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This dissertation covers a series of experiments that realized, investigated, and

controlled exciton-trion-polaritons in transition-metal dichalcogenides (TMDs).

First, theoretical and experimental research that led to the established under-

standing of trions are reviewed. Then, recent theoretical developments that led

to a complete reimagining of excitons, trions, and their interactions with pho-

tons is discussed. With the theoretical background established, detailed mea-

surements of optical conductivity of TMD MoSe2 are combined with quantita-

tive analysis to determine the nature of strong Coulomb interactions between

excitons and bound trions in TMDs. Then, design and simulations of, and mea-

surements on a hybrid photonic-crystal-TMD structure is discussed whereupon

remarkable agreement between experiment and theory evidences the existence

of coherent exciton-trion-polariton formation. Initial experimental forays into

electronic control of the optical properties of this polariton system is then re-

viewed. In the final chapter of this dissertation, a non-exhaustive investigation

of potential device applications based on the understanding of exciton-trion-

polaritons is conducted.
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scope image of device used in measurements discussed in this
Chapter. The blue areas are that of the grating, and is caused
by the cross-polarization technique used in obtaining the micro-
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verified. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.3 Setup and measurement summary a. Diagram of the setup look-
ing from the top, and head-on. 532 nm laser used for align-
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3.7 Exciton-trion-polariton dispersion via photoluminescence. a.
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CHAPTER 1

AN INTRODUCTION TO TRIONS AND THE TRION-PHOTON

INTERACTION PROBLEM

The nature of interactions between light and correlated many-body states in

semiconductors has become a point of academic interest contemporary to the

development of atomic, molecular, and optical physics as a formal discipline of

research. The theory of trions, despite its early introduction to the field of many-

body physics over 60 years ago [38], is still actively being investigated. Experi-

mental studies of trions had to wait for a few decades, until the development of

high-quality epitaxial films. Once quantum well structures could be realized

in III-V materials, experimental signatures of trions were found [30]. How-

ever, despite nearly 30 years having passed since trions were experimentally

shown, constructing a single microscopic theory that accurately described the

seemingly paradoxical traits of trions proved challenging: strongly-correlated

[22, 60] but tightly bound [31]; showing experimental optical absorption sig-

natures [31, 2] while theoretically being unable to interact with photons [47];

coupling strongly via Coulomb potential [65] as well as to photons [46, 69]. An

overview of the theory of excitons was developed would be necessary in the

lead-up to the discussion of trions, and why reconciliation of these various as-

pects of trions proved difficult.

Suppose a charge-neutral semiconductor is brought under optical excitation.

If the photon energy is larger than the optical bandgap of the semiconductor, an

equal amount of electrons and holes are generated within the semiconductor.

If no interactions between the particles take place, each photoexcited carrier be-

haves like a free particle. However, Coulomb interactions do take place between
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photo-excited electrons and holes [27]. These interactions allow electrons and

holes to become strongly correlated; to form quasiparticles. Excitons are the

most prominent of these, and are formed when a conduction band electron and

a valence band hole forms a bound state, as shown in Fig. 1.1a. When exciton-

exciton and exciton-majority carrier interactions can be neglected, this two-body

picture is extremely accurate in replicating experimental results [26, 27]. It is

when exciton-majority carriers are introduced that the two-body exciton model

[27] is no longer sufficient. This is the same regime where trions have been

identified.

1.0.1 Theory of Trions as 3-body, Fermionic States

Now suppose the semiconductor has is electron-doped and is brought under

optical excitation. In this case, equations of motion for the electronic part of the

system is expressed in terms of two-body correlation states [22, 27]. These equa-

tions, in turn, are coupled to four-body correlation states [27]. Thus, a recursive

relation is established [27, 32]. Typically, the recursive relation is truncated at

the two-level equation, while the prominent four-body terms are reduced to

product terms of two-body correlations to obtain the Schrödinger Equation for

the exciton [27, 32]. Meanwhile, early theories of trions were somewhat ad-

hoc; bound three-particle correlations [11, 44, 10, 47], as depicted in Fig 1.1b

were introduced and solved for. However, there were numerous issues with

this three-particle picture.

First, three-body trion states are fermions. Photons and fermions are both

bosons [22], so photo-excitation of excitons conserves boson number. However,

in the case of trions, a boson would be generating a fermion; which conserves
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Triona) b)Exciton

Figure 1.1: Real-space and momentum space representations of excitons and
trions in an electron-doped TMD monolayer, according to the three-particle
model of trions. a. A bound state formed between a photo-excited conduction
band electron, valence band hole pair results in an exciton state. In momentum
space, this electron-hole pair, possessing a finite momentum, is shown by the
red ellipse. K and K’ valleys correspond to the two spin-valley configurations
in TMDs. The exciton state can also be formed in the K’ valley. Photon emis-
sion conserves linear and angular momentum b. The trion state, constructed as
a three-particle state comprised of two conduction band electrons, and one va-
lence band hole. The extra electron belongs to the opposite K valley. To conserve
total momentum upon photo-emission, the electron in the opposite K’ valley has
to scatter above the Fermi level.

neither boson nor fermion number [11]. Second, the optical matrix element for

a transition from the material ground state to the three-body trion state would

be zero [47]. This would result in a trion state that has no spectroscopic signa-

ture associated with it, which fails to explain the secondary resonant absorption

feature seen in experiments by others [31, 2], as well as discussed in Chapter 2

of this work. Another point discussed in Chapter 2 is the separation between

spectroscopic features commonly associated with excitons and trions, which has

been shown to depend linearly on the Fermi level of the system [31, 2]. The
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three-body state is also impervious to changes in background carrier density,

and thus fails to capture the dependence of the exciton and trion resonances on

the Fermi level.

Trion-Polaritons

When a photon is trapped in a cavity for long enough to resonantly exchange

energy with excitons, the eigenstates of the system are neither excitons nor pho-

tons; but mixtures of the two, called exciton-polaritons [75, 52, 41, 28, 18, 5, 69,

66, 9, 33]. The coherent energy transfer between photons and excitons is shown

in Fig 1.3a. One final issue about trions emerges in the strong optical coupling

regime, where the three-body theory suggests trions should not interact with

photons [47, 68], while experiments seemed to suggest otherwise [59, 46, 31].

Furthermore, the three-body trion state does not conserve momentum as it is

photo-generated, as shown in Fig. 1.2b. This means that interactions between

trions and photons, even if it somehow occurred, were not coherent according

to the [68].

1.0.2 Fermi-Polarons Instead of Trions?

Despite all these issues, the three-particle theory of trions persisted until re-

cent years [67]. One reason for this is that models based on three-particle states

were able to accurately calculate trion binding energies [44]. Recently, a dif-

ferent approach to the trion problem gained much success [46, 60, 13]. Reject-

ing the three-particle state picture completely, this method found that for an

n-doped (p-doped) semiconductor, interactions between excitons and a two-
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dimensional electron gas (hole gas) were found to split the single exciton reso-

nance into two spectral lines. The lower-energy and upper-energy lines, previ-

ously attributed to trions and excitons, were associated instead with attractive

and repulsive Fermi-polarons [13]. Real-space diagrams for these two polaron

states are shown in Trion resonance, meanwhile, was predicted not to have a

unique optical signature [46]. By treating the exciton-electron interactions in the

many-body regime, this theory was able to explain the dependence of exciton

and ”trion” resonances on the Fermi level [46]. One serious drawback of the

Fermi-polaron polariton theory is that it introduces artificial maximum energy

and momentum cutoff frequencies in computations of optical conductivity; re-

stricting the accuracy in determining the absolute trion binding energies [13].

a) b)Attractive Polaron Repulsive Polaron

Figure 1.2: Real-space representations of attractive and repulsive Fermi-polaron
states. a. Attractive Fermi-polaron. The electron cloud (shown in red) surround-
ing the exciton is brought closer to the exciton due to Coulomb interactions. b.
Repulsive Fermi-polaron. The electron cloud (shown in red) surrounding the
exciton is pushed away further from the exciton due to Coulomb interactions.
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1.1 A Novel Theory of Trions as 4-Body, Bosonic States

At low carrier densities, the Fermi-polaron model has been approximated by the

two-body exciton model, which precludes contributions of trions to the optical

conductivity [13]. However, recent work by Rana et al [22] has shown that not

to be complete. In this work, excitons were described two-particle bound states

formed by a conduction band electron and a valence band hole; similar to other

works [47]. However, a four-body bound state, which is formed by a conduction

band electron-conduction band hole pair in addition to the conduction band

electron-valence band hole pair was also postulated to exist [22]. In order for

exchange interactions to be favorable to this bound state forming, the interband

and intraband electron-hole pairs must belong to opposite K valleys, as shown

in Fig 1.3b [22].

These two states emerge directly from solving the 2DEG Hamiltonian with

electronic and optical interaction terms. The solution is comprised of two sep-

arate Schrödinger Equations. The first equation is for a two-particle correlation

state, while the second is for a four-particle correlation state [22]. The eigen-

states of these two equations correspond to the exciton and trion states, respec-

tively. Crucially, Rana et al. concludes that the two Schrödinger Equations are

coupled [22]. The strength of coupling is proportional to the Fermi level, so

if the 2D semiconductor is electron- or hole-doped, the eigenstates of the sys-

tem are not excitons and trions, but instead exciton-trion superposition states.

Furthermore, the splitting energy of these exciton-trion superposition states de-

pends on the Coulomb coupling strength, correspondingly, on the Fermi level.

This linear dependence is consistent between various many-body theories of

exciton-electron interactions [60, 13, 22] and has been verified experimentally
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[31, 2].

Four-particle trions as constructed by Rana et al. correctly reconcile vari-

ous aspects of the three-particle, and Fermi-polaron theories. First point stems

from the real-space configuration of four-particle trions, which is shown in Fig

1.3b. Here, the interband electron-hole pair, and the electron of the intraband

electron-hole pair is situated close to the center of mass while the conduction

band hole ends up much further from the center of mass. The radius of the

conduction band hole, also referred to as the exchange-correlation hole, is in-

versely proportional to the Fermi momentum [22]. Thus, when the background

carrier density is negligible, the exchange correlation hole radius is very large;

resulting in a state whose dynamics could be approximated by the three-particle

trion model. Secondly, four-particle trions, though they are bosons, have a zero

matrix element with the material ground state [22]. So, any photon-trion in-

teractions have to be mediated by the presence of excitons. So, even though the

four-particle trion state is an eigenstate of the Hamiltonian at any carrier density,

the oscillator strength associated with the lower exciton-trion resonance is zero

when background carriers are not present [22]. The oscillator strength trans-

fers from the upper exciton-trion resonance to the lower one as Fermi level is

increased [22], consistent with experimental observations that will be discussed

in Chapter 2 and were reported elsewhere [2].

It is important to note that not all four-particle correlation states correspond

to bound trions. Instead, at large carrier densities, exciton-electron scattering

states, also referred to as unbound trions, become more favorable to Coulomb

interactions with the exciton than does the bound trion states. Thus, at the large

carrier density limit, solutions of the coupled Schrödinger Equations is consis-
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tent with the Fermi-polaron picture [22].

1.1.1 Exciton-Trion-Polaritons

The complete diagram of interactions between photons, excitons, and bound

and unbound trions looks like Fig 1.4a. For a doped 2D semiconductor in the

strong optical coupling regime, neither the optical coupling between photons

and excitons, nor Coulomb coupling between excitons and trions could be ig-

nored. In this regime, eigenstates of the system are coherent superpositions of

photon, exciton, and trion states [58]. Fascinatingly, these states, called exciton-

trion-polaritons, are expected to coherently exchange energy between photon,

exciton, and trions [58]. This is a crucial point, as trion-polaritons according to

the three-particle picture cannot coherently exchange energy. How the coher-

ence is lost is shown in Fig. 1.4b, while Fig 1.4c shows how energy is coherently

exchanged between trion and photons (via excitons).

The point of coherence is also a very important one from an experimental

point of view, since recent works has brought to attention [23] coherent quantum

beats between exciton and trion resonances, which would be expected by the

exciton-trion-polariton formalism at the weak optical coupling limit [58].

In analogy to the coupled-oscillator model commonly employed in the anal-

ysis of exciton-polaritons [37], the eigenstates of the coupled exciton-trion-

polariton system can be modeled as an infinite matrix, shown in Eq 1.1:
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ℏω(Q⃗) − iγph
1
2ℏΩ

ex 0 0 0 0 · · ·

1
2ℏΩ

ex Eex(Q⃗) − iγex Mb M1,ub M2,ub M3,ub · · ·

0 Mb Etr
b (Q⃗) − iγtr 0 0 0 · · ·

0 M1,ub 0 Etr
1,ub(Q⃗) − iγtr 0 0 · · ·

0 M2,ub 0 0 Etr
2,ub(Q⃗) − iγtr 0 · · ·

0 M3,ub 0 0 0 Etr
3,ub(Q⃗) − iγtr · · ·

...
...

...
...

...
...

. . .


(1.1)

where the first three diagonals show the coupling between photon, exciton,

and bound trion states, respectively. Remaining of terms are unbound exciton

states, which form a continuum. Each unbound trion state’s Coulomb coupling

to the rest of the system is an independent coefficient that was computed by

Rana et al. [22, 58]. The matrix element for bound trion-photon coupling, as

previously mentioned, is zero. This model is illustrative, since some theoretical

treatments of charged-exciton-polaritons incorrectly include photon-trion mix-

ing terms into their model (a common name for exciton-trion-polaritons) [12].

