 ps, respectively.
Finally, the slow decay of the signal after 70 ps shown in Figure 3.17(i) is attributed to the
extremely long lifetime of electrons in MoS2 . By fitting a single exponential function to the decay
of the signal (the red curve), we extract electrons lifetimes of about 3.0 ns. Compared to the
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lifetime of excitons in individual MLs, the electron lifetime in the four-layer sample is extended
several hundred times.

3.4.4

Probing the Hole Dynamics

We also measured the lifetime of holes in these samples. To do so we used the pump probe
configurations shown in Figure 3.18(a), (d), and (g). Here a 620 nm pump excites all the layers
and a 750 nm probe monitors the presence of holes in WSe2 where the valence band maximum
resides. The short scale dynamics are shown in Figure 3.18(b), (e), and (h) whereas the long scale
dynamics are shown in Figure 3.18(c), (f), and (i). Two temporal regions are observed. (I) The
ultrafast rise time that occurs in the first picosecond and (II) the decay of the signal after DR/R0
has reached it maximum value. Since holes directly injected in WSe2 give rise to a fast rise of the
signal, the transfer of holes from other layers is difficult to be analyzed. By analyzing the decay
of the signal, we found a systematic increase in the hole lifetime from 133.8 ps up to 2.3 ns as
the number of layers is increased, as shown in Figure 3.18(c), (f), and (i). The hole lifetime in the
four-layer sample is reasonably consistent with the electron lifetime, as expected.
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Figure 3.18: (a), (d), and (g) Schematics of the pump-probe configuration used to study the transfer
of holes from different layers into the valence band maximum. As additional layers are added, the
lifetime of the holes was measured in different regimes. The short time scale regime results are
shown in (b), (e), and (h) while the long scale regime results are shown in panels (c), (f), and
(i). The solid red curves are exponential fits with the extracted lifetime constants shown in the
corresponding panel.
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3.4.5

