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Abstract

Understanding Radiative Recombination in Two Dimensional Semiconductors

by

Shiekh Zia Uddin

Doctor of Philosophy in Engineering - Electrical Engineering and Computer Sciences

University of California, Berkeley

Professor Ali Javey, Chair

Excited carriers relax in semiconductors through various recombination pathways. Some of
these processes can be radiative, where photons are created by carrier recombination. It
is imperative to understand and increase the efficiency of these radiative processes for the
betterment of many optoelectronic devices, such as light emitting diodes, lasers, photodetec-
tors/photovoltaics, and solar cells. Two-dimensional (2D) semiconductors possess van der
Waals bonding in the out-of-plane direction and have emerged as a promising material sys-
tem for high-performance optoelectronic and electronic applications. Due to their reduced
Coulomb interaction recombination dynamics of two dimensional semiconductors are signif-
icantly different from conventional bulk semiconductors. To achieve their full potential, it
is crucial to understand and enhance radiative recombination in 2D semiconductors. Pho-
toluminescence (PL) quantum yield (QY) is the ratio of the number of photons emitted as
a fraction of the number of photons absorbed. PL QY governs the ultimate performance of
optoelectronic devices and a key indicator of the efficiency of the radiative processes in a
semiconductor. The room-temperature PL QY for most as-exfoliated monolayer 2D semi-
conductors are extremely poor; a prototypical 2D material such as monolayer MoS2 has a
QY of 0.1%. Traditionally, this low QY has been attributed to the large defect density,
as defects in conventional semiconductors drastically reduce their PL QY. In the first sec-
tion of this thesis, I will show how the low QY in monolayer transition metal dichalcogenides
(TMDCs) such as MoS2 is not from defects but from background doping. I will show that the
PL QY of as-processed MoS2 and WS2 monolayers reaches near-unity when they are made
intrinsic through electrostatic or chemical counterdoping, without any chemical passivation.
Surprisingly, neutral exciton recombination is entirely radiative even in the presence of a
high native defect density. Most optoelectronic devices operate at high photocarrier densi-
ties, where all semiconductors suffer from enhanced multiparticle nonradiative recombination
and 2D semiconductors are no exception. Although TMDC monolayers exhibit near-unity
PL QY at low exciton densities, nonradiative exciton-exciton annihilation (EEA) rapidly
degrades their PL QY at high exciton densities and limits their utility in practical applica-
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tions. In the next section, we will discuss how by applying small mechanical strain (less than
1%), we can markedly suppressed EEA in monolayer TMDCs, resulting in near-unity PL
QY at all exciton densities despite the presence of a high native defect density. Next, I will
discuss how these knobs of controlling the photophysics of 2D materials, such as strain and
electrostatic doping effect other aspects such as exciton diffusion, electroluminescence and
indirect-to-direct transition. As excitonic systems show robust radiative recombination even
in the presence of defects, it is desirable to tune the exciton binding energy in the same mate-
rial system without changing the defect density. However most 2D semiconductors becomes
indirect when thickness is increased which obfuscates excitonic radiative recombination. In
the final section I will explore exciton to free-carrier transition in black phosphorus (BP),
as exceptional system that remains direct at all thicknesses. I will show in the excitonic
regime the PL QY decreases with thickness and shows the highest PL QY of ∼ 20% when
it is completely excitonic at the monolayer limit. When recombination is dominated by free
carriers PL QY increases with thickness, and surface recombination velocity in BP is found
to be two orders of magnitude lower than in passivated silicon: the most electrically inactive
surface known to the modern semiconductor industry. The rich excitonic photophysics of
monolayer 2D semiconductors have already garnered enormous amount of research interest.
Even in thick 2D semiconductors where excitonic effects are absent, the recombination can
be strikingly different from covalently bonded bulk semiconductors. My findings here will
highlight the drastic difference in radiative recombination mechanisms in 2D semiconduc-
tors and can enable light-emitting devices that retain high efficiency at all brightness levels
despite large defect density.



i

To the River of My Childhood, Titas



ii

Contents

Contents ii

List of Figures iv

List of Tables xiii

1 Introduction 1
1.1 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 Quantum Yield at Low Generation Rates 12
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2 Electrical Suppression of Nonradiative Recombination . . . . . . . . . . . . . 12
2.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
2.4 Experimental and Theoretical Details . . . . . . . . . . . . . . . . . . . . . . 24
2.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3 Quantum Yield at High Generation Rates 36
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
3.2 Inhibited Nonradiative Recombination at All Generation Rates . . . . . . . . 36
3.3 Exciton-Exciton Annihilation in Different Semiconductors . . . . . . . . . . 49
3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
3.5 Experimental and Theoretical Details . . . . . . . . . . . . . . . . . . . . . . 60
3.6 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4 Exciton Transport in Two Dimensional Semiconductors 81
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
4.2 Neutral Exciton Diffusion in Monolayer MoS2 . . . . . . . . . . . . . . . . . 82
4.3 Exction-Exciton Annihilation Enhanced Diffusion in Monolayer WS2 . . . . 92
4.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
4.5 Experimental and Theoretical Details . . . . . . . . . . . . . . . . . . . . . . 102
4.6 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5 Efficiency Roll-off Free Electroluminescence from Monolayer WSe2 110



iii

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
5.2 Strained Electroluminescence from Monolayer Semiconductor . . . . . . . . . 110
5.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117
5.4 Experimental and Theoretical Details . . . . . . . . . . . . . . . . . . . . . . 118
5.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120

6 Exciton Recombination Pathways in Bilayer WSe2 123
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
6.2 Indirect and Direct Excitons in Bilayer WSe2 . . . . . . . . . . . . . . . . . . 123
6.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
6.4 Experimental and Theoretical Details . . . . . . . . . . . . . . . . . . . . . . 134
6.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136

7 Excitonic and Free Carrier Recombination in Black Phosphorus 138
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138
7.2 Excitonic to Free Carrier Transition . . . . . . . . . . . . . . . . . . . . . . . 138
7.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146
7.4 Experimental and Theoretical Details . . . . . . . . . . . . . . . . . . . . . . 146
7.5 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

8 Conclusion and Future Prospects 162



iv

List of Figures

1.1 Highlighted merits of semiconducting monolayers for light emitting
devices. (A) Defect tolerance for achieving highly efficient devices. (B) Ease
of integration with different substrates without the problem of lattice mismatch,
showing a promising compatibility to conventional semiconductor processing. (C)
Active control of color in a 2D light-emitting device compared to the traditional
display technology. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Recombination pathways for free carrier and excitonic systems. (A)
Recombination pathways for a free carrier system. (B) Recombination pathways
for an excitonic system. (C) The trends of PL QY versus generation rate for two
systems and corresponding recombination pathways. . . . . . . . . . . . . . . . 3

1.3 Near-Unity QY in semiconducting monolayers. (A) PL QY of MoS2 mono-
layer reaches near unity when it is intrinsic and EEA is not in resonance with
VHS. (B) QY of counterdoped MoS2 compared to pervoskite (CH3NH3PbI3), or-
ganic dye (Ir(PPY)3), and inorganic semiconductor (single crystalline GaN). (C)
Maximum PL QY with defects in bulk and monolayer semiconductors. . . . . . 6

2.1 Schematics of the device and the gate dependence of photolumines-
cence in MoS2. (A) Schematic showing control of different quasiparticles by
gate voltage Vg and generation rate G. (B) PL spectra of the MoS2 monolayer
device under gate voltages Vg = −20 V and 0 V at generation rate G = 1018

cm−2s−1. Inset is the normalized PL spectra depicting the spectral shift. (C)
Top-view optical micrograph of a MoS2 device. (D) PL imaging of the device at
Vg = 0 V, and (E) Vg = −20 V. . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2 Vg hysteresis for different substrates. A comparison of the effect of Vg hys-
teresis between a PMMA/MoS2/PMMA device and a MoS2/SiO2 device. The
PMMA device exhibits significantly lower hysteresis, thus allowing for more sta-
ble and accurate gated PL measurements. . . . . . . . . . . . . . . . . . . . . . 15



v

2.3 Near-unity PL QY in MoS2 by electrostatic doping compensation. (A)
A color plot of MoS2 PL QY vs G and Vg. (B) The MoS2 PL QY vs G at Vg = +20
V (negative trions), 0 V (negative trions) and −20 V (no trions). Points, experi-
mental data; dashed lines, model. Illustration of Fermi level position for different
Vg on the right side of the panel. (C) Exciton and trion recombination pathways
in TMDC materials. (D) Calculated radiative and nonradiative recombination
rates of excitons and trions in MoS2 at Vg = 0 V, and (E) −20 V. . . . . . . . . 16

2.4 Components of the kinetic model. Exciton and trion recombination path-
ways in TMDC materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.5 PL QY versus generation rate in WSe2 monolayers. (A) A color plot of PL
QY vs G and Vg in WSe2. (B) The PL QY vs G at Vg = +20 V (negative trions),
0 V (no trions) and −20 V (positive trions). Points, experimental data; dashed
lines, model. Illustration of Fermi level position for different Vg on the right side
of the panel. (C) Radiative and nonradiative recombination rates of excitons and
trions in WSe2 at Vg = 0 V, and (D) −20 V. At Vg = −20 V, recombination rate
shows the effect of positive trion saturation leading to the observed bump in (B). 18

2.6 PL QY versus generation rate in MoSe2 monolayers. (A) A color plot
of PL QY vs G and Vg in MoSe2. (B) The PL QY vs G at Vg = +20 V, −5 V
and −20 V. Points, experimental data; dashed lines, model. Illustration of Fermi
level position for different Vg on the right side of the panel. . . . . . . . . . . . . 19

2.7 PL QY versus generation rate in WS2 monolayers. (A) A color plot of
WS2 PL QY vs G and Vg. (B) The WS2 PL QY vs G at Vg = +20 V (negative
trions), 0 V (negative trions), and −20 V (no trions). Points, experimental data;
dashed lines, model. Illustration of Fermi level position for different Vg on the
right side of the panel. (C) Radiative and nonradiative recombination rates of
excitons and trions in WSe2 at Vg = 0 V, and (D) −20 V. . . . . . . . . . . . . 20

2.8 Comparison of electrostatic doping and TFSI treatment. (A) QY vs
G for TFSI-treated and electrostatically-doped monolayer MoS2. (B) TRPL of
a TFSI-treated MoS2 (purple), and a MoS2 device under Vg = 0 V (black),
Vg = −20 V (red) at pump fluence of 5 nJcm−2. (C) PL lifetime vs optical pump
fluence for TFSI-treated MoS2 and a MoS2 device under various gate voltages Vg.
Increasing Vg decreases TRPL lifetime since trions have a significantly shorter
lifetime than excitons. Increasing fluence decreases the lifetime due to exciton-
exciton annihilation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.9 Time-Resolved PL of the MoS2 under different optical pump fluence
and Vg. (A) Time-resolved PL emission under different optical pump fluence at
Vg = −20 V. (B) Time-resolved PL of the MoS2 monolayer under different Vg
at an optical pump fluence of 2.8 × 10−1 µJcm−2. Note that the lifetime for Vg
greater than −7.5 V is shorter than the instrument response function width. . . 22

2.10 The effect of TFSI treatment on a WSe2 transistor. Id−Vg characteristics
of a 3 layer−WSe2 transistor contacted by Pd before and after TFSI treatment. 22



vi

2.11 QD gated PL. Device structure and PL spectra at different gate voltages for a
QD monolayer film. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.12 . Calibration for optical interference from SiO2/Si substrate. (A) Calcu-
lated coupling factor as a function of the SiO2 thickness. (B) TRPL of the MoS2

monolayers prepared on 50 nm, 90 nm and 260 nm SiO2/Si substrates and (C)
the corresponding PL spectra. (D) Extracted coupling factor from the measured
PL total counts. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

2.13 Distribution of laser power and CCD counts. (A,B) Distribution of laser
power with repeated measurements when set to 25 nW and 1 µW. (C, D) Distri-
bution of the corresponding CCD counts. . . . . . . . . . . . . . . . . . . . . . . 27

2.14 PL QY and PL peak energy as a function of Vg. (A) PL QY and PL
peak energy for a MoS2 device under various Vg. (B) Normalized PL profiles for
Vg = +20 V, 0 V, -10 V and -20 V. (C) Radiative and nonradiative recombination
rates of excitons and trions in MoS2 at Vg = +20 V, 0 V, -10 V and -20 V. (D)
PL QY and corresponding PL peak energy obtained from multiple MoS2 devices. 28

3.1 Near-unity PL QY in WS2 at all generation rates. (A) Schematic and
optical micrograph of the device structure, scale bar is 20 µm. A two-terminal
MOS capacitor structure with graphene as source and gate, and hBN as insulator
is fabricated on a flexible polymer substrate. (B) Comparison of PL spectra
of unstrained and 0.4% strained monolayer WS2 at a high generation rate of
G = 6.5 × 1019cm−2s−1 and a gate voltage of Vg = −30 V. (C, D, E) PL QY of
monolayer WS2 as a function of gate voltage, generation rate and strain. (F) PL
QY approaching unity with the application of strain at a high generation rate of
G = 6.5× 1019 cm−2s−1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.2 Absorption at excitation wavelength under applied strain. Absorption
of monolayer WS2 as a function of applied strain at pump laser wavelength (λ =
514.5 nm). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

3.3 PL QY versus G and Vg in WS2 at different strains. A color plot of PL
QY in monolayer WS2 as a function of gate voltages and generation rate with
applied strains. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.4 PL peak position shift of monolayer WS2. (A) Normalized PL intensity of
monolayer WS2 at Vg = −30 V as a function of applied strains. (B) PL peak
position during multiple bending and release cycles. . . . . . . . . . . . . . . . . 40

3.5 Near-unity PL QY in WS2 at all generation rates. PL QY of monolayer
WS2 as a function of gate voltage and generation rate at 1.0% strain. . . . . . . 41

3.6 Near-unity PL QY in chemically counterdoped WS2 under strain. PL
QY of as-exfoliated and chemically counterdoped monolayer WS2 as a function
of strain. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41



vii

3.7 EEA suppression by strain. (A) Microscopic mechanism of EEA. (B) From
momentum and energy conservation, the electron from the ionized exciton ends up
at a wavevector where the energy difference between the conduction and valance
band is twice the exciton transition energy. The Joint density of states (JDOS) at
E = EC−EV = 2EX determines EEA rate. (C, D) Energy difference between the
conduction and valance band for unstrained and 0.4% strained monolayer WS2,
respectively. Grey hexagon with 19.946 nm−1 sides denotes the first Brillouin
zone. Possible final wavevectors (highlighted in red) in unstrained WS2 include
the saddle points Q, where there are VHSs; but strained samples do not. (E)
Calculated JDOS for monolayer WS2 . . . . . . . . . . . . . . . . . . . . . . . . 43

3.8 Direction independence of EEA suppression. (A) Direction of uniaxial
strain (B) Exciton transition energy as a function of strain direction (C) VHS
is shifted from twice of exciton transition energy independent of tensile strain
direction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.9 Direction independence of EEA suppression. (A) Direction of uniaxial
strain (B) Exciton transition energy as a function of strain direction (C) VHS is
shifted from twice of exciton transition energy independent of compressive strain
direction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

3.10 EEA Suppression with Biaxial Strain. VHS is also shifted from twice of
exciton transition energy with biaxial compressive strain. . . . . . . . . . . . . . 48

3.11 Universal nature of EEA suppresion. (A, B) Near-unity PL QY at all gener-
ation rates in electrostatically counterdoped WSe2 and chemically counterdoped
MoS2 by tensile and compressive strain, respectively, demonstrates the universal-
ity of the conditions that suppress nonradiative recombination. . . . . . . . . . . 48

3.12 Near-unity PL QY in WSe2 at all generation rates. (A, B, C), PL QY of
monolayer WSe2 as a function of gate voltage, generation rate and strain. . . . . 49

3.13 High PL QY on large-area CVD-grown WS2. (A) Schematic (top) and pho-
tograph (bottom) of the flexible substrate used to strain CVD grown, centimeter-
scale WS2. (B) Normalized PL spectra of a typical spot at different strains. (C,
D) Spatial mapping of PL QY of a 2 mm X 2 cm area of grown WS2 at a low gen-
eration rate of G = 1016cm−2s−1 and a high generation rate of G = 1020cm−2s−1,
respectively, shows high PL QY is uniformly achieved by strain at the highest
generation rate, while maintaining high PL QY at low pump. . . . . . . . . . . 50

3.14 Mechanism and Signatures of Exciton-exciton annihilation. Schematic
representation of the EEA process in (A) adjacent discrete molecules and (B) crys-
talline semiconductors with energy dispersion. Effect of EEA on (C) quantum
yield measured by continuous excitation and (D) time resolved exciton concen-
tration following pulsed excitation. . . . . . . . . . . . . . . . . . . . . . . . . . 52



viii

3.15 Exciton-exciton annihilation coefficient vs exciton lifetime. Exciton-
exciton annihilation coefficient decreases with increasing single exciton lifetime in
different excitonic materials. 2D, MF, 3D, QD, NW, and NT are abbreviations
of two-dimensional, molecular films, three-dimensional, quantum dot, nanowire,
and nanotube, respectively. The relative histogram of CEEA and τX is shown
on right and top, respectively and has the same color coding as the main figure.
Each decade is divided into two bins, the height of the bars represents how many
values fall into each interval. The bars on the histogram have different widths for
distinguishability and carries no numerical significance. . . . . . . . . . . . . . . 54

3.16 Interaction between excitons. Nonradiative energy transfer between two ex-
citons either in molecular systems or crystalline semiconductors. The transition
rate depends on the relative orientation of the transition dipole moments and the
distance R between them. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.17 Onset of exciton-exciton annihilation. (A) Generation rate and (B) ex-
citon concentration at the onset of exciton-exciton annihilation. 2D, MF, 3D,
QD, NW, and NT are abbreviations of two-dimensional, molecular films, three-
dimensional, quantum dot, nanowire, and nanotube, respectively. Histograms of
onset generation rate and exciton concentration are shown on the left. . . . . . 59

3.18 EEA coefficient and exciton lifetime with exciton transition energy.
(A), EEA coefficient and (B) single exciton lifetime as a function of exciton
emission energy EX . 2D, MF, 3D, QD, NW, and NT are abbreviations of two-
dimensional, molecular films, three-dimensional, quantum dot, nanowire, and
nanotube, respectively. Relative histogram of exciton transition energy is shown
on the top. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.19 Negligible change in PL by bending of substrates. PL spectra of (A)
PDY-132, (B) Poly(p-phenylene vinylene) (PPV), (C) CdSe quantum dots on
PVA-PET flexible substrates as a function of applied strains. . . . . . . . . . . . 61

4.1 Neutral exciton transport in monolayer MoS2. (A) Schematic of the device,
inset shows optical micrograph of the device (Scale bar 10 µm). (B) Schematic of
the exciton diffusion imaging setup. Photoluminescence excited by either pulsed
or continuous wave excitation can be sent to a camera for imaging, a spectrom-
eter for PL spectra or an APD for time-resolved single photon counting. The
time resolved APD can be scanned across the emission spot to obtain a map of
emission intensity as a function of position and time. (C) PL spectra of the MoS2

monolayer device under gate voltages Vg = −20 V, 0 V and 20 V at the pump
density of 102 Wcm−2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83



ix

4.2 Local balance of various quasiparticles in monolayer MoS2. In a differen-
tial area, exciton concentration increases by 1. generation upon absorption of a
photon, 2. exciton transport into the area resulting from concentration or poten-
tial gradients, and 3. ionization of trions. Exciton concentration decreases by 1.
trion formation, 2. radiative recombination and 3. exciton-exciton annihilation.
Similar generation and recombination processes occur for trions. The ratio of ex-
citons and trions are controlled by the background carrier concentration, which
also can drift and diffuse. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

4.3 PL images at various pump powers and gate voltages. PL excited by a
CW laser focused on a diffraction-limited spot for various pump powers and gate
voltages. Images in the same row have the same pump power, and in the same
column have the same gate voltage. Scale bar is 5 µm. Radial anisotropy arises
from the finite size of the monolayer. . . . . . . . . . . . . . . . . . . . . . . . . 86

4.4 Diffusion of neutral excitons. (A) Pump-power dependence of the PL QY
for electrostatically-doped MoS2. (B) Exciton and trion diffusion in MoS2. (C)
Diffusion length of a MoS2 device under Vg = 0 V, Vg = −20 V and Vg = 20 V.
(D) Effective diffusion coefficient for neutral excitons in MoS2 at different pump
power. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.5 Temporal and spatial imaging of exciton transport in MoS2 (A, B, C)
Map of emission intensity as it evolves in space and time at Vg = −20 V, 0 V,
and 20 V, respectively at a pump fluence of 75 µJcm−2. (D, E, F) Time evolution
of differential squared width for various pump fluence at Vg = −20 V, 0 V and 20
V, respectively. The instrument response function (IRF) has a FWHM of ∼ 50
ps, which is shown as a shaded region. . . . . . . . . . . . . . . . . . . . . . . . 89

4.6 Strain-Induced Changes in Photoluminescence in Monolayer WS2. (A)
Schematic of the device used to explore the diffusion of excitons in monolayer
WS2. (B) PL spectra of monolayer WS2: as-exfoliated and chemically counter-
doped monolayer WS2 at ϵ = 0% ,0.5%. (C) PL QY of monolayer WS2 as a
function of generation rate. Points, experimental data; dashed lines, model. . . . 93

4.7 Time-resolved photoluminescence. (A, B) Radiative decay of chemically
counterdoped monolayer WS2 with tensile strain at different initial exciton con-
centration at ϵ = 0%,0.5%, as well as the instrument response function (IRF). (C)
Effective PL lifetime as a function of initial exciton concentration: as-exfoliated
and counterdoped monolayer at ϵ = 0%, 0.5%. . . . . . . . . . . . . . . . . . . . 94

4.8 Neutral exciton diffusion. PL images of as-exfoliated and counterdoped mono-
layer WS2 with tensile strain at ϵ = 0%, 0.5% excited by a CW laser focused on
a diffraction limited spot at different generation rates G. Scale bar is 1 µm. . . 95

4.9 Neutral exciton diffusion. Comparison of experimental PL images and simu-
lated model for unstrained counterdoped WS2 monolayer at different generation
rates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96



x

4.10 Neutral exciton diffusion. Comparison of experimental PL images and simu-
lated model for 0.5% strained counterdoped WS2 monolayer at different genera-
tion rates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

4.11 Exciton-exciton annihilation enhanced diffusion. (A) Diffusion length of
neutral excitons in monolayer WS2 at different generation rates and strains. (B)
Effective diffusion coefficient Deff versus generation rate for monolayer WS2 with
different strains at ϵ = 0% ,0.5%. (C) Inversely proportional relationship between
Deff and PL QY, which can be switched by strain. (D) Annihilation of an exciton
provides additional kinetic energy to another nearby exciton to traverse further
and then emit light, resulting in a large diffusion pattern. . . . . . . . . . . . . . 98

4.12 Raman spectra of monolayer WS2. (A, B) Generation rate dependent Raman
spectra of monolayer WS2 with variant uniaxial strains of ϵ = 0%, 0.5%. . . . . 100

4.13 Exciton diffusion on heated monolayer (A,B) PL images of counterdoped
monolayer WS2 as a function of generation rate and strain at different substrate
temperature. Scale bar is 1 µm. No significant enhancement was observed in
the exciton diffusion when the substrate temperature was changed from room
temperature to 130◦C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

5.1 Near-unity PL QY in WSe2 at all generation rates. (A) Schematic of
the device used to explore photoluminescence from monolayers. (B) Typical PL
spectra of monolayer WSe2 under different uniaxial strains of ϵ = 0%,0.5% and
1.0%, at a high generation rate of G = 2.2×1020 cm-2s-1 and gate voltage of Vg
= -20 V. (C, D, E) PL QY in monolayer WSe2 at different generation rates, gate
voltages, and strain. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.2 Tunable electroluminescence from monolayer WSe2. (A) Schematics of
strain tunable transient mode EL device based on monolayer WSe2. (B) Schematic
diagram of EEA process: nonradiatively transferring energy and momentum be-
tween two excitons. (C) Schematic diagram of the joint density of states at twice
the exciton transition energy 2EX which determines the EEA rate. By applying
moderate strain, 2EX have no overlap with VHS resonance, resulting in EEA
suppression. (D) Optical image of strain tunable device and typical EL spectra
from monolayer WSe2 at different strain of ϵ = 0%,0.5%. The scale bar is 5 µm.
Gate voltage and operating frequency were fixed at Vg = 22.5 V and f = 100
kHz, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.3 EL internal efficiency in monolayer WSe2. (A,B) EL internal efficiency
in monolayer WSe2 as a function of injected average carrier density and gate
voltage dependence, under different tensile strain of 0.0% and 0.5%, respectively.
(C) Fundamental limits of transient electroluminescence. (D) Benchmark of EL
external efficiency for TMDC monolayers: a comparison with p-n diode [6, 7, 9,
13], Schottky diode [23], SIS [22], MIS [21], and QW [16, 15] structures. . . . . . 115



xi

5.4 Low voltage transient EL from WSe2. (A) Cross-sectional schematic, and
(B) EL mapping as a function of photon energy and gate voltage. (C) Inte-
grated EL counts showing device turn-on near the gate voltages comparable with
bandgap photon energy of monolayer WSe2. . . . . . . . . . . . . . . . . . . . . 116

5.5 Gated PL from WS2. Typical PL spectra of monolayer WS2 under different
uniaxial strains of ϵ = 0%, 0.5% and 1.0%, at a high generation rate of G =
2.2× 1020 cm−2s−1 and gate voltage of Vg = −20 V. . . . . . . . . . . . . . . . . 117

5.6 Near-unity PL QY in WS2 at all generation rates. PL QY in monolayer
WS2 at different generation rates, gate voltages, and strain. . . . . . . . . . . . 118

6.1 PL QY in 2L WSe2 at various generation rates and gate voltages. (A)
Schematic and optical micrograph (scale bar 5 µm) of the device used to explore
the photophysics of 2L WSe2. (B) PL spectra of the WSe2 bilayer device under
different uniaxial strains of ϵ = 0%,0.5% and 1.0% at a medium generation rate
of G = 1017 cm−2s−1 and gate voltage of Vg = 0 V, showing the indirect to direct
transition. (C-E) PL QY of bilayer WSe2 as a function of gate voltage, generation
rate and strain. At ϵ = 1.0% strain, 50% PL QY is achieved. . . . . . . . . . . 125