For a quantitative determination of exciton-trion-photon dispersion, calcu-

lating the photon Green’s function [58] is very helpful:

Gph(Q⃗, ω) =
1

ℏω − ℏωPC(Q⃗) + iγPC − Σph(Q⃗, ω)

Σph(Q⃗, ω) = −iℏ
|ξ(zML)|2

2 < ϵ >
σ2D(Q⃗, ω) (1.2)

Here, Σph(Q⃗, ω), the photon self energy term, determines the optical inter-

action strength and is proportional to optical conductivity σ2D, as well as the
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mode overlap factor ξ(zML)|2 [58]. Qualitative features of polariton dispersion

measurements, resonance energies and linewidth, could then be related to the

theory using the model below:

R(Q⃗, ω) = |1 + B ∗G(Q⃗, ω)|2 (1.3)
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Exchange 
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𝐂 ∝ ne
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Coupling

Figure 1.3: Two- and four-particle bound states and their interactions according
to [22]. a. Exciton state. The interband electron-hole pair is shaded in orange. b.
Bound trion state. An interband electron-hole pair combined with an intraband
electron-hole pair that forms the state is shaded in orange. Here, the hole shown
in green is the conduction band hole, which is also referred to as the exchange
correlation hole. For the bound trion state to be correctly analyzed, Coulomb
interactions between the exchange correlation hole and the other three particles
need to be considered. c. Exciton-trion superposition states due to Coulomb
coupling. Strength of the Coulomb coupling depends on ne, the background
carrier density. Eigenstates of the system, denoted as a and b here, are coherent
exciton-trion superposition states.
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a)

b) c)

Figure 1.4: Exciton-trion-polaritons in 2D semiconductors. a. A complete
model of coupled oscillator interactions that describe exciton-trion-polaritons.
The optical coupling between ground state and exciton is then followed by
Coulomb coupling between excitons, and bound or unbound trions. A coher-
ent superposition state can form between excitons, bound trions, and photons.
Unbound trion states form a continuum, which is one of the mechanisms that
reduces the lifetime of these coherent states [57]. b. A description of why the
three-particle trion model does not predict coherent trion-polaritons. When a
trion of certain momentum emits a photon, the second CB electron ends up
above the Fermi level. Meanwhile, the new CB electron taken from the Fermi
sea lies beneath the Fermi level; necessitating a change in trion momentum af-
ter the photon is reabsorbed. Coherence of trion-photon interactions are quickly
lost. c. How a coherent exciton-trion-polariton state is formed. Due to Coulomb
interactions, the trion couples to an exciton state. This exciton state emits, and
reabsorbs a photon, and then couples back to the first trion state. Thus, the
trion-photon interaction, while indirect, is entirely coherent.
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CHAPTER 2

OPTICAL CONDUCTIVITY OF MONOLAYER MOLYBDENUM

DISELENIDE

Subtle differences between theories discussed in Chapter 1 requires precise

spectroscopy experiments and a quantitative analysis of the results. Such an

analysis cannot begin unless optical conductivity is determined. As discussed

in Chapter 1, when the optical conductivity is determined, it allows accurate

simulation and modeling hybrid photonic-matter systems; even in the strong-

coupling limit.

Another critical choice that has to be made before the start of experimen-

tal investigation is the choice of the material system. In what choosing mate-

rials are best-suited for spectroscopy of exciton-trion superposition states, the

largest trion binding energy (the splitting energy between the two exciton-trion

superposition states) is one of the most important factors: besides allowing for

accurate spectroscopy, the large trion binding energy orevents dissociation at

increased temperatures; increasing the thermal budget of spectroscopy mea-

surements due to optical absorption and subsequent heating. Exciton and trion

binding energies are generally proportional, so the exciton binding energy is the

common figure of merit that guides the material of choice for trion spectroscopy:

this energy could be as large as ∼30 meV in III-V quantum wells in the 2D limit

[26], and in III-Nitride materials [51], while it is over 300 meV in TMDs [31].

This remarkable increase in exciton binding energy is consistent across various

TMDs, and is related to the reduced 2D electron screening in TMDs compared

to the 3D electron screening of quasi-2D GaAs quantum dots [27].

Monolayer Molybdenum Diselenide (MoSe2) was the TMD chosen for the
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investigations discussed in Chapters 2-4. While the exciton absorption of the

material is not as large as that of other TMDs [78], its photoluminescence spec-

trum being predominantly due to bright excitons [45], a trion binding energy of

∼30 meV [20], a typical emission linewidths of ≤ 10 meV [48, 50, 29], a relatively

large conduction band spin-valley splitting [20] combine to make it extremely

attractive for spectroscopic studies of trions.

2.1 Measurement of Optical Conductivity of Monolayer MoSe2

Optical conductivity is measured with the help of a steady-state reflection spec-

trum. These measurements are some of the most basic of among optical spec-

troscopy measurements. However, proper care needs to be taken to ensure re-

sults obtained from these measurements are accurate, and thus can be used to

confirm novel condensed matter theory. Figure 2.1a shows a cartoon diagram

of the device, and how the measurement is normalized. A top-down image of

the device is shown on Fig 2.1b. Before a detailed description of experimen-

tal techniques, it is important to discuss how high-quality MoSe2 devices are

fabricated.

2.1.1 Fabrication and Deterministic Dry-Transfer of 2D-

Layered Materials

Fabrication can be broadly separated into three parts; exfoliation and identi-

fication of monolayer MoSe2 and 50 − 150 nm thick hBN flakes, determinis-

tic dry transfer of the monolayer flake onto a high-quality dielectric film, and
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ML MoSe2

Figure 2.1: Encapsulated monolayer MoSe2 capacitor device used in carrier-
density-dependent optical conductivity measurements. a. Side-view of the de-
vice, along with the measurement scheme. The monolayer is directly exfoliated
on the SiO2 layer, and is encapsulated by hBN. Ti/Au contacts are deposited on
the exposed portion of the monolayer. Normalized reflectivity measurements
are done by a confocal reflectance measurement on the sample, and normal-
ized by a confocal reflectance measurement on the hBN encapsulated oxide
substrate. The ratio of these measurements is then compared to the calculated
transmission spectrum. b. Top-down view of the sample.

fabrication of titanium-gold (Ti:Au) contacts to the monolayer. For these mea-

surements, high-quality Si/SiO2 substrates were purchased from a commercial

vendor. Si substrate was p-doped with B atoms with a hole density of 1019−1020

cm−3. These high doping densities are chosen with the intent of preventing car-

rier freeze-out at low temperatures. Meanwhile, the oxide thickness of 90 nm

was chosen in order to enhance reflection contrast due to the excitonic reso-

nances of the monolayer MoSe2 [74].
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Exfoliation and Identification of MoSe2 Monolayers and hBN

There are probably as many techniques for exfoliation of monolayers as there

are different researchers working on 2D materials. Due to the non-repeatable

and statistical nature of exfoliation, variations in bulk crystals, exposure over

time to ambient oxygen and humidity, and other factors make exfoliation diffi-

cult to discuss in precise terms. However, it is still possible to go over the au-

thor’s best accumulated practices in the lead-up up to this thesis. As TMDs are

much more brittle than graphene, Nitto Denko tape was chosen over standard

Scotch tape typically employed for exfoliation. Fig 2.2a shows how the tape is

shaped into a long strip with non-adhesive ends for handling. Fig 2.2b shows

commercially-purchased bulk MoSe2 flakes, which were grown by the vendor

using a flux-zone method to contain minimal defects or extrinsic dopants [14].

A small portion of the monolayer is cut, and populated onto the entire Nitto

Denko tape as shown in Fig 2.2c. Since MoSe2 flakes degrade in ambient air

[63], multiple dry-transfer stamps were made (Fig 2.2d) and MoSe2 exfoliated

onto the stamps (Fig 2.2e).

Dry-transfer stamps were made by cutting 2 cm-wide square gel-pak adhe-

sive tape sections, peeling the tape portion out from the non-adhesive covers of

the gel-pak tape (inset, Fig 2.2d), and placing the tape onto high-quality micro-

scope slides. It is important that the tape sits on the slide without any air bub-

bles present, since air bubbles will result in a potential failure of the subsequent

dry-transfer step. While it has been recommended [1] that a slight UV/Ozone

treatment of the dry-transfer stamp should improve monolayer quality due to

reduction of contaminants, no significant advantage has been seen in this work.

The only remaining step is to find monolayer flakes and label them. Vari-

16



a) b)

c) d) e)

Figure 2.2: Summary of dry transfer step preparation. a. Nitto-Denko tape is
cut into strips, and edges are folded. b. A small section is cut from a large,
shiny, and recently-opened flake of bulk, flux-zone-grown MoSe2. c. The tape
is populated until a smooth, shiny film covers the whole tape. d. PDMS stamps
are placed on high quality microscope slides. Slides are rinsed to remove dust
specks that can come between PDMS and glass. PDMS films should be bubble
and wrinkle-free for best device yield. e. PDMS stamps are flipped and placed
over the populated blue tape. Mild pressure is applied to push air out of contact
area. After one minute, stamps are carefully peeled from tape.

ous methods of distinguishing monolayer flakes from those of multilayer ones

have been developed. Besides atomic-force microscopy, Raman spectroscopy

signatures unique to monolayers [6] could be used to identify monolayers of

TMDs. Meanwhile, a ∼ 40 times increase in photoluminescence efficiency is one

of the most reliable methods of finding monolayers of MoSe2 [7]. Once reliable

practice is obtained, it is fairly straightforward to distinguish monolayer flakes

solely by optical contrast. A device candidate flake’s PL is always tested at low

temperature, so only monolayers make it to becoming a device.
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b) c)

d)

Figure 2.3: 2D transfer process and setup. a. Desired flakes on the device
are approximately marked in two orthogonal axes using a silver marker. A 1
mm2 area around the flake is then cut. b. A photograph of the 2D transfer
setup. While oxygen damage is well-studied in literature, this transfer setup
did not employ a glove-box as devices were fabricated within 24 hours of the
flakes being exfoliated. c. Close-up image of the microscope, the transfer slide,
sample, and hot plate the sample is placed on. d. A depiction of how the PDMS
film transfers the flake on the substrate. The three stages of how the PDMS is
shaped is approximate, but the curvature of PDMS could be easily determined
by interference and color contrast on the microscope image. All dry-transfer
processes took place at 46 °C.

Dry Transfer of 2D Materials onto Substrate

Once MoSe2 and hBN Flakes of desired quality and size are found, they need

to be assembled over the substrate. Assembly begins by taking two high-

resolution microscope images of each flake. The high-magnification image helps

as a means checking if subsequent fabrication damaged the 2D material; the

low-magnification image, combined with marks on the glass slide made with

a silver marker pen help to easily find the desired monolayer. Once the flakes

are identified, the PDMS square stamps are cut down with the flake in center. If

the cutting process is done improperly, the PDMS stamp holding the flakes can

suffer large strain, thus damaging the flake itself. Key steps in this process are
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shown in Fig 2.3a. Reducing the stamp size, despite the aforementioned risk,

is crucial for the subsequent dry transfer step, which was accomplished with a

custom modified microscope shown in Fig 2.3b. Here, the substrate is placed

on the temperature-controlled stage, shown up close in Fig 2.3c. Once the sub-

strate is heated to 45 °C, the glass slide holding the 2D material flake is placed

facing down. As shown in Fig 2.3d, a slight contact angle of ∼ 1° is maintained

between the slide and the substrate. The slide is then lowered until the contact

front goes past the flake area. After a minute of waiting, the slide is retracted

gently, leaving behind the flake on the substrate. Fully encapsulated devices

can be realized by repeating the above process successively for hBN, monolayer

MoSe2, and hBN flakes. There are some drawbacks with this technique; namely,

failure of the flakes to stick to the substrate, and contamination introduced be-

tween each flake facet due to the PDMS-facing sides of each flake. Alternative

techniques [21] that have led to tremendous improvements in device quality,

but were not used towards this thesis, are discussed in the Appendix.

Photolithography of Contacts

After dry transfer steps are complete, part of the monolayer is purposefully left

exposed similar to the top-down view shown in Fig 2.1b. This exposed open-

ing is where planar Ti:Au contacts are defined on top of the exposed mono-

layer area, and deposited using a single-step photolithography process, details

of which are given in Table 2.1. After photolithography is complete, the devices

are glued onto a ceramic chip to which Ti:Au contacts are wire-bonded.

While the fabrication is quite straightforward, there are a few points about

device quality worth discussing. First, the exposed monolayer runs the risk of
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Table 2.1: Photolithography of Metal Contacts

Step Description Details
1 Spin AZ nLOF 2020, 4000 RPM, 1000 RPM/s acceleration, 60s
2 Softbake 110 °C on Hot Plate, 60s
3 Expose 5s on ABM Contact Aligner (g-line of lamp)
4 Hardbake 110 °C on Hot Plate, 60s
5 Develop AZ 726 MIF, 60s, immerse in DI water, blow-dry
6 Evaporate 20 nm Ti, 160 nm Au

allowing water and other solvents to intercalate between hBN and the MoSe2

flake [53]. Microscope images of the devices that were used in this measure-

ment were taken before and after lithography with the expectation that even a

few-nm liquid solvent intercalating between hBN and monolayer MoSe2 other

other disorder introduced during fabrication would cause a large optical con-

trast change in the post-fabrication images at the locations of disorder. How-

ever, no change has been observed in microscope images post-fabrication. As

an added benefit, hBN encapsulation possibly reduces ambient air adsorption

by the monolayer, which prevents long-term device degradation [63, 20]. The

second point concerns the quality of contacts. It has been pointed out that due to

the work function mismatch of MoSe2 to Ti and other contact metals [77], metal-

TMD junctions tend to show rectifying behavior instead of Ohmic [77]. One

notable exception where reliable Ohmic contacts has been obtained is 1D edge

contacts [73]. Also, a choice has been made to not anneal the devices after con-

tact deposition. One reason for this decision is due to reports where metal-TMD

junctions were not improved by annealing [76], and also due to concerns among

the polariton community against detrimental effects of annealing on the TMD

monolayer [46]. This admonition is well-warranted, as experimental evidence

of exciton localization around intrinsic defects after annealing abound [24, 63].

How the metal-TMD junction affected exciton-trion, and exciton-trion-polariton
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systems was left for future investigations.

For the devices discussed in this work, measurements were done in steady-

state and included large induced carrier densities. Furthermore, as will be dis-

cussed later in this Chapter, accurate fitting of the results allowed the carrier

density to be extracted, and then compared to the carrier density expected from

a perfect MOS capacitor in equilibrium. Thus, results in this section were ana-

lyzed as if no imperfect lateral junctions existed in the device. Despite all this,

a systematic study of contact quality on exciton-trion-polariton devices should

be an immediate priority of future research for similar systems.

2.1.2 Experimental Setup

Measurements of carrier-density-dependent MoSe2 optical conductivity were

realized using a home-built low-temperature confocal microscopy setup. Char-

acterization of samples was through PL, which was excited with a continuous-

wave, 532 nm pump laser. PL is greatly enhanced going from multilayer mono-

layer MoSe2 [7]. Furthermore, the lineshape of the two PL emission lines is

related to the exciton and trion lifetimes, in the manner described by many-

body trion model [57]. These PL measurements are qualitative; that is to say,

absolute quantum efficiency is not characterized. So, the pump laser beam was

not made confocal with the rest of the setup. However, optical conductivity

measurements are not done through PL but reflection; which requires precise

alignment of the setup.

