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Abstract
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Professor Feng Wang, Co-Chair
Professor Mark Asta, Co-Chair

Two dimensional van der Waals layered materials are semiconductors possessing intriguing
properties, such as such strong absorption coefficients, large exciton binding energies, and high
electron mobility. These properties enable us to engineer the materials to study new physics and
advance device applications.

This thesis presents research in two main areas: (1) integrating 2D tungsten disulfide (WS;) in a
planar waveguide to study exciton-polaritons; and (2) utilizing black phosphorous as an ultrafast
photodetector.

For part (1), we design a new platform to strongly couple two-dimensional materials with dielectric
planar waveguides. The new method has several advantages: (1) all photonic elements are made
of dielectric materials avoiding metal absorption in contrast to plasmonic designs, and (2) the light
confinement is based on total internal reflection, leading to a small mode volume compared to
distributed bragg reflecting mirrors. By transferring WS, monolayer onto designed planar
waveguides, we demonstrate that the waveguide mode and the A-exciton mode of monolayer WS,
can reach a strong coupling regime through analyzing the angle-resolved reflection spectra. A Rabi
splitting of ~30meV is observed experimentally.

For part (2), we have achieved a high-speed photodetector made of black phosphorene with a
bandwidth up to 10GHz. At the same time, the direct bandgap of black phosphorene gives large
optical absorption and results in large photo-responsivity. The simplicity of the vertical structure
also allows us to integrate it with an optical waveguide for telecommunication purposes.
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Chapter 1 — Novel waveguide platform for room temperature
polaritonics with two-dimensional semiconductors

1.1 Introduction and motivation

Cavity quantum electrodynamics (cavity QED), the control of spontaneous emission of a dipole
oscillator has been studied extensively in different systems.'”> Confining photons in semiconductor
microcavities is of particular interest as the light-matter interaction is strongly enhanced.”® If the
coherent energy exchange between the excitonic transition and cavity photon overcomes other
damping, the system is said to be in the strong coupling regime. In the strong coupling regime,
cavity exciton-polariton systems show strong optical nonlinearities and spontaneous coherence,
and they provide a rich variety of polariton physics. The realization of a strong coupling regime in
semiconductor microcavities opened a new door to many-body physics inaccessible in other
condensate systems’ . Novel macroscopic quantum phenomena, such as non-equilibrium
superfluidity'>'*, low-threshold lasing®*'>'®, and Bose—Einstein condensation"'” " | vortex
formation®' have been observed in semiconductor microcavities. The study of strong light-matter
interaction in optical cavities have also led to new generation of efficient photonic applications,
such as lasing without population inversion*'®, optical spin switches’>*>, optical logical
transistors>’,

Strongly coupling phenomena are often demonstrated at cryogenic temperatures due to small
exciton binding energy and strong material disorder in conventional semiconductors."'® The room-
temperature coherent mixing can be interesting because such a platform could prompt integrated
polariton devices in ambient environment suitable for opto-electronics and strongly correlated
phenomena. Recent demonstration of non-equilibrium Bose-Einstein Condensation (BEC) and
superfluidity of exciton—polaritons in organic molecules or polymer-filled microcavity at room
temperature taking advantage of the processability and flexibility of polymers paves the way for a
new generation of opto-electronic devices.”

The recent discovery of 2D transition-metal dichalcogenides (TMDCs) provides another
promising candidate for exciton—polaritons medium.”®>° TMDCs are van der Waals crystals.
When the crystal is thinned down to monolayer thickness, they exhibit absorption coefficients and
exciton binding energies two orders of magnitude higher than those of GaAs, suggesting that
extraordinary exciton-photon coupling strengths are possible.”’”* Such a large exciton binding
energy and oscillator strength makes the room-temperature exciton-polaritons possible.>®

Recently, there has been an increasing interest in exploring the strong coupling regime of TMDCs
to study strongly correlated phenomena with new limits. Carious cavities, such as distributed
Bragg reflectors (DBR) Fabry-Perot cavities®*, Tamm structure® >’ and plasmonic structures®™>’,
can be integrated with TMDCs to form exciton-polaritons in the strongly coupling regime. The
selection of appropriate optical cavity involves maximizing the exciton-photon coupling strength
while minimizing the losses of the cavity. DBR Fabry-Perot cavities have large mode volumes and
typically lead to small Rabi splitting limiting its applications at room temperature (Rabi-splitting
measures the splitting between upper-polariton and lower-polariton band, namely, to what extent
exciton band and cavity photon mode repel each other). On the other hand, the Tamm and

plasmonic structures support small mode volumes, and therefore larger Rabi splitting from 50 to
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100meV has been reported at room-temperature However, they both suffer from the

absorption loss of metals leading to low quality factors.