Summary

In summary, by using four different TMD MLs, we have fabricated a set of samples of bilayer
WSe2 –MoSe2 , trilayer WSe2 –MoSe2 –WS2 , and four-layer WSe2 –MoSe2 –WS2 –MoS2 , and characterize their properties by conducting absorption, PL, and ultrafast pump-probe spectroscopy
measurements. These specific set of multilayer samples were chosen with the intention of studying
the behavior of electrons and holes as they are further separated from each other. The presented
multilayer samples were atomically engineer to precisely achieve this purpose. We observed that
the absorbance is higher in the multilayer structures when compared to the sum of the individual
absorbances from the constituent MLs. Moreover, from the PL results we confirmed that we can
effectively put up to four different semiconducting layers together with high quality interfaces that
allow efficient interlayer charge transfer. We were able to time resolve the transfer of electrons
between the layers and quantified how the lifetime of the electrons and holes was extended as
additional layers were added. We show that the four-layer sample with a thickness of just a few
nanometers has an absorbance as high as 50% in the visible range, an effective absorption coefficient of 3.5 ⇥ 106 cm 1 , and photocarrier lifetimes of several nanoseconds. Their novel properties
suggests promising potential applications in ultrathin, flexible, and efficient photovoltaic and photodetection devices. Furthermore, we demonstrated an approach for fabricating van der Waals
multilayers that can be used to produce more complex multilayer structures with the desired band
alignment and optoelectronic properties for various applications.
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Chapter 4
Summary and Outlook
Since WSe2 , MoSe2 , WS2 , and MoS2 TMDs are direct band gap semiconductors in monolayer
form, flexible, stable at room temperature, and efficiently absorb light in the visible regime, they
have become attractive candidates for a variety of ultrathin optoelectronics applications. Nonetheless, it has been demonstrated that their real potential and that of other 2D materials lies when
combining different 2D materials to form multilayer structures which allows the fine tuning of
their electronic properties.
To noninvasively study the properties of 2D materials and that of the van der Waals multilayer structures, photoluminescence, absorption, and ultrafast laser spectroscopy techniques were
employed. First, by using photoluminescence spectroscopy the electronic structure of the 2D materials as well as the charge transfer in multilayer structures was probed. To measure how effective
our 2D samples and multilayer structures were at absorbing light, absorption spectroscopy measurements were carried.
Next ultrafast laser spectroscopy measurements were discussed. In our measurements, both
the pump and probe beam are focused on sample by a microscope objective lens, reflected, and
collimated by the same objective lens. The reflected beams are then redirected into a set of filters
that prevent the pump from going through. The probe beam that makes it through the set of
filters is then focused onto a photodiode which output is sent to a lock-in amplifier. Here, the
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interband excitation which results from the pump photoexcitation injects a nonthermal distribution
of electrons and holes which quickly evolves into a thermal distribution within 20 fs via both
carrier-carrier and carrier-phonon scattering. Since the newly formed thermal distribution is at
much higher temperature than the lattice temperature, energy relaxation occurs and within the next
0.6 ps it brings the photocarrier system into a quasi-equilibrium state with the phonon system
through a process that occurs via carrier-phonon scattering. The photocarriers then form excitons
which recombine radiatively or nonradiatively, returning the system to the equilibrium state before
the photoexcitation. The dynamics of the photocarriers injected by the pump is monitored by
measuring the the normalized change of reflection of the probe beam, which is directly proportional
to the photocarrier density, at different probe delays and positions relative to the pump beam.
In the case of multilayer structures, depending on the pump–probe configuration, the ultrafast
laser spectroscopy technique can be used to selectively injected carriers into specific layers while
probing for their presence in different layers. In this way, information about the photocarrier
lifetimes, their diffusion, and transferring between the layers can be obtained.
The aforementioned techniques were used to study the photocarrier dynamics in different multilayer structures with a type II or ladder band alignment. In the MoS2 –MoSe2 bilayer heterostructure, the strong quenching of the photoluminescence provided evidence of the effective charge
transfer between the layers. By using the ultrafast pump probe technique and tuning the pump
beam to excite only the MoSe2 layer of the bilayer heterostructure, the strong differential signal
that originated from the probe beam tuned to the MoS2 resonance allowed us to determine that the
charge transfer occurred in an ultrafast time scale. Moreover, the photocarriers lifetimes were extended due to the separation of charge between the layers which reduces the overlap of the electron
and hole wave functions. Moving on the MoSe2 –WS2 bilayer heterostructure, our photoluminescence measurements indicated that the charge transfer was effective and that the charge transfer
exciton states were approximately 50 meV below the MoSe2 exciton states, with a significant spectral overlap. This time, the transient absorption of a femtosecond pulse was monitored in order to
study the spatial and temporal dynamics of the charge transfer excitons at room temperature. A
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lifetime of approximately 80 ps and a diffusion coefficient of 14 cm2 s 1 was deduced for the
charge transfer excitons.
To successfully implement multilayer structures in logic electronics, thin-film transistors, and
optoelectronics, is important to understand and control the interlayer electron transfer process.
Most efforts so far have focused on bilayer heterostructures which have laid the foundation in
understanding certain key aspects of multilayer structures. For example, steady state optical measurements reveal the effective charge transfer between different monolayers from the quenching
of the photoluminescence. While transient absorption measurements are typically used to selectively excite and probe different layers to determine the charge transfer time as well quantify the
extended lifetimes of the photocarriers. Due to the weak interlayer coupling and the large momentum mismatch between these atomic layers, such a fast transfer is rather surprising. Although
various mechanisms have been proposed, there is still a lack of understanding on how this process
can be so efficient at van der Waals interfaces. Using a MoS2 –WS2 –MoSe2 three-layer sample,
we showed evidence suggesting the coherent nature of the interlayer electron transfer. It was determined that when electrons are excited in MoSe2 they transfer to MoS2 in about one picosecond.
Surprisingly, these electrons do not populate the middle WS2 layer during this process. Moreover,
calculations reproduced the coherent nature of the electron charge transfer and closely replicated
the measured electron transfer time. The hole transfer from MoS2 to MoSe2 is also found to be
efficient and ultrafast. By adding an additional layer to separate electrons and holes between the
two outmost layers, their lifetimes were extended up to one nanosecond, suggesting potential applications of such multilayer structures in optoelectronics.
Finally, a systematic study with 2D stacked layered materials was presented where their properties were tailored monolayer by monolayer. Here, WSe2 , MoSe2 , WS2 , and MoS2 monolayers
were arranged in predetermined sequences predicted to have a ladder band alignment in both the
conduction and valence bands. Such type of band alignment encourages the separation of charge
between the constituent monolayers with the electrons and holes settling in the outmost layers. The
samples made were WSe2 monolayer, WSe2 –MoSe2 , WSe2 –MoSe2 –WS2 , and WSe2 –MoSe2 –
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WS2 –MoS2 . In these samples as the number of layers was increased, an increase in absorbance,
a decrease in photoluminescence, a variation in the interlayer charge transfer, and an increase in
the photocarrier lifetime can systematically be observed. Moreover, the 4-layer sample with a
thickness of just a few nanometers showed an absorbance as high as 50% in the visible regime
which translates to an effective absorption coefficient of 3.5 ⇥ 106 cm