6.2 PL Spectra of 2L WSe2. (A, B, C) PL Spectra of 2L WSe2 at different gate
voltages and strains. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

6.3 Band structure evaluation of 2L WSe2 under strain. (A) Schematic band
structure, qualitatively showing direct to indirect transition of 2L WSe2 with dif-
ferent strain conditions and under illumination. (B) Calculated energy difference
for different transitions of bilayer WSe2. (C) Schematic illustrating how JDOS at
twice the exciton transition energy EX determines the EEA rate. (D) EEA final
energy cusping VHS on the JDOS of bilayer WSe2. . . . . . . . . . . . . . . . . 127

6.4 Recombination pathways in 2L WSe2. Interaction of direct and indirect
excitons, trions, and free carriers and their subsequent recombination channels in
bilayer WSe2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

6.5 Time-resolved PL of 2L WSe2. (A, B) Time-resolved PL of 2L WSe2 as a
function of gate at high and low pump fluence at no strain. (C) Extracted initial
lifetime at no strain. (D, E) Time-resolved PL of 2L WSe2 as a function of gate
at high and low pump fluence at 1% applied strain. (F) Extracted initial lifetime
at 1% applied strain. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

6.6 Exciton transport in 2L WSe2. (A) Spatial map of emission intensity as a
function of pump intensity and strain. (B) Extracted diffusion length at different
generation rates and strains. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

6.7 Electroluminescence from 2L WSe2. (A) Schematics of strain tunable transit
mode EL device. (B) EL spectra of ACEL device with and without strain. (C)
Integrated EL intensity as a function of Vg at f = 1.0 MHz shows device turn on.
(D, E) Internal QE of EL device as a function of injected carrier density under
different ϵ and Vg. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132



xii

6.8 PL Spectra of 3L WSe2. PL spectra from WSe2 trilayer as a function of gate
voltage and strain at a generation rate of G = 1019 cm−2s−1. . . . . . . . . . . . 134

7.1 Excitonic to free-carrier transition in black phosphorus. (A) Normal-
ized photoluminescence spectra of black phosphorus from monolayer to bulk. (B)
Optical Bandgap at different thicknesses, PL peak redshifts slightly with increas-
ing thickness at large thicknesses too. (C) Excitonic binding energy at different
thicknesses shows excitonic to free-carrier transition. Thermal energy kT at room
temperature is shown where k is the Boltzmann’s constant and T is the temperature.140

7.2 Excitonic recombination in thin black phosphorus. (A) PL spectra of
monolayer black phosphorus at different generation rates. (B) PL peak position
as a function of generation rate and thickness. (C) PL QY at a generation rate
of ∼ 3.6 × 1026 cm−3s−1 for different thickness. (D) PL QY as a function of
generation rate for different thicknesses. . . . . . . . . . . . . . . . . . . . . . . 141

7.3 Free-carrier recombination in black phosphorus. (A) Experimental PL
QY vs generation rate for different thickness black phosphorus. (B) Dominant
recombination pathways active in black phosphorus with different thickness. (C,
D) PL QY as a function of generation rate for select and all thicknesses from
theoretical model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

7.4 Comparison of surface recombination velocity. (A) Surface recombination
velocities (SRV) of different semiconductors with bandgap. (B, C) Schematic
crystal structure and DOS for four layer BP: intrinsic, and with a terminal oxide
and bridging oxide atom. (D) Auger coefficient of different semiconductors with
bandgap. Full lists of reported SRV and Auger coefficient are shown in Table 7.1. 145

7.5 Data and model results for different values of parameters. Results of
model fitting at different parameters. . . . . . . . . . . . . . . . . . . . . . . . . 147

7.6 Extracted complex refractive index of bP in the x- and y-direction. BP
refractive index. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148



xiii

List of Tables

2.1 Kinetic Model parameters. Parameters used in the model at room temperature. 24

3.1 EEA Coefficient and exciton lifetime of 2D materials. (RP = Ruddlesden–Popper) 63
3.2 EEA Coefficient and exciton lifetime of bulk materials. . . . . . . . . . . . . . . 64
3.3 EEA Coefficient and exciton lifetime of one, and zero dimensional, and molecular

systems (SW = Single wall, CNT = Carbon nano tube, NW = Nanowire, COF
= Covalent organic framework). . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.4 EEA Coefficient and exciton lifetime of molecular films. (MEH-PPV = Poly[2-
methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene], MEH-DSB = 2-methoxy-5-
(2’-ethylhexyloxy)-distyryl benzene, PPV = Poly(p-phenylene vinylene), 2CzPN
= 4,5-di (9H-carbazol-9-yl) 30 phthalonitrile), PDHS = poly(din-hexylsilane), =
Tetramethylammoniummanganese trichloride, PFO = polyfluorene, poly(3−hexylthiophene
= P3HT), TTBC = tetrachlorobenzimidazolocarbocyanine, Alq3 = tris (8-hydroxyquinoline),
Eu(tta)4N(Et)4 = tetraethylammonium tetrakis4,4,4,- trifluoro-1-2-thienyl-1,3-
butadionoeuropiumIII, DCB = Dichlorobenzophenone , LPPP = ladder-type poly
p-phenylene, FAlPc = fluoroaluminum phthalocyanine, DPT = 5,12-diphenyl
tetracene , PtOEP = platinum-octaethylporphyrin , Ir(ppy)3 = fac-tris(2-phenylpyridine)
iridium(III) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.1 Exciton diffusion in various materials. Exciton diffusion length and diffusion
coefficient of various materials. All measurements are at room temperature unless
specified. (Quantum Well = QW, single-wall carbon nano tube = SWCNT) . . 91

7.1 SRV and Auger Coefficient in different materials. Auger recombination co-
efficients C, and surface recombination velocities S in different materials. Right-
most column indicates whether the sample was passivated or not (Y = Yes, N =
No). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151



xiv

Acknowledgments

I express my sincere gratitude to Professor Ali Javey for his generous guidance, patient
mentorship, and continuous support during this pivotal phase of my life and career the past
four and a half years. In hindsight I realize how fortunate I have been to be able to join,
learn, and work as a member of his research group. I became a much better scientist because
Professor Javey and Professor Eli Yablonovitch always challenged my ideas, for which I
am immensely grateful. Eli generously shared his deep understanding of the recombination
pathways in semiconductors which has formed the foundation of this work. I thank Professor
Eran Rabani for providing critical insights into many of my projects, specially guiding my
ideas on auger recombination and exciton-exciton annihilation. I thank Professor Daryl
Chrzan for his help with the diffusion project and his anecdotal life advices; especially the
one about not trusting John Schrieffer. I also thank Professor Ming Wu for his critical
and insightful feedbacks during my qualification exam. Professor Xiang Zhang provided
critical guidance in my first semester and always encouraged me during my journey. I thank
Professor Alp Sipahighil for many of our informal discussions.

I thank all Javey lab colleagues and mentors who graciously facilitated my growth, cor-
rected my mistakes posthaste, and selflessly propelled me to finish my projects and develop
my experimental skills. In particular, Prof. Der-Hsien (Danny) Lien and Dr. Matin Amani
played a critical role as great mentors during my initial years as a graduate student. Prof.
Hyungjin (Aiden) Kim and Dr. Naoki (Naokisan) Higashitarumizu were instrumental in
the success of my research. I will forever cherish working with Aiden in building 2 during
the COVID pandemic shutdown and our late nights in molecular foundry. I learned a lot
by working with Naokisan and Dr. Jongchan Kim. I appreciate Vivian Wang teaching me
Python. Dr. Wenbo Ji’s untimely demise prompted me to balance other aspects of my life
with work and I dream he is in a better place. I would not have been able to complete this
dissertation without the experimental help, discussions, and support of many other brilliant
coworkers and friends; including Matt, Peter, Joy, Sharon, Gary, Niharika, Reaz, Monica,
Chunsong, James, Sujay, Fahad, Mark, Ed, Alex, Emroz, Mukhlasur, Forsad, Nooruddin
and many others to whom I am deeply indebted.

Finally I would like to thank my parents who made tremendous sacrifices to support my
choices and invested enthusiastically in my education. My loving, centenarian grandmother
passed away during my PhD and I could not say my goodbye in person; she has encouraged
me my whole life to excel in my studies. My wife and best friend Saima has always by my
side through this journey with encouragements, empathy, and kindness, and I look forward
to our coming expeditions together with optimism.



1

Chapter 1

Introduction

Two-dimensional (2D) materials have shown great promise in various electronic and op-
toelectronic applications with prospects of improved performance compared to traditional
technologies [1]. Some unique advantages include semimetallic properties to having opti-
cal bandgaps ranging from mid-infrared to ultraviolet [2], extraordinary defect tolerance
[3, 4], the ability to create van der Waals (vdW) heterostructures [5–7], profound quan-
tum properties [8], many-body physics [9, 10], and various approaches to band structure
engineering [11, 12]. Unlike the free-carrier characteristics of conventional semiconductors,
the photophysics of 2D materials is governed by excitons, which are the primary format
of photogenerated carriers at room temperature due to their strong binding energies in 2D
materials [13]. Because of this excitonic nature, the recombination pathways can be entirely
radiative as long as the photogenerated carriers are in the form of neutral excitons [14]. As
a result, the photoluminescence (PL) quantum yield (QY), defined as the ratio of photons
emitted to photons absorbed, can approach unity at all generation rates even in the presence
of a high native defect density (Fig. 1.1A) [3, 4]. This uniquely robust tolerance to defects
presents a key advantage of 2D semiconductors over conventional semiconductors toward
developing highly efficient optoelectronics, as stringent growth and fabrication requirements
for high-quality crystals can be lowered.

Other advantages of 2D materials are their ease of integration with different substrates
and the possibility of fabricating van der Waals (vdW) heterostructures through layer-to-
layer integration (Fig. 1.1B) [15]. Traditionally, various growth techniques such as molecular
beam epitaxy (MBE) are used to epitaxially create heterostructures. However, because these
techniques fundamentally rely on covalent bonding of different materials, undesired lattice
mismatch can lead to a high interfacial defect density that consequently degrades device per-
formance [16]. In contrast, vdW heterostructures based on 2D materials can be fabricated
with atomic thickness precision, using simple layer transfer techniques to stack selected 2D
materials. The 2D heterojunction is based on vdW forces and thus does not suffer from the
adverse effects of lattice mismatch. Moreover, because the properties of vdW heterojunc-
tions can be modulated by varying chemical composition, interlayer spacing, and angular
alignment, the platform enables new material knobs that could generate extensive device
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Figure 1.1: Highlighted merits of semiconducting monolayers for light emitting
devices. (A) Defect tolerance for achieving highly efficient devices. (B) Ease of integration
with different substrates without the problem of lattice mismatch, showing a promising
compatibility to conventional semiconductor processing. (C) Active control of color in a 2D
light-emitting device compared to the traditional display technology.

functionalities. Importantly, the ease of transferring 2D materials to arbitrary substrates
enables the integration of 2D materials with existing semiconductor processing and tech-
nologies. The capability to engineer the energy band structure in a material is also highly
advantageous in modern optoelectronic applications, including light-emitting diodes (LEDs)
and lasers. In terms of light-emitting devices, tunability of the emission wavelength is a
key feature for scaling current device technology and shrinking pixel size. The advantage
of monolayer-based devices is that this tunability can be introduced by strain [17, 18], in-
tegrated heterostructures [19, 20], or electrostatic doping [21] (Fig. 1.1C). However, while
several potential architectures have been proposed toward this goal, the range of wavelength
tunability achieved by those devices still falls short of their theoretical potential.

An excited semiconductor is in a non-equilibrium thermodynamic state and there are
multiple recombination processes that facilitate the semiconductor’s return to equilibrium.
The transition can be radiative, where the excitation energy is radiated away in the form of
a photon, or it can be nonradiative, where the energy is released into the crystal lattice as
phonons or photochemical changes. PL QY, defined as the ratio of photons emitted to pho-
tons absorbed, determines the efficiency of the radiative process and thus limits the efficiency
of any light-emitting device [22, 23]. The design of efficient devices thereby requires an in
depth understanding of the recombination physics. What happens to electrons and holes
after being generated by either optical excitation or electrical injection in a semiconductor
depends on how strong the electrostatic Coulomb attraction between them is compared to
the average lattice thermal energy. If the energy lowered by forming a bound state of an
electron and a hole is larger than the average lattice thermal energy, they will form excitons.
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Figure 1.2: Recombination pathways for free carrier and excitonic systems. (A)
Recombination pathways for a free carrier system. (B) Recombination pathways for an
excitonic system. (C) The trends of PL QY versus generation rate for two systems and
corresponding recombination pathways.

On the other hand, if the thermal energy is much higher than the binding energy, the elec-
trons and holes will be free and such a semiconductor is called free-carrier semiconductor.
Notably, 2D semiconductors in the monolayer limit are found to be excitonic even at room
temperature [24, 25]. In contrast, conventional 3D semiconductors such as GaAs and Si
are free-carrier systems at room temperature, and will only exhibit excitonic properties at
cryogenic temperatures.
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Recombination in conventional free-carrier semiconductors can mainly be attributed to
three processes (Fig. 1.2A). At room temperature only one process, band-to-band recombi-
nation, is generally radiative [26]. In band-to-band recombination, also called direct thermal
recombination, a conduction band electron annihilates a valence band hole. As both carrier
types need to be available in a band-to-band recombination process, the rate depends on the
density of free electrons and holes (n and p), and is generally written as (Bn2). Defects and
interfaces in semiconductors can create allowed energy levels inside the forbidden energy
gap. These levels act as an intermediate step for another kind of recombination process:
Shockley-Read-Hall (SRH) recombination [27, 28]. The capture of an electron and a hole at
the same site by Coulombic attraction results in the annihilation of the electron-hole pair.
Also called indirect thermal recombination, this process is characteristically non-radiative.
Phonons are produced in this process. With some simplifications, the rate of SRH recom-
bination is proportional to the minority carrier concentration (An) and dominates at low
carrier concentrations. At high carrier concentrations, an electron and a hole can directly
recombine by transferring their excess energy to another electron or hole. The other elec-
tron or hole gains kinetic energy, which is then dissipated through efficient phonon emission.
This is the nonradiative Auger recombination process, which limits efficiency in bright light
emitting diodes fabricated from conventional semiconductors [29, 30]. The Auger recombi-
nation rate depends on the cubic power of carrier concentration (Cn3). The PL QY of such
a free-carrier system is the ratio of the radiative rate and the total generation rate

G = An+Bn2 + Cn3 (1.1)

PLQY =
Bn2

An+Bn2 + Cn3
(1.2)

At low pump, SRH recombination dominates and PL QY increases with G; at high pump
Auger recombination dominates and PL QY decreases with G (Fig. 1.2C).

In Chapter two, I will outline primary recombination channels in an excitonic semicon-
ductor (Fig. 1.2B) where photogenerated electron hole pairs form excitons which either
recombine radiatively by emitting a photon or transfer their energy nonradiatively to trap
states. The recombination rate is proportional to the exciton density (nX). At low pump,
neutral excitons recombine mostly radiatively. At high exciton densities, exciton-exciton
annihilation (EEA) occurs, where one exciton nonradiatively recombines and transfers its
energy to ionize or increase the center-of-mass kinetic energy of another nearby exciton
(CEEAn

2
X). When excitons are the dominant photoactive quasiparticle, PL QY is initially

flat and then decreases with generation rate (Fig. 1.2C). Depending on the background
carrier concentration and the strength of Coulomb interaction in the semiconductor, photo-
generated excitons bind with background carriers and create three-body quasiparticles known
as trions [31]. The recombination rate of trions is proportional to the trion concentration
(nT ). For trions, the recombination is dominated by the non-radiative Auger process, in
which the electron and hole recombine and excess energy is transferred to the third particle.
Therefore, if there are background carriers present in an excitonic semiconductor, mainly
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trions are photogenerated and PL QY is low. In general, the PL QY of such an excitonic
system is the ratio of radiative rate and the total generation rate

G =
nX

τX
+
nT

τT
+ CEEAn

2
X (1.3)

PLQY =
nX/τXr + nT/τTr

G
(1.4)

where τX and τT are exciton and trion lifetime, and τXr and τTr are exciton and trion radiative
lifetime, respectively. The ratio of exciton to trion population density is determined by the
concentration of background carriers in the system. I will show how the excitonic nature
of 2D semiconductors greatly affects how their PL QY changes as a function of background
doping (Fig. 1.2C). The ratio of exciton to trion population in these semiconductors is
controlled by the Fermi level position. When the Fermi level is mid-bandgap in monolayer
MoS2, a prototypical 2D semiconductor, the PL QY reaches near unity at low generation
rates. In contrast, when the Fermi level is close to the conduction band, the PL QY is
∼ 0.1%. This is because excitons recombine completely radiatively whereas trions recombine
mostly non-radiatively. When these semiconductors are made intrinsic, either by chemical
or electrostatic doping (Fig. 1.3A), the dominant recombining quasiparticle is the neutral
exciton. Therefore, even in the presence of defects near-unity PL QY can be observed in
monolayer excitonic semiconductors provided the Fermi level is moved to the middle of the
bandgap [14, 3]. Thus, light-emitting devices based on excitonic semiconductors must have
the emitting layer charge-free for them to achieve maximum efficiency.

At high-injection levels, EEA starts to dominate the overall recombination process and
PL QY decreases [32–34]. In light-emitting devices, this efficiency droop is a notorious source
of deteriorating device performance because: 1) the current required to increase brightness
increases disproportionately at higher intensities, and 2) excess power turns into heat, which
compromises the lifetime of the devices. This effect limits the brightness at device-relevant
exciton densities, especially for high power applications such as lighting and lasers. For an
excitonic system, the droop is a bimolecular recombination process which follows QY ∝√
G. Efficiency drops from ∼ 100% to less than 10% as the carrier concentration grows

higher than 1017 cm2 for the mostly studied transition-metal dichalcogenide monolayers
(Fig. 1.3A). This is more severe than the three-particle Auger recombination in conventional
semiconductors, where QY ∝ G−2/3, and presents a major drawback of semiconducting
monolayers. During EEA, one exciton nonradiatively transfers its energy to another nearby
exciton. The final state of the energetic exciton depends on the detailed band structure. The
density of states in a two dimensional (2D) periodic crystal are topologically constrained to
exhibit logarithmic van Hove singularities (VHSs) arising from saddle points in the energy
dispersion [35, 36]. When the energy of a transition is near the VHS, weak interactions are
often intensified by the enhanced density of states (DOS). Counterdoped TMDC monolayers
exhibit enhanced EEA because the final energy of EEA coincides with inherent VHS. In
Chapter three, I will discuss how Strain drives the final energy away from the VHS resonance
and substantially reduces EEA in both sulfur- and selenide-based TMDCs. Care must be
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Figure 1.3: Near-Unity QY in semiconducting monolayers. (A) PL QY of MoS2

monolayer reaches near unity when it is intrinsic and EEA is not in resonance with VHS. (B)
QY of counterdoped MoS2 compared to pervoskite (CH3NH3PbI3), organic dye (Ir(PPY)3),
and inorganic semiconductor (single crystalline GaN). (C) Maximum PL QY with defects in
bulk and monolayer semiconductors.
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taken while selecting tensile or compressive strain, so that recombination only occurs through
direct excitons. The room temperature QY of strained monolayer MoS2 is compared to high-
quality perovskite (CH3NH3PbI3), organic dye (Ir(PPY)3), and inorganic semiconductor
(single crystalline GaN) in Fig. 1.3C [37–40]. Free-carrier semiconductors such as GaN lose
efficiency at low pump due to SRH, whereas organic semiconductors suffer from EEA at high
generation rate. 2D TMDC semiconductors have near-unity QY at all generation rates and
compared to perovskites are thermodynamically more stable. This high PL QY is achieved
even in the presence of extraordinarily high defect density, one in every thousand atoms
(Fig. 1.3C). QY in conventional semiconductors approaches zero when one defect is present
for every million atoms. This unique property makes monolayer excitonic semiconductors
an attractive material system for efficient optoelectronics, since in conventional free-carrier
semiconductors the presence of even a small concentration of defects drastically reduces PL
QY. The conditions which lead to near unity PL QY in 2D monolayers at all generation
rates are summarized in Fig. 1.3.

I will then discuss the how these knobs that control the photophysics of 2D materials,
such as strain and electrostatic doping, effect other aspects of carrier recombination. The
exciton diffusion length is a critical parameter that reflects the quality of exciton transport in
monolayer TMDCs and limits the performance of many excitonic devices. Although diffusion
lengths of a few hundred nanometers have been reported in the literature for as-exfoliated
monolayers, these measurements are convoluted by neutral and charged excitons (trions) that
coexist at room temperature due to natural background doping. Untangling the diffusion of
neutral excitons and trions is paramount to understand the fundamental limits and potential
of new optoelectronic device architectures made possible using TMDCs.

In Chapter four, I will first present the diffusion lengths of pure neutral excitons and trions
in monolayer MoS2 by tuning the background carrier concentration using a gate voltage and
utilizing both steady state and transient spectroscopy. I will then explore the effect of strain
on exciton diffusion and show how EEA also enhances diffusion in monolayer semiconductors.
EEA degrades luminescence efficiency at high exciton densities and causes efficiency roll-off in
light-emitting devices. Transition metal dichalcogenides (TMDCs), such as WSe2 monolayer,
have been demonstrated to exhibit a near-unity photoluminescence (PL) quantum yield
(QY) even at the high exciton densities when the band structure is optimally modified by
mechanical strain. In Chapter five, I will demonstrate roll-off free electroluminescence (EL)
device composed of TMDC monolayers tunable by strain. I will show two order of magnitude
EL enhancement from WSe2 monolayer by applying a relatively small strain of 0.5%. An
internal quantum efficiency of 8% are obtained at all injection rates. I also demonstrate
transient EL turn-on voltages as small as the bandgap. Our approach will contribute to
practical applications of roll-off free optoelectronic devices based on excitonic materials.

In Chapter six, I will discuss how the EEA suppression evolves alongside an indirect to
direct transition. In counterdoped monolayer transition metal dichalcogenides (TMDCs) the
PL QY monotonously approaches unity with strain at all generation rates. In contrast, in
bilayers (2L) of tungsten diselenide (WSe2) we observe a nonmonotonic change in EEA rate
at high generation rates accompanied by a drastic enhancement in their PL QY at low gen-
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eration rates. EEA is suppressed both at 0% and 1% strain, but activated at intermediate
strains. By strain and electrostatic counterdoping, we attain ∼ 50% PL QY at all generation
rates in 2L WSe2, originally an indirect semiconductor. We demonstrate transient electro-
luminescence from 2L WSe2 with ∼ 1.5% internal quantum efficiency for a broad range of
carrier densities by applying strain, which is ∼ 50 times higher than without strain.

Carrier recombination in a van der Waals (vdW) semiconductor is expected to transition
from excitonic to free-carrier in nature as the number of layers is increased. However, in
most vdW semiconductors this transition is obscured by the lack of direct bandgap in the
bulk state. Black phosphorus (BP) in an exception which maintains a direct bandgap at
all thicknesses. In Chapter seven, I will explore the excitonic to free-carrier transition in
BP across a wide range of thicknesses. In the excitonic regime the PL QY decreases with
thickness and shows the highest PL QY of ∼ 20% when it is completely excitonic at the
monolayer limit. On the other hand, when recombination is dominated by free carriers PL
QY increases with thickness, and we observe the surface recombination velocity in BP to
be two orders of magnitude lower than in passivated silicon: the most electrically inactive
surface known to the modern semiconductor industry.
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[36] Léon Van Hove. The occurrence of singularities in the elastic frequency distribution of
a crystal. Physical Review, 89(6):1189, 1953.

[37] Ian L Braly, Dane W DeQuilettes, Luis M Pazos-Outón, Sven Burke, Mark E Ziffer,
David S Ginger, and Hugh W Hillhouse. Hybrid perovskite films approaching the
radiative limit with over 90% photoluminescence quantum efficiency. Nature Photonics,
12(6):355–361, 2018.

[38] Kwon-Hyeon Kim, Chang-Ki Moon, Jeong-Hwan Lee, Sei-Yong Kim, and Jang-Joo
Kim. Highly efficient organic light-emitting diodes with phosphorescent emitters having
high quantum yield and horizontal orientation of transition dipole moments. Advanced
Materials, 26(23):3844–3847, 2014.

[39] MA Reshchikov, M Foussekis, JD McNamara, A Behrends, A Bakin, and A Waag.
Determination of the absolute internal quantum efficiency of photoluminescence in GaN
co-doped with Si and Zn. Journal of Applied Physics, 111(7):073106, 2012.

[40] Jong-In Shim and Dong-Soo Shin. Measuring the internal quantum efficiency of light-
emitting diodes: towards accurate and reliable room-temperature characterization.
Nanophotonics, 7(10):1601–1615, 2018.



12

Chapter 2

Quantum Yield at Low Generation
Rates

2.1 Introduction

1Defects in conventional semiconductors substantially lower the photoluminescence (PL)
quantum yield (QY), a key metric of optoelectronic performance that directly dictates
the maximum device efficiency. Two-dimensional (2D) transition metal dichalcogenides
(TMDCs), such as monolayer MoS2, often exhibit low PL QY for as-processed samples,
which has typically been attributed to a large defect density. Here, we show that the PL QY
of as-processed MoS2 and WS2 monolayers reaches near-unity when they are made intrin-
sic by electrostatic doping, without any chemical passivation. Surprisingly, neutral exciton
recombination is entirely radiative even in the presence of a high defect density. This work
highlights a unique feature of TMDC monolayers for practical device applications, as the
stringent requirement of low defect density for high optoelectronic performance is eased.

2.2 Electrical Suppression of Nonradiative

Recombination

Multiparticle Coulomb interactions are particularly pronounced in transition metal dichalco-
genide (TMDC) monolayers, leading to a multitude of recombination pathways, each associ-
ated with the different quasiparticles produced by these interactions [1]. Excitons formed by
photogenerated carriers are the basic particles in this system [2, 3], and their recombination
rate depends nonlinearly on the concentration. Because excitons interact with background
charge to form trions [4–8], the Fermi level also controls the dominant recombination path-

1The following section was published in a similar form in Science. (Lien, D.H.*, Uddin, S.Z.*, Yeh, M.,
Amani, M., Kim, H., Ager, J.W., Yablonovitch, E. and Javey, A., Electrical suppression of all nonradiative
recombination pathways in monolayer semiconductors, Science, 364(6439), pp.468-471, 2019.)
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way. Therefore, both the background carrier concentration and the generation rate must be
tuned to investigate the complete effect of multiparticle interactions on TMDC photolumi-
nescence (PL) quantum yield (QY). In this work, we simultaneously alter the photocarrier
generation rate (G) by varying the incident pump power, and the total charge concentration
(electron and hole population densities; N and P ) by varying the back-gate voltage (Vg) in
a capacitor structure (Fig. 2.1A). Surprisingly, we find that all neutral excitons recombine
radiatively in as-processed monolayers of MoS2, resulting in near-unity QY at low genera-
tion rates. This is despite a reported high defect density of 1010 − 1013 cm−2 determined
by microscopy techniques [9], in stark contrast to conventional inorganic semiconductors,
where even a small number of defects has detrimental effects on the PL QY [10]. To gain
additional insight into the photophysics, we also present introduce a simple kinetic model
involving excitons, trions, exciton-exciton annihilation and free carriers for both sulfur- and
selenide-based TMDCs.