Here, we propose and demonstrate the strong coupling regime of WS, excitons with photons in a
dielectric planar waveguide. The coupling is benefited from small mode volume due to total
internal reflection and no metal absorption in the structure. Forming exciton-polaritons with two-
dimensional optical waveguides will also enable studies on propagating polaritons and is
especially suitable for on-chip polariton circuit applications.***' Studies on waveguide polaritons
allow ability to control and direct light at sub-wavelength, which is crucial for nanophotonic
devices. Our newly developed waveguide polariton design provides broad opportunities for new
physics and device concepts. ***

1.2 Experiment and results

Design and Principle:

Embedding semiconductors in microcavities provide a method to enhance and control the
interaction between light and electronic excitations. The most important criterion for the light-
matter interaction is the competition between the process of exciton-photon coupling and other
relaxation pathways, including both cavity loss and exciton dephasing. In such situations, Fermi’s
golden rule no longer holds. The Jaynes-Cummings model, which examines a two-level system
interacting with a strong near-resonant electric field, can be generalized to describe the strongly
coupled excitonic transition and optical cavity mode. In the strong coupling regime, the exact
eigenstates of the coupled system are the doublet of the exciton-polaritons which are separated by
the Rabi splitting energy, hQg. Rabi splitting measures the coupling strength between excitons and
photons and is the critical signature to determine whether the system enters the strong coupling
regime.

To achieve large Rabi splitting, cavities with a small mode volume and a high quality factor are
required to support these strongly coupled mixed states for such applications as low threshold
emission®'® and ultrafast switching®. The dielectric planar waveguide we proposed confines the
photon through total internal reflection and leads to a strongly confined electric field mode profile.
The planar waveguide exciton-polaritons system, therefore, produces a large Rabi splitting,
indicating strong coupling strength, and could lead to a promising polaritonic platform for
discovery of new many-body physics and for integrated opto-electronics applications in the future
studies.

Let us start from the general geometry and basic operation principles of the proposed planar
waveguide scheme. Figure la illustrates the overall device concept of exciton-polariton in a
planar waveguide system. The photonics structure we propose for observing exciton-polaritons
consists of a prism with high refractive index ns, a coupling layer with low refractive index n, a
planar waveguide layer with high refractive index n; and a TMDC monolayer on top. (Figure 1a)
The refractive indices satisfy n;, n3 > ny and we only focus on oblique angle incidence for which
total internal reflection occurs on both ns- n, interface and n;- n, interface. The planar waveguide
layer (n;) works as a cavity to confine light in z dimension and is coupled to the exciton of TMDC
monolayer to create exciton-polariton modes. Light can be coupled in the planar waveguide
through frustrated total internal reflection at the coupling layer interfaces. The thickness of the



coupling layer can be designed to achieve different cavity quality factor and coupling efficiency.
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Figure 1: Exciton-polaritons in the designed planar waveguide scheme with TMDC materials. (a)
Schematic of our planar waveguide polariton structure. A high refractive index thin film
(waveguide layer, red), which is sandwiched between air and a low refractive index film(coupling
layer, green), forms a planar waveguide to confine photons in z-direction. Light is coupled in and
out via a glass prism (coupling prism, gray) with high refractive index to provide photon
momentum required for waveguide resonance. TMDC materials are directly deposited on the top
surface of waveguide layer to form coupling between excitons and waveguide modes. (b) The
polariton system only considering the planar waveguide and the TMDC film. The ray-optic
approach can determine the dispersion of the waveguide resonance in terms of propagation angle
¢. (c) Energy dispersion of the upper and lower polaritons. The navy and cyan line show the
exciton and waveguide mode energy dispersion. After the coupling is introduced, the upper and
lower polaritons becomes the eigenstates of the system (two dashed red lines).

To focus only on the resonance energy without concerning the light coupling method, we can
simplify the photonic structure by removing the prism layer and extending the coupling layer to
a semi-infinitely thick layer. The simplified model (shown in figure 1b) contains only a planar
waveguide and the TMDC monolayer. Following the typical Jaynes-Cummings formalism for
exciton-polaritons, we now describe the exciton and waveguide modes by the Hamiltonian with



the rotation wave approximation®:
H=Eu,(@)b™b + E,cTc+V(bTc + bcT) (1)

where E,,,(¢) and E,, correspond to the energy levels of the waveguide mode and the exciton
transition, which are coupled by the interaction potential V=hQg/2.b", band c', ¢ are the creation
and annihilation operators for photons and excitons, respectively.