1

with photocarrier life-

times extending up to a few nanoseconds. With these results, is once more demonstrated that van
der Waals stacked 2D materials can form effective complex stacks and are promising platforms for
fabricating ultra-thin and flexible optoelectronics applications.
With the research on 2D materials rapidly intensifying and showing no signs of settling down,
it is inevitable that the same type of interest will be invested van der Waals multilayer structures.
As some scientist search for new 2D materials, others are fabricating single layer transistors, solar
cells, and photodetectors out of them while others are manually stacking 2D materials and showing that particular combinations deserve more attention. This effectively motivates and leads the
development of chemically grown van der Waals heterostructures. Although what joins together
different type of 2D materials is the weak van der Waals force, the interaction between adjacent
layers is strong enough so that the electronic properties of the resulting stack can be tuned by
selection of materials, sequence in which they are arrange, and orientation between the layers. Additionally, different external knobs such implementation of chemical methods to slightly change
the 2D material properties, and the application of electrical, mechanical, and optical stresses allow
for the finer tuning of the electrical properties in van der Waals stacked 2D materials. It is almost
certain that the most exciting 2D materials are yet to be discovered and that individual 2D materials
will become the basic building blocks of complex heterostructures offering precise tuning of their
electronic properties. However, as the research moves forward new problems begin to emerge.
For example, as new 2D materials are discovered through the mechanical exfoliation technique
and new combinations of manually stacked 2D materials are formed, their scalable high quality
large scale growth becomes a new issue for researchers. As of today, the current research remains
at a proof of concept level with still a large area of unexplored possible bilayer heterostructures.
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By stacking additional layers this enormously increases the number of possible permutations of
different 2D materials. With a lot yet to be discovered, van der Waals stacked 2D materials offer
rich fundamental research and functional optoelectronic applications in the years to come.
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Appendix A
Sample Fabrication
A.1

Sample Fabrication, Identification, and Annealing Treatment

The monolayers and the multilayer structures were fabricated by mechanically exfoliating TMD
bulk crystals purchased from 2D Semiconductors using adhesive tape. A small fraction of the
flakes on the tape are then transferred onto a polydimethylsiloxane (PDMS) substrate, for optical
inspection, by placing the adhesive tape on it and then peeling it off. The PDMS substrate, already
placed on top of a glass slide, is first inspected under a microscope. The monolayers can then be
identified by their optical contrast, their photoluminescence, and absorption spectrum. Depending
on the type of measurement being carried on the samples, each TMD monolayer was then manually
transferred, using a micromanipulator and microscope, from the PDMS substrate onto either a
silicon wafer covered with 90 nm of silicon dioxide or quartz substrate. The freshly transferred
sample on the new substrate is then thermally annealed at 200 C for 2 h under a H2 /Ar (20
sccm/100 sccm) environment at a pressure of about 3 Torr in order to clean its surface.
When forming multilayer heterostructures, additional different monolayers need to be fabricated. For example, in order to form a bilayer heterostructure, a new different layer is precisely
placed on top of the layer already annealed first layer. The second transfer is more difficult than
the first one, since usually, exfoliated monolayer samples are only a few micrometer in diameter
in their largest dimension. If the transfer is successful, the newly formed bilayer heterostructure
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Figure A.1: Schematic of the multilayer sample preparation procedure.
is thermally annealed once more. This time, the annealing procedure cleans the surface of the top
layer, the interface between the overlapping region of the two layers, and increases the coupling
between the layers. Similarly, samples with three-layers or more are fabricated in the same fashion,
with the precise transfer of a new monolayer followed by annealing of the newly formed multilayer
sample.
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Appendix B
Estimation of Photocarrier Density in Single
and Multilayer Structures
B.1