We first present data from a MoS2 device, which contains a monolayer of MoS2 encap-
sulated in PMMA, along with a transferred gold electrical contact [11]. Notably, PMMA
reduces Vg hysteresis [12, 13], thus enabling more stable and accurate measurements (Fig.
2.2).

[Device fabrication details are below]. The Vg-dependence of the PL spectra of a MoS2

monolayer measured at a high generation rate of G = 1018 cm−2s−1 is shown in Fig. 2.2B.
The peak PL intensity at Vg = −20 V shows a ∼ 300-fold enhancement compared to Vg = 0
V (Fig. 2.1B). A peak energy shift of 30 meV is also observed (inset of Fig. 2.1B), which has
been attributed to the trion binding energy [14]. PL images of a monolayer device show that
the enhancement of PL intensity by electrostatic doping is spatially uniform (Fig. 2.1 C, D,
and E). Calibrated PL measurements at room temperature were performed to quantitatively
extract the QY as a function of Vg and G (Fig. 2.3A and B). At Vg = 0 V and G = 6× 1017

cm−2s−1, a QY of 0.1% is measured (Fig. 2.3B), consistent with the pristine MoS2 in previous
reports [15, 16]. The QY increases as Vg decreases. At Vg = −20 V and a low generation
rate of G = 6×1015 cm−2s−1, the QY increases by 3 orders of magnitude and reaches a peak
value of 75% (PL QY vs Vg shown in the Fig. S2). Through application of Vg, the QY of a
chemically-untreated MoS2 monolayer approaches unity, matching the behavior previously
observed in MoS2 monolayers treated with bis(trifluoromethane) sulfonimide (TFSI) [11].

In the traditional ABC-model [17] of carrier recombination in semiconductors, defect-
mediated Shockley-Read-Hall (SRH) recombination dominates at low generation rates, while
Auger recombination dominates at high generation. In the SRH regime, it is known that
QY increases linearly with G. In the Auger regime, QY decreases with a slope of −2/3 in
a log-log plot [18, 19]. Neither of these power-laws are present in the pump-dependent QY
behavior of MoS2. Instead, the observed behavior can be understood by considering the
interaction of excitons, trions, and free carriers and their subsequent recombination channels
(shown schematically in Fig. 2.3C). Depending on the type of carriers present, the behavior
of an exciton formed by photogenerated carriers varies dramatically. If the semiconductor is
intrinsic, the exciton stays neutral; if the majority charge carriers are holes or electrons, the
exciton may become a positive or negative trion, respectively. For the case with negative
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Figure 2.1: Schematics of the device and the gate dependence of photolumines-
cence in MoS2. (A) Schematic showing control of different quasiparticles by gate voltage
Vg and generation rate G. (B) PL spectra of the MoS2 monolayer device under gate voltages
Vg = −20 V and 0 V at generation rate G = 1018 cm−2s−1. Inset is the normalized PL
spectra depicting the spectral shift. (C) Top-view optical micrograph of a MoS2 device. (D)
PL imaging of the device at Vg = 0 V, and (E) Vg = −20 V.

trions, the generation rate G in steady state is balanced by the rates of all the recombination
channels

G =
nX

τX
+
n−
T

τ−T
+ CEEAn

2
X (2.1)

where nX , and n
−
T (τX , and τ

−
T ) are the neutral exciton, and negative trion population

densities (lifetimes), respectively, and CEEA is the exciton-exciton annihilation coefficient [20,
21]. The exciton and trion lifetimes have radiative (τXr, τTr) and nonradiative (τXnr, τTnr)
components

1
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=
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=
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Figure 2.2: Vg hysteresis for different substrates. A comparison of the effect of Vg
hysteresis between a PMMA/MoS2/PMMA device and a MoS2/SiO2 device. The PMMA
device exhibits significantly lower hysteresis, thus allowing for more stable and accurate
gated PL measurements.

The QY is then given by the ratio of the radiative recombination rate of both trions and
excitons to total generation rate G.

QY =
1

G

(
nX

τXr

+
n−
T

τ−Tr

)
(2.4)

The total negative charge concentration in the monolayer is given by N = Cox(Vg−Vth)/q,
where Cox is the gate-oxide capacitance, q is the electronic charge and Vth is the threshold
voltage. N = ne + n−

T , as this negative charge density arises from negative trions (n−
T ) or

free electrons (ne). The trion formation and dissociation rates balance in steady state and
yield a law of mass-action nT = TnXne, where T is the trion formation coefficient [22].
Combining these equations, the trion concentration can be written as a function of exciton
concentration nX

nT =
TnX

(1 + TnX)N
(2.5)
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Figure 2.3: Near-unity PL QY in MoS2 by electrostatic doping compensation. (A)
A color plot of MoS2 PL QY vs G and Vg. (B) The MoS2 PL QY vs G at Vg = +20 V
(negative trions), 0 V (negative trions) and −20 V (no trions). Points, experimental data;
dashed lines, model. Illustration of Fermi level position for different Vg on the right side of the
panel. (C) Exciton and trion recombination pathways in TMDC materials. (D) Calculated
radiative and nonradiative recombination rates of excitons and trions in MoS2 at Vg = 0 V,
and (E) −20 V.

At low exciton density (TnX << 1), the trion and exciton densities are mutually propor-
tional (nT ≈ TNnX), but at high exciton density (TnX >> 1), the trion concentration
asymptotically approaches the background electron concentration (nT ≈ N). Numerically
solving equations (1) and (3) provides exciton and trion densities for any generation rate G
and gate voltage Vg. This model well-describes the MoS2 QY data shown in Fig. 2.3B. By
fitting the experimental data to the model, we extract τ−Tr = 110 ns; τ−Tnr = 50 ps; τXr = 8
ns; CEEA = 3.5 cm2s−1. Excitons are radiative, while trions and exciton-exciton annihilation
are nonradiative. Specifically, the extracted trion nonradiative lifetime is almost three orders
of magnitude lower than the radiative lifetime of trions, implying that the dominant trion
recombination pathway is nonradiative. This could be the result of a geminate Auger-like
process where the electron provides the third particle required for momentum conservation.



CHAPTER 2. QUANTUM YIELD AT LOW GENERATION RATES 17

Figure 2.4: Components of the kinetic model. Exciton and trion recombination path-
ways in TMDC materials.

Nonradiative Auger-like recombination of trions has also been identified in doped quantum
dots [23]. On the other hand, the model does not require an exciton nonradiative lifetime
to fit the data, highlighting that pure exciton recombination is entirely radiative. At high
exciton densities (i.e., high generation rates), nonradiative exciton-exciton annihilation dom-
inates. At a specific generation rate G, the gate voltage changes the relative populations
of excitons and trions, resulting in different recombination pathways dominating (Fig. 2.3D
and E). As-exfoliated monolayer MoS2 is electron-rich due to donor-like chalcogenide vacan-
cies, placing the Fermi level close to the conduction band [24]. Thus, for Vg ≥ 0 V, the trion
nonradiative recombination rate dominates for all G, resulting in the low observed QY (Fig.
2.3D). On the other hand, by applying negative Vg the background electron concentration
reduces and the majority of the quasiparticles are neutral excitons (Fig. 2.4). This is vali-
dated by the spectral shift in Fig. 2.1B. In this regime, the exciton radiative recombination
rate dominates (Fig. 2.3E) and the observed QY is near-unity at low generation rates. At
high generation rates, the exciton recombination rate changes as G−0.5 due to exciton-exciton
annihilation (Fig. 2.3E). This causes a droop in the QY (Fig. 2.3B).

We also studied the Vg and G dependence of PL QY for monolayers of WS2, WSe2,
and MoSe2. We find that the same model accurately describes these TMDCs (table 2.1).
Similar to MoS2, WS2 monolayers are inherently n-doped due to sulfur vacancies and reach
near-unity QY at Vg = −20 V (Fig. 2.7) [25].

In contrast, WSe2 and MoSe2 are nearly intrinsic at Vg = 0 V (Fig. 2.5A and B, MoSe2
data in Fig. 2.6).Thus, exciton radiative recombination dominates at near-zero Vg and low
G, resulting in the highest measured QY of ∼ 8% (Fig. 2.5C). Positive and negative Vg move
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Figure 2.5: PL QY versus generation rate in WSe2 monolayers. (A) A color plot of
PL QY vs G and Vg in WSe2. (B) The PL QY vs G at Vg = +20 V (negative trions), 0
V (no trions) and −20 V (positive trions). Points, experimental data; dashed lines, model.
Illustration of Fermi level position for different Vg on the right side of the panel. (C) Radiative
and nonradiative recombination rates of excitons and trions in WSe2 at Vg = 0 V, and (D)
−20 V. At Vg = −20 V, recombination rate shows the effect of positive trion saturation
leading to the observed bump in (B).

the Fermi level closer to the conduction band and the valence band, respectively (Fig. 2.5B).
At Vg = +20 V and −20 V, the negative and positive trion nonradiative recombination rates
dominate, respectively, lowering the QY. Notably, at Vg = −20 V the QY increases with G
from 1018 < G < 1019 cm−2s−1. This perplexing behavior is also well captured by our model.
Specifically, at G = 1018 cm−2s−1, the trion concentration saturates to the total charge
concentration, beyond which excess excitons cannot form trions (Fig. 2.6). The neutral
exciton recombination pathway then dominates, increasing the QY until exciton-exciton
annihilation takes over (Fig. 2.5D). Finally, unlike sulfur-based TMDCs, selenide-based
TMDCs do not achieve near-unity QY even when their Fermi levels are near mid-gap. The
reason could either be the presence of an indirect bandgap near the direct bandgap [26, 27],
or dark excitons [28].
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Figure 2.6: PL QY versus generation rate in MoSe2 monolayers. (A) A color plot
of PL QY vs G and Vg in MoSe2. (B) The PL QY vs G at Vg = +20 V, −5 V and −20
V. Points, experimental data; dashed lines, model. Illustration of Fermi level position for
different Vg on the right side of the panel.

TFSI-treated monolayer MoS2 was previously shown to exhibit near-unity PL QY, but
the underlying enhancement mechanism was unclear. Here we show that the effect of the
treatment is electron counterdoping, justified by both PL QY and time resolved PL (TRPL)
measurements. TFSI-treated MoS2 and an untreated sample at Vg = −20 V have similar
PL QY over five orders of magnitude variation in G (Fig. 2.5A). They also have comparable
TRPL decay at a low pump fluence of 5 nJcm−2, with respective lifetimes of 10.2 ns and
6.9 ns (Fig. 2.8B). Additionally, their TRPL lifetimes match closely for all fluence (Fig.
2.8C, Fig. 2.9). The Lewis acid nature of TFSI is well-established in organic chemistry [29].
Our results depict that TFSI acts as a Lewis acid by withdrawing electrons from (i.e., hole
doping) TMDCs via surface charge transfer. This is further validated by the observation of
a threshold voltage shift in TMDC transistors after TFSI treatment, consistent with hole
doping (Fig. 2.10). Finally, the reduction of PL QY in selenide-based TMDCs after TFSI
treatment [16] is also consistent with the gated PL measurements, and the fact that these
materials are initially close to intrinsic.

A generic question arises whether the photophysics observed here is generic to all excitonic
materials. If excitons are less susceptible to defect assisted nonradiative recombination, per-
haps other low dimensional semiconductors such as quantum dots, nanowires and platelets,
molecular systems such as C60 can reach high QY by removing excess carriers from them.
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Figure 2.7: PL QY versus generation rate in WS2 monolayers. (A) A color plot of
WS2 PL QY vs G and Vg. (B) The WS2 PL QY vs G at Vg = +20 V (negative trions),
0 V (negative trions), and −20 V (no trions). Points, experimental data; dashed lines,
model. Illustration of Fermi level position for different Vg on the right side of the panel. (C)
Radiative and nonradiative recombination rates of excitons and trions in WSe2 at Vg = 0 V,
and (D) −20 V.
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Figure 2.8: Comparison of electrostatic doping and TFSI treatment. (A) QY vs G
for TFSI-treated and electrostatically-doped monolayer MoS2. (B) TRPL of a TFSI-treated
MoS2 (purple), and a MoS2 device under Vg = 0 V (black), Vg = −20 V (red) at pump
fluence of 5 nJcm−2. (C) PL lifetime vs optical pump fluence for TFSI-treated MoS2 and
a MoS2 device under various gate voltages Vg. Increasing Vg decreases TRPL lifetime since
trions have a significantly shorter lifetime than excitons. Increasing fluence decreases the
lifetime due to exciton-exciton annihilation.

Semiconducting quantum dots (QD) are important for a number of practical applications
and can be excitonic due to confinement. Ligand chemistry plays a big role in achieving high
efficiency in colloidal QDs, but their role is not well understood. Often the improvement by
ligands is attributed to the passivation of the surface dangling bonds, however ligands has
also been shown to dope the semiconductor nanocrystals by surface charge transfer. Prelim-
inary measurements in Fig. 2.11 show electrostatic counterdoping can improve PL intensity
of QD.
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Figure 2.9: Time-Resolved PL of the MoS2 under different optical pump fluence
and Vg. (A) Time-resolved PL emission under different optical pump fluence at Vg = −20 V.
(B) Time-resolved PL of the MoS2 monolayer under different Vg at an optical pump fluence
of 2.8× 10−1 µJcm−2. Note that the lifetime for Vg greater than −7.5 V is shorter than the
instrument response function width.

Figure 2.10: The effect of TFSI treatment on a WSe2 transistor. Id−Vg characteristics
of a 3 layer−WSe2 transistor contacted by Pd before and after TFSI treatment.



CHAPTER 2. QUANTUM YIELD AT LOW GENERATION RATES 23

Figure 2.11: QD gated PL. Device structure and PL spectra at different gate voltages for
a QD monolayer film.
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MoS2 WS2 MoSe2 WSe2

τXr (ns) 8 2 80 16.7
τXnr (ns) 26.7 1.9
τ−Tr (µs) 0.11 0.032 4.4 0.33
τ−Tnr (ns) 0.05 0.1 0.066 0.033
τ+Tr (µs) 50 1
τ+Tnr (ns) 50 1
T− (cm2) 2× 10−11 5× 10−12 3× 10−12 2.5× 10−11

T+ (cm2) 1× 10−10 3.5× 10−10

CEEA (cm2s−1) 3.5 2.4 0.03 0.06

Table 2.1: Kinetic Model parameters. Parameters used in the model at room tempera-
ture.

2.3 Summary

We have achieved near-unity PL QY in chemically-untreated sulfur-based TMDCs at
room temperature using only electrostatic doping. The QY is highest when the monolayers
are intrinsic, implying that all neutral excitons radiatively recombine even in the presence of
defects. While near-unity QY is commonly observed in organic dye molecules, it is uncommon
in conventional inorganic semiconductors. This work establishes TMDC monolayers as a
unique choice for optoelectronics as they exhibit near-unity PL QY without the stringent
requirement for low defect density. This electrostatic PL enhancement scheme is simple and
general enough to be applied to other excitonic systems without the need for material-specific
passivation techniques.

2.4 Experimental and Theoretical Details

Device Fabrication

MoS2 (SPI supplies), WS2 (HQ Graphene), WSe2 (HQ Graphene) and MoSe2 (HQ
Graphene) were mechanically exfoliated on top of poly(methyl methacrylate) (PMMA, 100
nm), which was spin-coated on SiO2 (50 nm)/ p++ Si substrate. Monolayers were iden-
tified by optical contrast. 40 nm thick Au contacts were evaporated on a sacrificial 280
nm SiO2/p

++Si, and then picked up and placed on the monolayer by a pick-and-place dry
transfer method, using PMMA as the transfer medium. A window in the top PMMA was
opened by electron-beam lithography to expose the Au contact pad for electrical probing.
The monolayers were electrically grounded by the Au source contact, and the back-gate
voltage was applied to the p++Si substrate.
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Electrical and Optical Characterization

Voltage was applied on the device gate electrode from a Keithley 2410 Source Meter,
while the Au source contact was grounded. The PL QY was measured using a customized
micro-PL instrument described in detail in previous studies [11]. An Ar ion laser with a 514.5
nm line was used as the excitation source. Time-resolved PL measurements were collected
using a time-correlated single photon counting (TCSPC) module. A monochromated 514
nm line from a supercontinuum laser was used as the excitation source. PL images were
taken in a florescence microscopy setup using a 470 nm LED as the excitation source and
an Andor Luca CCD as the detector. All measurements reported in this paper were taken
at room temperature, in an ambient lab environment. Transistor Id-Vg characteristics were
measured using an Agilent B1500A semiconductor parameter analyzer.

Measurement Accuracy and Precision

A detailed overview of the calibration method used to confirm the accuracy of the setup
is provided in our previous work [11]. The optical interference from SiO2/Si substrates was
quantitatively studied in our previous work [11] and has been taken into account when PL
QY is calculated. The interference alters both the light absorption of the monolayers and
their PL emission. The coupling factor F depends on the thickness of SiO2 (Fig. 2.12A).
Two control experiments have been performed to quantitatively confirm the factors:

i) The coupling factors are extracted by PL and Raman spectroscopy of the same mono-
layer WSe2 on SiO2/Si substrates with different SiO2 thicknesses. The values acquired from
experimental results agree with the theory and simulations [30].

ii) The factors are also confirmed using TFSI-treated MoS2 as a reference. Monolayer
MoS2 with near-unity PL QY has a TRPL lifetime of 10 ns, independent of SiO2 thickness
and choice of substrate. TRPL of TFSI-treated MoS2 monolayers on 50 nm, 90 nm and
260 nm SiO2/Si substrates shows 10 ns PL decay time (Fig. 2.12B). Even though these
monolayers have near-unity PL QY, they show varied PL intensities corresponding to the
varying coupling factor for different substrates (Fig. 2.12C). Therefore, the coupling factor
can be extracted from the integrated PL counts (Fig. 2.12D), which matches with the
transfer matrix simulation (Fig. 2.12A).

We now elaborate on the precision of the measurement. The QY is calculated by dividing
the CCD counts (N) by the product of pump power (P) and coupling factor (F), i.e.

QY =
N

F ∗ P
(2.6)

. The uncertainty or standard deviation of PL QY can be written as

σQY = QY

√
σ2
P

P 2
+
σ2
N

N2
− 2σPN

NP
+
σ2
F

F 2
(2.7)

where P and σP is the measured laser power and the corresponding uncertainty, N and σN is
the measured CCD counts and corresponding uncertainty, and F and σF is the light coupling
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Figure 2.12: . Calibration for optical interference from SiO2/Si substrate. (A)
Calculated coupling factor as a function of the SiO2 thickness. (B) TRPL of the MoS2

monolayers prepared on 50 nm, 90 nm and 260 nm SiO2/Si substrates and (C) the corre-
sponding PL spectra. (D) Extracted coupling factor from the measured PL total counts.
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Figure 2.13: Distribution of laser power and CCD counts. (A,B) Distribution of laser
power with repeated measurements when set to 25 nW and 1 µW. (C, D) Distribution of
the corresponding CCD counts.

coefficient and the corresponding uncertainty [31]. Note that the laser power and the CCD
counts are correlated, so their covariance must be considered. We show the distribution of
laser power and corresponding distribution of CCD counts in Fig. 2.13 when the power was
set to 25 nW and 1 µW, respectively. The variances σN , σP and covariance σPN can be can
be calculated from this measurement. Furthermore, there is a 5% variation in the dielectric
thickness, which leads to a relative error of σF/F = 11% in the coupling factor. Combining
all the components described above, the relative error in PL QY of a MoS2 flake at -20 V at
low pump has been calculated to be σQY /QY = 13%.

Reproducibility

To ensure the reproducibility of our results, over 30 MoS2 devices were measured. All of
them show similar results with maximum QYs over 40%. Note that all the data presented
in the manuscript is acquired from the same device (the image of this device is shown in Fig.
2.1C). Results obtained from multiple MoS2 devices are shown in Fig. 2.14D.
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Figure 2.14: PL QY and PL peak energy as a function of Vg. (A) PL QY and PL
peak energy for a MoS2 device under various Vg. (B) Normalized PL profiles for Vg = +20
V, 0 V, -10 V and -20 V. (C) Radiative and nonradiative recombination rates of excitons
and trions in MoS2 at Vg = +20 V, 0 V, -10 V and -20 V. (D) PL QY and corresponding
PL peak energy obtained from multiple MoS2 devices.

Kinetic Model

Due to strong Coulomb interaction, electrons and holes generated from above-bandgap
photo-excitation create neutral excitons in monolayer TMDC semiconductors. Some of these
excitons bind to additional electrons or holes present in the material and form charged exci-
tons, or trions. At higher densities, two excitons interact such that one of them recombines,
transferring its energy to the other and sending the constituent carriers to higher energies.
This Auger-like process is known as exciton-exciton annihilation. The photoluminescence
(PL) of a TMDC semiconductor thus contains a mixed signature of all the quasiparticles
present. To determine the PL QY at different generation rates and voltages, we developed
a kinetic model combining all quasiparticles in our system.

Prior to light excitation, the total charge in the system comes from electrostatic doping
by back-gate voltage application. Ignoring the effects of quantum capacitance, if the total
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number of negative and positive charges (i.e., total background electrons and holes) per unit
area present in the system are N and P , respectively, then the net charged carrier density
in the channel is:

N − P = COX

(
Vg − Vth

q

)
(2.8)

where COX is the gate oxide capacitance, Vg is the gate voltage, q is the electronic charge
and Vth is the threshold voltage. The electron and hole densities are related by[

exp

(
N

gc2DkBT

)
− 1

] [
exp

(
P

gv2DkBT

)
− 1

]
= exp

(
− Eg

kBT

)
(2.9)

where gc,v2D is the two-dimensional density of states in the conduction and valence bands,
respectively, kB is the Boltzmann constant, T is the absolute temperature and Eg is the
single-electron bandgap. At moderate carrier concentration, this relation simplifies to the
more familiar NP = n2

i , where ni is the intrinsic carrier concentration. Solving these two
equations simultaneously gives the background electron and hole densities at a specific gate
voltage. As the single electron bandgaps of the monolayer TMDC semiconductors are greater
than 2 eV, exp (−Eg/(kBT ) is very small, which at moderate doping conditions implies either
N ≈ 0 or P ≈ 0. Hence, we can ignore excess electrons (holes) if Vg < Vth(Vg > Vth).

Let us consider the case where electrons are dominant in concentration (P ≈ 0). We
denote the concentrations of neutral excitons, negative trions, and free electrons as nX ,n

−
T ,

and ne, respectively. The total negative charge arises from either trions or free electrons:

N = ne + n−
T (2.10)

A kinetic model accounting for exciton and trion formation and recombination, trion
disassociation, and exciton-exciton annihilation arises from writing a continuity equation for
each type of quasi-particle shown in Fig. 2.10. It is given by the following equations:

dnX

dt
= G−

(
1

τXr

+
1

τXnr

)
nX − CEEAn

2
X − k1nXne + k2n

−
T (2.11)

dn−
T

dt
= −dne

dt
= −k2n−

T + k1nXne −
(

1

τ−Tr

+
1

τ−Tnr

)
n−
T (2.12)

At steady state (i.e., when the generation rate G is time-independent) by setting d/dt = 0,
this equation gives a Saha equation relating the concentrations of free electron, trion and
exciton

n−
T =

k1
(k2 + 1/τ−Tr + 1/τ−Tnr

nXne = T−nenX (2.13)

This is expected as trion formation is similar to a reversible reaction: electron+ neutral
exciton⇌trion. Here the negative trion formation coefficient is given by

T− =
2(2m∗

e +m∗
h)

4kBTm∗
e(m

∗
e +m∗

h)
exp

(
ET

kBT

)
=

k1
(k2 + 1/τ−Tr + 1/τ−Tnr

(2.14)
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ET is the trion binding energy, and m∗
e,h are the electron and hole effective masses, respec-

tively. Combining these equations we get

ne =
N

1 + T−nX

(2.15)

n−
T =

T−nX

1 + T−nX)N
(2.16)

At low exciton concentration (T−nX << 1), ne ≈ N and nT− ≈ T−NnX , so almost all
electrons are free and trion concentration increases linearly with exciton concentration. At
high exciton concentration (T−nX >> 1), nT− ≈ N , so almost all background electrons
become trions and the number of free electrons is very low. This saturation of the number
of trions has an experimentally measurable consequence on the PL QY of selenide-based
TMDC monolayers. At steady state we get

G =

(
1

τXr

+
1

τXnr

)
nX +

(
1

τ−Tr

+
1

τ−Tnr

)
n−
T + CEEAn

2
X =

nX

τX
+
n−
T

τ−T
+ CEEAn

2
X (2.17)

where 1
τX

≡ 1
τXr

+ 1
τXnr

and 1
τ−T

≡ 1
τ−Tr

+ 1
τ−Tnr

, and subscript ‘r’ and ‘nr’ indicate the radiative

and nonradiative lifetime components, respectively. By using these equations we get

G =
nX

τX
+

NT−nX

τ−T (1 + T−nX)
+ CEEAn

2
X (2.18)

CEEAT
−n3

X +

(
CEEA +

T−

τX

)
n2
X +

(
1

τX
+
NT−

τ−T
−GT−

)
−G = 0 (2.19)

This is a third order polynomial of nX . This fact, in addition to the form of the equation,
ensures one real positive solution of nX for any positive value of generation rate G. They
yield n−

T and ne. If there are positive trions, similar equations with different constants τ+Tr,T
+

can be written for the positive trion density n+
T , and the steady state rate equation becomes

G =
nX

τX
+

NT−nX

τ−T (1 + T−nX)
+

PT+nX

τ+T (1 + T+nX)
+ CEEAn

2
X (2.20)

which is a fifth order polynomial of nX and can be solved given N ,P , and G. PL from
the TMDC monolayer combines emission from neutral, positive and negative trions. The
quantum yield is the ratio of the total radiative recombination rate of all quasiparticles to
the generation rate

QY =
1

G

(
nX

τXr

+
n−
T

τ−Tr

+
n+
T

τ+Tr

)
(2.21)

Parameter Extraction Procedure

We use both steady state PL QY and gate dependent time resolved PL experimental
data to fit the previous model.
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Low Generation Rate, V g ≈ Vth

At gate voltage near threshold V g ≈ Vth, the background carrier concentration is very
low N = ni ≈ 0. As the number of trions is limited by the number of electrons or holes,
there will be almost no trions. In this condition, at low generation the rate equation can be
simplified to

dnX

dt
≈ G−

(
1

τXr

+
1

τXnr

)
nX (2.22)

where the EEA and trion terms are ignored. If an impulse generation (pulsed laser source)
is used, then

G = n0δ(t) (2.23)

⇒ nX(t) = n0 exp−t
(

1

τXr

+
1

τXnr

)
(2.24)

Therefore, under conditions of low generation and V g ≈ Vth the lifetime from a time resolved
photoluminescence measurement is the effective lifetime 1

τXr
+ 1

τXnr
. The PL at this condition

is solely from neutral excitons, and so the steady state PL QY becomes

QY =
nXτXr

nX(1/τXr + 1/τXnr)
=

τXnr

τXr + τXnr

(2.25)

From this we get separate values of τXr and τXnr. For sulfide-based TMDCs 1/τXnr ∼ 0,
leading to near unity PL QY.