Reflection spectroscopy can be performed with quantitative accuracy, and

as will be discussed in the next section, modeled rather accurately with a fairly
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simple model. To realize quantitative accuracy of reflection measurements, the

experimental setup was built to best accommodate the following:

1. Precise alignment of the confocal microscope setup that the white light source

is then aligned to.

2. Minimizing mechanical noise and setup drift.

3. Ensuring minimal thermal and mechanical noise due to cryogen transfer.

A diagram of the setup is shown in Fig 2.4a. Confocal microscopy requires

a good deal of care to ensure repeatable, quantitatively accurate results. In the

Rana group setup, a PL pump laser was used to define the optical axis of the

microscope. Once this alignment was satisfactory, the sample was placed in the

microscope focus. Due to slight chromatic aberrations of practical optics, the

optimal focus depended on the wavelength. Formation of a clear image on the

camera placed immediately after the objective (not shown) was assumed to be

the ideal focus position. The laser light reflected from the substrate allowed

alignment of spatial filter, and monochromator optics. Due to the focusing and

collimating optics used in the spatial filter, sample tip and tilt has detrimental

effects on the image quality after the spatial filter. Sample tip and tilt can be min-

imized by removing the objective, and confirming that the laser reflected from

the sample travels along the same path as the optical axis of the setup. To spa-

tially filter stray/defocused/scattered light, a pair of lenses were brought to the

same focus, and a pinhole was placed at the focal plane of the lenses. Alignment

of the monochromator and CCD is discussed in the Appendix. Once alignment

was perfected, the device, having already been placed under high vacuum, was

connected to the biasing circuit, and cooled down via liquid helium.

22



a) b)

CCD
Mono

O
b
j

Cryostat

Microscope

Spatial 
Filter

Spectro-
meter

Figure 2.4: Diagram and photographs of the optical spectroscopy measurement
setup. a. The microscope section depicts the white light, shown in red, being
collimated out of the multimode fiber and refocused onto the cryostate. The
reflected light passes through the spatial filter, which accepts only collimated
light, and enters the spectrometer. b. Photos of the setup. Clockwise from top
left: The cryostat cold finger chip socket. Packaged devices mate into this socket,
and can thus be electrically controlled via a bias circuit (not shown) outside
the cryostat; He flow and temperature control electronics for the cryostat; the
setup at work; the x-y-z stage mount for the cryostat. The cryostat is held by
numerous clamps, which minimizes vibrations. To further minimize vibrations,
the pressure points between clamps and the cryostat are separated by a soft
tissue, which reduces pressure and increases force on the cryostat. The clamps
are held by a vibration-dampening post. Furthermore, the cryostat is supported
from below by a metal post with another tissue between the cyostat and the
metal post. Care was taken to ensure the center of gravity lies within the transfer
stage. The post was placed towards the fixed point of the 2D transfer stage to
ensure minimal vibrations.

Fig 2.4b shows the cryostat on the top left, the home-built biasing circuit in-

tegrated onto the cryostat tail on the bottom left, the Oxford low-temperature

control circuit on the top right. Under operation, the complete system appears

as shown on the bottom right of Fig 2.4b. The aforementioned three design crite-

rion for the setup become important for optical conductivity measurements for

various reasons. Sample non-uniformity commonly seen in TMD devices [15]

result in a need for either spatially-resolved measurements, or for all carrier-
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density-dependent measurements to take place in roughly the same area. Due

to the poor lateral contacts between Ti/Au and monolayer MoSe2, minutes-long

transients elapse before the device reaches steady state at a new gate voltage,

requiring about 15 minute intervals for each of 35 carrier density measure-

ments. The procedure used to ensure minimal drift and mechanical noise in

low-temperature measurements is described in further detail in the Appendix.

2.2 Measurement, Results, and Analysis

The measured, normalized reflection spectra is shown on Fig 2.5a as a func-

tion of gate voltage. A brief glance at the measurement shows two resonances

appearing as dips in normalized reflectivity. Each resonance has 5-10 meV

linewidth, consistent with PL measurements. Increasing negative gate voltage

bias results in larger background electron density and an increased Fermi level.

With a more careful look, it is possible to see that the splitting energy of the two

resonance peaks increase with Fermi level. This effect cannot be explained by

the three-body trion picture; rather, it requires a many-body treatment. Exciton-

trion superpositions states introduced in the introduction are able to precisely

explain the trend of peaks shifting with increasing voltage. While qualitative

agreement between experimental results and many-body trion theory is very

exciting, a quantitative treatment is needed to better explain how closely theory

and experiments agree. The rest of this section discusses quantitative analysis

of the results.

In the most general case, optical conductivity cannot be uniquely deter-

mined by only reflection spectra, except when the Kramers-Kronig (KK) trans-

24



a)

VGB = +2 V

VGB = -34 V

c)

VGB = -16 V

VGB = -6 V

Model

b)

Figure 2.5: Normalized reflectivity, optical conductivity fits, and linear depen-
dence of Fermi level and carrier density. a. Evolution of the normalized reflec-
tivity as bias voltage is decreased from +2V to -34V (carrier density changed
from intrinsic levels to large n-doping). The large resonance at 1.65 eV disap-
pears as carrier density is increased. Conversely, a second resonance, unseen
at intrinsic carrier densities, emerges as carrier density increases; eventually be-
coming larger than the resonance at 1.65 eV. b. Fits of two select carrier densities
using the transfer-matrix model based on optical conductivity spectra of [22]. In
order to approximately fit the feature at 1.8 eV, possibly due to B-exciton absorp-
tion, two phenomenological resonances were introduced to mimic B-exciton,
and bandgap absorption. These did not affect the reflectivity contrast at 1.65
eV or below greatly; so did not change the physics being discussed. c. Using
best fits, examples of which were shown in (b), dependence of splitting energy
between upper and lower exciton-trion resonances, and gate voltage was mea-
sured. The device is in accumulation mode, so gate voltage and carrier density
are linearly proportional. Since carrier density and Fermi level are proportional,
the measured peak splitting is approximately linear with Fermi level, as pre-
dicted by various theoretical works. [60, 13, 22].

form is used to relate real and imaginary optical conductivity spectra [78].

For the measurements, experimentally obtained reflectivity can be compared

against a computed spectrum where the optical conductivity of the monolayer

is derived by theory. To obtain the computed reflectivity spectrum, a simple

thin-film transmission matrix model can be employed. For a thin film of thick-

ness L2 that is has a medium of index n1 to its left, and n2 to its right, Eq. 2.1 is
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the transmission matrix.

 n1+n2
2n1

n1−n2
2n1

n1−n2
2n1

n1+n2
2n1

 ∗  e(−2πL2∗n2/λ) 0

0 e(2πL2∗n2/λ)

 ∗  n2+n3
2n2

n2−n3
2n2

n2−n3
2n2

n2+n3
2n2

 (2.1)

Using commercial, microscope-based reflection measurement setups, and a

fitting procedure based on the matrix model described above, thicknesses of

SiO2 and hBN layers can be verified. Refractive index of SiO2 was confirmed to

be close to 1.42, the value for a stochiometric oxide film [61], via spectroscopic el-

lipsometry. In case of hBN, the refractive index values were taken from [39, 54].

It should be noted that hBN is birefringent; and has noticeable index contrast

between in-plane and out of plane orientations [54]. In our model, this was ig-

nored, as only plane waves normally incident on the substrate was considered.

Once these index and thickness values were known, the following transmission

matrix model was used for the reflectivity of the encapsulated monolayer (see

”Sample” section of Figure 2.1): T11(λ) T12(λ)

T21(λ) T22(λ)

 =  1+nhBN
2

1−nhBN
2

1−nhBN
2

1+nhBN
2

  e(−2πLhBNnhBN/λ) 0

0 e(2πLhBNnhBN/λ)

  nhBN+nML
2nhBN

nhBN−nML
2nhBN

nhBN−nML
2nhBN

nhBN+nML
2nhBN


 e(−2πLMLnML/λ) 0

0 e(2πLMLnML/λ)

 
nML+nS iO2

2nML

nML−nS iO2
2nML

nML−nS iO2
2nML

nML+nS iO2
2nML

  e(−2πLS iO2 nS iO2/λ) 0

0 e(2πLS iO2 nS iO2/λ)

 ∗


nS iO2+nS i

2nS iO2

nS iO2−nS i

2nS iO2

nS iO2−nS i

2nS iO2

nS iO2+nS i

2nS iO2

 (2.2)

A similar T-matrix expression can be used for the ”Reference” measure-

ment by simply removing terms pertaining to the monolayer. Once these two

transmission matrix expressions are found, the measured normalized reflectiv-

ity spectrum is simply:
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Rmeas =
RS ample

RRe f erence
= |

T21sample

T11sample

|2/|
T21re f erence

T11re f erence

|2 (2.3)

L and n are thickness and refractive index values, respectively. Wavelength

dependence of refractive index was included in computations, but its effect is

negligible. The monolayer MoSe2 is treated as a thin film, with 0.7 nm thickness

[20]. 2D optical conductivity was converted to dielectric permittivity using the

following expression:

ϵ(ω) = ϵDC +
i
ω

σ2D(ω)
LML

(2.4)

σ2D is the optical conductivity extracted directly from the many-body trion

theory [22], which can be found only by adjusting the optical bandgap and trion

binding energies of MoSe2. To obtain better fits, a low-frequency dielectric con-

stant is added to the monolayer refractive index. Furthermore, to account for

the large changes to reflectivity at high frequencies due to B-exciton and inter-

band carrier absorption resonances, two phenomenological Lorentzian terms

have been added to the 2D optical conductivity. With the introduction of these

fitting parameters, which are not strongly changed but only used to increase fit

accuracy, the calculated optical conductivity agrees remarkably well with the

measured values. This strong agreement is shown in Fig 2.5b. It should be re-

membered that this strong agreement was reached without having to account

for the effect of hBN birefringence on non-normal incident light.

Using the best fits to measured reflectivity, optical conductivity spectra are

shown as a function of gate voltage. In Fig. 2.5c, splitting energy of the high-

energy, and low-energy exciton-trion resonance peaks are plotted as a function

27



of gate voltage. The linear trend between gate voltage and peak splitting is

anticipated by the many-body trion model [22], and cannot be explained by

models that do not treat trions as a many-body system [11, 44, 10, 47]. Since the

many-body trion model provides one measure of sheet charge density, whereas

treating the device as an ideal MOS capacitor provides another, a comparison of

these two metrics could be used to determine device ideality. Such a comparison

is useful, because if the sheet charge density experimentally measured is much

lower than the density of an ideal device, it could point to Fermi level pinning

and exciton localization in the device [15].

The gate-controlled device can be simply understood as a MOS capacitor in

accumulation mode, so a linear relationship should exist between sheet charge

density and gate voltage. The capacitance per area of the device is equal to the

dielectric capacitance per area, and is constant [56]. Carrier density and Fermi

level of monolayer MoSe2 are related by the simple Sommerfeld Model expres-

sion [55], but with the electron mass modified to 0.7me. So, Fermi level and

exciton-trion peak splitting are linearly dependent. Furthermore, according to

the many-body trion theory [22], Fermi level and exciton-trion peak separation

should be equal when Fermi level is above ∼10 meV. The fits suggest that going

from +2V to −22V increases the monolayer sheet charge density from 1011cm−2

to 2.3 ∗ 1012cm−2. On the other hand, the MOS-capacitor model suggests that

6 ∗ 1012cm−2 carriers should have been introduced due to a −24 V negative bias

(since +2V is assumed to be the charge-neutral point). Then, it can be concluded

that the device under investigation has an ideality factor of about 40%, compara-

ble to other gate-controlled trion spectroscopy measurements [Tony Heinz WS2

paper]. In the case that the discrepancy is due to lateral capacitances that were

ignored, the device could be considered to have not suffered the effects of exci-
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ton localization. However, a definite conclusion could not be drawn despite the

high ideality factor.
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CHAPTER 3

REALIZATION OF EXCITON-TRION-POLARITONS IN HYBRID

PHOTONIC-2D MATERIAL SYSTEMS

Optical conductivity calculated in Chapter 2 is perfectly adequate for ex-

plaining how exciton-trion superposition states respond to light in the linear

regime. Because the encapsulated devices have very little photon confinement,

photons in the system do not coherently interact with exciton-trion superposi-

tion states. How then, will the coherent interaction between photons, excitons,

and trions occur? Will this trio of particles form a coherent polariton? What is

the nature of these polaritons, if they do form? Experiments that will be dis-

cussed in this section , where exciton-trion-polariton dispersion will be mea-

sured, set out to answer these questions.

3.1 One-Dimensional Photonic Crystals as a Means of Induc-

ing Strong Optical Coupling

In order to realize exciton-trion-polaritons, the toughest experimental question

to answer is to find a medium in which photons can be confined; this, while

maintaining high-quality exciton-trion superposition states. Typically, the most

straightforward choice for realizing exciton-polaritons is a one-dimensional dis-

tributed Bragg reflector (DBR) [64] crystal, into which a half-wavelength defect

mode is introduced. When the dielectric mirrors surrounding the defect are

high-quality, a confined mode with large electric fields [64, 46, 58] is seen. It is

this large electric field that can be assumed to strongly interact with excitons, or

other matter resonances and form polaritons [75, 52, 41].
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Such a cavity structure had already been realized in order to observe GaAs

charged exciton-polaritons [59], and was recently realized for TMD polaritons

[64]. These results will be discussed in the Discussion and Outlook section of

the thesis. Instead, work discussed in this chapter focused on a different pho-

tonic crystal, which was initially explored in a recent experiment [43]. In this

system, evanescent waveguide modes provided strong optical coupling to ex-

citons in TMDs. As can be seen from the basic layout in Fig [Y1]a, the top half

of the structure can be used for further dry-transfer and fabrication. So, this

is an excellent choice for a system where a good balance between strong optical

coupling and decent exciton-trion superposition states can be struck, as desired.