Calculation of Photocarrier Density in Single Layer Materials

We will first calculate the photocarriers density injected when a pulsed beam with intensity I is
normally incident on a single layer material. This discussion applies for both bulk and thin film
materials. To calculate the injected carriers in each layer, the laser fluence, the energy per unit
area each pulse delivers, must first be known. In these experiments, the Ti-sapphire laser generates
Gaussian laser pulses at a frequency frep (Hz) known as the repetition rate of the laser. By measuring the time averaged power P and the repetition rate frep , the energy each pulse contains can be
estimated by :
Epulse =

P
.
frep

(B.1.1)

Before conducting the pump-probe experiments, the laser spot size was measured by precisely
scanning the pump beam across the probe with the use of calibrated picomotors. By doing so, the
convolution between the pump and probe beam spatial profiles was obtained. By nothing that the
convolution between two Gaussian profiles, f and g, is also Gaussian with a variance equal to the
sum of the original variances, the convoluted spatial profile is then fitted to a Gaussian curve from
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which we obtained the full width at half maximum, wRT . Since both beams have similar spatial
Gaussian profiles, we can assume that the full width at half maximum (FWHM) of the pump,
wpump , to be
wRT
wpump = p .
2

(B.1.2)

The fluence is position dependent. For laser beams with Gaussian profiles, it can be described as:
F(r) = Fpeak e

2r2 /w2

,

(B.1.3)

where Fpeak is the peak fluence, r is the radial distance from the center of the beam, w is the
Gaussian beam radius at which the fluence drops to 1/e2 of its peak value. By integrating the
fluence, F(r), over all space, the energy delivered by each pulse is found to be:
Epulse = Fpeak

pw2
,
2

(B.1.4)

and therefore
Fpeak =

2Epulse
.
pw2

(B.1.5)

It can be shown that the FWHM, w0 , is related the width, w, of the Gaussian profile by
w0
.
w= p
2ln 2

(B.1.6)

By using equation B.1.6 and the measured quantities P, frep , and wpump , equation B.1.5 can be
rewritten as
Fpeak =

8ln2 P
.
p frep w2RT

(B.1.7)

Most of the time the quantity of interest is the injected carrier density and not the laser fluence.
The peak fluence can be converted to the incident number of photons per unit area by diving it
by the photon energy hn, where h is Planck’s constant and n the frequency of the laser (not to be
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confused with the repetition rate frep ). From the incident photons, only a fraction of them will
be absorbed. By assuming that each photon absorbed creates an excited electron-hole pair, the
injected carrier density can be modeled as
Fpeak
N=
hn

ˆ

a

b

e

az

dz =

Fpeak
(e
hn

aa

e

ab

).

(B.1.8)

Here, a is the absorption coefficient of the sample, z is the direction the beam is propagating, a
the position where the layer begins, and b the end of the layer. For each ML, we used the a values
reported 141 for the corresponding incident pump photon energy.

B.2

Calculation of Photocarrier Density in Multilayer Samples

In the case of multilayer structures, the number of incident photons per unit area is not the same
for different layers since light reflects at the interfaces formed between dissimilar materials and is
also absorbed by the layers. Therefore, in order to correctly calculate the injected carrier density
in each layer, these effects need to be accounted for. Our analysis will be constraint for light that
is normally incident on the sample, which is the case in our experiments.