High Generation Rate, V g ≈ Vth

At high generation rates exciton-exciton annihilation occurs, the effects of which clearly
show up in both TRPL and steady state PL QY data. In the steady state PL QY data,
the generation rate at which the droop starts to occur gives us the value of exciton-exciton
annihilation coefficient CEEA. If G0 is the generation rate at which PL QY becomes half of
low pump PL QY at V g ≈ Vth, then

CEEAn
2
X =

(
1

τXr

+
1

τXnr

)
nX (2.26)

⇒ nX =
1

CEEA

(
1

τXr

+
1

τXnr

)
=

1

CEEAτX
(2.27)

⇒ G =
1

τX

1

CEEAτX
+ CEEA

(
1

CEEAτX

)2

(2.28)

⇒ CEEA =
2

τ 2XG0

(2.29)

Extracting G0 from steady state PL QY and using previously estimated lifetimes, we can
now calculate CEEA. All neutral exciton related parameter values (τXr, τXnr, CEEA) are now
known.
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Low Generation Rate, Vg >> Vth

In this condition, there is a considerable amount of background electrons in the system.
At low generation rates almost all the excitons become trions, as the number of excitons is
orders of magnitude lower than the number of background electrons. Therefore, the emission
from the material in this case mostly comes from trions (Fig. 2.1B). In this case, the steady
state PL QY gives the ratio of trion lifetimes, whereas the TRPL lifetime provides the trion
effective lifetime. Similar to the analysis of section I, we can now calculate τ−Tr and τ

−
Tnr from

TRPL and steady state PL QY data in this condition.

Low Generation Rate, Vg << Vth

The same analysis as the previous section at low generation and Vg << Vth gives τ+Tr and
τ+Tnr.
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Chapter 3

Quantum Yield at High Generation
Rates

3.1 Introduction

1Most optoelectronic devices operate at high photocarrier densities, where all semi-
conductors suffer from enhanced nonradiative recombination. Nonradiative processes pro-
portionately reduce photoluminescence (PL) quantum yield (QY), a performance metric
that directly dictates the maximum device efficiency. Although transition-metal dichalco-
genide (TMDC) monolayers exhibit near-unity PL QY at low exciton densities, nonradia-
tive exciton-exciton annihilation (EEA) enhanced by van-Hove singularity (VHS) rapidly
degrades their PL QY at high exciton densities and limits their utility in practical appli-
cations. Here, by applying small mechanical strain (< 1%), we circumvent VHS resonance
and drastically suppress EEA in monolayer TMDCs, resulting in near-unity PL QY at all
exciton densities despite the presence of a high native defect density. Our findings can enable
light-emitting devices that retain high efficiency at all brightnesses.

3.2 Inhibited Nonradiative Recombination at All

Generation Rates

Exciton recombination in TMDC monolayers depends on exciton generation rate, back-
ground carrier concentration, and electronic band structure. The combined effect of the first
two factors has been studied thoroughly [1], where the photocarrier generation rate (G) and
background carrier concentration were tuned by varying the incident pump power and the
gate voltage (Vg), respectively, in a capacitor structure. Given pronounced Coulomb interac-

1The following section was published in a similar form in Science. (Kim, H.*, Uddin, S.Z.*, Higashitaru-
mizu, N., Rabani, E. and Javey, A., Inhibited nonradiative decay at all exciton densities in monolayer
semiconductors, Science, 373(6553), pp.448-452, 2021.)
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tions, background carriers turn photogenerated excitons into charged trions [2] that mostly
recombine nonradiatively [3]. In the absence of background carriers, at low exciton densi-
ties, neutral excitons in intrinsic monolayers can recombine completely radiatively even in
the presence of defects [4]. However, at high exciton densities, recombination of neutral ex-
citons is dominated by exciton-exciton annihilation (EEA), where an exciton nonradiatively
recombines while colliding with another exciton [5, 6]. All excitonic materials found in nature
[7] exhibit EEA, which is the primary cause of efficiency roll-off observed in all organic [8]
and some inorganic [9, 10] light-emitting devices. The EEA effect has similarities to Auger
recombination, which is commonly observed in conventional free-carrier systems and also a
prominent cause of efficiency roll-off observed in light-emitting diodes and solar cells [11, 12].
Through the conservation of momentum and energy the participating quasiparticles, EEA
depends on the aforementioned third factor: detailed band structure [13, 14].

In this work, we modulate these three factors simultaneously. Along with Vg and pump
power, we altered the electronic band structure by applying a uniaxial strain (ϵ). With ap-
propriate strain, all neutral excitons recombined radiatively even at high concentrations in
monolayers of WS2, WSe2, and MoS2, resulting in near-unity quantum yield (QY) at all mea-
sured generation rates. The density of states of electrons in a two-dimensional (2D) periodic
crystal are topologically constrained to exhibit logarithmic van Hove singularities (VHSs)
arising from saddle points in the energy dispersion [15]. When the energy of a transition
is near the VHS, weak interactions are often intensified by the enhanced density of states
(DOS) [16]. From energy and momentum conservation, we showed that as-exfoliated TMDC
monolayers exhibited enhanced EEA because the final energy of this process coincided with
inherent VHS. Strain drove the final energy away from the VHS resonance and drastically
reduced EEA in both sulfur- and selenide based TMDCs. We could uniformly suppress all
nonradiative recombination in a centimeter-scale CVD-grown WS2 monolayer at all genera-
tion rates. Monolayer field effect transistor (FET) devices were fabricated on plastic flexible
substrate enabling simultaneous modulation of carrier concentration and strain while per-
forming quantitative photoluminescence (PL) QY measurements (device fabrication details
are available in the supplementary materials). Fig. 3.1A shows the schematic and optical
micrograph of such a device using WS2 monolayers. Mechanically exfoliated monolayers
were transferred to a polyvinyl alcohol (PVA) layer attached to polyethylene terephthalate
(PET) handling substrate, a combination selected for its superior strain transfer efficiency
[17]. Exfoliated hexagonal boron nitride (hBN; 70 to 100 nm in thickness) and graphene (2
to 5 nm in thickness) were transferred sequentially on the monolayer WS2 to serve as a gate
insulator and gate electrode, respectively. The WS2 monolayer was electrically grounded
and Vg was applied to the top graphene. Bending the PET substrate with positive curvature
applied tensile strain to the monolayer in the direction of bending [18]. Applied strain is
calculated from geometrical considerations. Generation rate G is the number of excitons
created or the number of photons absorbed per-unit area per unit time, which can be tuned
by changing the laser intensity.

As-exfoliated monolayer WS2 is known to be electron-rich. Application of a negative
Vg = −30 V electrostatically compensated for that unintentional electron doping and ensured
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Figure 3.1: Near-unity PL QY in WS2 at all generation rates. (A) Schematic and
optical micrograph of the device structure, scale bar is 20 µm. A two-terminal MOS capacitor
structure with graphene as source and gate, and hBN as insulator is fabricated on a flexible
polymer substrate. (B) Comparison of PL spectra of unstrained and 0.4% strained monolayer
WS2 at a high generation rate of G = 6.5 × 1019cm−2s−1 and a gate voltage of Vg = −30
V. (C, D, E) PL QY of monolayer WS2 as a function of gate voltage, generation rate and
strain. (F) PL QY approaching unity with the application of strain at a high generation
rate of G = 6.5× 1019 cm−2s−1.
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Figure 3.2: Absorption at excitation wavelength under applied strain. Absorption
of monolayer WS2 as a function of applied strain at pump laser wavelength (λ = 514.5 nm).

that the recombination process was dominated by neutral excitons [1]. At this biasing
condition, we compared PL spectra of an unstrained and strained WS2 monolayer at a high
generation rate of G = 6.5 × 1019cm−2s−1 (Fig. 3.1B). We observed both a redshift of PL
spectra and ∼ 15 times enhancement in PL intensity with the application of ϵ = 0.4% tensile
strain at this high generation rate. Note that, G is independent of strain since absorption
at pump wavelength does not change with strain (Fig. 3.2).

Calibrated PL measurements at room temperature were performed to quantitatively ex-
tract the QY as a function of ϵ, Vg and G (Fig. 3.1C to F, Fig. 3.3), and Fig. 3.1C shows
PL QY as a function of the gate voltage, Vg and the generation rate, G when no strain is
applied. At zero and positive gate voltages, background electron concentration of mono-
layer WS2 was large and led to formation of negative trions that predominantly recombined
nonradiatively, thus yielding a low PL QY. At negative Vg the background electrons were
removed, and recombination of neutral excitons dominated. At low generation rates, neutral
excitons recombined completely radiatively despite native defect density.

At high generation rates, PL QY rolled off because of EEA. These same results were
observed previously for other substrates, such as PMMA and SiO2 and are quantitatively
the same as the results here [1]. With the application of 0.2% tensile strain, the PL QY
drop-off at high exciton generation rate was notably reduced for negative Vg. (Fig. 3.1D).
For a tensile strain of 0.4% , no PL QY drop-off at high generation rate was observed (Fig.
3.1E). Thus, all nonradiative recombination processes in as-exfoliated monolayer WS2 were



CHAPTER 3. QUANTUM YIELD AT HIGH GENERATION RATES 40

Figure 3.3: PL QY versus G and Vg in WS2 at different strains. A color plot of PL QY
in monolayer WS2 as a function of gate voltages and generation rate with applied strains.

Figure 3.4: PL peak position shift of monolayer WS2. (A) Normalized PL intensity of
monolayer WS2 at Vg = −30 V as a function of applied strains. (B) PL peak position during
multiple bending and release cycles.

suppressed by applying tensile strain and Vg.
Suppression of EEA is further elucidated in Fig. 3.1F, where we show PL QY as a

function of strain at Vg = −30V and at a high generation rate G = 6.5× 1019cm−2s−1. For
no applied strain, PL QY was low at this generation rate, but for a threshold strain of 0.3%
PL QY increased sharply and asymptotically approached unity. This PL QY enhancement
by strain was also reversible and repeatable, as PL QY traces for increasing and decreasing
strain fully overlapped (Fig. 3.4). Such reversibility and repeatability indicates absence of
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Figure 3.5: Near-unity PL QY in WS2 at all generation rates. PL QY of monolayer
WS2 as a function of gate voltage and generation rate at 1.0% strain.

Figure 3.6: Near-unity PL QY in chemically counterdoped WS2 under strain. PL
QY of as-exfoliated and chemically counterdoped monolayer WS2 as a function of strain.
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slippage, so applied strain is equal to the actual strain transferred to the monolayer. High
PL QY at all pump powers persisted even for a tensile strain of ϵ = 1.0% (Fig 3.1F, Fig.
3.5). In addition to electrostatic counter-doping, high PL QY was achieved by applying
tensile strain in monolayer WS2 chemically counter-doped by Nafion, a known hole-dopant
(Fig. 3.6).

The PL QY for neutral excitons (Vg = −30V ) can be written as the ratio of radiative
recombination rate of to the total recombination rate

QY =
Rr

Rr +Rnr

(3.1)

where Rr and Rnr are the exciton radiative and nonradiative recombination rates, respec-
tively. Nonradiative recombination for neutral excitons are predominantly through the EEA
process. Therefore, Rnr = REEA where REEA is the nonradiative EEA rate. Even with ap-
plication of strain, the semiconductor remained strongly excitonic, so strain did not change
the PL QY versus G response at low generation rates, and Rr was independent of strain
(Fig. 3.1, D to F). However, because strain changed the QY at high pump powers, REEA

must depend strongly on the strain. Using the experimentally measured PL QYs at a high
generation rate of G = 6.5× 1019cm−2s−1, we found that

REEA(ϵ = 0.4%)

REEA(ϵ = 0.0%)
≈ 7× 10−3 (3.2)

which would indicate roughly two orders of magnitude decrease in EEA rate at the highest
generation rate. Although the EEA rate was not rigorously zero, it was decreased by the
application of strain such Rr >> REEA, and the radiative relaxation dominated the total
recombination.

The photophysics of these monolayer semiconductors as a function of Vg and generation
rate arises from the quasiparticle interaction and can be captured by a simple kinetic model
described elsewhere [1]. The exciton-to-trion ratio can be tuned with Vg, activating their
respective recombination routes, whereas high densities of neutral excitons activate the EEA
process. However, the mechanism by which strain suppresses EEA at high pump necessitated
a closer look at the EEA process itself. EEA occurs when one exciton ionizes another
exciton by nonradiatively transferring its energy (Fig. 3.7A). The initial state consists of
two excitons, with center-of-mass momenta K1 and K2 and energies E1 and E2, respectively.
The exciton energy and momentum are related by (13)

E1 = EG − EB +
ℏ2|K1|2

2MX

(3.3)

E2 = EG − EB +
ℏ2|K2|2

2MX

. (3.4)

In the above relations, EG is the fundamental bandgap, EB is the exciton binding energy
and MX is the exciton mass. The final state consists of a high energy electron and hole,
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Figure 3.7: EEA suppression by strain. (A) Microscopic mechanism of EEA. (B) From
momentum and energy conservation, the electron from the ionized exciton ends up at a
wavevector where the energy difference between the conduction and valance band is twice
the exciton transition energy. The Joint density of states (JDOS) at E = EC − EV = 2EX

determines EEA rate. (C, D) Energy difference between the conduction and valance band
for unstrained and 0.4% strained monolayer WS2, respectively. Grey hexagon with 19.946
nm−1 sides denotes the first Brillouin zone. Possible final wavevectors (highlighted in red)
in unstrained WS2 include the saddle points Q, where there are VHSs; but strained samples
do not. (E) Calculated JDOS for monolayer WS2
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with crystal momenta ke and kh and energies Ee and Eh, respectively. Irrespective of the
details of the interaction potential, two quantities are conserved in the EEA process: total
momentum and energy [19, 20]. The condition for conservation of crystal momentum yields

ke + kh = K1 +K2. (3.5)

Because K1 and K2 are determined by the thermal motion of excitons, they are negligible
compared to ke and kh, implying that the electron and the hole momentum in the final state
should be almost opposite to each other.

ke ≈ −kh, (3.6)

Therefore, momentum conservation dictates the electron and hole from the ionized exciton
have opposing crystal wavevectors (on top of each other in the energy dispersion, shown
with the red dashed line in Fig. 3.7A). The condition for conservation of crystal momentum
yields

Ee + Eh = E1 + E2. (3.7)

Because the exciton center of mass wavevector is negligible, E1 ≈ E2 ≈ EG − EB = EX ,
where EX is the exciton transition energy. Therefore, energy conservation stipulates that
the energy difference between the electron and hole must be 2EX

Ee + Eh ≈ 2EX (3.8)

If we denote the conduction and valance band of the semiconductor as EC and EV , then
combined momentum and energy conservation can be written as

Ee + Eh = EC(ke)− EV (−kh) = EC(ke)− EV (ke) = 2EX . (3.9)

Therefore, any wavevector where the energy difference between the conduction and valance
band is equal to twice the exciton transition energy can be the final wavevector of the
electron from the ionized exciton (Fig. 3.7B). Note that the exciton transition energy is
different from the fundamental bandgap because of enhanced electron-hole interaction in
TMDC monolayers. By Fermi’s golden rule, the joint density of states (JDOS) at twice the
exciton transition energy determines the strength of EEA process.

Typically, the effective mass approximation is invoked to determine the energy of the
ionized electron. However, the ionized electron and hole have high energy so this is no
longer a valid approximation. We first calculated the band structure of monolayer TMDC
with an 11-band tight binding theory based on Wannier transformation of ab-initio density
functional theory calculations [21, 22]. We then calculated the energy difference between
the conduction and valance band (EC − EV ) for unstrained and strained monolayer WS2,
respectively. The first Brillouin zone is indicated by a gray hexagon (Fig. 3.7 C and D).
Red areas are the final states of the electron from the ionized exciton where the conservation
laws are satisfied.
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We note that possible final wavevectors in unstrained monolayer WS2 include the saddle
points Q (Fig. 3.7C), but in 0.4% strained WS2 they do not include the saddle points
(Fig. 3.7D). Saddle points in the band structure of a 2D semiconductor create VHS and
result in a logarithmically diverging JDOS [23, 24]. The JDOS for monolayer WS2 ρCV (E)
at E = EC − EV = 2EX determines the strength of EEA. We show the JDOS of 0.4%
strained and unstrained WS2 in Fig 3.7E. In unstrained samples, there was a VHS at twice
the exciton transition energy, resulting in an expedited EEA. Strain shifted the exciton
transition energy EX such that 2EX did not overlap VHS resonance and reduced EEA. We
also show the JDOS of a 0.4% compressively strained WS2 monolayer in Fig. 3.7E. We
note that compressive strain also drove the EEA process off VHS resonance by changing
the exciton transition energy, both for uniaxial strain applied in any direction or biaxial
strain (Fig. 3.8, 3.9, 3.10). The choice of tensile versus compressive strain to suppress all
nonradiative recombination should ensure that the system remains direct bandgap with the
application of strain to avoid nonradiative recombination through momentum-dark indirect
excitons [25]. Compressive strain can make some TMDC monolayers such as WS2 indirect.

Strain has also been used to reduce traditional Auger recombination in conventional
3D semiconductors, but the mechanism is different [26]. In 3D semiconductors, bandgap
renormalization and effective mass equalization by applied strain can lead to one order of
magnitude reduction of conventional Auger rate [27]. However, in the case of 2D TMDCs
EEA is inhibited by shifting the exciton transition energy EX such that 2EX did not overlap
VHS resonance. Because the existence of saddle points, logarithmic VHS always character-
istically appeared in 2D semiconductors and were not found in three dimensions, leading to
a much stronger response to strain in monolayer TMDCs [28].

These principles applied equally to other TMDC semiconductors. Like WS2, exfoliated
monolayer WSe2 also exhibited near-unity PL QY at all generation rates when it was made
intrinsic by electrostatic counterdoping and tensile strain was being applied (Fig. 3.11A and
Fig 3.12). As-exfoliated monolayer MoS2 has PL QY in the range of 0.1 to 1.0%, which
drastically increased at low pump after chemical counterdoping by Nafion (Fig. 3.11B).
Unlike WS2 and WS2, monolayer MoS2 became an indirect-gap material when tensile strain
was applied and remained direct-gap when compressive strain was applied. We found that,
rather than creating compressive strain, downward bending of flexible substrate with neg-
ative curvature resulted in buckling of monolayer TMDC. Instead, we used the thermal
coefficient of expansion mismatch between the glycol-modified polyethylene terephthalate
(PETG) substrate and MoS2 to apply compressive strain. A chemically counterdoped, 0.5%
compressively strained monolayer MoS2 also exhibited roll-off free PL QY at all generation
rates.

The optoelectronic quality of large-area 2D TMDCs must be improved for their use as
next-generation devices. The principles of suppressing all nonradiative recombination can
also be applied to achieve high PL QY on centimeter-scale WS2 monolayer grown by chemical
vapor deposition (CVD). We first transfer a large-area CVD grown WS2 [29] onto a flexible
substrate and spin-coated it with Nafion (Fig. 3.13A). The normalized PL spectra redshifted
with applied tensile strain (Fig. 3.13B). Nafion counterdoping led to a strain-independent PL
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Figure 3.8: Direction independence of EEA suppression. (A) Direction of uniaxial
strain (B) Exciton transition energy as a function of strain direction (C) VHS is shifted from
twice of exciton transition energy independent of tensile strain direction.

QY of 70±10 % (mean ± standard deviation) at low pump powers, as can be seen in a spatial
map of the PL QY of a 2 mm × 2 cm area taken at a generation rate of G = 1016cm−2s−1

(Fig. 3.13C). At a high generation rate of G = 1016cm−2s−1, if no strain was applied, a
low PL QY of 1.6 ± 0.8 % was observed uniformly, consistent with as-exfoliated monolayer
WS2. (Fig. 3.13D). However, at 0.4% applied tensile strain, PL QY of the same area reaches
59 ± 10%, indicating a ∼ 38 times uniform enhancement of PL QY for a large-scale grown
sample at a high generation rate of G = 1020cm−2s−1. This demonstration showcases that
ideal optoelectronic quality can be achieved in large-area grown monolayers by relatively
simple and scalable application of counterdoping and strain.
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Figure 3.9: Direction independence of EEA suppression. (A) Direction of uniaxial
strain (B) Exciton transition energy as a function of strain direction (C) VHS is shifted from
twice of exciton transition energy independent of compressive strain direction.
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Figure 3.10: EEA Suppression with Biaxial Strain. VHS is also shifted from twice of
exciton transition energy with biaxial compressive strain.

Figure 3.11: Universal nature of EEA suppresion. (A, B) Near-unity PL QY at all
generation rates in electrostatically counterdoped WSe2 and chemically counterdoped MoS2

by tensile and compressive strain, respectively, demonstrates the universality of the condi-
tions that suppress nonradiative recombination.
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Figure 3.12: Near-unity PL QY in WSe2 at all generation rates. (A, B, C), PL QY
of monolayer WSe2 as a function of gate voltage, generation rate and strain.

3.3 Exciton-Exciton Annihilation in Different

Semiconductors

2Be it for essential everyday applications such as bright light emitting devices or to
achieve quasiparticle Bose-Einstein condensation, materials in which high densities of ex-
citons recombine radiatively are of crucial importance. However, in all excitonic materials
exciton-exciton annihilation (EEA) becomes the dominant loss mechanism at high densities,
where an exciton nonradiatively recombines in the course of colliding with another exciton.
This recombination channel drastically reduces the observed effective lifetime and lumines-
cence quantum efficiency of excitons. EEA has been experimentally observed in numerous
materials and typically, a macroscopic parameter named EEA coefficient is used to compare
rates of EEA between different materials at the same density; the higher the EEA coefficient
the higher the rate of EEA. Here we examine the reported values of EEA coefficient for 140
different materials and find that it is inversely related to the lifetime of single exciton. We
explain this trend with the quantum theory of interacting excitons; since during EEA one
exciton must relax to ground state, EEA coefficient is proportional to the single-exciton re-
combination rate. Surprisingly, this leads to a counterintuitive observation that, the exciton
recombination rate at which EEA starts to dominate is inversely correlated to EEA coef-
ficient. Materials with highest EEA coefficient also have highest EEA-onset recombination
rate. These results broaden our understanding of EEA across different material systems and
provide a point of reference to future excitonic materials and devices.

Excitons can be formed by direct photoexcitation or by association of free electrons and
holes due to their attractive coulombic interaction. Excitons dominate the photophysics of

2The following section was published in a similar form in Nano Letters. (Uddin, S.Z., Rabani, E. and
Javey, A., Universal inverse scaling of exciton–exciton annihilation coefficient with exciton lifetime. Nano
Letters, 21(1), pp.424-429, 2020.)
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Figure 3.13: High PL QY on large-area CVD-grown WS2. (A) Schematic (top) and
photograph (bottom) of the flexible substrate used to strain CVD grown, centimeter-scale
WS2. (B) Normalized PL spectra of a typical spot at different strains. (C, D) Spatial
mapping of PL QY of a 2 mm X 2 cm area of grown WS2 at a low generation rate of
G = 1016cm−2s−1 and a high generation rate of G = 1020cm−2s−1, respectively, shows high
PL QY is uniformly achieved by strain at the highest generation rate, while maintaining
high PL QY at low pump.
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many different classes of material systems; from nanoscale complexes [30] such as molecules,
molecular aggregates [31], quantum dots [32], nanotubes [33], two dimensional semiconduc-
tors [34] at room temperature to bulk semiconductors [35] at cryogenic temperatures. At
low exciton densities, many of these excitonic materials have high luminescence efficiency
and this property has been leveraged in commercial light-emitting device technologies [36].
However, at high exciton concentrations the recombination is dominated by exciton-exciton
annihilation (EEA), where an exciton nonradiatively recombines in the course of colliding
with another exciton [37]. This nonradiative process drastically reduces the luminesce effi-
ciency and is the leading efficiency-limiting factor in numerous applications. Although EEA
is ubiquitously observed and extensively studied in excitonic materials, a clear and system-
atic comparison of EEA rate across different materials systems is lacking. Generally, EEA
is characterized by a macroscopic parameter named exciton-exciton annihilation coefficient
CEEA. High values of CEEA implies high EEA rates for a given exciton density.

Here, we investigate EEA across 140 different material systems (see table 3.1,3.2,3.3,3.4)
collected from published literature. They represent different classes of materials, such as
two-dimensional (2D) and bulk semiconductors, chloroplasts, solid phase of noble gas atoms,
crystalline ionic compounds, scintillators, molecular crystals and films, fluorophores, covalent
organic frameworks, quantum dots array, nanotubes and nanowires, thus providing a broad
basis for characterizing general patterns in EEA. The observed values of EEA coefficient and
exciton lifetime in these materials spans ten orders of magnitude. We find that across differ-
ent material systems, contrary to intuition, EEA coefficient CEEA is linearly correlated with
the single-exciton lifetime τX . We explain the observed trend with a microscopic quantum
theory of EEA. This trend sets a universal limiting exciton concentration of ∼ 1020 cm−3 at
which EEA starts to dominate single-exciton recombination in different materials, despite
having drastically different EEA coefficients. More importantly, this trend shows that the
recombination rate at the onset of EEA is linearly correlated to EEA coefficient, which is a
paradigm shifting insight. These results advance our ability to recognize existing materials
which can support large densities of excitons without compromising luminescence efficiency,
provides a point of reference against which new materials can be benchmarked and shed new
light on the microscopic mechanism of exciton-exciton annihilation.