3.1.1 Design of 1D Photonic Crystals

The photonic crystal used that enabled strong optical coupling regime to be

reached without compromising on monolayer MoSe2 quality is a second-order

diffraction grating, shown diagrammatically with a monolayer MoSe2 sus-

pended over it in Fig 3.1a. The unit cell of the photonic crystal, shown to scale,

highlighted in blue in Fig 3.1c, is comprised of a trench of about 100 nm peri-

odically etched with a period of Λ = 510nm in the x direction, and is symmetric

along z.

When the electric field of the incident light is TE-polarized, the second order

grating folds waveguide modes with momentum (2π/Λ)k̂x back to the Brillouin

zone, back into the light cone. Thus, waveguide modes of the PC are allowed

to radiate back out to free space [Welch 1989]. Simulations using Rigorously-

Coupled Wave Analysis (RCWA) [Gaylord], and Finite-Difference Frequency
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Domain [Zhao 2002] were utilized to find the grating period, trench width and

depth. These simulations were done for the unloaded waveguide, and the mode

near kx = kz = 0 was tuned to be nearly resonant with the lower exciton-trion

superposition state. Results of the simulation [Okan ETP] are shown in Fig 3.1b,

where the bands in blue are TE-polarized modes, with the chosen TE-polarized

mode shown with increased weight. Fig 3.1c shows unit cell with the suspended

monolayer. The color contrast shows the normalized electric field profile of the

waveguide mode at kx = kz = 0. Decent overlap between the waveguide mode

and the monolayer can be seen here. The more this overlap factor is increased,

the stronger light-matter coupling will be observed. Strategies on how to fur-

ther optimize this overlap function will be expanded on in Chapter 4. Another

important factor of photonic crystals, quality-factor, will be measured in subse-

quent chapters.

One final parameter in designing the photonic crystal is the surface on which

the monolayer MoSe2 will be dry-transferred. As covered in previous Chapters,

the grating surface should be quite pristine to minimize detrimental effects of

disorder on the monolayer. Another concern is due to the fact that the mono-

layer is, in effect, being suspended on the photonic crystal. In transferring the

suspended monolayer, it is critical to avoid any structural failures that would

cause parts of the monolayer to crash into the grating trenches. This consider-

ation is why the pitch of the photonic crystal trenches are kept relatively small.

However, transferring a near-perfect, disorder free monolayer of MoSe2 is still a

serious challenge. Remarkable improvement of monolayer MoSe2 PL lifetimes

has been seen due to minimization of disorder in encapsulated TMD devices.

[Ajayi]
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3.1.2 Fabrication of 1D Photonic Crystals

To realize the 1D photonic crystals, a 1145 nm thick layer of SiO2 was grown on

a single-side polished, cleaned, slightly n-doped Si wafer via wet-chlorinated

thermal oxide growth in a furnace at 1000 °C. A 125 nm thick stochiometric

Si3N4 layer was then deposited using a low-pressure chemical vapor deposi-

tion furnace process. Layer thicknesses and refractive indices were measured

using an ellipsometer, and found to be 1.46 and 2.00 at 632 nm for SiO2 and

Si3N4, respectively. For the gratings in this chapter, photoresist was used with

electron-beam (E-Beam) lithography to define and etch the second-order grat-

ing structure into the nitride layer. Below, process steps to spin, pattern and etch

the photonic crystal structures will be covered:

Table 3.1: PMMA-Based Grating Fabrication Recipe

Step Description Details
1 Spin 4000 RPM, 2000 RPM/s acc, 60s
2 Softbake 170 °C on Hot Plate, 600s
3 Spin ESpacer 3000 RPM, 1000 RPM/s acc, 60 s
4 Expose JEOL 9500
5 Clean DI Water, 2x {10 s Rinse + Blow-Dry}
6 Develop MIBK:IPA 1:1, 2 minutes
7 Clean First immersed in, then rinsed with IPA; blow-dried

Once devices were patterned, a plasma reactive-ion etching (RIE) process

was used to transfer the grating pattern onto the nitride substrate. Before any

etch process, a 15-minute oxygen-plasma clean step was implemented. Then,

the chamber was run empty for 5 minutes to season it. A blank wafer was run

in the chamber, with Filmetrics measurements before and after etching to char-

acterize etch rate. Finally, the etcher was run for the duration that would etch

about 60 nm into the nitride. Afterwards, the devices were left overnight in
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1165 solution. If the resist residue was still not removed, a further sonication

step was taken. The solution was rinsed off with acetone, IPA, and blow-dried

nitrogen successively. After fabrication was complete, the gratings looked like

Fig 3.2a. Brightly colored, areas on the dark substrate are the photonic crys-

tals, which can be seen by naked eye. Cleaned gratings were dry-transferred

with a large MoSe2 monolayer, as described previously. A common surface

cleaning technique, oxygen plasma cleaning, was not employed during the fab-

rication process, in order to avoid exciton broadening due to disorder within

dry-transferred MoSe2 monolayers [50]. After dry-transfer was finished, large-

area MoSe2 monolayers, such as the one seen in the cross-polarized microscope

image shown in Fig 3.2b, were fabricated. Unfortunately, the samples are not

free of disorder. Furthermore, even in pristine areas of the monolayer, a slight

change in monolayer reflectivity contrast hints that the sample doping may not

be uniform, either. So, the experimental setup discussed in the next section has

to be capable of dispersion measurements from a small, confocal area where

effects of disorder are reduced.

3.2 Experimental Setup for Momentum-Space Dispersion Mea-

surements

After a few modifications, a standard low-temperature confocal microscopy

setup should be more than adequate to measure momentum-space dispersion

from a small area. Details in setup design affect quality of measurements, and

hence the accuracy of the subsequent theoretical analysis. Some of these details

are discussed in the next paragraph.
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Dispersion measurements for exciton-trion-polaritons are all based on re-

flection spectroscopy. Like the confocal, spatially-resolved optical conductivity

measurements of Chapter 2, the basis of high-quality dispersion measurements

starts by establishing a well-aligned optical axis, exactly in the same fashion as

what was discussed in Chapter 2. Once the optical axis is established, the setup

looks like Fig 3.3a. A 400 µm diameter, multimode fiber was coupled into the

fiber collimator. The diameter of the collimated white light exceeded that of the

objective back aperture, ensuring the full numerical aperture of the objective

was utilized. Collimated white light was filtered by a long-pass filter with 600

nm wavelength (2 eV); removing most of the white light that was above the opti-

cal bandgap of the MoSe2 monolayer, which is reported to be around 2.18 eV [3].

Then, the white light was polarized either along the x-axis, or along the z-axis.

Following the beam-splitter, the light was focused down to a a diameter of about

∼ 100µm using a 20x, 0.6 numerical aperture objective. Light coming back from

the sample was collimated by the objective, had its polarization selected, and

was focused onto the pinhole. When the two-polarizers were cross-polarized,

rejection ratio at the collection side was greater than 100. Following the pinhole,

the light was collimated, but was not focused onto the monochromator slit. In-

stead, the monochromator input slit was used as an aperture filter to select the

kx = 0 slice of the back-focal plane. This slice sent into the spectrometer, and

imaged on the CCD. Thus, the image formed on the CCD array had wavelength

information on the horizontal axis, and photon momentum information on the

vertical axis. However, mathematical transformations needed to convert pixel

to wavelength, or pixel to photon momentum are not straightforward, and are

covered in detail in the Appendix. PL and reflection measurements are aligned

optimally at the same configuration.
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Like optical conductivity measurements discussed earlier, quantitative anal-

ysis of dispersion is made possible by normalizing the measurements. Fig 3.3b,

along with a top-down look of the photonic crystal, shows how the various nor-

malization schemes that will be used in this Chapter are done. Here, the pink

circles represent the extent of the spatially-filtered light being collected by the

setup. For instance, area (1), when light is TE-polarized, will show the pho-

tonic crystal dispersion, while (3) will have no dispersion features. E⃗ denotes

polarization of the white light in both the excitation and collection side.

3.2.1 Measurement and Analysis of Bare Waveguide Mode

Dispersion

The last step of building and characterizing the setup is by obtaining bare

waveguide dispersion and analyzing it. These measurements can be used as

a ”gold-standard” of setup alignment quality. Once the E-Beam lithography

process is confirmed to be working independently, say, via Scanning Electron

Microscopy, the bare grating pattern then becomes a high-contrast feature with

a known dispersion. Furthermore, the contrast of the dispersion measurement

obtained in this system informs the contrast of any further measurements. Usu-

ally, if contrast in this step is inexplicably low, it points to a major misalign-

ment of the confocal microscopy setup. If not fixed, these systematic errors will

plague any further measurements; and prevent high-quality results that can be

analyzed to a high degree of accuracy. Furthermore, quantitative analysis of

the waveguide structure via FDFD is necessary in order to correctly analyze the

dispersion of the coupled exciton-trion-polariton system.
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Results of the bare waveguide dispersion is given in Fig 3.4a. Here, the right-

hand side of the dispersion curve is the measured data, while the left-hand side

is the results of an FDFD analysis [79], where the same normalization scheme as

that illustrated in Fig 3.4b is used. Remarkable agreement of the measured and

simulated dispersion spectra, strong qualitative agreement between the reso-

nance lineshapes, along with relatively good agreement in absolute intensities

imply that the setup is ready. Also, a quality-factor (Q-factor) of the grating can

be found to be ∼135.

3.3 Exciton-Trion-Polaritons in Hybrid Photonic-2D Material

Systems

With the setup optimization and characterization complete, dispersion of

exciton-trion-polaritons can finally be investigated. As previously discussed

in Chapter 1, the measured reflectivity could be used to determine light-matter

coupling strength using the photon Green’s function:

Gph(Q⃗, ω) =
1

ℏω − ℏωPC(Q⃗) + iγPC − Σph(Q⃗, ω)

Σph(Q⃗, ω) = −iℏ
|ξ(zML)|2

2 < ϵ >
σ2D(Q⃗, ω) (3.1)

In a strongly-coupled system, both the optical conductivity σ2D(Q⃗, ω) and

overlap factor |ξ(zML)|2 are non-trivial, and cannot be independently solved for

using a single dispersion measurement. In other words, simply measuring a

strongly-coupled system will only provide Σph(Q⃗, ω), which combines the opti-
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cal conductivity (due to Coulomb interactions) as well as a mode overlap factor,

which determines the photon-exciton coupling strength (according to Rana et

al.’s model [58]). If an in-situ measurement of optical conductivity could be

made, the optical coupling strength ceases to become a fitting parameter. In

Finite-Difference Frequency-Domain (FDFD) analysis of measured dispersion,

light matter coupling only depends on the absolute optical conductivity mag-

nitude, which in turn depends on the interband velocity term [22]. Since the

independently-measured optical conductivity already contains the interband

velocity term, the entire agreement between measurement and fits have to be

self-consistent. This self-consistent analysis serves as a complete semiclassi-

cal electrodynamic test of the Rana et al.’s model. The requirement for in-situ

measurements is due to TMD disorder, which affects optical conductivity as a

function of position. The next section discusses how this independent, in-situ,

in-loco measurement of optical conductivity was realized.

3.3.1 In-Situ Optical Characterization of Monolayer MoSe2 Op-

tical Conductivity

In practice, it can be challenging to extract optical conductivity in a strongly-

optically-coupled system. In typical, DBR-based polariton cavities, this would

be a serious issue since every part of the device is strongly-coupled to the cav-

ity mode. However, for the grating-based photonic crystal, having the electric

field of the incoming white light perpendicular to the TE-polarization (along

the x-direction in Fig 3.4b) results in minimal coupling. This can be understood

better by referring back to Fig 3.1a, where the polarization orientation of TE-
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and TM-polarized modes are shown. TE-polarized modes extend along the

z-direction, while TM-polarized modes roughly extend out-of-plane. Then, a

normalized reflectance measurement with light polarized along the x-direction

would couple to none of the PC modes near exciton-trion resonances, and is

an excellent approximation of the weak coupling regime where optical conduc-

tivity measurements approximate the ideal. Another consideration is steady-

state photo-doping [48] of TMDs under large optical excitation densities. To

minimize this second effect, incoming white light was spectrally filtered to be

entirely below the bandgap of MoSe2, and the optical power density was kept

below 100 nW/µm2.

Normalized reflectance measurement results used to extract optical conduc-

tivity are shown in Fig 3.5a, while the normalization scheme used to reach this

result is shown in Fig 3.5b. In order to find the in-situ optical conductivity of

the monolayer, area (2) measurements were normalized to area (1). Data was

measured using Fourier-microscopy, and the vicinity of kz = kx = 0 was av-

eraged to find the measured reflectance. The normalization scheme used here

is very non-standard, and deserves a short explanation. Due to the dielectric

thicknesses chosen, a reflection maximum occurs near the exciton-trion super-

position states. The presence of this background maximum is not strongly af-

fected by the presence of the monolayer; which dramatically reduces reflectance

contrast due to exciton-trion superposition states. The reduced contrast pushes

the lower exciton-trion superposition optical reflectance contrast below the typ-

ical 5% limit where steady-state is reliable; making it impossible to determine

exciton-trion superposition peak splitting energy. To regain optical contrast due

to exciton-trion superposition states, it has been empirically determined that

normalizing the loaded waveguide reflectivity spectrum to an identical, but un-
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loaded waveguide reflectivity works best.

As it can be seen in Fig 3.5a, two distinct resonance features appear in the

measured reflectance spectra, shown in red. After the measurements were done,

FDFD simulations were employed to generated the simulated normalized spec-

trum. In generating the simulated spectrum, the optical conductivity theory

previously published by the authors [Rana Trions] was used. Fitting parameters

for optical conductivity were only the carrier density and bandgap. For the op-

tical conductivity curve shown in green, the normalized simulated reflectance

curve shown in blue was generated. Remarkable agreement between measured

and simulated data indicates that the optical conductivity theory [Rana Trions]

previously verified in Chapter 2 works remarkably well for the device under

discussion here.

From the optical conductivity spectrum, it can be found that the sample is

n-doped with a carrier density of n = 2.8 × 1012 cm−2. The Fermi energy of

the sample is, then, 10 meV into the conduction band. According to [Rana ETP],

Coulomb coupling of this system should be significant enough to form coherent

exciton-trion-photon superposition states; namely, exciton-trion-polaritons.