The coupled exciton-waveguide system in equation 1 can be represented in terms of exciton and
waveguide mode basis as:
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The eigenstates of the equation represent superposition of the bare states, which are called
polaritons. The eigenvalue Egol(go) and Ej,,;(¢) correspond to the angle-dependent hybrid eigen-
energies of the upper and lower polariton branches. The mixing coefficients |o| > and |p| * describe the
relative photonic and excitonic content of the polaritonic states, and a, § are known as the Hopfield

coefficients. The full expression of E{fo 1 (@) can be further written as:
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In the special case of zero detuning, i.e. E,,; = E,, , the energies of polaritons E;—rol = FE,tV=
E., * hQr/2, indicating that the upper and lower polariton are split by Qg which is the so-called

Rabi splitting.

The waveguide resonance energy E,, 4 is a function of the propogating angle ¢ due to the energy-
momentum dispersion of the planar waveguide. The full analysis of the optical modes in the planar
waveguide is well-known** and will be described later in the simulation section. Here, we use the
ray-optic approach to provide a simple understanding of the dispersion of a planar waveguide.
Shown in figure 1b, the light propagating in the z direction is considered to be composed of plane
waves moving in zig-zag paths in the x-z plane undergoing total internal reflection at the interfaces
bounding the waveguide. The resonance optical mode requires constructive interference as the
waves travel through the guide, so the total phase change for a point on a wavefront that travels
from the n;—n; interface to the n;—air interface and back again must be a multiple of 2n. This leads
to the following condition,

20008 Sin 6 — 21— — 2ps gy = 2 @)

where n, d is the refractive index and thickness of the waveguide, 0 is the angle of reflection with
respect to the z direction, as shown in Figure 1b, m is the mode number, and ¢;-, and ¢;_ir, are the
phase changes suffered upon total internal reflection at the interfaces. In this thesis, we choose to
focus only on the fundamental TE mode (m=0, polarization in y-direction) of the planar waveguide
since this mode confines the electric field the tightest and generates the largest coupling strength.



Solving equation 4 gives the waveguide resonance energy E,, ;(¢) as a function of ¢ and typically
results in a dispersion relation shown as red curve in figure 1c.

As we place a monolayer TMDC on top of the planar waveguide, the uncoupled exciton mode
(shown as navy line in figure 1¢) and the uncoupled waveguide mode (shown as cyan line in figure
Ic) start to mix due to the coupling potential V. After diagonalizing equation 2, we plot the angle-
dependent eigen-energies of the upper and lower polaritons shown as the dashed red curves in the
figure 1c, assuming that the coupling potential is independent of ¢. The planar waveguide design
allows us to achieve largest Rabi splitting at zero detuning condition insensitive to the fabrication
error.

To optimize the Rabi splitting, a quantitative understanding of the coupling potential V is needed.
In our model, the coupling potential V should relate to mode volume and oscillator strength
through the following expression:

(he)?
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2V = hQg = f (5

where ¢ is the permittivity, L.¢s is the effective length of the planar waveguide, and f is the
oscillator strength of a single layer TMDC. The effective length of a planar waveguide is
J €Ey2dx
€E3(xo)
It is now clear to see the advantage of using a planar waveguide over the distributed bragg
reflector mirrors as a cavity in terms of larger Rabi splittings. The effective length of distributed
bragg reflector mirrors is typically much larger than the real cavity distance due to the electric
fields distributed in the first few layers of dielectric. The effective length of a planar waveguide,
however, is only of the order of half wavelength since the field decay outside of waveguide layer
is evanescent. This is a direct consequence of the fact that the photon confinement in waveguides
is through total internal reflections.

expressed as Lesp = for the zero-order TE mode, where x¢ is where the TMDC layer is.

To estimate the Rabi splitting, we take the simulated value of L, = 90nm from an optimized
structure shown in figure 3a and the experimental value of f = 8x10'"/m” from the A-exciton
absorption of a WS, monolayer from chemical vapor deposition (CVD). The details of the
methods to acquire these numbers is described in the simulation section. We can also verify that
the coupled system is indeed in the strong coupling regime by comparing the Rabi splitting hQg
with v and k, where y and « are the homogeneous decay rates of the matter polarization and the
light in the cavity, respectively”. The homogeneous linewidth hy of A-exciton in TMDC
monolayer at room temperature is typically ~25meV from previous literatures*® while the cavity
linewidth hx in our simulation is around ~10meV. Therefore, the condition for strong coupling
regime hQg > hy, hk is satisfied.

When the whole stacked layers is considered, the energies of polariton modes are not perturbed
significantly since the optical modes decay evanescently in the coupling layer. The coupling layer
is chosen to be thick enough such that the mode tail in the prism layer is negligible. Thus, the
model describing only coupling between excitons and waveguide modes is still valid. However,
the coupling efficiency from a free space photon to cavity photon and the quality factor of the



waveguide depend on the thickness of the coupling layer and we will address these issues in the
simulation section.