Exciton, a bound state of an electron and a hole due to their attractive electrostatic
Coulomb force, is often discussed in the two limiting cases depending of the size of the
exciton. Small Frenkel excitons have similar size as lattice spacing and are typically found
in organic molecular crystals [38], whereas Wannier-Mott excitons are larger than lattice
spacing and are typically found in inorganic crystals [39]. Both types of excitons show EEA
at high densities. Energy level diagram demonstrating EEA of localized Frenkel excitons
with discrete energy levels are shown in Fig. 3.14A. Initially two molecules are in their
first excited state, where they each have one exciton. EEA occurs when the exciton in the
right molecule moves to the ground state and sends the exciton in the left molecule to a
higher energy state through energy transfer. Internal conversion by phonon emission leads
to a rapid relaxation of the left molecule into its first excited state, leaving only one exciton
after EEA. The energy of large and mobile Wannier-Mott excitons in semiconductor crystals
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Figure 3.14: Mechanism and Signatures of Exciton-exciton annihilation. Schematic
representation of the EEA process in (A) adjacent discrete molecules and (B) crystalline
semiconductors with energy dispersion. Effect of EEA on (C) quantum yield measured by
continuous excitation and (D) time resolved exciton concentration following pulsed excita-
tion.

depends on their center-of-mass momentum. Schematic representation of EEA for Wannier-
Mott excitons along with their energy dispersion is shown in Fig. 3.14B, where one exciton
nonradiatively transfers its energy to ionize and/or increase the center-of-mass kinetic energy
of another nearby exciton, conserving total momentum.

The two principal evidences that identify EEA are that (i) the luminescence quantum
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yield decreases sublinearly with increasing excitation power and (ii) the observed lifetime of
excitons shortens substantially at high exciton densities [1]. For both Frankel and Wannier-
Mott excitons, the experimental observations can be captured by a phenomenological macro-
scopic rate equation[40] for the exciton density nX(r, t) containing an annihilation term
proportional to the square of this density,

∂nX(r, t)

∂t
= G(r, t) +D∇2nX(r, t)−

nX(r, t)

τX
− CEEAn

2
X(r, t) (3.10)

where r is position, t is time, G(r, t) is the exciton generation rate, D is the exciton diffusion
coefficient, τX is the single-exciton lifetime and CEEA is the EEA coefficient. In case of
spatially uniform generation G(r, t) = G(t), the diffusion term vanishes, and the previous
equation simplifies to

∂nX(r, t)

∂t
= G(t)− nX(t)

τX
− CEEAn

2
X (3.11)

which is widely used to describe photophysics of excitonic systems. In case of steady state
excitation, the time derivative vanishes and

G(t) = G =
nX

τX
+ CEEAn

2
X (3.12)

. The radiative recombination of rate is proportional to the exciton concentration. Therefore,
the relative quantum yield (QY) can be written as

QY ∝ nX

G
=

nX

nX/τX + CEEAn2
X

, (3.13)

which is constant at low exciton density and decreases with increasing exciton density. This
is one of the primary evidences of EEA (Fig. 3.14C). We define the exciton density and
generation rate, at which relative quantum yield drops to half of the low pump value, as the
onset exciton density and onset recombination rate

n1/2 =
1

CEEAτX
(3.14)

G1/2 =
2

CEEAτ 2X
(3.15)

For the same lifetime the onset exciton concentration decreases with increasing CEEA (Fig.
3.14C). In the case of pulsed excitation, G(t) = nX(0)δ(t), where δ(t) is the Dirac delta
function, time varying exciton concentration can be written as

nX(t) =
nX(0) exp (−t/τX)

1 + nX(0)CEEAτX [1− exp (−t/τX)]
. (3.16)

We note, at increased exciton concentration, the initial decay of the excitation population
becomes faster, leading to an observation of reduced effective lifetime. This is another
primary evidence of EEA (Fig. 3.14D).
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Figure 3.15: Exciton-exciton annihilation coefficient vs exciton lifetime. Exciton-
exciton annihilation coefficient decreases with increasing single exciton lifetime in different
excitonic materials. 2D, MF, 3D, QD, NW, and NT are abbreviations of two-dimensional,
molecular films, three-dimensional, quantum dot, nanowire, and nanotube, respectively. The
relative histogram of CEEA and τX is shown on right and top, respectively and has the same
color coding as the main figure. Each decade is divided into two bins, the height of the bars
represents how many values fall into each interval. The bars on the histogram have different
widths for distinguishability and carries no numerical significance.
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Figure 3.16: Interaction between excitons. Nonradiative energy transfer between two
excitons either in molecular systems or crystalline semiconductors. The transition rate de-
pends on the relative orientation of the transition dipole moments and the distance R between
them.

EEA has been extensively studied in many different material systems. EEA coefficient
(CEEA) as a function of exciton lifetime (τX) for different materials along with their relative
histograms are shown in Fig. 3.15. To be present in our data, a material must have been
characterized in literature either by experimental techniques that track time-resolved exciton
density after pulsed excitation or by steady state measurement of luminescence efficiency as
a function of exciton density. The observed values of τX and CEEA in nature spans ten orders
of magnitude. We note from the histogram that, 2D semiconductors have relatively short
exciton lifetime (0.1 − 10 ns), but large EEA coefficient (10−10 − 10−7 cm3/s). In contrast,
bulk semiconductors exhibit relatively long exciton lifetime (104 − 107 ns), but small EEA
coefficient (10−15 − 10−12 cm3/s). Molecular films however cover the entire range of lifetime
and EEA coefficient. Over the whole range, we observe a general trend of decreasing CEEA

with increasing exciton lifetime τX for all material classes.
We now present a quantum theory of interacting dipoles that provides an intuitive un-

derstanding of the crucial mechanism that leads to the inverse relationship between EEA
coefficient and single-exciton lifetime. We first explore the microscopic EEA rate at the limit
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where excitons do not diffuse. Then we introduce exciton diffusion and relate the macro-
scopic EEA coefficient CEEA with the microscopic rate. Let us consider the non-radiative
transfer of energy from a donor exciton to an acceptor exciton that are very close to each
other and fixed at nearby sites, as shown in Fig. 3.16. This is similar to fluorescence res-
onance energy transfer (FRET), however unlike FRET the acceptor site is at an excited
state. Energy levels that are relevant to exciton-exciton annihilation (EEA) is also shown
in Fig. 3.16. The ground-state (a), the first excited state (b), and higher excited state (c)
energies of a pair of excitons are labelled. These energy levels could be the discrete levels
of Frenkel excitons discussed in Fig. 3.14A or relevant k-states of Wannier-Mott excitons in
Fig. 3.14B. At the beginning, both donor and acceptor excitons are in their ground excited
state, b. After EEA, the donor exciton is annihilated, and the acceptor is excited to higher
energy state c. If the wavefunctions are denoted by ψ, the initial and final state can be
written as |ψA

b ψ
D
b > and |ψA

c ψ
D
a >, respectively. Therefore, from Fermi’s golden rule, the

rate of non-radiative energy transfer can be written as

B =
2π

ℏ
∣∣< ψA

c ψ
D
a |V |ψA

b ψ
D
b >

∣∣2 ρF (3.17)

where V is the dipole-dipole interaction potential, and ρF is the density of states at the energy
of the final states. The electrostatic potential between two dipoles that have transition dipole
moments of µA and µD and are distance R apart can be approximated as

V ∝ µAµD

R3
(3.18)

where angular dependence is ignored for simplicity. Substituting the potential on the rate
equation and using the fact that the coordinates of donor and acceptor excitons are inde-
pendent, we can write

B ∝ 1

R6

∣∣< ψD
a |µD|ψD

b >)
∣∣2 ∣∣< ψA

c |µA|ψA
b >

∣∣2 . (3.19)

The first matrix element of the product is proportional to the rate of transition of the
donor exciton to the ground state, independent of the presence of any other excitons, which
is inversely related to the single exciton lifetime (τX). The second matrix element of the
product is proportional to the rate of transition of the acceptor exciton to a higher excited
state, which is related to the relative absorptivity of these two levels and is independent of
the single exciton lifetime (τX). Therefore, the microscopic EEA coefficient, B is inversely
proportional to τX ,(B ∝ 1/τX ).

Now let us consider the case where the excitons can move on a lattice of points in a crystal
or among molecules in a film, denoted by a vector q which as the same dimensionality as
the material. The time evolution of the probability fq(t) of finding an exciton at point q
can be written as [40–42]

dfq(t)

dt
=
fq(t)

τX
+ F

[ ∑
q′,q′ ̸=q

fq′(t)− fq(t)

]
−
∫ t

0

dt′Γ(t− t′)f 2
q(t

′) (3.20)
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where F is the rate of diffusion between two adjacent points, and Γ(t) is a memory function
that takes into account of the movement of excitons prior to annihilation and depends on
both the microscopic EEA coefficient, B and the diffusion rate, F . Dividing the probabilities
with unit cell volume V gives us the mean-field rate equation [43]. The diffusion coefficient
D is related to the diffusion rate as D = FA, where A is the average unit-cell side area.
The macroscopic EEA rate coefficient CEEA results from the integration of the memory
function term. Detail derivation of the memory function gives the following expression in
one dimension14

CEEA = V
B
√
1 + 4FτX

BτX +
√
1 + 4FτX

(3.21)

relating macroscopic EEA rate coefficient CEEA to the microscopic EEA rate and diffusion
coefficient. We have already derived that B ∝ 1/τX , therefore

CEEA ∝ 1

τX

√
1 + 4FτX

BτX +
√
1 + 4FτX

(3.22)

In an excitonic semiconductor two limiting cases of transport are often distinguished [44, 45].
In hopping transport, the Frenkel exciton is almost localized, and they can transfer from one
site to another. In molecular crystals where hopping is the main mechanism of diffusion,
it is known from Smoluchowski–Einstein theory of random walks that [46–49] F ∝ 1/τX .
Therefore for hopping dominated diffusion, we get CEEA ∝ 1/τX .

In band transport, phonons scatter the Wannier-Mott excitons in a crystalline semi-
conductor from one wavevector state to another. The transport is then governed by the
scattering times of the wavevector states. The dependence of diffusion constant on the exci-
ton lifetime at the band limit is complex, but it decreases with increasing lifetime [50, 51].
Combination of these relationships still leads to decreasing CEEA with increasing τX . If the
diffusion rate is large

√
1 + 4FτX >> BτX) then also CEEA ∝ 1/τX . Therefore, for both

types of transport, we observe decreasing EEA coefficient with increasing lifetime. The re-
lationship between macroscopic and microscopic EEA coefficients are convoluted in higher
dimensions, but in all dimensions CEEA decreases with increasing exciton lifetime [40, 42].

The onset exciton density and recombination rate at which relative quantum yield drops
to half of the low pump value can be written as

n1/2 =
1

CEEAτX
(3.23)

G1/2 =
2

CEEAτ 2X
(3.24)

Both quantities have a more direct impact on practical applications than either lifetime or
EEA coefficient. For light emitting devices, higher onset recombination rate G1/2 would
imply higher photon emission rate without dropping efficiency due to EEA. In case of Bose-
Einstein condensation or excitonic lasing, larger onset exciton concentration n1/2 would imply
large number of quasiparticles can be amassed in that material without sacrificing lifetime.
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We show G1/2 and n1/2 in Fig. 3.17 as a function of τX in different materials. If CEEA and
τX were independent, above equations would suggest that G1/2 is inversely proportional to
τ 2X . However, as a consequence of the trend between EEA coefficient and lifetime, G1/2 scales
inversely with τX , independent of the type of exciton, material or diffusion involved (Fig.
3.17A). Therefore, materials with very short lifetimes such as 2D semiconductors are suitable
for bright light emitting devices. Since materials with short lifetimes have the largest CEEA,
materials with the largest CEEA also has the largest onset recombination rate for EEA.

CEEA ∝ 1

τX
⇒ G1/2 =

2

CEEAτX
∝ CEEA (3.25)

Similarly, if CEEA and τX were independent, Eq. 6 would suggest that n1/2 is inversely
proportional to τX . However, due to the inverse scaling of EEA coefficient with lifetime,
onset exciton concentration shows no strong dependence on τX (Fig. 3.17B). In all excitonic
materials characterized in literature, EEA begins to dominate the recombination process
below an exciton concentration of 1020 cm−3, corresponding to an interexciton distance of just
2.7 nm. This is a very important number to gauge the potential of future excitonic materials
compared to the existing library of materials. The inverse scaling of EEA coefficient with
single-exciton lifetime leads to strikingly different scaling of onset recombination rate and
onset exciton concentration with lifetime, which is not evident from Eq. 6. We also show
the EEA coefficient and lifetime with corresponding exciton emission energy for different
materials in Fig. 3.18. We do not observe any general correlation among them. Optical
bandgap of 90% of the materials, in which EEA has been characterized, lies between 1.5 eV
to 2.5 eV.

3.4 Summary

Inorganic or organic, defective or unblemished, excitonic or free-carrier system, irrespec-
tive of which classification any semiconductor belongs to, nonradiative recombination has
always been observed in all semiconductors at high photocarrier concentrations. Here we
show that in both exfoliated and grown two dimensional semiconductors nonradiative re-
combination processes can be suppressed at all generation rates as long as the material is
chemically intrinsic by electrostatic or chemical counterdoping, and EEA process is not in
resonance with VHS as achieved by strain. Considering how common van Hove singularities
are in low dimensional semiconductors these concepts in principle could apply to other sys-
tems. Our findings here present a strong case for the use of 2D materials for optoelectronic
devices, although a number of challenges still need to be overcome in terms of the device
design and implementation.
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Figure 3.17: Onset of exciton-exciton annihilation. (A) Generation rate and (B) exciton
concentration at the onset of exciton-exciton annihilation. 2D, MF, 3D, QD, NW, and
NT are abbreviations of two-dimensional, molecular films, three-dimensional, quantum dot,
nanowire, and nanotube, respectively. Histograms of onset generation rate and exciton
concentration are shown on the left.
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Figure 3.18: EEA coefficient and exciton lifetime with exciton transition energy.
(A), EEA coefficient and (B) single exciton lifetime as a function of exciton emission energy
EX . 2D, MF, 3D, QD, NW, and NT are abbreviations of two-dimensional, molecular films,
three-dimensional, quantum dot, nanowire, and nanotube, respectively. Relative histogram
of exciton transition energy is shown on the top.

3.5 Experimental and Theoretical Details

Device Fabrication

TMDC monolayers (WS2 and WSe2 from HQ Graphene, MoS2 from SPI supplies) were
mechanically exfoliated on top of 50 nm SiO2/Si p

++ substrates and were identified by opti-
cal contrast. 10 wt% polyvinyl alcohol (PVA, Alfa Aesar, 98− 99 % hydrolyzed, molecular
weight 130, 000 g/mol) solution were spin-coated at 1000 rpm for 40 seconds on the sub-
strate with TMDC monolayer, and baked at 70◦ C for 3 minutes to remove water solvent.
Subsequently, a polyethylene terephthalate (PET, 125 µm thick) film is attached on top of
the PVA film using adhesive (Super glue, Gorilla Glue Company) for ease of handling. Next,
the entire flexible substrate (PVA/adhesive/PET) with the encapsulated monolayer TMDC
is slowly peeled off from SiO2 substrate using tweezer and resized so that the monolayer is at
the center. Hexagonal boron-nitride (hBN, HQ Graphene) is mechanically exfoliated onto a
1× 1 cm polydimethylsiloxane (PDMS) substrate. The flexible substrate is put on a sample
stage under a modified optical microscope (bh2, Olympus) at room temperature and the
hBN-exfoliated PDMS stamp was positioned upside down and aligned with the monolayer
on the flexible substrate. The stamp was slowly brought into contact with the monolayer
and peeled off rapidly, leading to transferred hBN on top of TMDC monolayer forming
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Figure 3.19: Negligible change in PL by bending of substrates. PL spectra of (A)
PDY-132, (B) Poly(p-phenylene vinylene) (PPV), (C) CdSe quantum dots on PVA-PET
flexible substrates as a function of applied strains.

the insulator. In a similar fashion, Graphene (Graphenium, NGS Naturgraphit) is subse-
quently stamp-transferred on top of the TMDC monolayer/hBN stack to from source and top
gate. Contacts are formed to the source and gate by applying silver conductive paste (EMS
#12640, Electron Microscopy Sciences) to the graphene with a sharpened wooden tip under
a Nikon stereomicroscope. Lastly, the device is encapsulated with poly(methyl methacry-
late) (PMMA; 950 A11, Microchem) prior to measurement by dropcasting and subsequent
soft-baking at 70◦ C for 5 minutes. To prepare compressively strained monolayer MoS2, first
MoS2 was exfoliated on PDMS and then stamp was slowly brought into contact with the
center of a piece of glycol-modified Polyethylene terephthalate (PETG, 2.54 mm thick, 3 cm
length) at 90◦ C and peeled off, followed by rapid quenching of the MoS2-transferred PETG
down to room temperature. The coefficients of thermal expansion (CTEs) of PETG and
monolayer MoS2 over the range of 20− 90◦ C were experimentally measured to be 80.5± 2.5
ppm/◦C and 7 ppm/◦C, respectively [52]. The biaxial compressive strain applied in the
monolayer MoS2 due to the CTE mismatch can thus be calculated as

ϵ(Ttr) =

∫ Ttr

20◦C

αPETG(T )dT −
∫ Ttr

20◦C

αMoS2(T )dT (3.26)

where Ttr is the transfer temperature of monolayer onto the PETG, αPETG is the CTE of
the PETG substrate, and αMoS2 is the CTE of the monolayer MoS2. Since we are using
the transfer temperature of 90◦ C, the biaxial compressive strain in the monolayer MoS2

resulting from this quenching process was 0.51 After the transfer, 3% Nafion perfluorinated
resin solution (5 wt% in lower aliphatic alcohols and water, contains 15− 20% water, Sigma
Aldrich) diluted by ethanol was spin coated at 4000 rpm on the prepared MoS2 sample with
biaxial compressive strain.
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Electrical and Optical Characterization

Devices were charged from an Keithley 2410 Source Meter Unit connected to the gate
electrode, while the graphene source contact was grounded. The PL QY was measured using
a customized micro-PL instrument which was calibrated as following procedure. The PL QY
measurement calibration is also described in detail in previous study [4]. The wavelength
of spectrometer was verified with Ar lamps (Newport) and the wavelength-dependent in-
strument response function was measured by a virtual Lambertian blackbody source, which
was created with a stabilized lamp (Thorlabs SLS201) and a spectralon reflection standard
(Labsphere). The collection efficiency was then acquired by measuring the laser response
which was focused on the spectralon relfection standard. Because the emission profile of the
monolayer semiconductors has been known to be Lambertian, this gives the reasonable ap-
proximation of the source of PL emission from the monolayers. For calibration measurements
taken from the spectralon reflection standard, the fraction of generated photons which escape
from the sample was calculated using 1/4n2, where n is the refractive index of the medium
[53]. Because the calibration was performed based on quartz substrates, the possibility of
the errors from light leakage through transparent substrates was excluded. Independent ap-
proach was also used to verify the system calibration using a sample which has been known
to have QY ∼ 100% (rhodamine 6G in methanol). In order to ensure that there is no change
in light outcoupling factors or collection efficiency, we measured the samples that have PL
QY independent of strain, as shown in the Fig. S9. All of the samples show no change in
PL spectra with applied strains, indicating that substrate-bending does not affect the PL
QY and the same calibration approach can be used due to no change in light outcoupling
and collection efficiency of the system. An Ar ion laser with a 514.5 nm line was used as the
excitation source. All measurements reported in this paper are taken at room temperature,
in an ambient lab conditions under nitrogen flow. The applied strain on the flexible substrate
were calculated using the equation ϵ = t/R, where 2t and R are the substrate thickness and
curvature radius. The thickness 2t of the entire flexible substrate is measured through the
cross-section optical image. The curvature radius R were measured through the side-view
photograph. All theory calculations are carried out in MATLAB.

EEA Coefficient in Different Materials
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Material/ EEA Exciton Optical
Substrate Coefficient Lifetime Bandgap
(Reference) (cm2s) (ns) (eV)

MoS2/PMMA [1] 3.5 12.0 1.84
MoS2/SiO2 [54] (4.3± 1.1)× 10−2 0.09 1.88

MoS2/Quartz [55] 0.62− 0.81 20.0 1.89
MoS2/sapphire [55] 0.02− 0.04 20.0 1.89
MoS2/STO [55] 0.0049− 0.0098 20.0 1.89
WS2/PMMA [1] 2.4 1.25 2.01
WS2/hBN [56] (6.3± 1.7)× 10−3 0.06 1.99

WS2/Quartz [55] 0.0888− 0.1171 1.00 2.01
WS2/sapphire [55] 0.01752− 0.02311 1.00 2.01
WS2/STO [55] 0.000864− 0.001126 1.00 2.01
WS2/SiO2 [57] 0.089± 0.001 0.14± 0.001 2.01
WSe2/SiO2 [58] 0.03 1.00 1.66
WSe2/SiO2 [59] 0.05 1.00 1.64

WSe2/SiO2/Si 10K [60] 0.26± 0.02 0.21± 0.005 1.66
WSe2/sapphire 10K [60] 0.011± 0.002 0.041± 0.002 1.66

CVD WSe2/sapphire 10K [60] 0.15± 0.02 0.055± 0.002 1.63
WSe2/MgF2 10K [60] 0.018± 0.002 0.418± 0.010 1.65

WSe2/hBN/Si3N4/Si 10K [60] 0.11± 0.02 0.116± 0.05 1.66
WSe2/SiO2 50K [61] 1.1 0.027 1.74
MoSe2/SiO2 [62] 0.06 23.0 1.57
MoTe2/SiO2 [63] 0.1 0.12 1.17

Black Phosphorus 4K [64] (5.0± 0.2)× 10−3 0.28 2.01
RP perovskite [65] (n = 1) (3.35± 0.15)× 10−4 28± 7 2.37

(n = 2) (1.1± 0.35)× 10−4 35± 4 2.15
(n = 3) (4.9± 0.12)× 10−4 6.7± 0.8 1.99
(n = 4) (2.5± 0.5)× 10−4 8± 10 1.89

SnS (1.10 nm) [66] 4.34× 10−4 3.00 1.60
2D perovskite [67] 1L (17± 5)× 10−3 2.22 2.39

2L (4.1± 1.0)× 10−3 4.3478 2.13
3L (3.5± 0.6)× 10−3 3.3333 1.99
4L (2.8± 0.6)× 10−3 5.00 1.91
5L (1.3± 0.3)× 10−3 6.6667 1.81

ReS2 [68] 1L 0.078± 0.015 0.059± 0.003 1.62
2L 0.047± 0.016 0.083± 0.007 1.55
3L 0.011± 0.005 0.139± 0.010 1.52

Table 3.1: EEA Coefficient and exciton lifetime of 2D materials. (RP = Ruddlesden–Popper)
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Material/ EEA Exciton Optical
Substrate Coefficient Lifetime Bandgap
(Reference) (cm2s) (ns) (eV)

Hexagonal Boron Nitride [69] 2× 10−7 0.43 6.00
Bulk hBN 8K [70, 71] 1× 10−6 0.6 5.79
bulk CuO2 11K [72] (0.5− 4)× 10−7 470± 12 2.01

CuO2 2K [73] 7× 10−8 3.50 2.01
CuO2 30K [74] 1× 10−15 26 2.00
CuO2 2K [74] 1× 10−14 150× 103 2.00
CuO2 70K [75] 6× 10−8 300 2.14

Terbium Phosphate 300K [76, 77] 5× 10−15 73.9× 103 2.28
Terbium Fluoride 3.95K [78, 79] 3.5× 10−15 179× 103 3.22

MnF2 1.7K [80] 5× 10−13 0.125× 106 4.56
5 at.% Cm4:CeF4 2K [81] (1± 0.25)× 10−14 20× 103 2.47
Cm0.05Ce0.95F4 4.2K [82] 1× 10−12 27.78× 103 2.47

Cs2UO2C4 Crystal 12.5K [83] (1− 10)× 10−14 3.7736× 103 2.49
CsMnF3 3.5K [84] (5.3± 2.5)× 10−15 (0.72± 0.05)× 106 2.13
GdCI3 4.4K [85] 4.7× 10−14 170× 103 3.98

NaI:TI [86] 2× 10−11 169.5 2.99
Intrinsic Silicon 4K [87] 0.5× 10−9 2600 1.20

DMABI [88] 5× 10−10 7.1429 2.39
Solid Xe crystal 20K [89] 1.75× 10−6 2.2 8.37

Table 3.2: EEA Coefficient and exciton lifetime of bulk materials.
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Material/ EEA Exciton Optical
Substrate Coefficient Lifetime Bandgap
(Reference) (cm2s) (ns) (eV)

(6, 5) SW CNT [90] (2.0814± 1.2050)× 10−7 0.055 1.25
Semiconducting SW CNT [91] 1.1831× 10−6 0.3 0.80

CdSe Nanowires [92] 2.3025× 10−10 1.5 1.78
Ti-catalyzed Si NW [93] 4K (6± 2.8)× 10−13 106 1.62

50K (2.1± 0.5)× 10−13 500× 103 1.61
100K (4.5± 0.15)× 10−13 250× 103 1.59
300K (1.3± 0.2)× 10−12 49× 103 1.59

Si nanocrystal [94] (0.8− 2)× 10−9 0.01 1.36
Si NW [95] 100K 1× 10−12 90× 103 1.59

300K 2× 10−12 50× 103 1.57
(6,4) single walled CNT [96] (5.79± 2.43)× 10−8 0.0106 1.40

CdSe nanorods [97] 1.8× 10−9 1 1.79
CsPbBr3 Quantum Dots [98] 7× 10−7 4.3 2.42

COF-5 [99] 1.09× 10−8 0.0125 2.64

Table 3.3: EEA Coefficient and exciton lifetime of one, and zero dimensional, and molecular
systems (SW = Single wall, CNT = Carbon nano tube, NW = Nanowire, COF = Covalent
organic framework).
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Material/ EEA Exciton Optical
Substrate Coefficient Lifetime Bandgap
(Reference) (cm2s) (ns) (eV)