3.3.2 Dispersion of Exciton-Trion-Polaritons

With the optical conductivity and bare waveguide dispersion known, exciton-

trion-polaritons can be quantitatively investigated. By adding a thin, (0.7 nm

[20]) conductive layer over the photonic crystal unit cell, FDFD simulations of

the coupled system is made possible. The conductive layer simply uses the

optical conductivity spectrum extracted from measurements described in the

40



previous Subsection. The right-hand side of Fig. 3.6a shows the measured dis-

persion, while the left hand side shows FDFD-based theory fits. The normaliza-

tion scheme used by both measurements is shown on Fig. 3.6b. At first glance,

remarkable agreement between measurement and theory can be seen. Three

positive-mass polariton bands are seen, with clear bandgaps formed between

the polariton bands due to Rabi splitting; denoted as lower (LP), middle (MP),

and upper (UP) polariton bands. The Rabi splitting between LP and MP bands

is 14 meV, while the MP-UP splitting is 31 meV. Both of these are larger than the

photon lifetime of ∼ 11 meV; confirming that the entire system is in the strong-

coupling regime.

All of the observations above are consistent with theoretical expectations

of exciton-trion-polaritons [Rana ETP]. Furthermore, the precise, self-consistent

agreement between theory and experiment strongly suggests that exciton-trion-

polariton theory [Rana ETP] uniquely explains almost all of the experimental

observations. This implies coherent superposition states of excitons, trions, and

photons emerge readily in systems. This realization is quite profound, and its

potential impact to optoelectronic device design will be further discussed in the

Discussion section.

3.3.3 Dispersion of Exciton-Trion-Polaritons via Photolumines-

cence

Dispersion measurements of exciton-trion-polaritons can be done not only by

reflection, but also by PL. To do so, an optical excitation of the monolayer sam-

ple above the bandgap should suffice. Some of the excited excitons and trions
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will couple to the photonic crystal and form exciton-trion-polariton states be-

fore radiating out to free space. Configuration of the setup is shown in Fig 3.7b.

Instead of white light excitation, a pump laser with 200 µW intensity was fo-

cused onto an area of ∼ 5µm radius (the green spot on the ML in Fig 3.7). The

laser was filtered on the collection side, and the emitted photoluminescence dis-

persion was measured. Polarization of the pump laser was not found to affect

the dispersion, so a linear polarization with the maximum external quantum

efficiency was chosen.

Resulting spectra is shown on the left-hand side of Fig 3.7a, with photon

density-of-states (PDOS) used as theory. While qualitative agreement is again

quite strong, especially around the LP-MP bandgap, some major differences be-

tween measurement and theory can be seen. However, these differences turn

out to be fairly benign. The first is a slight redshift of the measured PL spec-

trum. This, simply, is an effect of laser heating. Temperature-dependent PL

measurements of the monolayer in the weak-coupling regime (Fig. 3.7c) show

this temperature-dependent redshift. Secondly, the spectral weights of the mea-

sured polariton bands are remarkably different than the PDOS spectral weights.

While this is not completely understood, one possible explanation emerges from

the PDOS being more closely related to the absorption, whereas the PL disper-

sion that is observed is due not only to absorption, but also to carrier dynam-

ics. While radiative dynamics of exciton-trion states [57] have been investigated

previously, no attempt has been made here to explain the discrepancies using

carrier dynamics analysis. How the exciton-trion-polariton system evolves, and

maintains coherence, are open questions with a few works being dedicated to it

already [70].
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a)

b) c)

Figure 3.1: Hybrid photonic crystal-monolayer MoSe2 device used to realize
exciton-trion-polariton dispersion. a. 3D diagram of the device. For an incom-
ing plane wave of momentum k⃗, the TE-polarization shown in blue couples to
the PC modes. Due to the large photonic crystal momentum, the TM-modes are
almost along the y axis, so any optical excitation in the experiment discussed
in this chapter could excite TM-modes. b. Band structure of the photonic crys-
tal across k⃗x and k⃗z directions for TE- and TM-modes. The heavier blue band
is used for exciton-trion-polariton dispersion measurements. The approximate
energy of the lower exciton-trion resonance is indicated by the large red arrow.
c. Normalized electric field intensity distribution across one period of the pho-
tonic crystal at k⃗z = k⃗x = 0 for the highlighted TE-mode. Imperfect, but decent
mode overlap of the waveguide mode with the monolayer is found.
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a) b)

Figure 3.2: a. Photo of fabricated grating structure, due to diffraction, semi-
circles brightly colored in green and other hues can be seen. These sharp col-
ors could be used as a quick sanity-check of grating quality before quantitative
measurements begin. b. Microscope image of device used in measurements dis-
cussed in this Chapter. The blue areas are that of the grating, and is caused by
the cross-polarization technique used in obtaining the microscope image. The
light gray area in the center is the monolayer MoSe2 flake. It can be seen that
large cracks, and other disorder is present. However, large areas of the sample
were not affected (at scales resolvable by visible wavelengths) by disorder. An
astute observer might notice that the top of the flake is darker than the center.
This is believed to be due to carrier density variations of the monolayer flake.
However, short of a large-area, broadband, in-situ spectroscopy measurement,
this belief could not be verified.
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Figure 3.3: Setup and measurement summary a. Diagram of the setup look-
ing from the top, and head-on. 532 nm laser used for alignment and PL not
shown. White light exits the multimode fiber, is collimated, color-filtered, polar-
ized, and sent into the microscope. The frontal view of the objective shows that
the collimated white light diameter is slightly larger than the back-focal plane
diameter (D), ensuring the full numerical aperture of the objective is utilized.
The frontal view of the pinhole shows how the pinhole spatially filters a small
diameter (P) of white light. P was magnified to ∼ 10µm on the image plane.
Head-on view of the slit shows how only the immediate vicinity of kx = 0 is
selected for dispersion measurements. The diameter of this slit simultaneously
sets the frequency and momentum resolution of the setup. Appropriate choice
of collimator and high-resolution objective played a significant role in ensuring
high-quality, artifact free dispersion measurements. b. Three different measure-
ments whose effective collection area are highlighted in pink are shown. (1), (2),
and (3) correspond to the bare waveguide, loaded waveguide, and unpatterned
substrate, respectively. All measurements in this Chapter, unless states other-
wise, were done at 20 K.
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Figure 3.4: Unloaded waveguide dispersion. a. Right-hand side: Unloaded
waveguide dispersion measured via normalized reflectivity. Left-hand side:
FDFD Fit to the measured dispersion. FDFD was normalized in the same man-
ner as the measurements. Remarkable agreement between theory and measure-
ment can be seen. b. Scheme to obtain normalized reflectivity. Numbered
pink areas denote the locations on the sample where each measurement was
taken. Unloaded waveguide dispersion measurements normalized 1 by 3. Elec-
tric field, and dispersion measurement direction were both along the z-axis.
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Figure 3.5: Determining in-situ optical conductivity of the monolayer MoSe2

flake. a. Top; optical conductivity model generated from [22]. Bottom; mea-
sured normalized reflectivity spectra and theory fits showing strong agreement.
Measurements were obtained via dispersive measurements, and only the zero-
momentum area was averaged. FDFD fits were normalized and momentum-
space filtered in exactly the same fashion as the measurements. FDFD fits used
the optical conductivity shown on the top side. b. Measurement scheme. Area
2 was norrmalized by Area 1. Dispersion measurements were along z-axis, but
only a small region around zero-momentum was averaged to generate curves
in (a). Electric field of incoming white light was polarized along the x-direction.
This polarization strongly couples to neither TE-, nor TM-polarized PC modes.
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Figure 3.6: Exciton-trion-polariton dispersion via normalized reflectivity. a.
Comparison of measured (right-hand side) and theoretical (left-hand side) dis-
persions of exciton-trion-polaritons. Remarkable quantittive agreement be-
tween theory and measurements can be seen. Both results have three Rabi-split
positive-mass polariton bands; denoted lower (LP), middle (MP), and upper
(UP) polariton bands. Slight quantitative disagreements between measured,
and theory dispersions is attributed to disorder in the photonic crystal struc-
ture b. Measurement scheme for normalized reflectivity. Numbered pink areas
denote the locations on the sample where each measurement was taken. Un-
loaded waveguide dispersion measurements normalized 1 by 3. Electric field,
and dispersion measurement direction were both along the z-axis.
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Figure 3.7: Exciton-trion-polariton dispersion via photoluminescence. a. Com-
parison of measurement (right-hand side) and theory (left-hand side). Theory
curves were generated by photon density of states, calculated via the Green’s
function method. Reasonable agreement can be seen between the two curves;
and disagreements are elaborated on (c) b. Measurement scheme. A 532 nm,
continuous-wave laser was used to photo-excite carriers, resulting in PL emis-
sion. Dispersion of the PL was obtained along the z-axis. PL emission was
linearly polarized along the z-axis. Dispersion was seen not to depend strongly
on pump polarization, which was always linear. c. Temperature-dependence of
PL from the MoSe2 monolayer, in the weak-optical-coupling regime. A redshift
of the upper and lower exciton-trion resonances can be seen, while the splitting
energy between the bands were not found to depend strongly on temperature.
This redshift partly explains why the LP band is significantly redshifted; sample
heating due to the relatively high fluences used in the PL measurement tuned
the lower E-T superposition state closer to the bottom of the PC mode, increas-
ing the LP-MP splitting. The upper polariton band seen in theory curves is
almost missing from measurements. This could be explained by the lower E-T
having much larger PL emission spectral weight due to the incoherent relax-
ation from the upper E-T resonance to the lower one before photoemission [57].
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CHAPTER 4

CONTROLLING EXCITON-TRION-POLARITON DISPERSION BY

TUNING CARRIER DENSITY

The remarkable agreement seen in the previous chapter between experi-

ments done on hybrid 1D photonic crystal-2D TMD systems and exciton-trion-

polariton theory demonstrates a system in which optical properties can be re-

markably altered by electronic means. The simplest way to realize this effect is

by considering exciton-trion-polariton dispersion as a function of MoSe2 mono-

layer carrier density.

A simple, qualitative description of the effect of increased carrier density on

optical characteristics of exciton-trion-polaritons is illustrated in Fig 4.1. Carrier

density of the MoSe2 is increased from nearly intrinsic levels on the left-hand

dispersion curve, to large carrier densities such as 5×1012cm−2 on the right-hand

dispersion curve. Before a detailed discussion of these calculated dispersion

measurements, it makes sense to explain the expression used to generate it:

R(Q⃗, ω) = |1 + B ∗G(Q⃗, ω)|2 (4.1)

Here, G(Q⃗, ω) is the photon Green’s function previously found in Eq 3.1, and

the exciton-trion optical conductivity is calculated in the same way as before.

The plots shown in the figure are calculated exciton-trion-polariton dispersion

as a function of monolayer doping. With increasing carrier density, two promi-

nent features can be noticed. First, the strength of the LP-MP bandgap goes from

nearly 0 to more than 10 meV. Second, dispersion of all three polariton bands

change with increasing carrier density. The latter effect emerges due to exciton-
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Figure 4.1: Simulated carrier-density control of exciton-trion-polaritons in an
idealized, but practically-attainable device. a. Intrinsic, b. Small, and c. Large
n-doping of the sample. For each curve, the upper and lower exciton-trion (E-
T) superposition states are shown by dashed green lines. As carrier density is
increased, the LP-MP polariton bandgap opens around the lower E-T superpo-
sition state, which is redshifted due to increased Coulomb coupling between
excitons and trions. Remarkable changes to the reflectivity of the polariton de-
vice thus occurs as background carrier is modulated.

trion peak splitting, which in the graphs can be seen by the dashed green lines.

According to the exciton-trion-polariton model [Rana ETP], both of these fea-

tures should be apparent on any practically realized, carrier-density-controlled

exciton-trion-polariton device.

The hybrid 1D photonic crystal-2D TMD monolayer serves as the ideal sys-

tem whereby both of these hypotheses can be tested. However, some modifi-

cations to the fabrication procedure are required in order to introduce carrier-

density control of the system.
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4.1 Fabrication Considerations to Realize Simultaneous, Strong

Optical and Coulomb Coupling in Exciton-Trion-Polaritons

4.1.1 Photonic Crystal Fabrication.

The first point to consider is the Si substrate doping. For the carrier-density con-

trolled devices, Si doping was degenerately n-doped. For the device in Chap-

ter 3, lightly n-doped substrates were used instead, since carrier density in the

monolayer was determined by extrinsic doping and electrostatic doping via the

substrate [25], and was not electrically controlled. In the case that one needs to

control the carrier density, one of the contacts of a simple capacitor needs to be

connected to the MoSe2 monolayer, allowing it to accumulate charge along with

the capacitor. This was done by choosing a degenerately-doped Si substrate to

serve one of the contacts, while the other contact was simply a metal contact

lithographically defined over exposed parts of the monolayer with the same

methods as in Chapter 2. The degenerately n-doped substrate prevents any

carrier freeze-out of the Si contact, ensuring monolayer carrier density is con-

trolled even at cryogenic temperatures. Two details require attention to make

sure these devices are successfully fabricated; first, oxidation reaction rates dif-

fer for heavily doped substrates [16], second, losses of the PC modes due to the

substrate becomes a more serious concern. The first issue was solved simply by

accounting for the growth rate change of oxides due to dopants.

To solve the second issue, the most straightforward solution is to simply

grow a thicker oxide layer on the Si substrate. However, increasing the oxide

thickness reduces the unit capacitance per area of the capacitor:

52



Si3N4

SiO2

hBN
Ti/Au

Si, Nd = 1020 cm-3

Au

VGB

127 nm

130 nm

550 nm

hBN
ML MoSe2

52 nm

a) b) c)

80
nm

430 nm

Figure 4.2: Modifications to exciton-trion-polariton device fabrication. a. Top,
MOS-capacitor structure used to control carrier density of MoSe2 monolayer.
Bottom, photonic crystal unit cell. b. FDFD mode simulations of the PC mode
with and without hBN. Left, PC mode profile for structure in (a). Mode overlap
with Si can be clearly seen. Right, PC mode after added hBN on top of PC. Si loss
is reduced, mode profile is higher; resulting in better overlap with monolayer
MoSe2 (not shown). c. Cross-polarized microscope image of fabricated sample.
Yellow shade is the Ti/Au contact, while green area is hBN-encapsulated, with
the darker green shade in the middle being the device. Circular perturbations
to the structure are trapped air bubbles; causing disorder to both photonic and
electronic degrees of freedom of the system.