Simulation:

Transfer matrix method (TMM) is used to simulate the reflection spectrum of the WS,-planar
waveguides system to optimize waveguide parameters to achieve the largest Rabi splitting and
the best coupling efficiency. In the TMM simulation, we include the measured TMDC monolayer
optical properties and realistic material parameters. The simulated reflection spectrum can be
compared with both theory and experiments and enable us to optimize the photonic structure for
enhancing light-matter interactions. Here, we choose the active medium to be a WS, monolayer
as an example.

To acquire the accurate optical properties of WS, monolayer for simulation, reflection
spectroscopy is performed. Figure 2a shows the measured reflection spectrum from a transferred
CVD WS, monolayer on a sapphire substrate. Two main peak features at 2.0eV and 2.4eV arise
from the absorption of A-exciton and B-exciton transitions of WS,, respectively. From the
measured reflection spectrum, we can deduce the absorption spectrum and the permittivity of the
free-standing WS, (shown in Figure 2b). The thicknesses of the WS, monolayer is assumed to be
0.649nm. The extracted absorption spectrum of the WS, reaches 20% at the A-exciton resonance
and this value is surprisingly large compared to exciton absorption of traditional semiconductors.*”**

The permittivity spectrum of the WS, monolayer is fitted by a multi-Lorentzian model. The peaks
and dispersion in imaginary and real parts of permittivity are represented by multiple resonances
as

ez e+ N LB (g
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where E the photon energy, &, the background dielectric contribution, f; the oscillator strength,
Ey; the resonance energy, and fy;the broadening of resonance i. From the fitting, the Eo, f and
hy; for the A-exciton resonance is determined to be 2.0 eV, 8x10'7/m? and 60meV, respectively.
These values are used in the simulation and the coupled oscillator model estimation. The
relatively broad exciton linewidth in CVD WS, mostly originates from inhomogeneous
broadening due to growth defects and can be improved by better sample quality.

To optimize the planar waveguide structure, we perform a simulation based on the transfer-matrix
formalism to deal with multilayer reflection problems. The custom simulation is written in Python
and allow us to explore materials, dimensions, tolerances, and coupling conditions to provide
theoretical bounds on coupling efficiency and Rabi splitting. These simulated parameters
included polarization and incident angle of the light beam, the TMDC's optical properties in
various temperature conditions, and the structure of planar waveguide layers. Drawing upon these
results we found the optimal parameters, compatible with standard fabrication techniques, for the
coupling efficiency, quality factors, and Rabi splitting.
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Figure 2: Measured optical properties of chemical-vapor-deposition (CVD) WS, monolayer. (a)
Experimental reflection contrast spectrum of a transferred CVD WS, monolayer on a sapphire
substrate. The reflection contrast of a WS, monolayer reaches 20%, which indicates a much
larger oscillator strength compared with conventional semiconductor quantum wells. (b)
Extracted permittivity of a WS, monolayer from the experimental data in (a).



A schematic of the optimized structure used is shown in Figure 3a. The dielectric multilayer
consists of infinitely thick glass SF-11(n=1.743, thickness 60nm), a coupling layer of SiO, (n =
1.444, thickness 500nm), a waveguide layer of Ta,Os (n = 2.0856, thickness of a WS, monolayer).
The thin layer of Ta,Os forms a high refractive index waveguide layer and confines electric fields
in a small mode volume which is of the order of the waveguide thickness, as opposed to DBR
mirrors which have mode volume of many dielectric layers. The SF-11 glass layer has a high
refractive index compared to the SiO; coupling layer and therefore supports total internal reflection
at the interface when the coupling angle 0 is larger than the critical angle 8, = sin"!(n,/n3). In
this regime, light can only evanescently couple in and out from the planar waveguide and maintain
a relatively high Q cavity.

The simulated reflectance for different incident angles and wavelengths without the TMDC
monolayer is shown in figure 3b. The optimized thickness of SiO, and Ta,Os layers are 500nm
and 60nm which is used as the experimental conditions later. The polarization is set in the TE
mode direction for simplicity. A small absorption in Ta,Os layer is artificially introduced to make
the waveguide mode visible. Without the TMDC monolayer, a clear zero-order TE cavity mode is
observed. While the incident angle 6 of reflection spectrum can be related to K/, (K parallel), the
energy dispersion of the TE cavity mode in terms of incident angle 0, which relates to propagation
angle ¢ through Snell's law, follows the typical planar waveguide resonance equation (equation
3). The quality factor of the cavity mode is determined by the intrinsic absorption of the dielectric
waveguide as well as the coupling layer thickness.