B.2.1

Thin Film Sample on a Transparent Thick Substrate

Consider a normally incident monochromatic beam of light with wavelength l incident on a semiinfinite homogenous thin film placed on a thick (infinite) transparent substrate. The thin film of
thickness d is considered thin if d ⌧ l . Our experiments usually are conducted with wavelengths
greater than 400 nm and the 2D samples that we study are about 1 nm thick. Even if we stack
together four different monolayers (MLs), the thickness of the multilayer sample is at most 4 nm;
therefore, this condition is always met. For the purpose of illustration, we will depict the beam
of light as being incident on the sample at an angle q , but it is important to remember that the
equations derived will be for a beam of light that is normally incident on the thin film.
When a beam of intensity I0 is incident on a thin film placed on a thick substrate as shown in
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Figure B.1: Schematic of the multiple reflections that occur when light is incident on a thin film
placed on a thick substrate.
Figure B.1, the incident beam of light reflects, refracts, and transmits at the first interface. Let us
first consider the amount of light that is reflected back into the air in this system, (red arrows in
Figure B.1). We define the positive z as the direction going into the thick substrate and the positive
x direction to be parallel to the surface of the thin film, as shown in Figure B.1. The complex
index of refraction of medium 0 and medium 1 will be denoted by ñ0 and ñ1 . In our discussion,
the complex index of refraction will equal n

ik, where the n is simply the index of refraction of

the material and k is known as the extinction coefficient, which characterizes the amount of light a
material absorbs. Just as the index of refraction of a material depends on the incident wavelength
so does the extinction coefficient. For the sake of simplicity, we will continue our discussion by
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assuming that the complex index of refraction is only real; however, the derived equations will
remain valid and wont change form even when the index of refraction is complex. The index of
refraction of air is denoted by the zero subscript, that of the thin film by the one subscript, and that
of the thick substrate by the number three. To calculate the amount of light that gets reflected and
transmitted on the different interfaces, we use Fresnel equations at normal incidence which give
the Fresnel reflection and transmission coefficients between two different media. When light is
normally incident from medium 0 to medium 1, the Fresnel coefficients are
r1+ =

n1 n0
n0 + n1

&

t1+ =

2n0
.
n0 + n1

(B.2.9)

Here, the positive sign in the superscript indicates the direction in which light is traveling. By
definition, the positive z axis goes into the thick substrate. Fresnel equations when light is incident
from medium 1 to medium 2 are
r2+ =

n2 n1
n1 + n2

&

t2+ =

2n1
.
n1 + n2

(B.2.10)

As indicated by the blue arrows in Figure B.1, the fraction of light that transmits into the thin film
will experience an infinite number of reflections within the thin film. Each time the beam inside the
thin film encounters either the first or the second interface, a portion of this beam will reflected and
transmitted. For completion, we will note that when light is incident from medium 1 into medium
0, the Fresnel equations will be,
r1 =

n1 n0
n1 + n2

&

t1 =

2n1
.
n1 + n2

(B.2.11)

The negative sign on the subscript denotes that the light is traveling away from the thick substrate.
By summing the total number of reflections that go into air from this system, we calculate the
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amplitude reflection coefficient to be, noted by the red arrows in Figure B.1,
2id

r+ = r1+ + t1+ · r2+ · t1 · e

4id

+ t1+ · r2+ · r1 · r2+ · t1 · e

6id

+ t1+ · r2+ · r1 · r2+ · r1 · r2+ · t1 · e
= r1+ + r2+t1+t1 e
= r1+ +

•

Â (r2+r1 e

2id

r2+t1+t1 e
1 r2+ r1 e

...

(B.2.12)

2id n

)

n=0
2id
2id

This was done by first rearranging all the terms (except the first term) into an infinite sum and
noting that the series is a geometric series. In equation B.2.12, a phase 2d is acquired for every
round trip light travels in the thin film of thickness d1 where
d=

2p
n1 d1 .
l

r1+ 2

&

(B.2.13)

Note that
t1+t1 = 1

r1 = r1+

(B.2.14)

so that the amplitude reflection coefficient, equation B.2.12 can be rewritten as
r+ =

r1+ + r2+ e
1 + r2+ r1+ e

2id
2id

(B.2.15)

.

Similarly the amplitude of the transmission coefficient is
t + = t1+ · t2+ · e
+ t1+ · r2+ · r1

id

+ t1+ · r2+ · r1 · t2+ · e

· r2+ · r1
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· t2+ · e 5id

3id

+ ...