C = ϵo

∑
i

di

ϵi

−1

(4.2)

Where i denotes the stack of dielectric films that form the capacitor. So, to

ensure that the Fermi level can be tuned sufficiently high, the substrate thick-

ness needs to be kept low. Of course, charge can be accumulated further by

increasing the voltage across the capacitor. However, the dielectric breakdown

of the thin films comprising the capacitor limit the maximum voltage that can be

applied across the device. Between these considerations, a SiO2 substrate thick-

ness of 550 nm can be found to offer a sound compromise; while losses from

the substrate are not significant at this thickness, capacitances are sufficiently

high as to allow the monolayer to be doped. The top part of Fig 4.2a shows the
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resulting structure.

Fabrication of the photonic crystal is also worth revisiting. In the previous

devices, a PMMA-based recipe was employed to fabricate the 1D grating. How-

ever, the electron dose required for the PMMA to clear is a very gradual func-

tion of electron dose [35]; providing low contrast for the grating structures and

thus reducing Q-factor. Instead, ZEP520A could be used. Unlike PMMA, this

resist’s clearance threshold is a very sharp function of electron dose [35]; lead-

ing to high-contrast patterns on the resist that increase Q-factor. The modified

recipe for grating fabrication is shown in Table 4.1, with the resulting PC unit

cell shown on the bottom side of Fig 4.2a:

Table 4.1: ZEP520A-Based Grating Fabrication Recipe

Step Description Details
1 Dilute ZEP520A:Anisole 1:1 Volume
2 Spin 4000 RPM, 2000 RPM/s acc, 60s
3 Softbake 170 °C on Hot Plate, 180 s
4 Spin DisCharge 3000 RPM, 1000 RPM/s acc, 60 s
5 Expose JEOL 9500
6 Clean DI Water, 2x {10 s Rinse + Blow-Dry}
7 Develop Amyl Acetate, 2 minutes
8 Clean First immersed in, then rinsed with IPA; blow-dried

4.1.2 hBN Encapsulation of Monolayer MoSe2

Another venue of improvement comes from reducing disorder in the monolayer

MoSe2. Recent studies [50] has shown how encapsulating a TMD sample with

hBN can lead to dramatic increases in optical lifetime. Such increases would

result in an increase in exciton-trion-polariton lifetime, and hence, Q-factor. At

the same time, the high dielectric constant of hBN significantly raises the spa-
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tial profile of the PC modes. This can be seen in Fig 4.2b, which shows the

TE-polarized PC mode electric field profile with and without hBN substrates

directly over the grating. Furthermore, pulling the PC mode higher increases

the overlap of it with the MoSe2 monolayer; increasing the strength of optical

coupling further. As an added benefit, oxygen plasma cleaning the substrate

to minimize photonic disorder becomes possible when there is a ∼ 50 nm to

passivate dangling bonds that might have been generated by oxygen plasma

cleaning [71].

Of course, adding the hBN layer is not without disadvantages. First, fab-

ricating an encapsulated device requires three consecutive PDMS dry-transfer

steps. Barring failures of the transfer step, wrinkles and bubbles (see Fig 4.2c)

introduced between each layer due to stacking faults adds disorder to the TMD

device. Presence of such disorder could prohibitive in controlling the car-

rier density of the monolayer, as well as prevent lateral transport in the de-

vice. It is expected that implementing superior 2D material stacking techniques

[Guimaraes 2D] will improve exciton-trion-polariton devices noticeably. In ad-

dition, placing an hBN layer over the PC changes its zero-momentum energy.

Careful FDFD simulations that account for hBN’s full anisotropic dielectric con-

stant need to be performed in order to precisely make PC mode dispersion res-

onant with exciton-trion superposition states. Fortunately, extensive studies of

exfoliated hBN flakes already exist [Rah 2019].
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4.2 Electrical Control of Exciton-Trion-Polariton Dispersion

Based on these refinements, a new carrier-density-tunable exciton-trion-

polariton devices was fabricated. The cross section of this device looked sim-

ilar to Fig 4.2a. All thin film thicknesses, as previously discussed, were mea-

sured by thin film reflectance measurements and subsequent analysis. The de-

vice was glued onto the chip carrier; contacts were wire bonded; the chip was

then mounted onto the cryostat. To demonstrate electrical control of exciton-

trion-polariton dispersion, the following experimental procedure was used:

• Sample was left in a strong vacuum.

• Biasing circuit was connected the PCB; ESD and shock protection was en-

sured by PCB leads all being grounded until bias circuit was turned on.

• PCB-Sample connections were turned on, PCB ground latches were turned

off.

• Liquid helium was transferred.

• Sample was cooled to 20 K at a rate less than 0.1 K/second. Temperature

was kept unchanged until measurement concluded.

• Device voltage was brought to +100 V, and back to +50 V.

• Voltage was stepped from +50 V to −300 V. Voltage changes were done

with 0.1 V/s rates, and 15 minutes were elapsed at each new voltage to

ensure steady-state operation.

• White light was turned on, and the contact junction illuminated.

• Measurements were taken at new voltage after photocurrent transient due

to white light illumination decayed.
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Measurements were identical to those described in Chapter 3 except that

dispersion was normalized via a Ti/Au mirror reflectance spectrum. Results

are shown in Fig 4.3. For each curve, the right-hand side shows measure-

ments, and the right hand side is the theory from Eqns. 4.1, and 3.1. Good

agreement between measurements and theory suggests that the device behaves

quite closely to what is expected from a carrier-density-controlled exciton-trion-

polariton system with increasing background carrier density: An increase of

LP-MP bandgap size and a decrease in MP-UP size as well as an increase in LP-

MP and MP-UP gap energy splitting. The next paragraph provides an in-depth

discussion of agreement and discrepancies between measurements and theory.

Top left, top right, bottom left, and bottom right measurements were done at

a gate bias of +50 V, -5 V, -150 V, and -300 V, respectively. In all measurements,

the high-contrast dispersive area ranging between 1.57 eV and 1.64 eV is the

LP-MP complex. Instead, the UP band has fairly weak contrast both in mea-

surements and simulations; and can be seen as the flat line around 1.64 eV. At

+50V, the LP-MP bandgap is not open, but clearly opens by -5 V. As gate volt-

age is set to -5, -150 and -300V, the energy of the LP-MP bandgap redshifts from

1.619 eV, 1.615 eV, and 1.595 eV respectively. Also, the the LP-MP bandgap in-

creases in size; demonstrating increasing coupling strength. Simultaneously, the

MP-UP bandgap stays relatively constant, and the UP band oscillator strength

decreases. On the other hand, the theory curves consistently underestimate LP-

MP bandgap energies, while overestimating the MP-UP ones. Also, the mea-

sured MP dispersion has much higher curvature (in other words, lower effective

mass,) than theory. Both of these effects likely stem from the optical conductiv-

ity model used in the fitting slightly overestimating the oscillator strength of the

upper exciton-trion resonance, and underestimating the lower one. By adjust-
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ing the trion binding energy parameter used in the optical conductivity model,

which is a parameter that is hard to determine precisely by experiments, better

agreement between experiment and theory could be reached.

In this device, the charge-neutral point, where the LP-MP bandgap is almost

fully closed, is found to be around +50 V. With the ideal MOS-capacitor model,

such a high bias voltage should not have become the charge-neutral point. This

deviation from charge-neutrality is quite puzzling; as it is not seen for the top-

hBN-encapsulated device discussed in Chapter 2. This is an important clue,

as the one remarkable difference in the fabrication processes of the devices in

Chapters 2 and 4 is how the hBN-encapsulation was done. For the device in

Chapter 2, a pristine monolayer of MoSe2 was exfoliated directly on SiO2, and

was quickly encapsulated with hBN. In this fabrication scheme, all of the inter-

faces in contact are pristine, and are not in contact with PDMS or other organic

solvents; leading to a very pristine TMD interface. However, for the device

discussed in this Chapter, the facet of bottom hBN on which the monolayer

MoSe2 is transferred is contaminated. Such contamination could locally dope

the monolayer, how the Fermi level is affected by such variations is known to

cause disorder [15]. Some experimental works where polymer residue contam-

inated the TMD-hBN interfaces have also suffered from serious deviations of

their charge-neutral point [36, 70]. Identifying and mitigating such deviations

from ideality are important for future device applications involving exciton-

trion-polaritons., where transport of quasiparticles will play an increasing role

[8]. Thus, a method of measuring device ideality in-situ would be desirable.

The next Subsection discusses a possible way to calculate this metric.
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4.2.1 Discussion on Device Ideality and Exciton Localization

A helpful metric of device ideality could be derived using a simple, MOS-

capacitor model to estimate the electron density per unit area on the contacts.

Then, it is possible to assume that the carrier density per unit area of the mono-

layer and contacts should be equal in steady-state. This provides a second met-

ric for nML that can be compared to the extracted values from the monolayer

using the model. The MOS-capacitor device in Fig. 4.2a was found to have a

depletion threshold voltage of Vt ≃ 100V . Depletion capacitance of the device

was much smaller than the dielectric capacitance [Chenming Hu notes], and

was subsequently ignored. So, the carrier density of the monolayer can simply

be estimated to be nML ≃ C(VG−V f b) ≃ CVG. Then, the simplified capacitor model

would not be able to predict the charge neutral point being at +50 V. This dis-

crepancy could be due to lateral capacitances in the system that were ignored,

or due to a transient electron density generated by the white light that was used

in the dispersion measurement. To mitigate this issue, the formula was modi-

fied to nML ≃ C(VG − Vneutral), where Vneutral was the voltage where carrier density

of the monolayer was extracted to be negligible.

Comparing the background carrier density of the monolayer estimated by

this simplified model to values extracted from the exciton-trion-polariton dis-

persion fitting allows for an investigation of device ideality. Ignoring parasitic

capacitances between the contact metal and the monolayer, the carrier density

measurements should be equal using both calculations. In case of constant ex-

tracted carrier densities under increasing gate voltage bias, Fermi level at the

measurement location could be pinned. Such Fermi level pinning localizes exci-

tons, and could effect device mobility [15]. In these localized excitons, oscillator
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strength transfer between exciton-trion superposition states would still be ob-

served, but in the absence of peak energy shifts [AIP Proceedings Russians]. In-

stead, if the extracted carrier densities scale linearly with increasing gate voltage

bias but not at the same rate, this could imply parasitic capacitances, possibly

in the lateral dimensions of the device. In an ideal device, both methods should

yield the same carrier density value.

Using the capacitance per area formula of Eq. 4.2, the capacitance per area

of the structure in Fig. 4.2 was calculated as follows:

C = ϵo

(
dS iO2

ϵS iO2

+
dS i3N4 − dgr

ϵS i3N4

+
dgr

η(ϵS i3N4 − 1) + 1
+

dhBN

ϵhBN

)−1

≃ 50µF/m−2

Here, dS iO2 , dS i3N4 , dhBN correspond to thicknesses of the SiO2, Si3N4, and hBN

layers, respectively. ϵ values are DC dielectric permittivities of the same layers.

dgr is the thickness of the grating layer, where etched portions are assumed to

be air. To calculate the average dielectric constant of this layer, the duty cycle

η of the grating was used to average between the filled, and etched portions of

the grating, resulting in a dielectric constant of ϵgr = η(ϵS i3N4 − 1) + 1. Once the

capacitance per area of the dielectric is calculated, it is possible to use

Table 4.2 compares the carrier densities found via the model (extracted) and

are expected by the gate voltage (idealized). The linear dependence between

extracted carrier density and voltage demonstrates that the Fermi level in the

device was not pinned. Despite minimal efforts to optimize contact quality and

a rather basic 2D material fabrication process that introduces disorder, an ideal-

ity factor of 40% was reached. With very basic improvements to 2D fabrication,
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some of which will be discussed in the Appendix, nearly ideal devices could be

obtained.

Table 4.2: Comparison of Extracted and Calculated Carrier Densities of Exciton-
Trion-Polariton Device

VG (V) Extracted Carrier Density [cm−2] Ideal Carrier Density [cm−2]
+50 3 ∗ 1011 N/A
-5 1 ∗ 1012 2 ∗ 1012

-150 2 ∗ 1012 5 ∗ 1012

-300 4 ∗ 1012 1 ∗ 1013
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a) b)

c) d)Medium Doping High Doping

Intrinsic Low Doping

n = 
3 ∗ 1011 cm-2

n = 
1 ∗ 1012 cm-2

n = 
2 ∗ 1012 cm-2

n = 
4 ∗ 1012 cm-2

VG = 50 V VG = −5 V

VG = 150 V VG = 300 V

Figure 4.3: Carrier density dependence of exciton-trion-polariton dispersion.
a. Dispersion with intrinsically-limited background carrier density. LP-MP
bandgap appears almost fully closed. b. Dispersion with ne = 1 ∗ 1012 cm−2. The
LP-MP bandgap opens at 1.618 eV, and 4 µm−1 c. Dispersion with ne = 2 ∗ 1012

cm−2. The LP-MP bandgap moves to 1.61 eV, and 3.8 µm−1 b. Dispersion with
ne = 4 ∗ 1012 cm−2. The LP-MP bandgap further redshifts to 1.59 eV, and to 2.5
µm−1. This trend is consistent with ETP theory [58]

.
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CHAPTER 5

DISCUSSION AND OUTLOOK

Besides its strong connections to the fundamental physics problems explored

within the Fermi-polaron framework in cold atom [49] and condensed mat-

ter systems [60, 13], exciton-trion-polaritons also establish a platform wherein

novel low-power linear, and nonlinear photonic device applications could po-

tentially be realized.

It is possible to separate research into novel device technology into three

phases: development of a correct theoretical framework; an experiment in

which a system is built to verify this theory; control of the system to exploit

novel abilities provided by the theory. In Chapter 1, a review of the various the-

ories for trions were discussed. Profound challenges brought to the mainstream

of trion theory [13, 60, 46], and the precise, complete picture that unified these

perspectives by Rana et al. [58, 22, 57] motivated a push for careful spectroscopy

that could confirm this theory’s accuracy. Work shown in Chapters 2-4 consisted

of such spectroscopy measurements. It is in this Chapter that the potential for

device applications stemming from remarkable agreement between Chapter 1’s

theory, and Chapters 2-4’s experiments will be discussed.