MEH-PPV [100, 101] (2.8± 0.5)× 10−8 0.140 2.00
MEH-PPV [102] 1.2403× 10−9 0.260 1.91
MEH-DSB [103] 4.3274× 10−10 0.150 2.33
PPV 259K [104] 4× 10−8 0.200 1.94
PPV 77K [105] 2× 10−8 0.280 2.14
2CzPN [106] 5× 10−15 273× 103 2.57

Chlorelia pyrenoidosa [107, 108] 1× 10−8 15 1.80
PDHS [109, 109] 2× 10−7 0.600 3.47
TMMC [110] 1× 10−15 740× 103 1.91

Polyfluorene [111] (1.5− 3.8)× 10−8 0.150 2.82
β−Phase Polyfluorene [112] 2× 10−8 0.144 2.83

J-Cyanine [113] 0.55× 10−6 0.043 2.02
J-pseudoisocyanine [114] (2.6± 0.5)× 10−3 0.071− 0.167 2.16

F8−PDA [115, 116] 1.2× 10−11 3.6× 103 2.58
Anthracene [117–120] (1± 0.5)× 10−8 3.5− 4.1 3.06

Tetracene [121] 5× 10−9 0.3 2.41
Tetracene [122] (1.70± 0.08)× 10−8 0.08± 0.003 2.41

P3HT/PCBM blend [123] 4× 10−9 0.450 1.77
TTBC adsorbed silica [124] 5× 10−8 0.889 2.09

Alq3 [125, 126] (3.5± 2.5)× 10−11 14− 16 2.47
Eu(tta)4N(Et)4 [127] 5.5× 10−9 1 2.02

solid C60 [128] (7± 1)× 10−10 0.1 1.60
β-hydrogen phthalocyanine [129] 9.376× 10−11 0.2459512 1.98

J-cyanine chloride [130] 6.5× 10−10 0.2 2.15
J-BTHC [131] 0.5150× 10−4 0.500± 0.020 2.65
TDBC−1 [132] 0.5115× 10−3 0.220 2.11
Pyrene [133] (7.5± 4.0)× 10−12 200 2.63

Spinach chloroplasts [134] (5.2± 1.6)× 10−9 0.8 1.81
(15.6± 4.0)× 10−9 0.8 1.81
(9.6± 4.8)× 10−9 0.9 1.81
(12± 4)× 10−9 1.1 1.81

x-benzophenone [135] (5± 1.2)× 10−15 2.5× 103 2.70
a-benzophenone [135] (1.3± 0.7)× 10−13 205× 103 2.69
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DCB 4K [136] (4.3± 2.0)× 10−13 15× 103 2.99
α-sexithienyl [137] 2.83× 10−8 0.050 3.20

P3HT [138] 3.0386× 10−10 0.5063 1.71
α-Fe2O3 Hematite [139] (7.60± 0.02)× 10−9 1.5 2.10

4% CBP:PtOEP [140, 141] 1.5× 10−14 108× 103 3.10
8% PtOEP:Alq3 [140, 141] 8.0× 10−14 20× 103 2.70

C60 [142] 7× 10−9 0.010 2.09
C60−O2 [142] 8.75× 10−9 0.036 2.09

Region-random P3HT [143] 1.23× 10−10 1 2.25
Regio-regular P3HT [144] (0.9± 0.8)× 10−8 0.3± 0.1 1.91

LPPP [145] 4.2× 10−9 0.045 2.69
poly thiophene [146] (1.5± 0.2)× 10−9 0.270± 0.020 2.05

Oligothiophene dioxide [147] (2.4± 0.2)× 10−11 7.9 2.37
(4.5± 0.5)× 10−11 1.6 2.26
(9.5± 0.5)× 10−11 0.29 1.90

P3HT [148] 4.5× 10−9 0.3049 1.74
Polyparaphenylene [149] 1.3× 10−8 0.59± 0.020 2.68

FALPc [150] 9.33× 10−9 0.75± 0.05 ps 1.72
DPT [151] 3.9× 10−9 0.0008 2.47

Chlorophyl A [152] 1.25× 10−10 3 1.82
1:1 F8BT:PFB [153] 5× 10−12 2× 103 1.91
DPOP-PPV [154] 5× 10−10 1.5 2.38

c-Phycoerythrin [155] 1.44× 10−9 1.8349 2.16
c-Phycocyanin [155] 6.3× 10−9 2.1097 1.94
Allophycocyanin [155] 1.6× 10−9 1.8657 1.89

poly(phenyl methyl silane) [156] 8× 10−8 0.073 4.60
poly(di-n-hexyl silane) [156] 6× 10−8 0.6 3.47

platinum-octaethylporphyrin [157] 1.39× 10− 14 95× 103 3.25
N719 dye [158] 1× 10−12 21 1.65
D149 dye [158] 2× 10−9 0.55 1.82
MK2 dye [158] 1× 10−8 0.55 1.72

Ir(ppy)3 G1 [159] 200× 10−14 14.2857 2.35
Ir(ppy)3 carb [159] 30× 10−14 111.1111 2.34
Ir(ppy)3 G2 [159] 5× 10−14 1000 2.39
CBP PtOEP [160] (8.5− 9)× 10− 15 95× 103 3.25
IrG1:CBP [161] (6± 1)× 10−9 0.5 2.41
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Tetracene [162] 1.6× 10−9 12.5 2.40
1.7× 10−11 62.5× 103 1.25

Rubrene [162] 8× 10−10 7.6923 2.23
5.1× 10−12 100× 103 1.14

TIPS-pentacene [162] 2.4× 10−8 7.6923 1.70
TIPS-pentacene [162] 5× 10−12 105 0.85
Chlorophyll a/b [163] 2.75× 10−9 1.25 1.88

ACRXTN [164] 1.46× 10−12 112.4859 2.39
CBP [165, 166] 1× 10−14 15× 106 1.91

Bisfluorene-cored dendrimer [167] 5.5× 10−10 0.7692 2.95
Trans-stilbene [168] 1× 10−12 107 2.15

Table 3.4: EEA Coefficient and exciton lifetime of molecular films. (MEH-PPV =
Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene], MEH-DSB = 2-methoxy-5-(2’-
ethylhexyloxy)-distyryl benzene, PPV = Poly(p-phenylene vinylene), 2CzPN = 4,5-di (9H-
carbazol-9-yl) 30 phthalonitrile), PDHS = poly(din-hexylsilane), = Tetramethylammonium
manganese trichloride, PFO = polyfluorene, poly(3−hexylthiophene = P3HT), TTBC =
tetrachlorobenzimidazolocarbocyanine, Alq3 = tris (8-hydroxyquinoline), Eu(tta)4N(Et)4 =
tetraethylammonium tetrakis4,4,4,- trifluoro-1-2-thienyl-1,3-butadionoeuropiumIII, DCB =
Dichlorobenzophenone , LPPP = ladder-type poly p-phenylene, FAlPc = fluoroaluminum
phthalocyanine, DPT = 5,12-diphenyl tetracene , PtOEP = platinum-octaethylporphyrin ,
Ir(ppy)3 = fac-tris(2-phenylpyridine) iridium(III)
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Chapter 4

Exciton Transport in Two
Dimensional Semiconductors

4.1 Introduction

Monolayer transition metal dichalcogenides (TMDCs) are promising materials for next
generation optoelectronic devices. Exciton diffusion is the primary channel of energy trans-
port in excitonic semiconductors. The exciton diffusion length is a critical design parameter
that reflects the quality of exciton transport in monolayer TMDCs and limits the perfor-
mance of many excitonic devices. Although diffusion lengths of a few hundred nanometers
have been reported in the literature for as-exfoliated monolayers, these measurements are
convoluted by neutral and charged excitons (trions) that coexist at room temperature due
to natural background doping. Untangling the diffusion of neutral excitons and trions is
paramount to understand the fundamental limits and potential of new optoelectronic device
architectures made possible using TMDCs. So at first we measure the diffusion lengths of
neutral excitons and trions in monolayer MoS2 by tuning the background carrier concen-
tration using a gate voltage and utilizing both steady state and transient spectroscopy. We
observe diffusion lengths of 1.5 µm and 300 nm for neutral excitons and trions, respectively,
at an optical power density of 0.6 Wcm−2.

Once we examine the diffusion of pure neutral excitons in MoS2 and WS2, we find that
surprisingly increasing generation rate shortens the exciton lifetime but increases the diffu-
sion length in unstrained monolayers of transition metal dichalcogenides (TMDCs). This is
in direct contrast to the standard semiconductor paradigm, which predicts a shorter carrier
recombination lifetime should lead to a smaller diffusion length. This increase in diffusion
length with pump has also been observed in other experiments in the literature, but the
exact mechanism has not been understood. Neutral excitons recombine completely radia-
tively at low generation rates. Nonradiative exciton-exciton annihilation (EEA) reduces the
photoluminescence quantum yield (PL QY) at high generation rates. Since the enhanced
diffusion occurs at high generation rates, EEA might play a role. Strain has been shown to
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suppress EEA in monolayer TMDCs, resulting in near-unity PL QY at all exciton densities.
When we suppressed EEA by strain, both lifetime and diffusion length became independent
of generation rate. EEA therefore enhances diffusion length but decreases exciton lifetime.
During EEA one exciton nonradiatively recombines and kinetically energizes another exci-
ton, which then diffuses fast. Our kinetic model predicts diffusion coefficient and PL QY are
inversely related, which we observe in our experiments. These results elucidate how strain
controls exciton transport and many-body interactions in TMDC monolayers.

4.2 Neutral Exciton Diffusion in Monolayer MoS2

1Due to strong Coulomb interaction, photogenerated carriers in TMDC monolayers form
excitons with binding energy over an order of magnitude larger than in conventional semi-
conductors [1, 2]. These excitons can turn into positive or negative trions in the presence
of background holes or electrons, respectively [3]. Energy transport in monolayer semicon-
ductors occurs mainly by the diffusion of these tightly bound quasiparticles. Therefore, the
operation of a wide array of optoelectronic devices such as light-emitting diodes [4, 5], so-
lar cells [6] and excitonic switches [7] that utilize monolayer semiconductors is governed by
exciton and trion diffusion. Understanding and manipulating the exciton diffusion in these
monolayers can improve device performance and lead to the development of next-generation
room-temperature excitonic technologies.

While diffusion in monolayer semiconductors has been studied extensively [8–17], the
effect of background carriers has been largely overlooked. Since almost all as-exfoliated
monolayer semiconductors have some amount of unintentional doping [18], a mixture of
excitons and trions are created after photoexcitation and previous approaches have produced
an averaged diffusion length of both excitons and trions. In this work, we electrostatically
tune the background carrier concentration of monolayer molybdenum disulfide (MoS2), a
prototypical monolayer semiconductor, to retrieve the separated exciton and trion diffusion
length. Our findings demonstrate that excitons and trions in monolayer MoS2 have very
different diffusion lengths (1.5 µm and 300 nm at a power density of 0.6Wcm−2, respectively).
This finding has wide implications for the design of excitonic devices utilizing monolayer
semiconductors.

We tune the background carrier concentration (electron and hole population densities)
of the monolayer MoS2 by varying the back-gate voltage (Vg) in a capacitor structure (Fig.
4.1A). The schematic of the device is shown in Fig. 4.1A, and an optical micrograph of a
device is shown in the inset of Fig. 4.1A. We also tune the photocarrier generation rate
by varying the incident pump power. MoS2 monolayers are mechanically exfoliated on top
of poly(methyl methacrylate) (PMMA, 100 nm), which is spin-coated on SiO2 (50 nm)/Si
substrate. The Au contacts (thickness 30 nm) are then transferred on the monolayer using a

1The following section was published in a similar form in ACS Nano. (S. Z. Uddin*, H. Kim*, M.
Lorenzon, M. Yeh, D.-H. Lien, E. S. Barnard, H. Htoon, A. Weber-Bargioni, A. Javey, ”Neutral Exciton
Diffusion in Monolayer MoS2”, ACS Nano, 14, 13433–13440, 2020.)
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Figure 4.1: Neutral exciton transport in monolayer MoS2. (A) Schematic of the
device, inset shows optical micrograph of the device (Scale bar 10 µm). (B) Schematic of the
exciton diffusion imaging setup. Photoluminescence excited by either pulsed or continuous
wave excitation can be sent to a camera for imaging, a spectrometer for PL spectra or an
APD for time-resolved single photon counting. The time resolved APD can be scanned
across the emission spot to obtain a map of emission intensity as a function of position and
time. (C) PL spectra of the MoS2 monolayer device under gate voltages Vg = −20 V, 0 V
and 20 V at the pump density of 102 Wcm−2.
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Figure 4.2: Local balance of various quasiparticles in monolayer MoS2. In a differ-
ential area, exciton concentration increases by 1. generation upon absorption of a photon,
2. exciton transport into the area resulting from concentration or potential gradients, and
3. ionization of trions. Exciton concentration decreases by 1. trion formation, 2. radiative
recombination and 3. exciton-exciton annihilation. Similar generation and recombination
processes occur for trions. The ratio of excitons and trions are controlled by the background
carrier concentration, which also can drift and diffuse.

dry transfer technique [18]. Exciton recombination in monolayer MoS2 was probed spatially,
spectrally and temporally in an inverted fluorescence microscope (Fig. 4.1B). Photolumi-
nescence (PL) was excited at λ = 532 nm wavelength by either a continuous wave (CW)
laser or a 100 fs pulsed laser focused to a near-diffraction-limited spot with a full width at
half maximum (FWHM) of w0 = 287 nm. When excited by the CW laser, the resulting
PL is either imaged or sent to a spectrometer. When excited by the pulsed laser, the PL
is sent to a time-resolved single photon counting detector, which is then scanned across the
image to obtain a map of the time-dependent exciton density as a function of position. All
measurements reported in this paper are taken at room temperature, in an ambient lab
environment.

We first discuss the results of CW excitation. The PL spectra (Fig. 4.1C) of a MoS2

monolayer measured at Vg = −20 V and 0 V show a ∼ 20-fold difference in the PL peak
intensity at a pump power of 102 Wcm−2, with a peak energy shift of 30 meV. This difference
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in PL intensity and spectra has been attributed to the different photo-emitting quasiparti-
cles in the monolayer[3] (Fig. 4.2). The time-dependent concentrations of excitons, trions
and background carriers in a monolayer semiconductor are locally determined by three dy-
namic processes: generation, recombination and transport (Fig. 4.2). At a specific location,
exciton concentration increases if they are generated from a photon-absorption event or a
trion-ionization at that location, or if excitons diffuse in from surrounding points. Con-
currently, exciton concentration decreases through trion formation, radiative recombination
and biexciton annihilation. Similar generation, recombination and transport processes also
occur for trions. The ratio of exciton and trion concentration is determined by the local back-
ground carrier concentration, which can be controlled by the gate voltage.18 As-exfoliated
monolayer MoS2 is electron-rich due to substrate-induced doping and intrinsic chalcogenide
vacancies[19]. At Vg = −20 V, the background electrons are removed from the monolayer
MoS2 and it is close to intrinsic (Fermi level is at mid-bandgap). In this case, emission is
observed primarily from neutral excitons which show high PL intensity. Positive Vg moves
the Fermi level closer to the conduction band, introducing a large number of background
electrons that turn photogenerated excitons into trions. These negative trions show low PL
intensity. As both neutral excitons and negative trions coexist at Vg = 0 V, previously re-
ported diffusion lengths of as-exfoliated MoS2 monolayers are a result of combined diffusion
from both excitons and trions and do not reflect the true neutral exciton diffusion length in
MoS2.

PL images of a MoS2 monolayer excited by a diffraction-limited CW laser at different
Vg and different pump powers are shown in Fig. 4.3. In the figure, images in the same row
are captured at the same pump power, while images in the same column are captured at
the same Vg. For the lowest pump power, we note that PL at Vg = −20 V is bright, while
at Vg = 20 V it is below the noise floor, indicating neutral excitons are much brighter than
the negative trions. For neutral excitons, (Vg = −20 V column) slight power dependence is
observed in the measured diffusion map. Also, for all powers, neutral excitons diffuse much
further than the negative trions. This is related to the difference in their effective lifetime.
As neutral excitons have longer effective lifetime (∼ 10 ns) compared to trions (∼ 50 ps)
[18], they also diffuse to a larger distance compared to trions.

Photoluminescence quantum yield (PL QY) is defined as the ratio of the number of
photons the material radiates to the number of absorbed photons. We first present the PL
QY of monolayer MoS2 in Fig. 4.4A as a function of pump power and Vg. The details of
calibrated PL QY measurement and quantitative recombination kinetics at different Vg and
pump have been discussed elsewhere [18]. At Vg = −20 V all photogenerated carriers create
neutral excitons, as there are no excess background carriers. We note that the PL QY vs.
pump profile at Vg = −20 V has two distinct regions, indicated by different background colors
in Fig. 4.4A. At low pump the PL QY does not change with pump. PL QY reaches near unity
in this linear regime. At high pump the PL QY decreases with pump power. This nonlinear
droop has been attributed to the bi-exciton annihilation process at high exciton densities
[20]. At Vg = 20 V a large concentration of excess electrons accumulates in the monolayer,
and almost all photogenerated carriers turn into negative trions (Fig. 4.4B). Trions can
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Figure 4.3: PL images at various pump powers and gate voltages. PL excited by a
CW laser focused on a diffraction-limited spot for various pump powers and gate voltages.
Images in the same row have the same pump power, and in the same column have the same
gate voltage. Scale bar is 5 µm. Radial anisotropy arises from the finite size of the monolayer.
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Figure 4.4: Diffusion of neutral excitons. (A) Pump-power dependence of the PL QY
for electrostatically-doped MoS2. (B) Exciton and trion diffusion in MoS2. (C) Diffusion
length of a MoS2 device under Vg = 0 V, Vg = −20 V and Vg = 20 V. (D) Effective diffusion
coefficient for neutral excitons in MoS2 at different pump power.

non-radiatively recombine by transferring their excess energy into secondary electrons in an
Auger-like process [21], so the PL QY is low.

We now present the diffusion length of monolayer MoS2 in Fig. 4.4C as a function
of pump power and Vg. Throughout the manuscript, we define the squared width of the
diffusion pattern as

w2(t) =

∫
|r|2I(r, r)d2r∫
I(r, r)d2r

(4.1)

where I(r, t) is PL intensity, r is the radial coordinate, t is time and the integrations
are limited to the area of the monolayer. The steady state diffusion length (LD) is then
defined as the mean-square radius of the diffusion map deconvoluted by the laser spot size.
At low pump we observe diffusion lengths of 1.5 µm and 300 nm at Vg = −20 V and 20
V, respectively. At Vg = −20 V, the diffusion length shows a slight increase over six orders
of magnitude of pump power, while at Vg = 20 V the diffusion length is low at moderate
pumps and increases by ∼ 5X at high pump. The reason for increase of diffusion length with
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pump has been discussed in detail in the next section in this chapter. Note that we could
not measure the diffusion length of trions at very low pumps due to low PL signal intensity.

To extract the diffusion coefficient of neutral excitons, we extend the kinetic model of
exciton recombination to incorporate diffusion. Considering only neutral excitons (at Vg =
−20 V), we can write the time-dependent continuity equation as:

∂nX(r, t)

∂t
= ∇ · [DX(nX , t)∇nX ] +G(r, t)− nX

τX
− CEEAn

2
X (4.2)

where nX and τX are the neutral exciton population density and lifetime, respectively, and
CEEA is the exciton-exciton annihilation coefficient. Both the exciton lifetime (τX ∼ 10 ns)
and exciton-exciton annihilation coefficient (CEEA ∼ 3.5 cm2s−1) have been experimentally
measured previously and are known [22]. At steady state, ∂nX

∂t
= 0. We consider a Gaussian

generation rate given by

G(r) = G0 exp

(
−2|r|2

w2
0

)
(4.3)

where the peak G0 is determined by pump intensity. The only unknown parameter in
the continuity equation is DX . We extract an effective diffusion coefficient DX at different
pump intensity that gives the experimentally measured diffusion length shown in Fig. 4.4C.
This extraction process is done by assuming a constant diffusion coefficient and numerically
solving the continuity equation for exciton concentration nX . The extracted effective diffu-
sion coefficient at different powers is shown in Fig. 4.4D. We note that the effective diffusion
coefficient increases with pump power. This increase in effective diffusion coefficient has
been observed in other excitonic systems such as 2D heterostructures and as-exfoliated WS2

monolayers and is attributed to correlation driven diffusion [23]. At the lowest pump density
where neutral excitons recombine completely radiatively, a diffusion length of 1.5 µm and a
diffusion coefficient of 2.1 cm2s−1 has been observed for neutral excitons.

Unlike the case of neutral excitons, extracting the trion diffusion coefficient is more com-
plex due to its charged nature. Diffusion of trions would perturb the local charge neutrality,
and the free carriers will respond to the resultant lateral electric field. Furthermore, the
observed PL is a result of radiative recombination of both excitons and trions. Thus, we
calculate an effective diffusion coefficient (L2

D/τ
−
T ) at Vg = 20 V using the known trion ef-

fective lifetime of τ−T = 50 ps. At a pump power density of 0.6 Wcm−2, we observe a trion
diffusion length of 300 nm (Fig. 4.4C), which corresponds to an effective diffusion coefficient
of 18 cm2s−1. This large diffusion coefficient could be a result of strong Coulomb interaction
between charged trions. We also note that, at very high pump, the diffusion length at any
Vg will converge to the neutral exciton diffusion length. This is because the number of trions
cannot be larger than the number of background carriers, and thus once the trion population
saturates, recombination and diffusion must be dominated by excitons. This explains the
increase of diffusion length with pump at Vg = 20 V and 0 V.

Now we discuss the results of pulsed excitation. Figure 4.5A, B, and C show the spatial
and temporal evolution of the emission intensity distribution I(r, t) after pulsed excitation
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Figure 4.5: Temporal and spatial imaging of exciton transport in MoS2 (A, B, C)
Map of emission intensity as it evolves in space and time at Vg = −20 V, 0 V, and 20 V,
respectively at a pump fluence of 75 µJcm−2. (D, E, F) Time evolution of differential squared
width for various pump fluence at Vg = −20 V, 0 V and 20 V, respectively. The instrument
response function (IRF) has a FWHM of ∼ 50 ps, which is shown as a shaded region.

at t = 0 at Vg = −20 V, 0 V, and 20 V, respectively at a pump fluence of 75 µJcm−2. We can
see the neutral excitons spread further in time due to their considerably longer lifetime. The
neutral exciton distribution variance can be obtained directly from the measured intensity
distribution variance ∆w2(t) = w2(t) − w2(0), which is shown in Fig. 4.5D, E and F for
different optical pump fluences at Vg = −20 V, 0 V and 20 V, respectively. ∆w2(t) does not
depend on the width of the initial distribution created by the laser pulse. In general, the
variance can be written as

∆w2(t) = Atα (4.4)

The exponent α characterizes the type of diffusion and A is the empirically observed pro-
portionality factor which has fractional time units. For α = 1, we get linear diffusion. In the
case of α > 1 and α < 1 the transport is called superdiffusive and subdiffusive, respectively,
which results from the concentration dependence of the effective diffusion coefficient [24, 25].
We note that in monolayer MoS2 the nature of diffusion changes from linearly diffusive at
low pump to subdiffusive at high pump (Fig. 4.5D). This could be because of exciton-exciton
interaction at high pump densities. At low fluence excitons recombine completely radiatively
and diffuse linearly with α = 1. For linear diffusion, the halved slope of ∆w2(t) gives the
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diffusion coefficient. An effective diffusion coefficient of ∼ 1.2 cm2s−1 has been found at low
fluence, which matches well with the steady state measurements. At high fluence, biexciton
recombination dominates the recombination kinetics and subdiffusive (α < 1) behavior is
observed, indicative of a reaction-diffusion process. This could also be related to the relax-
ation of nonresonantly excited hot exciton gas by losing its excess kinetic energy [26] and
further careful study is required to shed light on these mechanisms. At Vg = 0 V and 20 V,
subdiffusive behavior (α < 1) is observed (Fig. 4.5E, F). As previously discussed, this is a
result of diffusion of both excitons and trions at high fluence [27]. The PL signal of trions is
too low to measure diffusion at low pump.