(B.2.16)

which can be reduce to

t1+t2+ e id
t =
1 r1 r2+ e 2id
+

(B.2.17)

t1+t2+ e id
=
1 + r1+ r2+ e 2id

Finally, to calculate the intensity reflection and transmission coefficient (the reflectance and transmittance)
R=

Ir
= (r+ )2
I0

&

T=

It
n2
= (t + )2 ,
I0 n0

(B.2.18)

where Ir and It are the reflected and transmitted intensities.
To calculate the intensity of the field that goes into the thin film, we simply calculate (1

R).

Therefore, the laser fluence that transmits into a thin film on a thick substrate is
Fpeak =

8ln2 P
(1
p frep w2RT

R) .

(B.2.19)

Note that, we did not use T which is the intensity that gets transmitted into the thick substrate. For
WS2 , MoS2 , WSe2 , and MoS2 MLs, R is between 1-5% in the visible spectrum.

B.2.2

Multiple Thin Films on a Transparent Thick Substrate

If we now consider two thin films on a thick substrate, the analysis becomes more complicated.
That is because an infinite number of reflections occur within each thin film. Each one of these
reflections when they encounter an interface splits into two beams, a refracted and reflected beam.
Figure B.2 depicts the reflections that occur in a two thin film system. It does not show the reflections in film 1 that transmit into the second thin film or the reflections in the second film that
transmit into the first. However, these need to be taken into account in order to correctly calculate
R and T .
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Figure B.2: Schematic of light being reflected from a two thin film system.
To calculate the reflection and transmission coefficients for a k thin film system, we used
Rouard’s method, where an iterative approach is implemented. 144 See Figure B.3 for schematic
representation of light being reflected from a k thin film system. All the necessary notation required for this derivation is noted in that figure. We enumerate the parameters that characterize the
k thin film system as follows:
• The index of refraction of air is denoted as n0 , the first thin film as n1 , the second thin film
n2 , ..., the kth thin film nk , and the thick substrate as nk+1 .
• The thickness of the first thin film is denoted as d1 , the second thin film d2 , ..., the kth thin
film dk .
• Path difference for a round trip in the first thin film is denoted as x1 , the second thin film x2 ,
..., the kth thin film xk . Here, the path difference is defined as xk = 2nk dk .
• The Fresnel amplitude coefficients at the first boundary (between air and film 1) are denoted
as r1+ and t1+ , the second boundary (between film 1 and film 2) r2+ and t2+ , ..., the kth boundary
(between film k

1 and film k) rk+ and tk+ , and the k + 1 boundary (between film k and thick

+
+
substrate) rk+1
and tk+1
.
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Figure B.3: Schematic of light being reflected from a k thin film system.
• The phase difference acquired for every round trip in film 1 is d1 =
d2 =

2p
l x2 ,

..., and in the kth film this is dk =

2p
l x1 ,

in film 2 this is

2p
l xk .

The concept behind Rouard’s method, is to first consider only the kth thin film and the thick
substrate and calculate the amplitude reflection and transmission coefficients using equation B.2.15
and B.2.17, respectively. This two complex numbers in polar form, r̄k eid̄k and t¯k eif̄k , will describe
the way light reflects and transmits when it is incident on the kth film and thick substrate. Rouard
showed that the kth thin film system on the thick substrate is equivalent to one with the k

1 thin

films plus the additional fictitious interface described by r̄k eid̄k and t¯k eif̄k . Following this same
logic, the k

1 thin film and the fictitious interface could be replace with new fictitious interface

described by two new complex numbers. By continuing in this way, the kth thin film system can
be reduced to one where the first thin film is place on top of the last emerging fictitious interface;
therefore, allowing us to calculate the amplitude reflection and transmission coefficients rk+ and tk+
for the whole system.
We will first show how to obtain reflection amplitude r+ for the kth thin film system. The
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+
reflection from the last two interfaces rk+ and rk+1
, calculated using equation B.2.15, is

id̄k

r̄k e
To get the reflection from the k

=

+
rk+ + rk+1
e
+
1 + rk+ rk+1
e

idk

(B.2.20)

.

idk

1 interface and the new fictitious interface, described by equa-

tion B.2.20, we use again equation B.2.15 as follows

r̄k

id̄k
1e

1

=

rk+ 1 + r̄k eid̄k e
1 + rk+ 1 r̄k eid̄k e

idk

1

idk

1

.