5.1 Potential Device Applications of Exciton-Trion-Polaritons

5.1.1 Low Power Optoelectronic, or All-Optical Modulators

Exciton-trion-polariton systems simultaneously possess strong Coulomb and

optical coupling. Strong Coulomb-coupled exciton-trion superpositions result
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in a giant change to optical conductivity in a narrow part of the spectrum. For

applications restricted to this narrow-band, a relatively small change of carriers

dramatically altering optical transmission around E-T resonances. For instance,

consider the device in Fig 4.2. If the PC is designed in a way that a guided

mode can couple incoming light at the E and k corresponding to a the LP-MP

bandgap, then a carrier density change of 7 ∗ 1011 cm−2 is sufficient to make an

electro-optic modulator with signal modulation depth of ∼ 10% of the incoming

signal. For a practical device with 5 µm diameter, this corresponds to 150,000

electrons being modulated into, and out of the monolayer.

Pump OFF

Pump ON

Energy

kz

- -

Before 

pump

Carrier Photo-

excitation by Pump

After 

pump

PumpProbe

Time

Figure 5.1: All-optical low-power modulators based on exciton-trion-
polaritons. A pump pulse arrives on the sample; photoexcites new carrier pairs,
some of which result in a transient net background carrier density. The optical
response of polaritons is thus modified when the probe arrives. If the probe
pulse is tuned to a part of the polariton dispersion, turning on or off the pump
pulse results in modulation of the probe. Efficiency of such a scheme is dis-
cussed in the main text.

If background electrons in the TMD device is photo-generated, all-optical

modulators such as the one shown in 5.1 could be realized. Ultrafast spec-
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troscopy measurements of TMDs, show that large carrier density modulations

are possible with optical pump pulses. A majority of these transient carriers

rapidly recombine within picoseconds [72], which allows for ultrafast all-optical

modulators. A practical estimation using experimental data based on Chapter 4

shows that, when assuming that 1% of the photoexcited carriers are converted

to electrons [62], less than 600 fJ/pulse is needed for a probe modulation depth

of 10%. In order to push these devices into the single-photon regime, the mono-

layer of MoSe2 could be replaced with heterobilayers of TMDs. Interlayer ex-

citons [40] and trions [4, 17] have been shown to exist in these systems. High

efficiencies involved in charge transfer processes that capture free photo-excited

electron-hole pairs [40].

Another interesting application comes from applying lateral electric fields

to exciton-trion-polaritons. While recent investigations [8] focused on acceler-

ating charged-polaritons with electric fields, results in this area go back to III-V

research [65]; III-V systems have shown drift of exciton-trion states under elec-

tric fields, as well as charged-exciton-polariton beam steering [8]. As III-V trion

binding energies are ∼ 3 meV, only small electric fields could be used to acceler-

ate trions in these systems without ionizing them. Instead, TMD systems have

binding energies 10 times larger (see Chapter 2), and the lower mobility of TMD

systems could be recovered by hBN-encapsulated devices [73].

5.1.2 Exciton-Trion-Polariton Metasurfaces

Exciton-trion-polariton systems based on ultrafast carrier density modulation is

promising; but by no means optimal. While the optical conductivity changes
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due to Coulomb-coupling of exciton-trion states is very large, the effect of this

conductivity change to the overall optical device modulation is restricted by

the optical mode overlap with the TMD monolayer. Compared to a micron-

sized mode profile possessed by the optical mode, the exciton-trion superposi-

tion states are localized to less than a nm size [20]. Fabrication of DBR cavities

[64], or 2D photonic crystals somewhat localize photons to the vicinity of the

monolayer. To continue along this trend, metasurfaces could be employed to

optimize mode overlap further than can be achieved by simple periodic pho-

tonic crystals.

Fig 5.2b shows an example of how such a metasurface could be fabricated. In

essence, the device would be a one-dimensonal photonic crystal cavity. How-

ever, the part of the top mirror could be patterned into a metasurface. Thus,

such a structure would obtain a trade-off between vertical and horizontal mode

confinement. If further mode confinement is needed, the device could be etched

vertically to provide additional mode overlap. For a device that is normally n-

doped, the metasurface could be optimized for a TMD with optical conductiv-

ity shown in the the blue curve of Fig 5.2a. Then, an optical pulse can gener-

ate photo-excited electron-hole pairs, some of which recombine and leave a net

electron density. This transient electron doping would largely affect the opti-

cal conductivity. Since the metasurface was optimized for the low-doping state,

the optical response of the metasurface around the ET resonance area would be

dramatically, and rapidly altered. Then, this system becomes an all-optical tran-

sistor. The configuration described above is equivalent to the ”normally-on”

configuration of transistors. If the transient carrier density is known, the device

could be designed for the optical conductivity reached by the monolayer after

the pulse. Such a configuration would be ”normally-off.”
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a) b) c)

Figure 5.2: Concept of exciton-trion-polariton metasurfaces. a. Change of real
and imaginary optical conductivity with background carrier density. To trans-
late these large optical conductivity changes to large optical response modula-
tion, metasurfaces that optimize mode profile must be engineered. b. A pro-
posed metasurface structure, where the top mirror was ”weakened” to pattern
the metasurface. How this device could operate as ”normally on” or ”normally
off” all-optical transistors is qualitatively described in the main text. c. Tran-
sient metasurfaces by spatial and temporal light modulation. The incoming
beam could be shaped to allow a particular pump pulse shape on the sample.
This shape will then cause a transient carrier density modulation over the sam-
ple, which could then affect optical response of the system to a probe pulse.

Instead of shaping the photonic crystals to be the metasurface, optical pulses

could be shaped in time and space to serve as a transient metasurface, as de-

picted in Fig 5.2c. While mode overlap would not be optimized in this case, a

rapidly reconfigurable transient metasurface could be useful in classical pho-

tonics applications.

Of course, all of the applications above assume exciton-trion-polariton de-

vices where pump and probe are incoherent. It is fair to anticipate coherent

spectroscopy of exciton-trion-polaritons to yield many other device applications
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that are further optimized for performance.

5.2 Conclusion

Either from a fundamental science point of view, or concerning its device appli-

cations, exciton-trion-polaritons hide a veritable treasure-trove of new discover-

ies waiting to be made. Remarkable agreement between theoretical predictions

by Rana et al. [58, 22], and the experiments discussed in Chapters 2-3 implies

that the trion-photon interaction has now a strong theoretical basis. Chapter 4

demonstrated the first forays into controlling such a system. The promise of

such a strongly-coupled system is hard to overstate: a two-dimensional elec-

tron gas that possesses strong Coulomb-coupled correlated states, spin-valley

polarization, and efficient creation of the correlated states by photons and vice

versa is guaranteed to lead to plenty exciting new scientific discoveries, and to

numerous device applications.
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APPENDIX A

CRYOGENIC CONFOCAL MICROSCOPE ALIGNMENT DETAILS

All of the alignment protocols described in the main text conjugate ei-

ther the sample image plane or the objective back-focal plane with the spec-

trometer (monochromator) entrance slit; the sample image plane for spatially-

resolved, and the back-focal plane for energy-momentum spectroscopy mea-

surements. However, in order to obtain the best quality of spectroscopic data,

the monochromator slit must be imaged with minimal aberrations onto the

Charge-Coupled Device (CCD) camera used in measurements. If this step is

done carelessly, defocusing, astigmatism, or coma artifacts would dominate the

qualitative features of the measurement; making it extremely difficult to obtain

accurate spectroscopic information from which to extract important physical

details about the sample.

A.1 Aligning the Monochromator and CCD

Assuming that the microscopy setup is being built from scratch, the first step

one needs to take is to define a precise optical axis to which the monochromator

will be aligned. This is typically done iteratively using two irises. These irises

are affixed to the machined holes on the optical table, ideally more than a meter

apart. By passing a single laser beam through the center of both irises, which

should be at the same height from the table, an optical axis whose precision

matches the machining accuracy with which the optical table platform was built

can be obtained.

Once this step is complete, the monochromator is placed such that its en-
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trance slit, closed to about 200 microns, and its center aperture are co-axial with

optical axis defined by the laser. To obtain the unique monochromator align-

ment, the center of the first convex lens of the monochromator has to be co-axial

with the laser, also. Input slit and convex lens alignments have to be iteratively

corrected until both are co-axial with the laser beam-defined axis. Now, the

monochromator’s internal alignment should ensure that the laser beam travel

all the way from the front slit to the back slit. To confirm this is indeed the

case, one can use the 0th-order diffraction of the grating being used in measure-

ments. This should reflect the beam along the optical axis of the monochroma-

tor, and send it out through the front exit slit. Roughly 1/3rd of light should

come through, due to the quantum efficiencies of the spectrometer parts. If

the spectrometer is being aligned from scratch, it is important to confirm that

the 0-th order diffraction position of the monochromator (shown as the 0nm

wavelength) should be exactly where this 1/3rd response is. If not, the position

where maximum laser transmission is found should be redefined as the new

calibration zero of the monochromator.

Once this stringent alignment is complete, the side mirror should be en-

gaged. The path defined by this side mirror is where the CCD will be aligned.

Here, two methods could be utilized to obtain high-quality alignment between

the monochromator input slit and the CCD image plane. A spectral calibration

lamp could either be placed immediately before a nearly-closed front input slit,

or at the image plane of the entire setup. The spectral lines of the lamp are

extremely narrow, and should serve as ”Dirac-delta” spectral responses with

which to calibrate lamp alignment. One of the bright spectral lines of the cali-

bration lamp near the wavelengths that will be used in experiments should be

selected as the monochromator target wavelength. Now, the camera should be
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brought into alignment while continuous spectra are taken every 250 millisec-

onds. The angle and focal depth of the camera can easily be changed using the

CCD flange. Meanwhile, a slight tilt of the monochromator can be used to cor-

rect for spectral aberrations of the dispersion image. Once the calibration lamp

image is as narrow as 1-2 pixels, the calibration is complete. However, for E-k

dispersion, off axis resolution is equally important. To ensure this is up to par,

a spectrum image should be taken. Care should be taken that the spectral re-

sponse of the camera looks like a narrow line across the vertical axis. In this

image mode calibration, light must be allowed to pass through the entire height

of the front input slit.

It is useful to note that the diffraction grating disperses photons by wave-

length along only the horizontal direction. This will become useful in the section

where vertical pixels will be mapped to photon momentum.

A.2 Mapping Horizontal Pixels to Wavelength

During the previous calibration above, if everything was done ideally, the target

spectral emission line that the moncohromator was calibrated to should have

fallen on the center pixel of the CCD. Say, for a 1024 pixel CCD, this would

mean that the 512th pixel should show the spectral line. However, when the

monochromator target wavelength is changed, the same emission no longer

falls on the 512th pixel. So, a map between pixel index to photon number must

be developed. This map is achieved with the following MATLAB script:
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%wave length at the center of array in nm

CWL = 775;

%order of diffraction (1,2,3.....)

DO = 1;

%groves/mm

GD = 600;

pixel_center = 512;

pixel_start = 1;

pixel_end = 1024;

% Monochromator Info

pixel_size = 0.026; %[mm]

% pixel array

pixel = pixel_start:1:pixel_end;

% output focal length iHR320 in mm

focal_length = 319.719;

% Inclination of the focal plane measured

% at the location normally occupied by the exit slit

focal_plane_angle = 0.5;

% included angle (degrees)

% Equals input Ebert angle + output Ebert angle.

Dv = 21.26;

% Step 1. Find out Angle Beta at the center of CCD
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% input angle in degree

alpha_center = asin(1e-6*DO*GD*CWL/(2*cos(Dv/2*pi/180)))/pi*180-Dv/2;

% output angle in degree

beta_center = Dv+alpha_center;

% Step 2. Find out lamda

% Perpendicular distance from grating

% or focusing mirror to the focal plane (mm)

LH = focal_length*cos(pi*focal_plane_angle/180);

% Distance from the intercept of the

% normal to the focal plane to the wavelength

HBC = focal_length*sin(pi*focal_plane_angle/180);

BH = beta_center+focal_plane_angle;

HBn = pixel_size.*(pixel-pixel_center) + HBC;

Beta_n = BH-atan(HBn./LH)./pi.*180;

lamda = (sin(alpha_center*pi/180)+sin(Beta_n*pi/180)).*1e6./DO./GD;

A.3 Mapping Vertical Pixels to Photon Momentum

For E-k dispersion measurements, vertical pixels have to be mapped to the pho-

ton momentum besides the horizontal pixels being mapped to photon energy.

This step needs to be completed once the photon energy is calculated, as the

momentum of a photon incident on the CCD pixel depends on the energy that

photon carries. Once the energy and momentum are mapped, the processed
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data becomes a projective transform of the initial pixel array data. Correctly

plotting such a data structure requires a pseudocolor plot where x and y coor-

dinates of each data point are mapped. Also, during E-k map measurements,

the resolution limit of the CCD is 4-8 pixels. Thus, information on one pixel and

on pixels in its immediate vicinity are redundant. This redundancy could be

leveraged, without loss of information being carried by photons into the CCD,

by Gaussian smoothing the data. This was achieved by interpolating the data

four-fold, and running a Gaussian smoothing kernel of 16 pixel radius on the

data. The MATLAB script used to achieve all of this is attached below:

% Interpolating Image to Reduce Coarseness

htmDisp = getimage();

%

dE = (E(2)-E(1))./4;

dx = .25;

x2 = x(1):dx:x(end); % Interpolated array for x

%Ep = E+dE;

E2 = [];

% Only works if array spacing is bigger than dE

for i = 1:length(E)

E2 = [E2 E(i) E(i)+dE E(i)+2*dE E(i)+3*dE];

end

[xm, Em] = meshgrid(x,E);
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[xm2, Em2] = meshgrid(x2,E2);

Disp2 = interp2(xm,Em,htmDisp,xm2,Em2);

%%% Mapping k vectors to pixel array

Temp = Disp2(:,16:end);

Temp2 = imgaussfilt(Temp,16);

RSdisp = zeros(size(Temp2));

hbarC = 0.197326980; % hbar*c product [eV*um]

NA = 0.6;

pixel_0 = 135; % Pixel where mode is centered

pixel_end = 1; % Pixel where objective NA is reached

th_max = asin(NA); % Maximum angle collected by objective

th_x = atan(tan(th_max)*(x2(16:end)-pixel_0)./(pixel_end-pixel_0));

% Angle(pixel) [rad]

k0 = E2./hbarC;

k_z_th_grid = k0.’*sin(th_x);

k = k_z_th_grid(length(E2),:);

for i = 1:length(E2)-1

RSdisp(length(E2)-i,:) = interp1(k_z_th_grid(length(E2)-i,:)...
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...,Temp2(length(E2)-i,:),k_z_th_grid(length(E2),:),’linear’,0);

% Rescale each horizontal array of pixels with the

%correct scale of k vectors, extrapolate values to 0

end

%

figure;

sss = pcolor(k, E2, RSdisp);

set(gca, ’ydir’,’normal’);

set(gca, ’xdir’,’normal’);

A.4 Liquid Helium Transfer Procedure

Preparations for helium-based measurements start a few days in advance of the

actual process. If the helium transfer line has not been evacuated for more than

3 months, a one-week pump-down of the transfer line is undertaken. During

this week, the entire measurement setup is aligned and tested with the sample

mounted in the cryostat and placed in vacuum. After the dry run is completed,

the sample is left attached to the vacuum pump overnight. This ensures that a

high vacuum is held for at least an 8-12 hour period following the pump’s dis-

connection. This 12-hour window is where the measurements will take place.