The simulated reflectance in figure 3¢ includes a WS, monolayer on top of Ta,Os waveguide and
the other parameters are kept the same as the previous simulation. The optical parameters of the
WS, monolayer are taken from the measured CVD WS, monolayer shown in the figure 2b. When
a monolayer of WS; is introduced, clear anti-crossing behavior occurs at the crossing point of A-
exciton resonance and waveguide mode, indicating that a strong coupling between WS,
monolayer and Ta;Os planar waveguide is formed. The Rabi splitting achieved in the optimized
waveguide structure is 102meV which is much larger than the room temperature thermal energy
~25meV. The simulation is conducted as following condition: infinite thickness of air, 0.649nm
of WS,, 60nm of Ta,0s, 500nm of SiO,, infinite thickness of SF-11.
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Figure 3: Transfer-matrix-method (TMM) simulation of a coupled exciton-waveguide system.
(a) An optimized waveguide structure is used in the TMM simulation. The dielectric multilayer
consists of infinitely thick glass SF-11(n=1.743), a coupling layer of SiO, (n=1.444), a
waveguide layer of Ta,Os (n=2.0856), a WS, monolayer, and an infinitely thick layer of
air(n=1). The incident angle 0, related to the propagation angle ¢ through Snell's law, is set to
be large than all relevant critical angles, therefore the electric field is evanescent in the SiO,
coupling layer and propagating in both Ta,Os waveguide layer and glass SF-11 layer. (b) The
contour plot shows the angle-dependent reflectivity from the planar waveguide without TMDC
monolayer. The dip in the reflectivity map out the dispersion of the planar waveguide. (c) The
angle-dependent reflectivity from the planar waveguide with a TMDC monolayer simulated
with experimentally-derived parameters. The low reflectivity points map out the dispersion of
the upper and low polaritons.



Angle-resolved reflection spectra

To experimentally investigate the strong coupling between TMDC monolayer and a planar
waveguide resonator, we prepare an equilateral SF-11 glass prism coated with 500nm SiO,
coupling layer followed by a 60nm Ta,Os layer, forming a high refractive index waveguide. The
high refractive index prism and a 500nm coupling layer of SiO, are used to evanescently couple
light in and out of the planar waveguide. The two-dimensional waveguide creates an extremely small
optical mode volume, which is largely confined within in the 60nm-thick Ta,Os layer’**’. A large-
area continuous WS, film is grown by CVD method on a silicon dioxide surface, and we use a wet-
transfer method to transfer it to the Ta,Os surface (see method for detail information).

Figure 4a shows our experimental data from angle-resolved reflection spectroscopy for TE
polarization on a WS, exciton-polariton device based on the planar waveguide. The detailed method
is described in the method section Reflection and Photoluminescence Measurements. The reflection
is nearly unity due to total internal reflection except when the lights coupled to an optically bright
mode. The reflection spectral minima map the position of the upper and lower polariton modes and
show a clear anticrossing behavior at the A-exciton energy and 58.5° incident angle.

Figure 4b shows several vertical linecuts of the contour plot in figure 4a to further investigate the
evolution of the lower and upper polaritons. The black and red circles mark the spectral minima on
each spectrum, indicating the energy of lower and upper polaritons at a specific incident angle.
Starting from 6=57.0°, at which the waveguide mode is red-detuned from the exciton energy, the
waveguide and exciton mode are separated and no apparent shift on both modes. As the incident angle
approaches 0=58.5°, the waveguide resonance gets closer to the exciton energy. The coupling
potential between waveguide and exciton modes make it impossible to describe the system by either
waveguide nor exciton modes. Instead, the normal modes of the system can only be explained as
lower and upper polaritons; instead the linear superposition of waveguide and exciton modes must be
considered. These two modes repel each other in the vicinity of 6=58.5°, corresponding to the zero
detuning condition. As 0 increases further, the waveguide mode starts to blue-detune from the exciton
energy and the mixing between them becomes smaller. Therefore, the resonances can be described
by the waveguide and exciton modes again.

The spectra at different angles are fit with two lorenzian functions and the extracted energies and
linewidths of the lower and upper polaritons are plotted in figure 4c. The resonance energies for lower
and upper polaritons show an anticrossing behavior as expected. We fit the energy of the two peaks
as a function of incident angle using the coupled oscillator model described in equation 2 and 3. When
we convert the Energy-theta (0) plot to Energy-k plot (since our incident angle is large that k;, which
is a function of the photon wavelength), the Rabi splitting becomes ~30meV. The extracted upper
and lower polariton branches are shown in figure 4c as dashed red and black line.

We observe well-separated upper and lower exciton-polariton resonances and a large exciton-
polariton Rabi splitting of 30 meV at room temperature.