(B.2.21)

We continue in this way, calculating the different reflection amplitude coefficients until we reach
the first interface r1+ . The reflection of light from the kth film system will then be
r+ eid = r̄1 eid̄1 =

r1+ + r̄2 eid̄2 e

1 + r1+ r̄2 eid̄2 e

id1
id1

.

(B.2.22)

To calculate the intensity reflection coefficient for the kth thin film system on a thick transparent
substrate, equation B.2.22 is multiplied by its complex conjugate
R = (r+ eid ) · (r+ eid )⇤ = (r+ eid ) · (r+ e

id

) = (r+ )2 .

(B.2.23)

The transmission coefficient t + for the kth thin film system is calculated with equation B.2.17
using the same train of logic. In the case none of the layers are absorbing, the intensity of light that
transmits into the thick substrate and consequently into each thin film is T = 1

R. To calculate

the intensity absorbed by each thin film, we use the energy conservation relation 1 = T + R + A,
where T is the intensity that transmit through the kth thin film system, R the reflected intensity
from the kth thin film system, and A the intensity absorbed by the k thin films. For example, for a
4-thin film system we calculate R and T from which A follows, as shown in Figure B.4. Therefore,
we can determine the absorption from each film as follows:
• The intensity absorbed by thin film 1 will be G1 = A4
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A3 .

Figure B.4: Schematic of the calculations necessary to determined the fraction of absorbed intensity by each layer for a 4-layer thin film system.
• The intensity absorbed by thin film 2 will be G2 = A3

A2 .

• The intensity absorbed by thin film 3 will be G3 = A2

A1 .

• The intensity absorbed by thin film 4 will be G4 = A1 .
Knowing all these, we can then calculate the intensity that transmits into each layer. For example,
for a 4-layer thin film system the intensity at each layer is:
• The intensity on thin film 1 is I1 = 1

R, where R is the intensity reflected by the 4-layer

thin film system.
• The intensity on thin film 2 is I2 = I1

G1 , since G1 is the amount of intensity absorbed by

the first thin film.
• Similarly, the intensity on thin film 3 is I3 = I2
• The intensity on thin film 4 is I4 = I3

G2 .

G3 .

• Finally, the intensity that transmits into the thick substrate is I5 = I4
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G4 .

Notice, that In is simply the fraction of the intensity that gets transmitted into each layer and is a
dimensionless number. Therefore, the injected photocarrier density on each layer is
Fpeak
Ni =
· Ii ·
hn

ˆ

bi

ai

e

ai z

dz =

Fpeak · Ii
(e
hn

ai ai

e

ai bi

),

(B.2.24)

where i denotes the layer, ai = 0, bi is the thickness of the ith layer in cm, and ai is the absorption
coefficient of the ith layer in units of cm 1 .
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Appendix C
Instrumental Response Time
The instrumental response time of our system determines the time resolution on which we carry
out the experiments. Events that happen at a time scale shorter than our instrumental response
time, can not be time-resolved. Since the dynamics of the photocarriers in the samples that we
study happen in an ultrafast time scale, is important to understand the limitation of our instruments
in order to interpret correctly the data collected.
To determine the instrumental response time, we utilize the the rising part from a differential
reflection, DR/R0 , signal obtained from monitoring the exciton population in a WSe2 ML after a
2.00 eV pump pulse injects electron-hole pairs into it, black squares in Figure C.1. We assume that
the response time of the sample is instantaneous. In the case that the pump and probe are infinitely
narrow, the instrumental response would be a step function that jumps to its maximum value at
zero delay. As the pump and probe pulses acquire a finite width, the response function evolves to
one that quickly rises to its maximum value within the pulse width. To demonstrate this effect, the
integral of a Gaussian function with different full widths at half maximum are shown as the solid
curves in Figure C.1. From this it is clear that the pump-probe cross correlation width is 0.35 ps,
red curve. That translates to pulse widths of 0.25 ps for each pulse, using 0.35/1.414. The sample
response cannot be instantaneous, therefore, this is actually the upper limit of the pulse width.
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Figure C.1: Calculation of the pump–probe cross correlation function.
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