The first thing done in the experiment day is the liquid helium transfer. The

following procedure summarizes the best practices accumulated by the author:

1. Ensure enough vertical clearing is present to place bottom of the transfer

line directly over the helium Dewar transfer line insert.

76



2. Close the 2-psi release valve, and open the vent valve.

3. Leave the VC30 open knob only about half a turn from fully closed. Leave

the transfer line flow knob open about 1/8th of a turn.

4. Slowly and continuosly insert the tube until 13 inches remain. This is the

point where the transfer line will contact the liquid helium and begin boil-

ing it off.

5. Slow down insertion rate once a white plume, which is pressurized helium

gas, begins to vent through the open valve.

6. Once the tube is about 3-4 inches over the bottom of the Dewar, rapidly

lower the tube all the way to the bottom. This will boil enough helium

to build up pressure to force liquid helium to flow into the cryostat in

subsequent steps.

7. Quickly screw cap residing on the transfer line into the Dewar top insert

cover threads to prevent helium from escaping; building up pressure.

8. Quickly close vent valve, and turn on the VC30 pump. This pump controls

the exhaust rate of the liquid helium. If done correctly, the helium should

flow within 5 minutes. If no flow occurs, remove the transfer line, heat it,

and remove any moisture before trying again.

Liquid helium flow can be confirmed when the negative pressure pump sounds

different due to helium going through it. Also, the negative pressure built up

in the VC30 will somewhat release after flow begins. Afterwards, fully close

the transfer line flow knob, and open it 1/32 − 1/16th of a turn. Then, lower the

VC30 flow knob until the gauge reads almost no helium flow. If temperature

stops dropping, that means flow was stopped. Opening either the VC30 or the
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transfer line knob should bring back flow. Otherwise, the best practice is to

lower the flow to about 0.3 degrees per second.

This step of lowering flow rate until the bare minimum not only conserves

helium, but it also allows a thermo-mechanical breathing mode from occurring.

If not prevented, this thermo-mechanical noise will move the sample up and

down by about 10 µm or more. It is predicted that only cold helium gas makes

contact to copper when flow rate is lowered, so the heat capacity of the cooling

medium does not suffer any sudden changes as would be the case with a helium

gas-liquid mixture. With the near-constant heat capacity, the heater built into

the cryostat can easily control the temperature variation to below 10 mK.

Of course, using varying laser or white light powers will change the device

temperature. It is also a guarantee that the sample will be much hotter than the

thermocouple readout. In the case of our exciton-trion-polariton experiments,

these issues were not detrimental, as the spectral feature of trions were found

to be robust up to 100 K. Optical pump powers exceeding this thermal budget

are so large that the monolayer MoSe2 would be optically damaged before the

system temperature reached 100 K.
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APPENDIX B

FINITE-DIFFERENCE FREQUENCY-DOMAIN MEASUREMENTS

Theoretical fits of the measured dispersion data in Chapter 3 were realized

using the Finite-Difference, Frequency-Domain measurements technique [79]

by Minwoo Jung. Reflectivity measurements using FDFD were done by having

a plane wave with frequency ω) and wave vector (⃗k was excited at a planar port

located well above a unit cell of the structure being simulated, and the reflection

coefficient was extracted as the scattering matrix element evaluated at the same

port. Dispersion was obtained by measuring different (⃗k, ω) pairs. For each

measurement, a single unit cell of the photonic crystal was used with periodic

boundary conditions. These measurements were normalized by the reflectivity

spectrum of the unpatterned Si3N4/SiO2/Si thin film.

Consistent with optical metrology measurements, refractive indexes of SiO2,

Si3N4, and Si were taken as 1.46, 2.00, and 3.7, respectively. To account for slight

fabrication inaccuracies, normalized reflectivity of the grating structure without

the monolayer was measured. The best fits to experimental data were used to

determine the thickness of the grating.

As previously mentioned, the contribution to the photon self-energy

Σph(⃗k, ω) from excitons/trions can be expressed in terms of the 2D optical con-

ductivity σ(⃗k, ω) of the MoSe2 ML,

Σph(⃗k, ω) = −iℏ
|χ(z∗)|2

2⟨ϵ⟩
σ(⃗k, ω) (B.1)

where, χ(z∗) is the waveguide mode amplitude at the location z∗ of the ML

and ⟨ϵ⟩ is the average dielectric constant experienced by the waveguide mode.

Therefore, the MoSe2 ML in FDFD simulations was modeled as a layer of
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thickness d = 0.7 nm [20] with a 3D optical conductivity σtotal(⃗k, ω) given by,

σtotal(⃗k, ω) = σ(⃗k, ω)/d − iϵω. Here, ϵ = 20ϵo is the high-frequency dielectric

constant of MoSe2 resulting from optical transitions at energies higher than

the exciton-trion energies [78]. The expression for the 2D optical conductivity

σ(⃗k, ω) of the MoSe2 ML is given by Rana et al. [22]. Parameters of this model

are the exciton and trion lifetimes, and the optical bandgap.

By placing this 3D conductor over the photonic crystal grating structure

whose dimensions were determined by the best-fit estimated as outlined above,

the exciton-trion-polariton dispersion was measured. Since exciton and trion

lifetimes were determined by photoluminescence measurements in the weak

coupling limit, only the optical bandgap was used as a free parameter to obtain

the precise agreement between data and theory seen in Chapter 3.
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APPENDIX C

POTENTIAL METHODS TO IMPROVE EXCITON-TRION-POLARITON

DEVICE QUALITY

C.1 Disorder in 2D Layered Materials

A great deal of improvement for exciton-trion-polariton devices is based on im-

provements done on the two-dimensional material quality. In a recent review

[15], disorder in two-dimensional materials was broadly categorized into two

separate camps; extrinsic and intrinsic.

To mitigate intrinsic disorder, which encompasses vacancy, anti-site, and

substitutional defects [15], the best course of action is to improve the quality

of bulk grown two-dimensional materials. Promising improvements in bulk

two-dimensional material growth, through techniques such as flux-zone growth

[14, 15], intrinsic disorder was mitigated to a significant extent. Further im-

provements against substitutional oxygen defects [63] could be done by engi-

neering dry-transfer steps to be done in nitrogen glove boxes, or under vacuum.

As such, recent measurements on flakes of graphene and MoS2 directly exfo-

liated onto thin film substrates, not unlike the polymer-transferred monolayer

MoSe2 flake in the exciton-trion-polariton device of Chapter 3, showed extrin-

sic disorder to be the primary reason for degradation of device quality [15].

Strain, surface roughness or dangling bonds, and adsorbates all locally affect

the local electric potential of the monolayer, causing charge ”puddles” to form.

Recent scanning-tunneling microscopy techniques have confirmed the presence

of such charge disorder in monolayer TMDs exfoliated directly onto thin-film
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substrates [15]. Further perturbations due to strain even include local changes

to band structure. Such perturbations would induce a trapping potential lo-

calizing excitons. Meanwhile, extrinsic impurities have been shown to cause

broadening of excitonic resonances in TMDs [19].

C.2 Contamination-Free Dry Transfer Using Polymer-Based

Stamps

Part of these problems are mitigated simply by screening the local dielectric en-

vironment by introducing a high-quality dielectric, such as hBN, in between the

monolayer TMD and the thin film substrates. Such an attempt has been made

in the device discussed in Chapter 4. While the introduction of hBN greatly

reduces disorder caused by the thin film substrate, it still leaves behind local

strain, and adsorbates due to residues between the TMD and hBN layer.

In the device discussed in Chapter 4, dry-transfer was achieved by sequen-

tial PDMS transfer steps, each of which followed the procedure outlined in

Chapter 2. In each of these steps, the ”top” surface of the TMD or hBN layer was

in direct contact with PDMS. It has been shown that [1] dimethoxysilane func-

tional groups remain in the interface between bottom hBN and TMD monolayer.

While Jain et al chose to use UV-ozone cured PDMS [1] to form these chemical

groups into a thin, inert silica layer, the fabrication process outlined in Chapter

4 avoided this due to the brittleness of the UV-cured polymers failing to adhere

onto the grating structures, which have air gaps dramatically reducing adhe-

sion.
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A much better method relies on the electrostatic attraction between hBN and

TMDs [21]. In this method, a polymer is used to pick up an hBN flake, which in

turn is used to pick up a monolayer. The resulting stack is brought in alignment

with a bottom hBN flake, and a complete stack is made. In preparing these

flakes, it is important to ensure that each flake was exfoliated from bulk, instead

of being dry-transferred directly from tape. Otherwise, tape residue will be

present on the top surfaces of each tape-transferred flake; dramatically reducing

device quality.

By carefully engineering the shape of the dry-transfer stamps into spheri-

cal shapes, strain in each 2D material interface could be significantly removed.

While strides were made in pursuit of this Thesis in design of such stamps,

these dry-transfer stamps were not included in fabrication of any of the devices

discussed in the Thesis.
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APPENDIX D

RECENT RESULTS SIMILAR TO THAT OF

EXCITON-TRION-POLARITONS

During the time experiments described in this Thesis was undertaken, similar

experimental demonstrations were published by two groups in journals, while

a third demonstration similar to the work in Chapter 4 was published in a con-

ference proceedings. Similarity between the theory described in Chapter 1 to

Fermi-Polaron-Polaritons [46] has already been discussed. In a similar vein,

qualitative demonstrations of electrostatic control of exciton-trion-polariton dis-

persion discussed in Chapter 4 corroborates results by Imamoglu et al. [46].

However, a similar experiment done by Vamivakas et al., [64] where a mono-

layer of MoSe2 was placed at the mode maximum of a high Q-factor DBR cavity

showed a LP band with negative effective mass, which cannot be explained

by the model described in Chapter 1. While the design of devices for the re-

sults in Chapter 4 was underway, a conference proceeding published by Kon-

dratyev et al. demonstrated electrostatic control of what resembles exciton-

trion-polaritons [34]. One interesting aspect of this device is that the diffraction

grating is fabricated by Ta2O5, which has been shown to have exceptionally high

dielectric constants in DC frequencies [42]. Modulation of this layer to obtain a

grating should cause significant modulation of the carrier density across a sin-

gle unit cell. Effects of such a carrier density modulation is not understood, and

could be a subject of further investigation.
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[7] C. Tonndorf, R. Schmidt, P. Böttger, X. Zhang, J. Börger, A. Liebig, M. Al-
brecht, C. Kloc, O. Gordan, D. R. T. Zahn, S. Michaelis de Vasconcellos,
R. Brachstich. Photoluminescence emission and raman response of mono-
layer mos2,mose2, and wse2. Opt. Express, 4:4908, 2013.
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teracting polaron-polaritons. Phys. Rev. X, 10:021011, Apr 2020.

[71] Cheng-Jyun Wang, Hsin-Chiang You, and Yu-Hsien Lin. Facile oxygen-
plasma approach for depositing silicon/nitride oxide on transparent, flex-
ible zinc-oxide thin film transistors. In 2014 21st International Workshop on
Active-Matrix Flatpanel Displays and Devices (AM-FPD), pages 109–112, 2014.

[72] Haining Wang, Changjian Zhang, and Farhan Rana. Ultrafast dynamics

91



of defect-assisted electron-hole recombination in monolayer MoS2. Nano
Letters, 15(1):339–345, 2015. PMID: 25546602.

[73] L. Wang, I. Meric, P. Y. Huang, Q. Gao, Y. Gao, H. Tran, T. Taniguchi,
K. Watanabe, L. M. Campos, D. A. Muller, J. Guo, P. Kim, J. Hone, K. L.
Shepard, and C. R. Dean. One-dimensional electrical contact to a two-
dimensional material. Science, 342(6158):614–617, 2013.

[74] X. Wang, M. Zhao, and D. D Nolte. Optical contrast and clarity of graphene
on an arbitrary substrate. Appl. Phys. Lett., 95:081102, 2009.

[75] C. Weisbuch, M. Nishioka, A. Ishikawa, and Y. Arakawa. Observation of
the coupled exciton-photon mode splitting in a semiconductor quantum
microcavity. Phys. Rev. Lett., 69:3314–3317, 1992.

[76] Y. Jin, D. H. Keum, S.J. An, J. Kim, H. S. Lee, and Y. H. Lee. A facile and
efficient dry transfer technique for two-dimensional van der Waals het-
erostructure. Adv. Mater., 27:5534, 2015.

[77] Y. Pan, S. Li, M. Ye, R. Quhe, Z. Song, Y. Wang, J. Zheng, F. Pan, W. Guo, J.
Yang, and J. Lu. Interfacial properties of monolayer MoSe2-metal contacts.
J. Phys. Chem. C, 120:13063, 2016.

[78] Yifei Li, Alexey Chernikov, Xian Zhang, Albert Rigosi, Heather M. Hill,
Arend M. van der Zande, Daniel A. Chenet, En-Min Shih, James Hone,
Tony F. Heinz. Measurement of the optical dielectric function of monolayer
transition-metal dichalcogenides: MoS2, MoSe2, WS2, WSe2. Phys. Rev. B,
90:205422, 2014.

[79] Yong-Jiu Zhao, Ke-Li Wu, and Kwok-Keung M. Cheng. A compact 2-d full-
wave finite-difference frequency-domain method for general guided wave
structures. IEEE Trans Microw Theory Tech, 50:1844–1848, 2002.

92