10



Angle-resolved photoluminescence spectra

Figure 5a shows the experimental data from angle-resolved photoluminescence (PL) spectroscopy
on the WS, exciton-polariton device excited with 532 nm continuous wave laser. The extracted
lower and upper polariton dispersions obtained in figure 4c are also shown as white and gray dash
curves in the same plot for comparison. Figure 5b shows the line plots of PL spectra at different
incident angles for clarity. The detailed method is described in the method section Reflection and
Photoluminescence Measurements.

The observed PL spectrum shows dominant emission from the lower polariton branch while the
emission from the upper polariton branch is not detected. Note that the angle-resolved emission
follows the dispersion of lower polariton. In the PL measurement, the exciton-polariton states is
populated through scattering of the non-resonantly pumped excitons. The fact that only the PL
from lower polariton branch is observed indicates efficient energy relaxation of exciton-polaritons
in the strong coupling regime with the planar waveguide structure.

The PL also shows a long tail down to 1.8eV which is also observed in previous studies with
Fabry-Perot cavities.”>”’ The reason for this PL tail is could be explained by enhanced PL from
WS, defect states due to waveguide Purcell effect’ or polariton parametric amplification
scattering into the waveguide modes”'. An angle-resolved power-dependent PL measurement with
clean TMDC materials would be desired to distinguish these two effects.
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Figure 4: Observation of Rabi splitting in experimental angle-resolved reflection spectra. (a)
Contour plot of the experimental angle-resolved reflection spectra. The dispersion of upper and
lower polaritons show clear anti-crossing behavior, evidencing that our coupled system is well
situated in the strong coupling regime. The white dash and dotted lines indicate the un-coupled
cavity and exciton modes, respectively. (b) Line plots of reflection spectra at different incident
angles. Each spectrum is offset by a fix amount. The black and red open circles mark where the
lower and upper polariton energies are, respectively. (c) The measured lower (black dots) and
upper(red dots) polariton energies. The fitting using a simple Jaynes-Cummings model is shown
with red and black dash curves. (d) After convert Energy-theta (0) plot to Energy-k plot (since our
incident angle is large that k, which is a function of the photon wavelength), the Rabi splitting
becomes ~30meV.
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Figure 5: Experimental angle-resolved photoluminescence (PL) spectra. (a) A contour plot of the
experimental angle-resolved PL spectra. The white and gray dash curves are the same fitting
obtained from figure 4c. The PL shows a long tail down to 1.8eV which might be explained by
enhanced PL from WS, defect states due to waveguide Purcell effect. (b) Linecutsof reflection
spectra at different incident angles. Each spectrum is offset by a fix amount. The red open circles
mark the lower polariton energy at each incident angle .

1.3 Methods and Experimental setup
Fabrication of planar waveguide

The optical properties of the planar waveguide is simulated with transfer-matrix-method software.
The software also simulates the coupling between monolayer TMDC and the planar waveguide.
Once the optimal structure is found, we purchase the glass SF-11 prisms from Edmund optics. The
Si0, and Ta,0Os layers are made using customized coating service from Edmund optics.

Synthesis and transfer of WS2

The WS, growth on SiO,/Si wafer is done using the metal—organic chemical-vapor-
deposition(CVD) method. The chemical precursors for tungsten and sulfur atoms are tungsten
hexacarbonyl (W(CO)s, THC, Sigma-Aldrich 472956) and diethyl sulfide (C4H;0S, DES, Sigma-
Aldrich 107247) , respectively. The growth was performed under a temperature of 500 °C and
growth time of 30 hours. More detailed information can be found in reference.

The grown CVD WS, monolayer on SiO; is then coated with Poly(methyl methacrylate)(PMMA)

for support and let dry in ambient condition. The supported CVD WS, monolayer can be easily
peeled off from the substrate when submerged into water with an oblique angle. The prism with
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planar waveguide prepared is used to fish up the PMMA-supported WS floating on the water. The
PMMA is later dissolved in acetone solution.

Reflection and Photoluminescence measurements

For angle-resolved reflection spectroscopy, a supercontinuum laser (Fianium, WL-SC-400-15)
containing photon wavelength from 450nm to 800nm is expanded to a 1cm diameter beam size
through a telescope. A Glan-laser calcite polarizer is used to set the polarization to align with TE
mode of the planar waveguide. The laser beam is focused onto the planar waveguide plane through
one side of the prism using an air-spaced achromatic doublet lens with f=15cm. The incident angle
is controlled by a movable slit with 500um width to provide desired angular resolution. The
incident angle can be measured by the reflected light from the prism side. The reflected light from
the planar waveguide is then collected on the other side of the prism and sent into a spectrometer
for analysis.