Exciton diffusion length is not only of essential importance for understanding the energy
transport physics in excitonic semiconductors, but also an imperative design consideration
for optoelectronic applications [28–32]. The physical process of exciton-exciton annihilation
involves the diffusion of excitons and the rate of exciton-exciton annihilation increases with
diffusivity. In light emitting devices, the emission region must be located at least a diffu-
sion length away from the injection region to avoid quenching. On the contrary, in energy
harvesting devices the contacts must be closer to the absorption region to collect excitons.
Materials with different diffusion coefficients can therefore be suitable for different applica-
tions. Some examples of different classes of excitonic materials with their diffusion lengths
are shown in Table 4.1. Generally, quasi-0D systems such as molecular films and quantum
dot films have very low diffusion lengths (1 nm – 50 nm) at room temperature, as the dif-
fusion mainly occurs by site hopping [33]. One dimensional excitonic semiconductors, such
as semiconducting single wall carbon nanotube (SWCNT) have larger (∼ 300 nm) diffusion
lengths [34–36], depending on the chirality and dielectric environment. A two-dimensional
excitonic semiconductor, such as the monolayer MoS2 discussed here can have an exciton
diffusion length of ∼ 1500 nm and a trion diffusion length of 300 nm at room temperature.
In a three-dimensional bulk semiconductor, strong dielectric screening generally leads to
low exciton binding energy, so excitons exist only at cryogenic temperatures. At those low
temperatures they show the largest diffusion length (10 − 1000 µm), however the required
operating temperature limits their practical usability. Therefore, among the classes of ex-
citonic semiconductors discussed here, two dimensional materials such as monolayer MoS2

achieve the highest diffusion lengths at room temperature and are particularly suitable for
applications that require a large diffusion length. Furthermore, excitons in MoS2 achieve
near-unity PL QY at room-temperature, even in the presence of defects. Exciton transport
in MoS2 can also be tuned by electrostatic doping, strain and dielectric environment, fur-
ther adding to their appeal. These qualities make two-dimensional semiconductors an ideal
candidate for future room-temperature excitonic devices.
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Diffusion Diffusion
Dimension Material Length Coefficient

(µm) cm2s−1

0 Tris(8-hydroxyquinolinato) 0.003-0.025 (3− 2000)× 10−6

aluminum, Alq3 [33, 37]
0 Spin-coated poly (p-phenylene 0.004-0.006 6× 10−6

vinylene) [38]
0 CdSe/CdS core/shell QD [39] 0.019-0.024 2× 10−4

0 Cesium Lead Bromide 0.2 0.5
perovskite nanocrystal [40]

1 Air suspended (9,8) SWCNT [34] 0.29-0.61 44
1 Micelle encapsulated SWCNT [35] 0.08-0.12 2.5-10
1 (6,5) SWCNT [36] 0.095-0.145 10.7
1 GaAs quantum wire (15 K) [41] 4 -
2 AlAs/GaAs QW (200 K) [42] 5 3× 105

2 AlAs/GaAs QW (200 K) [42] 5 3× 105

2 As-exfoliated monolayer WSe2 [9] 0.55-1.8 0.6-1.2
2 As-exfoliated monolayer WS2 [43] 0.36-0.75 0.41
2 As-exfoliated monolayer MoSe2 [44] 0.4 9-15
2 Monolayer 2D perovskite [45] 0.16 0.06
3 Undoped Si (11 K) [46] 25 100
3 Doped Silicon (11 K) [47] 24 11
3 Germanium (4.2 K) [48] 900 103

3 Cu2O (1.2 K) [49] 70 103

Table 4.1: Exciton diffusion in various materials. Exciton diffusion length and diffusion
coefficient of various materials. All measurements are at room temperature unless specified.
(Quantum Well = QW, single-wall carbon nano tube = SWCNT)
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4.3 Exction-Exciton Annihilation Enhanced Diffusion

in Monolayer WS2

2Near-unity photoluminescence (PL) quantum yield (QY) is observed in monolayers of
transition metal dichalcogenides (TMDCs) at low generation rates when neutral exciton
recombination is made the dominant pathway by electrostatic or chemical counterdoping
[20, 18]. However, neutral excitons nonradiatively recombine through exciton-exciton anni-
hilation (EEA) at high generation rates, which drastically reduces the PL QY [50]. EEA
in monolayer TMDCs can be suppressed by favorably altering the band-structure through
strain, resulting in near-unity PL QY at all generation rates [51]. Neutral excitons must be
the dominant photocarrier in any efficient optoelectronic device, since PL QY fundamen-
tally limits the maximum attainable device efficiency. The primary mechanism of exciton
transport is diffusion and the diffusion length is an imperative design consideration for most
optoelectronic applications [8, 9, 16, 10, 52]. In this work, we measure the temporal decay and
spatial diffusion of pure neutral excitons under various applied strains and generation rates.
We find that in an unstrained monolayer WS2 while the exciton lifetime decreases with ex-
citon density, the diffusion length increases with generation rate. This is highly incongruous
to the conventional semiconductors in which carrier diffusion length decreases with carrier
lifetime [53]. This anomalous behavior is a result of the underlying excitonic photophysics.
During EEA one exciton nonradiatively transfers its energy to another exciton [54, 55] and
reduces both PL QY and observed lifetime. However, the energized hot excitons produced
by EEA have large center-of-mass kinetic energy that thermalizes while undergoing rapid
diffusion. Therefore, the average diffusion length increases with the generation rate when
EEA is active. But diffusion is dominated by cold excitons when strain suppresses EEA
process, and both exciton lifetime and diffusion length become independent of generation
rate. Our EEA enhanced diffusion model considers the population of hot and cold excitons
and predicts an inversely proportional relationship between exciton diffusion coefficient and
PL QY; which is observed in our experiments. Strain now provides another knob to control
exciton diffusion in monolayer semiconductors, along with electrostatic or chemical doping.
Increased diffusion with pump has also been observed in other excitonic semiconductors
[55, 45], however our results concentrate solely on neutral excitons and establish EEA as the
primary reason behind this observed enhancement. These findings uncover EEA enhanced
exciton diffusion in monolayer TMDCs, and open up further engineering of neutral exciton
transport in monolayer semiconductors through strain.

Figure 4.6A shows a schematic of the device used to explore the diffusion of neutral
excitons in monolayer WS2. We used 1.5 mm thick polyimide substrate as the strain platform
for its flexibility and thermal stability, on which 10 nm Titanium, 100 nm gold, and 10 nm
titanium films were sequentially deposited. A 50 nm thick Al2O3 gate oxide was deposited

2The following section was published in a similar form in ACS Nano. (S. Z. Uddin, N, Higashitarumizu,
H. Kim, J. Yi, X. Zhang, D. Chrzan, and A. Javey, ”Enhanced neutral exciton diffusion in monolayer WS2
by exciton-exciton annihilation”, ACS Nano, 2022.)
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Figure 4.6: Strain-Induced Changes in Photoluminescence in Monolayer WS2. (A)
Schematic of the device used to explore the diffusion of excitons in monolayer WS2. (B)
PL spectra of monolayer WS2: as-exfoliated and chemically counterdoped monolayer WS2

at ϵ = 0% ,0.5%. (C) PL QY of monolayer WS2 as a function of generation rate. Points,
experimental data; dashed lines, model.

on top of the metal mirror through an atomic layer deposition process. Exfoliated monolayer
WS2 was dry-transferred onto the Al2O3 gate oxide. As-exfoliated WS2 is known to be n-type
due to native sulfur vacancies, which generates negative trions resulting in large nonradiative
recombination [18]. Measured diffusion of as-exfoliated WS2 is convoluted by coexisting
neutral and charged excitons (trions). It is therefore paramount to untangle the diffusion
of neutral excitons and trions to fully understand the underlying photophysics and energy
transfer. Electrostatic and chemically counterdoping can compensate for the background
electron concentration and suppress the nonradiative recombination. As a hole dopant,
Nafion was spin-coated on top of the monolayer to counterdope and move the Fermi level to
the middle of the bandgap. Calibrated PL measurements were performed to quantitatively
extract the QY as a function of generation rate and strain. Figure 4.6B shows PL spectra
of as-exfoliated and counterdoped WS2 flakes under different uniaxial tensile strains at a
generation rate of G = 7.0 × 1019 cm−2s−1. At this high generation rate, PL intensity does
not change significantly after Nafion treatment. But when 0.5% uniaxial tensile strain is
applied, PL intensity increases by more than an order of magnitude. Figure 4.6C shows PL
QY as a function of generation rate (G) for as-exfoliated and counterdoped monolayer with
a different strain. Although PL QY droops at the high generation rate for counterdoped
unstrained sample, constant PL QY of ∼ 73% on average was observed at all the generation
rates for the strained sample owing to suppressed EEA [45, 43].

Time-resolved (TR) PL measurements were performed on the unstrained and strained
samples to investigate the effect of strain on the temporal decay of excitons. Figure 4.7(A and
B) shows TR PL of counterdoped monolayer WS2 under different initial exciton concentration
at different strains of ϵ = 0%, 0.5%, respectively. We note that the unstrained sample
shows an initial fast decay and then a slow decay tail, which is indicative of a density
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Figure 4.7: Time-resolved photoluminescence. (A, B) Radiative decay of chemically
counterdoped monolayer WS2 with tensile strain at different initial exciton concentration at
ϵ = 0%,0.5%, as well as the instrument response function (IRF). (C) Effective PL lifetime
as a function of initial exciton concentration: as-exfoliated and counterdoped monolayer at
ϵ = 0%, 0.5%.

dependent recombination channel previously attributed to EEA [43, 56, 57]. Whereas, the
strained sample shows a monoexponential decay, indicating only one recombination channel
is dominant. The extracted initial decay time or lifetime for as-exfoliated and counterdoped
samples are shown in Fig. 4.7C. The trend in lifetime with initial exciton density is consistent
with PL QY changes with generation rate. The lifetime of the unstrained sample shows a
decrease at high initial concentration from EEA, whereas for 0.5% strained sample it is
independent of initial exciton concentrations indicating suppression of EEA. The detailed
mechanism of EEA suppression by strain is discussed in Ref. [51].

PL imaging is an effective tool for probing steady-state exciton diffusion in two dimen-
sions. PL images of a WS2 monolayer excited by a diffraction-limited 514.5 nm continuous-
wave laser at different generation rate and strain is measured to explore steady state exciton
propagation. Figure 4.8 shows PL images of as-exfoliated and counterdopoed monolayer WS2

under different generation rates at tensile strain of ϵ = 0%, 0.5%. Strained monolayer shows
a shorter spread compared to unstrained monolayer. To further investigate, we redefine the
squared width of the diffusion pattern as

w2(t) =

∫
|r|2I(r, r)d2r∫
I(r, r)d2r

(4.5)

where I(r) is the steady-state PL intensity, r is the radial coordinate, and the integrations
are limited to the area of the monolayer. The steady-state effective diffusion length (LD)
is then defined as the mean-square radius of the diffusion map deconvoluted by the laser
spot size [57]. We show the measured diffusion length as a function of generation rate and
strain in Fig. 4.11A. For as-exfoliated monolayer WS2, we observe a diffusion length of
∼ 200 nm, consistent with previously reported values [8, 57, 58, 15]. In the unstrained
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Figure 4.8: Neutral exciton diffusion. PL images of as-exfoliated and counterdoped
monolayer WS2 with tensile strain at ϵ = 0%, 0.5% excited by a CW laser focused on a
diffraction limited spot at different generation rates G. Scale bar is 1 µm.

counterdoped WS2, the diffusion length increases monotonically with generation rate from
G ≈ 1017 cm−2s−1. We emphasize that, although such increase has been observed before
[8, 58, 15, 59], our result reflects the diffusion of purely neutral excitons as we have em-
ployed chemical counterdoping, whereas previous results represent convoluted diffusion of
both neutral and charged excitons (trions) that coexist at room temperature due to natural
background doping. The diffusion length of a counterdoped WS2 monolayer is ∼ 2 times
higher than that of an unstrained monolayer at low generation rates [60]. Moreover, the dif-
fusion length is independent of generation rate (Fig. 4.11A). Comparing how the generation
rate dependence of diffusion length and PL QY changes with strain, we conclude EEA is the
primary driving mechanism behind enhanced diffusion in unstrained counterdoped samples.
To extract the diffusion coefficient of neutral excitons, we use the time-dependent continuity
equation for neutral excitons:

∂nX(r, t)

∂t
= ∇ · [DX(nX , t)∇nX ] +G(r, t)− nX

τX
− CEEAn

2
X (4.6)

where nX and τX are the neutral exciton population density and lifetime, respectively. D(nx)
is the concentration and time dependent diffusion coefficient for the excitons that reflects
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Figure 4.9: Neutral exciton diffusion. Comparison of experimental PL images and sim-
ulated model for unstrained counterdoped WS2 monolayer at different generation rates.

both the normal diffusion of excitons as well as the random faster events triggered by EAA.
CEEA is the EEA coefficient. Both the single-exciton lifetime and EEA coefficient are known
from the PL QY and lifetime measurements in Fig. 4.6 and 4.7. At steady state, ∂nX

∂t
= 0.

We assume a Gaussian generation rate given by

G(r) = G0 exp

(
−2|r|2

w2
0

)
(4.7)

where the peak G0 is determined by pump intensity and w0 the pump spot size. To sim-
plify the analysis of each experimental result, we assume that the concentration dependent
diffusion coefficient can be replaced by a constant effective diffusion coefficient, Deff . We
numerically solve the differential equation for different generation rates and find effective
diffusion coefficient, Deff that yields the experimentally measured PL map.

The extracted Deff is shown in Fig. 4.11B. For unstrained monolayer, the effective
diffusion coefficient increases with generation rate. However, for strained monolayer Deff

is independent of generation rate for six orders of magnitude change in pump intensity. At
low generation rates Deff increases with strain, possibly due to effective mass change with
strain [60]. The effective diffusion coefficient as a function of corresponding PL QY is shown
in Fig. 4.11C. An inversely proportional relationship of diffusion coefficient and PL QY is
observed for unstrained monolayer WS2.

The Boltzmann transport equation (BTE) provides a complete description of diffusing ex-
citons while they are recombining through multiple channels releasing photons and phonons
[61]. The momentum and spatial probability distribution of the nonequilibrium exciton gas
found by solving BTE has previously been used to explain the interplay between exciton
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Figure 4.10: Neutral exciton diffusion. Comparison of experimental PL images and
simulated model for 0.5% strained counterdoped WS2 monolayer at different generation
rates.

propagation and many-particle interactions in monolayer TMDCs [27, 62]. To explain our
results, here we distill the whole probability distribution into two baths of excitons: hot
and cold, that interact with and transform into each other (Fig. 4.11D). Upon absorption
of photons and thermalization cold excitons are created at generation rage G. At low gen-
eration rates, all excitons decay radiatively. At high generation rates, excitons could decay
nonradiately through exciton-exciton annihilation (EEA). Excitons are generated at rate G.
Since the generation and recombination rates must balance, at steady state

G =
nX

τX
+ CEEAn

2
X (4.8)

G

nX

=
1

τX
+ CEEAnX (4.9)

where nX and τX are the neutral exciton population density and lifetime, and CEEA is
the EEA coefficient, respectively. The exciton lifetime in general can have radiative and
nonradiatve components.

1

τX
=

1

τXr

+
1

τXnr

. (4.10)

Quantum yield is the ratio of emitted photons to all generated excitons can be written as

QY =
nX/τXr

nX/τX + CEEAn2
X

(4.11)

⇒ 1

QY ∗ τXr

=
1

τX
+ CEEAnX (4.12)
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Figure 4.11: Exciton-exciton annihilation enhanced diffusion. (A) Diffusion length of
neutral excitons in monolayer WS2 at different generation rates and strains. (B) Effective
diffusion coefficient Deff versus generation rate for monolayer WS2 with different strains at
ϵ = 0% ,0.5%. (C) Inversely proportional relationship between Deff and PL QY, which can
be switched by strain. (D) Annihilation of an exciton provides additional kinetic energy to
another nearby exciton to traverse further and then emit light, resulting in a large diffusion
pattern.
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The maximum quantum yield QY0 is achieved when exciton concentration is very low

QY0 =
1/τXr

1/τX
(4.13)

The excess energy available to a single cold exciton is Eex−Eem, where Eex is the excitation
photon energy and, Eem is the emission photon energy. In case the EEA channel is active,
some excitons relax to the ground state transferring all its energy (Eem) to a nearby exciton.
This hot energetic exciton loses its large kinetic energy by diffusing very fast in the crystal
in a random direction while emitting phonons. By losing its energy a hot exciton turns into
a cold exciton, which can then luminesce. However, if the EEA channel is suppressed, no
hot excitons are created. Hot electrons are generated at a rate of CEEAn

2
X , and each hot

electron has an average kinetic energy of Eem. The average kinetic energy per exciton (KE)
provided to the exciton population in steady state is

KE ∼ (Eex − Eem)G+ EemCEEAn
2
X

nX

(4.14)

= (Eex − Eem)
G

nX

+ EemCEEAnX (4.15)

where the first term indicates the thermal energy from the excitation laser and the sec-
ond term indicates the energy from the nonradiative recombination of EEA. Using above
equations

= (Eex − Eem)

(
1

τX
+ CEEAnX

)
+ EemCEEAnX (4.16)

= Eex

(
1

τX
+ CEEAnX

)
− Eem

1

τX
(4.17)

Using above equations

=
Eex

τXr ∗QY
− Eem

τX
(4.18)

=
1

τXr

(
Eex

QY
− Eem ∗ τXr

τX

)
(4.19)

=
1

τXr

(
Eex

QY
− Eem

QY0

)
(4.20)

According to the semiclassical description [63, 64], the diffusion coefficient is determined
by the exciton mass MX and the scattering time τs

Deff =
τsKE

MX

. (4.21)
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Figure 4.12: Raman spectra of monolayer WS2. (A, B) Generation rate dependent
Raman spectra of monolayer WS2 with variant uniaxial strains of ϵ = 0%, 0.5%.

Now by using the expression of average kinetic energy as a function of quantum yield we
find that

Deff ∼ Eex

QY
− Eem

QY0
. (4.22)

whereas QY is the quantum yield at any generation rate and QY0 is the maximum quantum
yield at low generation rate. We note that, in Fig. 4.11B and C, these simple expressions fit
the experimental value very well with only one proportionality factor.

If EEA is active, excitons gain kinetic energy from the nonradiative expense of another
exciton (Fig. 4.11D). These hot excitons diffuse fast but lose their energy by releasing
phonons. This in turn heats up the lattice, which can be observed in the pump-dependent
Raman spectra of monolayer WS2 (Fig. 4.12). Both E1

2g and A1g peaks of unstrained
counterdoped monolayer WS2 red-shifted with increasing generation rate, whereas strained
monolayer does not show any shift. The lattice temperature of unstrained monolayer at G =
5× 1010 cm−2s−1 is estimated to increase by 260◦C from the linear temperature dependence
of Raman modes with temperature coefficients of −1.25× 10−2 and −1.49× 10−2 cm−1K−1

for the E1
2g and A1g modes, respectively [65]. Note that, changing the crystal temperature

in monolayers by heating the substrate does not have the same effect on exciton diffusion as
this process does not create hot excitons at same energy as EEA (Fig. 4.13).
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Figure 4.13: Exciton diffusion on heated monolayer (A,B) PL images of counterdoped
monolayer WS2 as a function of generation rate and strain at different substrate temperature.
Scale bar is 1 µm. No significant enhancement was observed in the exciton diffusion when
the substrate temperature was changed from room temperature to 130◦C.
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4.4 Summary

In summary, we have measured the diffusion length of neutral excitons in monolayer
MoS2. The steady state exciton diffusion length is found to be between 1.5-4 µm depend-
ing on the pump intensity. Our measurements demonstrate that with increasing exciton
concentration the diffusion coefficient increases and transport of neutral excitons in MoS2

changes from linear diffusion to subdiffusive. The diffusion coefficient of neutral excitons
measured by steady state measurements and time resolved measurements are found to be
in excellent agreement. These results are direct spatial and temporal observation of isolated
neutral exciton diffusion in a monolayer semiconductor, which will be invaluable for the
design and characterization of systems that rely on neutral and charged exciton diffusion
at room-temperature. We further explored neutral exciton transport in monolayer semicon-
ductors at room temperatures as a function of strain and generation rate. EEA is shown
to have a profound effect on exciton propagation, resulting in strong pump-dependence of
the measured diffusion drastically different from conventional semiconductors. Our results
reveal strain as a unique tuning knob for mobile optical excitations in 2D materials, and
show EEA is relevant for the design of optoelectronic devices not only because it affects PL
QY but also it enhances exciton diffusion.

4.5 Experimental and Theoretical Details

Device Fabrication

TMDC monolayers are mechanically exfoliated on top of poly(methyl methacrylate)
(PMMA, 100 nm), which is spin-coated on SiO2 (50 nm)/Si substrate. MoS2 (SPI supplies),
WS2 (HQ Graphene), WSe2 (HQ Graphene) and MoSe2 (HQ Graphene) were mechanically
exfoliated onto 50 nm SiO2/Si p

++ substrates. Monolayers were identified by optical con-
trast. 40 nm thick Au contacts were evaporated on 280 nm SiO2/Si, and then picked up and
placed on the monolayer by a dry transfer method, using PMMA as the transfer medium.
Electron-beam lithography was used to open a window in the transferred PMMA, allowing
probe tip contact.

The flexible devices for optical measurements were fabricated on polyimide substrate
(Kapton, Dupont, 1.5 mm thick). To prevent the background PL from polyimide substrate,
a metal mirror of Ti (10 nm)/Au (100 nm)/Ti (10 nm) was fabricated using standard pho-
tolithography and thermal evaporation, and 50 nm Al2O3 was deposited via atomic layer
deposition (ALD) at 200◦C. WS2 (HQ Graphene) was mechanically exfoliated on a 50 nm
SiO2/Si substrate. Monolayer WS2 flakes were picked up with poly(methyl methacrylate)
(PMMA) and transferred onto the ALD oxide, followed by a post-baking at 180◦C for 5
minutes and dichloromethane (DCM) treatment to remove PMMA. As a chemical coun-
terdoping, 3% Nafion perfluorinated resin solution (Sigma Aldrich) diluted by ethanol was
spin-coated on the prepared monolayer WS2.
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Electrical and Optical Characterization

Devices were charged from a Keithley 2410 Source Meter applied to the gate electrode,
while the Au source contact was grounded. The PL QY was measured using a customized
micro-PL instrument described in detail in previous study.18,20 For steady state measure-
ments, a green diode laser was used as the excitation source. Laser source was collimated
and then focused to a diffraction-limited spot by a 100× 0.95 NA objective lens. The back
aperture of the objective was overfilled to assure diffraction-limited performance. Emission
from the sample was collected by the same objective and additionally magnified 5.3× for a
total magnification of 530× and imaged on a camera (Andor Neo sCMOS 5.5, sensor size
16.6×14 mm, 2560×2160 pixels ) with pixel size 6.5 µm, which provided an effective imaging
pixel size of 8.63 nm. A long-pass dichroic filter and two long-pass edge filters (Semrock)
were used to remove the excitation laser beam from the PL signal. To ensure no Fresnel
broadening of the PL by the top PMMA, we compared the reflected laser profile from a thick
reflective MoS2 with and without top PMMA and found no significant broadening.

For time-resolved measurements, a Ti-Sapphire laser along with an OPO was used as the
excitation source. The laser beam was collimated and focused by a 100× 0.95 NA objective
lens. The back aperture of the objective was overfilled to assure diffraction-limited perfor-
mance. Emission from the sample was collected by the same objective and imaged on a
single-mode fiber (P1-405P-FC-2, Thorlabs) attached to a translation stage (Attocube ECS
series) that scanned the emission focal plane. The stage was moved in 5 µm steps correspond-
ing to 50 nm at the sample. The signal was detected by a single-photon counting avalanche
photodiode (MPD PDM-series) connected to a time-correlated single-photon counting unit
(Picoharp 300). The temporal resolution was approximately 50 ps, as determined by the
FWHM of the instrument response function.

We simulated the processes of exciton generation and recombination by discretizing and
solving the continuity equation in MATLAB. The spatial grid was sampled at 5 nm distances.
Time was nonuniformly sampled, denser sampling points when concentration is higher to
ensure convergence.

PL spectra and QY were measured using a customized micro-PL instrument described
in detail in the previous study (26). An Ar ion laser with a 514.5 nm line was used as the
excitation source. The calibrated PL QY measurement is also described in detail in previous
studies [20]. A two-point bending method was used to apply a tensile strain in the monolayer
WS2 [66]. The nominal applied strain was calculated using the equation ϵ = t/R, where 2t
and R are the substrate thickness and curvature radius measured through the cross-section
optical image. TRPL measurements were collected using a time-correlated single-photon
counting (TCSPC) module. A monochromated line of 514 nm from a supercontinuum laser
was used as the excitation source. Exciton diffusion images were measured with taken in
a fluorescence microscopy setup using the green laser same as the excitation source for PL
measurement, and a CCD detector (Andor Luca) to acquire images. The samples were
excited with a 514.5 nm wavelength laser focused to a diffraction-limited spot. Raman
spectra were measured by a Raman microscopic system (Horiba Labram HR Evolution)
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using an excitation laser of 532 nm.
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Chapter 5

Efficiency Roll-off Free
Electroluminescence from Monolayer
WSe2

5.1 Introduction

Exciton-exciton annihilation (EEA) is a nonradiative process commonly observed in ex-
citonic materials at high exciton densities. Like Auger recombination in conventional semi-
conductors, EEA degrades luminescence efficiency at high exciton densities and causes effi-
ciency roll-off in light-emitting devices. Transition metal dichalcogenides (TMDCs), such as
WSe2 monolayer, have been demonstrated to exhibit a near-unity photoluminescence (PL)
quantum yield (QY) even at the high exciton densities when the band structure is opti-
mally modified by mechanical strain. Although the recombination pathways in TMDCs are
well understood, practical application of light-emitting devices however has been challeng-
ing. Here, we demonstrate roll-off free electroluminescence (EL) device composed of TMDC
monolayers tunable by strain. We show two order of magnitude EL enhancement from WSe2
monolayer by applying a relatively small strain of 0.5%. We attain internal quantum effi-
ciency of 8% at all injection rates. Finally, we demonstrate transient EL turn-on voltages as
small as the bandgap. Our approach will contribute to practical applications of roll-off free
optoelectronic devices based on excitonic materials.

5.2 Strained Electroluminescence from Monolayer

Semiconductor

Monolayer transition-metal dichalcogenides (TMDCs) have attracted tremendous at-
tention toward optoelectronic applications at the ultimate scale thickness. Although as-
exfoliated or as-grown monolayer TMDCs typically show low photoluminescence (PL) quan-
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tum yield (QY) of 0.1 − 1%, their PL QY can approach near-unity at the low generation
rates when non-radiative trion recombination is suppressed by electrostatic or chemical coun-
terdoping [1, 2]. At the high generation rates, however PL QY in TMDC monolayer sig-
nificantly drops due to exciton-exciton annihilation (EEA). EEA is generally observed in
all excitonic materials including organic and some inorganic semiconductors [3, 4]. EEA is
primarily responsible for the efficiency roll-off and limits the performance of light-emitting
and light-harvesting device applications at high brightness. Recently we reported that EEA
is enhanced when van Hove singularity (VHS) resonance occurs at twice of exciton transi-
tion energy in the joint density of states (JDOS) [5]. A relatively small strain ∼ 0.4% can
move VHS resonance away from resonance and suppress EEA, leading to near-unity PL QY
at all exciton densities. However, the roll-off free light-emitting devices based on TMDC
monolayers have been still challenging.

A lot of electroluminescence (EL) devices based on TMDCmonolayers have been reported
in the literature, such as p-n junction [6–14], quantum well [15–17], thermal emission [18,
19], and metal-insulator-semiconductor (MIS) structures [20, 21]. The external quantum
efficiency (QE) is lower than 1% in most cases, [22, 23] and efficiency roll-off has been
observed in WS2 EL devices with MIS structure [21]. Although a relatively high external
QE of around 1 − 10% has been reported with using a complex quantum well structure
of graphene/h-BN/TMDC/h-BN/graphene, bipolar ohmic contact is still challenging. A
transient-mode EL device, which consists of a simple capacitor structure with a single source
contact, can achieve a large band bending enabling a high injection current rate during the
gate voltage transient regardless of the Schottky barrier height [24–28]. Here, we demonstrate
a roll-off free transient-mode EL device based on TMDC monolayers. PL QY of WSe2
monolayers reaches near-unity even at the high exciton density by applying external tensile
strain together with gate modulation due to the inhibition of VHS resonance. With applying
a small strain of 0.5%, notably, the WSe2 monolayer shows EL enhancement by two orders of
magnitude and its internal QE reaches 8% at maximum, without efficiency roll-off. We also
demonstrate turn-on voltages in the order of optical bandgap in our transient EL devices.
Our approach will contribute to practical applications of high-efficiency, high-brightness
optoelectronic devices based on excitonic materials.