For angle-resolved photoluminescence spectroscopy, a 532nm continuous wave laser is used for
pumping at the normal direction of the planar waveguide. The collection angle is controlled by a
movable slit with 500um width, whose position is determined previously by the reflection
measurement. The emission from WS, through the prism side is then sent into a spectrometer for
measurements.

1.4 Summary and Future outlook

In summary, we present a simple and innovative method to strongly couple two-dimensional
materials with dielectric planar waveguides. The new method has several advantages: (1) all
photonic elements are made of dielectric materials avoiding metal absorption in contrast to
plasmonic designs. (2) The light confinement is based on total internal reflection leading to a small
mode volume compared to distributed bragg reflecting mirrors. (3) The surface of two-dimensional
material is exposed and can be easily accessed for device fabrication in the future.

By transferring WS, monolayer onto designed planar waveguides, we demonstrate that the
waveguide mode and the A-exciton mode of monolayer WS, can reach a strong coupling regime
by analyzing the angle-resolved reflection spectra. Due to the small mode volume of the planar
waveguides, a strong coupling potential is expected. A large Rabi splitting of 100meV is observed
experimentally. The experimental data is also well described by both Jaynes-Cummings model
and the transfer-matrix-method simulation. The angle-resolved photoluminescence surprisingly
shows a long tail in the low energy side of spectrum which might be caused by defective states or
polariton parametric amplification. The large Rabi splitting and flexible design in the quality factor
permit a promising platform for future exciton-polariton studies with two-dimensional materials.
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Chapter 2 — High speed photodetector using 2D Black Phosphorous

2.1 Introduction and motivation

2D layered materials are one of the major developments in materials science for the past decade,
and many fruitful physics and possible application emerged afterwards. Among them, black
phosphorene (BP) is a material with extremely high mobility”>. Combining this nature with its
electrical gate tunable bandgap and optical transition, applying phosphorene as a high speed
photodetector seems to be a feasible idea. Many different detector structures and materials are
developed to cover a large range of applications. Most typical photodetectors in visible and
infrared use silicon and germanium for wavelengths from 0.4 to 1.0 um and at longer wavelengths
up to 1.8 um.”*>> However, they both have indirect bandgaps at these wavelengths, which result
in relatively small bandwidth-efficiency products. Consequently, for high-speed applications,
direct bandgap semiconductors which have strong absorption in the infrared range are desired.

Recently our group has demonstrated that the bandgaps of monolayer, bilayer, trilayer
phosphorene are 1.73, 1.15, and 0.83 eV, respectively’®, and bulk black phosphorus has a bandgap
of 0.35 eV. In particular, the band gap of bilayer and trilayer phosphorene (at 1.15 and 0.83 eV)
matches well with the silicon bandgap (1.1 ¢V) and telecom photon energy (0.8 eV), respectively®.

Because black phosphorene is a layered Van der Waals material, one can construct atomically-thin
vertical junctions through scotch tape exfoliation and pickup transfer methods.”” The atomically-
thin junction distances reduce the electron transit time and yield high-speed optical detection. A
traditional design is a lateral source and drain structure, where photo-excited electrons have to
travel through several micrometers, and can be scattered and delay the response time. Here we
designed a vertical electrode structure for our photodetector that can shorten the path electrons
travel and thus enhance the response time.
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2.2 Experiments setup and sample preparation

(a) (b)
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/
Black: »
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100 pm

(c) d

Top Au electrode
W Black phosphorous
[ Bottom Au electrode ]
—H
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Fig. 6: A schematics of our designed structure. (a) and (b) show a top view of our vertical structure,
viewed through a microscope (c) is a schematic of the side view of the device. Black phosphorous
is sandwiched between top and bottom Au electrodes. This vertical design shortens the electron
travel distance compared with traditional lateral source and drain design. (d) The bottom and top
electrodes are then connected with a G-S-G high speed probe for the AC signal measurements.

Fig. 6 shows the our black phosphorous device and the high-speed probe used to measure the
signal. A high speed Ground-Source-Ground (G-S-G) RF probe is connected with deposited B-T-
B (Bottom-Top-Bottom) to detect the photocurrent signal.

A super-continuum laser (YSL Photonics SC-Pro, wavelength 430nm-2400nm) or a SCG 800
supercontinuum fiber (Newport) pulsed laser (wavelength from 450nm-1500nm), is used to excite
electron-hole pair and turn them into photocurrent. A real time measurement set-up (fig. 7) is
employed to record the photocurrent (photo-voltage). A small bias (can be changed accordingly
with the series resistor) is applied across two electrodes to create electric field to separate electron
and holes and create photocurrent.
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Fig. 7 Measurement setup. While the sample is suspended on the XY stage, we shine laser pulse
from the bottom electrodes (which is Au electrode, and Au electrode will couple certain portion of
light into black phosphorous) and adjust the setup using an optical microscope from the top side
to make sure the light would excite at the black phosphorous and electrode junction.
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2.3 Experimental Results

Power dependence and electrical resistance of the photodetector

Here we use a lock-in amplifier to test the input power dependence and efficiency of our
photodetector devices. The measured photovoltage shows a linear relation to power for power Ouw
all the way to 6.5uw (estimated power couple into BP from bottom Au electrode). A SC-Pro
supercontinuum laser (single pulse width 100 ps, 4MHz repetition rate, wavelength ranging from
400nm-2400nm) is used for the measurement. The responsivity is 96 uV/uW. The power is
estimated as that when light is shined on the Au electrode and only~1% of energy is coupled into
black phosphorous.

We have also measured the resistance of the BP sample, which is estimated to be 270ohm.
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0 1 2 3 4 5 6 7
Ave power coupled to BP (uw)

Fig. 8 Power dependence of our black phosphorous device. X-axis shows the estimated light

power being coupled into BP sample. Y-axis shows a photo-voltage measured by lock-in
amplifier.
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Real time photo-response of the photodetector---with SC Pro supercontinuum laser and
Tektronix CSA 803C oscilloscope

Following is the real-time photocurrent(photo-voltage) measurement by supercontinuum laser
(single pulse width 100ps, 4MHz repetition rate, wavelength ranging from 400nm-2400nm) with
different input power. The single pulse has a 100ps width in the time domain, and the photo-
voltage signal we measured from oscilloscope has a FWHM around 200ps. The measurement is
done with a RF amplifier  MITEQ, AMF-4D-30M-8G-20-13P 0.03—8 gain 30dB, bandwidth 0.03-
8GHz) and K-cable. The broadening may be coming from reflection and noise in the RF amplifier,
cable and connector or the devices itself, for this we haven’t been able to de-couple at this time,.
A small bias (1V when series with a 10k ohm resistor, this voltage and resistor can be changed
accordingly) is applied across two electrodes to create electric field to separate electron and holes
and create photocurrent.
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Fig. 9 Photo-voltage measurement (with a RF amplifier) in time domain (a) and (b) BP

photodetector reveals a 200ps FWHM. (a) and (b) are the same plot while (b) is a zoom-in of (a).

(a) (c) is a plot showing output (b) (photo-voltage) response versus
frequency.
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Fig. 10 Photo-voltage measurement in time domain (without RF amplifier) (a) and (b) BP
photodetector reveals a 200 ps FWHM. (a) and (b) are the same plot while (b) is a zoom-in of (a).
(c) is a plot showing output (photo-voltage) response versus frequency. The response time is
roughly the same while the noise has been significantly reduced.
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Real time photo-response of the photodetector---SCG800 supercontinuum fiber (NewPort)
laser with Agilent 86100A sampling oscilloscope.

A laser with shorter pulse width is exploited to study the limitation of our scheme. Here we
employed a SCG800 laser, Agilent 86100A sampling oscilloscope to measure the photo-voltage.
The SCG-800 Supercontinuum Fiber Device is a supercontinuum generation device for use with
800 nm femtosecond lasers (that has a 82MHz repetition rate), and after the fiber it can generate
450nm~1500nm in wavelength, single pulse width is ~150fs. We put a 500 short-pass filter so
only the 450nm~500nm light would pass and couple into the black phosphorous.

Comparing with previous Tektronix CSA 803C oscilloscope, the Agilent 86100A sampling
oscilloscope has a bandwidth that can go up to 5S0GHz (AC), and ideally can resolve much faster
response time.

One can observe the much faster response in this scheme, shown in fig. 11 (a) and (b), with a peak
that has ~36ps FWHM. While (a) is measured without the amplifier. The noise is significantly
reduced without amplifier.
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Fig. 11 Time domain response of BP photodetector excited with pulse laser (82MHz repetition
rate). (a) is the photo-voltage measured without the RF amplifier, and with the 0.2 mW laser power.
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2.4 Summary and Future outlook

We have achieve a high-speed photodetector made of black phosphorene with a bandwidth up to
10GHz. At the same time, the direct bandgap of black phosphorene provides large optical
absorption and results in large photo-responsitivity. The simplicity of the vertical structure also
allows us to integrate with optical waveguide for telecommunication purpose. A silicon waveguide
provides easy access for optical excitations, enhancing the responsitivity and paves the way for
future on-chip integration for telecommunication applications. These ultrafast photo-detectors
based on phosphorene can be integrated either with silicon photonics or on a flexible substrate,
which can open up exciting new application capabilities.
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