To control electrostatic counter doping and mechanical strain, we utilized a conventional
gate oxide on thermally stable polymer substrate, which is more process friendly and can
be enlarged to a wafer-scale compared to two-dimensional heterostructure with graphene
and h-BN flakes fabricated on plastic substrates. We first explore the PL QY of TMDC
monolayers with optimizing background carrier concentration, generation rate, and band
structure. Figure 1A shows schematic of the strain tunable device used in PL measurements.
Ti (10 nm)/Au (100 nm)/Ti (10 nm) was deposited on a 1.5 mm thick polyimide substrate
(Kapton, Dupont) as a gate electrode, followed by an atomic layer deposition (ALD) of 50
nm Al2O3 at 200

◦C as a gate insulator. 50 nm thick Au source electrodes were patterned on
ALD oxide adjacent to gate electrodes. Monolayer WSe2 was grown on SiO2/Si substrate
via chemical vapor deposition (CVD) [25], then dry-transferred onto the ALD oxide using
poly(methyl methacrylate) (PMMA) as a transfer medium. Exfoliated few-layer graphene
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Figure 5.1: Near-unity PL QY in WSe2 at all generation rates. (A) Schematic of
the device used to explore photoluminescence from monolayers. (B) Typical PL spectra
of monolayer WSe2 under different uniaxial strains of ϵ = 0%,0.5% and 1.0%, at a high
generation rate of G = 2.2×1020 cm-2s-1 and gate voltage of Vg = -20 V. (C, D, E) PL QY
in monolayer WSe2 at different generation rates, gate voltages, and strain.

(Graphenium, NGS Naturgraphit) was transferred by PMMA, bridging the monolayers and
source electrodes. A tensile strain was applied in monolayer by a linear actuator. The
nominal applied strain was calculated using the equation ϵ = t/R, where 2t and R are the
substrate thickness and curvature radius. Micro PL measurements were performed at room
temperature with using 514.5 nm excitation laser. Figure 1B shows PL spectra of monolayer
WSe2 under different applied strains at a high generation rate and negative gate voltage of
G = 2.2 × 1020 cm−2s−1 and Vg = −20 V, respectively. PL peak position red-shifted with
increasing the applied strain. (Similar spectrum change obtained for WS2 is shown in Figure
S1), confirming that the external strain is transferred into the monolayer effectively in this
structure.

PL QY of TMDC monolayers generally decrease at the high generation rates because
of EEA. Figure 5.1C, D, E shows PL QY in monolayer WSe2 at different generation rates
and electrostatic counterdoping under different applied strain of ϵ = 0.0, 0.5, and 1.0%.
As exfoliated monolayer WSe2 is naturally electron doped because of sulfur vacancies, thus
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Figure 5.2: Tunable electroluminescence from monolayer WSe2. (A) Schematics of
strain tunable transient mode EL device based on monolayer WSe2. (B) Schematic diagram
of EEA process: nonradiatively transferring energy and momentum between two excitons.
(C) Schematic diagram of the joint density of states at twice the exciton transition energy
2EX which determines the EEA rate. By applying moderate strain, 2EX have no overlap
with VHS resonance, resulting in EEA suppression. (D) Optical image of strain tunable
device and typical EL spectra from monolayer WSe2 at different strain of ϵ = 0%,0.5%. The
scale bar is 5 µm. Gate voltage and operating frequency were fixed at Vg = 22.5 V and
f = 100 kHz, respectively.
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negative gate voltage is required to make it neutral. Without applied strain, PL QY increases
by order of magnitude at low generation rates when the negative gate voltage of Vg = −20 V
is applied, suppressing non-radiative recombination of negatively charged trions by making
Fermi level neutral. At higher generation rates above G = 1 × 1018 cm−2s−1, PLQY drops
due to the EEA. With increasing applied strain, PL QY for neutral excitons (Vg = −20
V) increases and approaches near-unity at all generation rates, as shown in Figure 5.1D,E.
Similar with WSe2, roll-off free PL QY was achieved in monolayer WS2 (Figure 5.6). These
enhancements are comparable to the strained TMDC monolayers gate-modulated with h-BN
and graphene heterostructures, indicating a successful strain transfer and gate modulation
into the emitting layers in the present device structure.

In order to evaluate EL performance with changing strain systematically, transient mode
EL [24] were measured using a bipolar sine wave applied to the gate electrode while the
source electrode is grounded (Figure 5.2A). The flexible device used in EL measurement was
the same structure as that for PL measurement. Monolayer WSe2 EL devices were measured
under nitrogen flow to prevent degradation. By applying moderate strain, VHS resonance
is inhibited at the twice of exciton transition energy EX in the JDOS, suppressing EEA
(Figure 5.2B,C). Figure 5.2D shows typical EL spectra with the applied strain of ϵ = 0%,
0.5%, under the fixed gate voltage and operating frequency at Vg = 22.5 V and 100 kHz,
respectively. With no strain, EL peak was observed at 1.66 eV, which is consistent with the
PL peak position (Figure 5.1B). By applying 0.5% strain, EL peak red-shifted to 1.61 eV and
its intensity enhanced by over two orders of magnitude. To further investigate, calibrated EL
internal efficiency was measured [26] as a function of gate voltage, injected average carrier
rate, and applied strain. Although an accurate measurement of carrier injection is difficult
because of the small device size around 50−100 µ m, the external QE can be approximately
estimated as a ratio of number of output EL photons to number of injected carriers. In the
present capacitor structure, the total injected carrier density when the gate voltage is swept
from −Vg to +Vg is given by:

n0 + p0 = Cox(2Vg − Eg)/q (5.1)

where n0 and p0 are the steady-state electron and hole concentrations corresponding to
a positive and negative Vg, respectively, Cox is the areal gate capacitance, and q is the
elementary charge. When an alternating current is applied at the frequency of f , the carrier
injection rate Q can be written as

Q = f(n0 + p0). (5.2)

The external QE can be extracted by dividing the emitted EL photons per unit by carrier
injection rate, and then converted to internal QE by dividing by the light extraction effi-
ciency of 1/4n2, where n is the refractive index of the medium. Fig. 5.3A shows EL internal
QE of monolayer WSe2 with no strain. EL efficiency monotonically increases from 5.0 to
10.0 V and then saturated at over 12.5 V, which is consistent with the previous report on
monolayer WS2 and WSe2 EL devices. The maximum EL efficiency was around ∼ 3% at
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Figure 5.3: EL internal efficiency in monolayer WSe2. (A,B) EL internal efficiency
in monolayer WSe2 as a function of injected average carrier density and gate voltage de-
pendence, under different tensile strain of 0.0% and 0.5%, respectively. (C) Fundamental
limits of transient electroluminescence. (D) Benchmark of EL external efficiency for TMDC
monolayers: a comparison with p-n diode [6, 7, 9, 13], Schottky diode [23], SIS [22], MIS
[21], and QW [16, 15] structures.
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Figure 5.4: Low voltage transient EL from WSe2. (A) Cross-sectional schematic, and
(B) EL mapping as a function of photon energy and gate voltage. (C) Integrated EL counts
showing device turn-on near the gate voltages comparable with bandgap photon energy of
monolayer WSe2.

the low carrier injection rate. At higher carrier injection rate over mid-1017 cm−2s−1, the EL
QE dramatically decreases by two orders of magnitudes, like as PL QY as a function of gen-
eration rate (Figure 5.1C). The typical EL internal QE was at the order of 0.01%, which is
comparable to the reported internal QE of as exfoliated WSe2 monolayer [24]. By applying a
small strain of ϵ = 0.5%, the saturated EL QE reached ∼ 8% at maximum, which exceeds the
previously reported transient mode EL device based on chemically counterdoped monolayer
TMDC (∼ 1%) (Figure 5.3B) [24]. Unlike as no strain device, the EL QE was maintained
even at the high carrier injection rates. This efficiency roll-off free performance is attributed
to the suppression of EEA by the strain. The reason why EL efficiency is not as high as PL
QY is possibly related to the transient electroluminescence mechanism (Figure 5.3C). When
the device reaches steady state, the semiconductor is charged with one polarity of carriers.
During the voltage transition, the opposite polarity of carrier is injected. The two types
of carriers create both neutral excitons and charged trions. The exciton and trion concen-
trations are space and time dependent. As trions recombine nonradiatively, not all carrier
recombination result in light emission. This fundamentally limits the highest achievable EL
efficiency in transient injection. Fig. 5.6D shows a benchmark of EL external efficiency
for TMDC monolayers. The external efficiency of transient mode in this work is superior
to p-n diodes, Schottky diodes, and semiconductor-insulator-semiconductor (SIS)structures,
and comparable to MIS device based on monolayer WS2 even at the higher generation rates
[6, 7, 9, 13, 23, 22, 21, 16, 15]. Here note that the EL QE is underestimated because of
parasitic capacitances and resistances in the device. To further improvement of EL QE, it
will be helpful to treat TMDC monolayers by chemical counterdoping such as Nafion and
TFSI together with the strain engineering. Although the present EL device has a limited
lateral size in several tens of micrometer due to the limitation of dry transfer process, it can
be enlarged to a centimeter-scale with improving the transfer process. Toward a wafer-scale
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Figure 5.5: Gated PL from WS2. Typical PL spectra of monolayer WS2 under different
uniaxial strains of ϵ = 0%, 0.5% and 1.0%, at a high generation rate of G = 2.2 × 1020

cm−2s−1 and gate voltage of Vg = −20 V.

EL device on a solid substrate, strain injection in TMDC monolayer during CVD growth
will be useful, with using an appropriate growth substrate due to the difference of thermal
expansion coefficient between monolayer and substrate [29].

5.3 Summary

In conclusion, dynamically strain tunable flexible device was fabricated with the conven-
tional gate oxide and TMDC monolayers of WS2 and WSe2. Although the transient-mode
EL device of monolayer WSe2 under no strain reveals an efficiency roll-off at the high in-
jection carrier density, an efficiency roll-off free EL device was achieved by applying a small
tensile strain, which suppresses the EEA. The present results will be useful for the practical
optoelectrical devices such as light sources, photodetectors, and energy harvesting platforms.
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Figure 5.6: Near-unity PL QY in WS2 at all generation rates. PL QY in monolayer
WS2 at different generation rates, gate voltages, and strain.

5.4 Experimental and Theoretical Details

Device Fabrication

The PL and EL devices for were fabricated on polyimide substrate (Kapton, Dupont, 1.5
mm thick). Ti (10 nm)/Au (100 nm)/Ti (10 nm) were fabricated as back gate electrodes
using standard photolithography and thermal evaporation. As a gate insulator, 50 nm Al2O3

was deposited via ALD at 200◦C. 50 nm thick Au source electrodes were patterned on ALD
oxide adjacent to gate electrodes. WS2 and WSe2 monolayers (HQ Graphene) were grown on
SiO2/Si substrate via CVD. The detailed growth processes for WS2 and WSe2 are described
in the previously reported papers [25, 29]. Monolayer films were picked up with poly(methyl
methacrylate) (PMMA) and transferred onto the ALD oxide, followed by a post baking at
180◦C for 5 minutes and dichloromethane treatment to remove PMMA. As a source contact,
mechanically exfoliated few layers of graphene (Graphenium, NGS Naturgraphit) was dry-
transferred with PMMA to mediate between Au electrode pad and monolayer. Another post
baking (180◦C, 5 min) was performed to improve the adhesion between the interfaces of
TMDC/Al2O3 and graphene/TMDC.

Electrical and Optical Characterization

Devices were charged from a Keithley 2410 Source Meter applied to the gate electrode
while the Au source was grounded. The PL QY was measured using a home-built micro-
PL instrument described in detail in the previous study. A 514.5 nm line was used as the
excitation source. A uniaxial tensile strain was applied in the monolayer by a two-point linear
actuator. The nominal applied strain was calculated using the equation ϵ = t/R, where 2t
and R are the substrate thickness and curvature radius measured through the cross-section
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optical image. All measurements reported in this paper are taken at room temperature in
an ambient lab condition under nitrogen flow.
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Chapter 6

Exciton Recombination Pathways in
Bilayer WSe2

6.1 Introduction

1 Exciton-exciton annihilation (EEA) in counterdoped monolayer transition metal dichalco-
genides (TMDCs) can be suppressed by favorably changing the band structure with strain.
The photoluminescence (PL) quantum yield (QY) monotonously approaches unity with
strain at all generation rates. In contrast, here in bilayers (2L) of tungsten diselenide (WSe2)
we observe a nonmonotonic change in EEA rate at high generation rates accompanied by a
drastic enhancement in their PL QY at low generation rates. EEA is suppressed both at 0%
and 1% strain, but activated at intermediate strains. We explain our observation through
the indirect to direct transition in 2L WSe2 under uniaxial tensile strain. By strain and
electrostatic counterdoping, we attain ∼ 50% PL QY at all generation rates in 2L WSe2,
originally an indirect semiconductor. We demonstrate transient electroluminescence from
2L WSe2 with ∼ 1.5% internal quantum efficiency for a broad range of carrier densities by
applying strain, which is ∼50 times higher than without strain. The present results elucidate
the complete optoelectronic photophysics where indirect and direct excitons are simultane-
ously present and provide an insight into exciton engineering in TMDCs multilayer beyond
indirect-direct bandgap transition.

6.2 Indirect and Direct Excitons in Bilayer WSe2

Recombination in monolayers of transition-metal dichalcogenides (TMDCs) is generally
dominated by direct transitions, therefore they have received much more attention than their
indirect-band gapped multilayer counterparts [1–5]. Near-unity photoluminescence (PL)

1The following section was published in a similar form in ACS Nano. (Uddin, S.Z.*, Higashitarumizu,
N.*, Kim, H., Rabani, E. and Javey, A., Engineering Exciton Recombination Pathways in Bilayer WSe2 for
Bright Luminescence, ACS Nano, 364(6439), pp.468-471, 2022.
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quantum yield (QY) can be achieved in monolayer TMDCs at all generation rates by moving
their Fermi level in the middle of the bandgap by electrostatic or chemical counterdoping, and
changing the band structure favorably by applying strain [6]. Exciton-exciton annihilation
(EEA) is the dominant nonradiative recombination mechanism at high generation rates and
is enhanced by van Hove singularities (VHS) in the density of states (DOS). Application
of strain moves the process away from VHS and monotonically suppresses EEA [6]. It
is desirable to have direct-bandgap thicker TMDCs due to their higher absorptivity and
better process stability, but the indirect nature of the multilayer TMDCs limits much of
their practical applications in light-emitting devices, photodetectors, and photovoltaics. In
contrast to their monolayer counterpart, the photophysics of bilayer TMDCs have not been
fully explored quantitatively. Here, first we explore the PL QY of bilayer (2L) WSe2 as a
function of background carrier concentration, generation rate, and band structure. Although
the PL QY increases monotonically with strain at low generation rates, we found that the
EEA rate changes nonmonotonically at high generation rates. Unlike monolayers, EEA
is suppressed both at 0% and 1% strain but activated at intermediate moderate strains.
This unique photophysics is due to an indirect to direct transition that bilayer (2L) WSe2
undergoes with moderate uniaxial tensile strain due to a relatively small difference between
the direct and indirect bandgap (∼ 40 meV) [7–9].

Three central elements steer the direct exciton recombination mechanism in TMDC
monolayers: exciton generation rate, background carrier concentration, and electronic band
structure [6, 10]. In bilayer WSe2, an additional factor: the coexistence of direct and indirect
excitons significantly alters their behavior. With optimum electrostatic doping and tensile
strain, we achieved ∼ 50% PL QY independent of pump intensity in 2L WSe2, originally an
indirect semiconductor. Finally, we demonstrate transient-mode electroluminescence (EL)
devices based on 2L WSe2 with ∼ 1.5% quantum efficiency (QE), which is ∼ 50 times higher
than without strain. Our results outline the complete optoelectronic photophysics where
indirect and direct excitons coexist and instigate exciton engineering in TMDCs multilayer
beyond indirect-direct bandgap transition.

Photogenerated carriers in TMDC bilayers form excitons due to strong Coulomb inter-
action. These excitons can turn into trions in the presence of background carriers leading
to nonradiative recombination. We tune the background carrier concentration (electron and
hole population densities) of a 2L WSe2 by varying the back-gate voltage (Vg) in a capac-
itor structure and alter the generation rate (G) by varying the pump laser intensity. Gate
electrodes (Ti/Au/Ti) were fabricated on top of a polyimide substrate, used as the strain
platform because of its flexibility and process compatibility. A 50 nm thick Al2O3 gate oxide
was deposited via an atomic layer deposition (ALD), followed by fabrication of source elec-
trode on top of Al2O3 (Figure 1A). As-exfoliated WSe2 flake was dry-transferred onto the
Al2O3 gate oxide and contacted with source electrode through few-layer graphene interme-
diation. The applied strain in 2L WSe2 was estimated from a cross-section optical image,
assuming the strain is transferred entirely from a flexible substrate to WSe2. Figure 1B shows
PL spectra under different uniaxial tensile strains at a medium generation rate of G = 1017

cm−2s−1 and gate voltage of Vg = 0 V. Unstrained 2L WSe2 shows indirect valley transition
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Figure 6.1: PL QY in 2L WSe2 at various generation rates and gate voltages.
(A) Schematic and optical micrograph (scale bar 5 µm) of the device used to explore the
photophysics of 2L WSe2. (B) PL spectra of the WSe2 bilayer device under different uniaxial
strains of ϵ = 0%,0.5% and 1.0% at a medium generation rate of G = 1017 cm−2s−1 and gate
voltage of Vg = 0 V, showing the indirect to direct transition. (C-E) PL QY of bilayer WSe2
as a function of gate voltage, generation rate and strain. At ϵ = 1.0% strain, 50% PL QY
is achieved.
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Figure 6.2: PL Spectra of 2L WSe2. (A, B, C) PL Spectra of 2L WSe2 at different gate
voltages and strains.

at lower energy (ΓC−KV ) with a shoulder peak at the higher energy corresponding to direct
valley transition (KC − KV ) [7, 11]. Under a moderate strain of ϵ = 0.5%, a single peak
is observed with a smaller full-width half-maximum (FWHM) compared to 0% strain. The
FWHM further decreases and a redshift is observed at a strain of ϵ = 1.0%, the maximum
strain without a brittle fracture of ALD oxide. These results are attributed to the indirect
to direct bandgap transition with increasing tensile strain.

To further understand the photophysics in WSe2 bilayer, calibrated PL measurements
were performed, extracting the QY quantitively as a function of ϵ, Vg, and G (Figures
6.1C-E). Figure 1C shows Vg and G dependence of PL QY in unstrained 2L WSe2. At
zero and positive gate voltages, the nonradiative negative trion recombination is dominant
because of the large background electron concentration resulting in a low PL QY of ∼ 1%. At
negative gate voltage, radiative recombination of neutral excitons becomes dominant leading
to PL QY enhancement. We note that, at 0% strain, PL QY does not show a significant
dependence on generation rate. PL QY increases by one order of magnitude at low pump
with an application of 0.5% tensile strain due to the indirect-direct transition, whereas PL
QY drastically droops at the high generation rate (Figure 1D). In excitonic semiconductors,
this droop is caused by exciton-exciton annihilation (EEA) [12]. With a tensile strain of
1.0%, PL QY droop is effectively suppressed again at the high generation rate (Figure 1E).
With optimum electrostatic doping and tensile strain, we achieved ∼ 50% PL QY in 2L
WSe2 at all generation rates. The EEA suppression observed here is markedly different from
that of monolayer WSe2 under strain, where strain monotonically changes EEA.

The observed spectra and the EEA suppression can be explained from the strain depen-
dent band-structure of 2L WSe2. The qualitative change in the band-structure with strain
is illustrated in the schematic of Figure 6.3A. In an unstrained bilayer, the minimum and
maximum energy of the conduction and valance band is at the Γ and K point, respectively,
resulting in the lowest energy transition being indirect and of low PL QY. With a sufficient
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Figure 6.3: Band structure evaluation of 2L WSe2 under strain. (A) Schematic band
structure, qualitatively showing direct to indirect transition of 2L WSe2 with different strain
conditions and under illumination. (B) Calculated energy difference for different transitions
of bilayer WSe2. (C) Schematic illustrating how JDOS at twice the exciton transition energy
EX determines the EEA rate. (D) EEA final energy cusping VHS on the JDOS of bilayer
WSe2.
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tensile strain, the minimum and maximum energy of the conduction and valance band both
reside in the K point, making the lowest energy optical transition being direct, thus increas-
ing PL QY. Strain dependent energy differences of conduction and valance band between Γ
points and Γ−K points calculated with density functional theory (DFT) are shown in Figure
6.3B. We observe the crossover from indirect to direct bandgap at ϵ ∼ 0.4%. Due to the
increasing and decreasing nature of direct and indirect energy gaps with strain, respectively,
the minimum energy of optical transition EX , highlighted in grey in Figure 6.3B, shows a
peak at the transition strain. The indirect to direct transition explains the change in PL
QY with strain at low generation rate, however we have to look at the joint density of states
(JDOS) to understand the change in EEA with strain at high generation rate.. During EEA
one exciton nonradiatively transfers its energy to another exciton. Momentum and energy
conservation dictates that the electron from the energized exciton ends up with a wavevector
in which the energy difference between the conduction and valence bands is equal to twice
the exciton transition energy 2EX . For a direct bandgap excitonic semiconductor, the joint
density of state (JDOS) at the twice exciton transition energy determines the strength of
EEA [13]. Because the Coulomb potential in 2D is inversely proportional to the wavevector
of the interacting particles, maximum interaction occurs when they have opposing crystal
momentum. Therefore, even in indirect semiconductors, the joint density of state (JDOS)
at the twice exciton transition energy determines the strength of EEA. If there is a naturally
occurring van Hove Singularity (VHS) in 2D JDOS at twice the exciton transition energy
2EX , strong EEA is observed. On the other case, if the JDOS is low at 2EX , weak EEA
is observed (Figure 6.3C). Figure 6.3D shows calculated JDOS of 2L WSe2 as a function
of strain. At around 0.4% tensile strain, the solid curve representing E = 2EX has a peak
maximum touching on a sharply enhanced JDOS of VHSs arising from saddle points in the
energy dispersion, which strongly enhances EEA. This explains why no EEA is observed at
unstrained bilayers and ϵ=1.0% strain, but EEA is observed at ϵ=0.5% strain. The strain
dependence of PL QY and EEA in 2L WSe2 (Figure 6.1C-E) is well explained by the unique
interplay of lowest dominant transition and VHS in 2L WSe2 under strain, both indirect-
direct bandgap transition and EEA enhancement by VHS at the intermediate strains. The
movement of the direct exciton transition energy away from the VHS at the maximum strain
of 1.0% enables PL QY enhancement with no droop at the high generation rate.

Figure 6.4 summarizes the recombination pathways present in 2L WSe2. Both indirect
and direct excitons can turn into trions, which can be controlled by gate voltage. Strain
controls both the ratio of indirect and direct excitons, and their EEA rate. The interplay of
these factors give rise to the complex photophysics observed in 2L WSe2.

Time-resolved (TR) PL measurements were performed with changing gate voltage, pump
fluence, and strain. At a low initial carrier concentration of 3.3× 1010 cm−2, unstrained 2L
WSe2 has the longest lifetime of ∼ 0.4 ns at the positive voltage of Vg = 15 V, and a
shorter lifetime of ∼ 0.3 and ∼ 0.07 ns at Vg = 0 and −15 V, respectively (Figure 6.5A).
This gate dependence is consistent with the aforementioned PL QY evolution, indicating
that trion nonradiative recombination, whose lifetime is much shorter than trion and exciton
radiative lifetimes, is predominant at zero and negative voltage. At the highest initial carrier
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Figure 6.4: Recombination pathways in 2L WSe2. Interaction of direct and indirect
excitons, trions, and free carriers and their subsequent recombination channels in bilayer
WSe2.
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Figure 6.5: Time-resolved PL of 2L WSe2. (A, B) Time-resolved PL of 2L WSe2 as a
function of gate at high and low pump fluence at no strain. (C) Extracted initial lifetime at
no strain. (D, E) Time-resolved PL of 2L WSe2 as a function of gate at high and low pump
fluence at 1% applied strain. (F) Extracted initial lifetime at 1% applied strain.

concentration of 2.7× 1012 cm−2, TR PL decays shows the same gate dependence as that of
low carrier concentration (Figure 6.5B), and extracted lifetime is almost constant over three
orders of magnitude variation in the pump fluence (Figure 6.5C), indicating the absence of
EEA. Figures 4D-F show TR PL and extracted lifetime as a function of gate voltage and
initial carrier concentration when a tensile strain of 1.0% is applied [14, 15]. No significant
change in the lifetime with strain has been observed.

Exciton diffusion length is important for understanding the energy transport physics in
excitonic semiconductors and a key design consideration in many optoelectronic applications
[16–18]. PL images of 2L WSe2 excited by a diffraction-limited laser at different generation
rates and strain are shown in Figure 6.6A. Diffusion length is calculated by deconvolving the
PL map with laser spot shape and then determining the width of the exciton density profile,
as shown in Figure 6.6B. Unstrained 2L WSe2 shows larger diffusion length Dex(0%) ≈ 420
nm, compared to Dex(1%) ≈ 200 nm observed in 1% strained bilayer, indicating that indirect
exciton diffuses faster than the direct exciton. This is possibly due to fast radiative lifetime
of direct excitons and further studies are necessary to understand the pump dependence of
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Figure 6.6: Exciton transport in 2L WSe2. (A) Spatial map of emission intensity as a
function of pump intensity and strain. (B) Extracted diffusion length at different generation
rates and strains.

the diffusion length.
To demonstrate a potential impact of WSe2 bilayer in the application of light-emitting

devices, a transient-mode EL was measured using a bipolar sine wave applied to the gate
electrode while the source electrode is grounded (Figure 6.7A). Figure 6.7B shows EL spec-
tra from 2L WSe2 with and without applying strain at a frequency of f = 1.0 MHz and
gate voltage of Vg = 25 V. A broad peak is observed with applied 0% strain, while EL peak
intensity 1% tensile strain is an order of magnitude higher than that of unstrained. Like PL
spectrum from unstrained 2L WSe2 (Figure 6.1B), strained EL device has two emission peaks
at lower and higher energy corresponding to the indirect and direct bandgap transitions, re-
spectively. The discrepancy of the spectrum shapes between PL and EL under the specific
strain is probably due to a different built-in strain from device to device via PMMA transfer
or post-baking process. As a function of operating frequency, the EL intensity monotonically
increased with no spectral shape change. The gate voltage dependence was measured with
and without applying strain at f = 1 MHz (Figure 6.7C). The turn-on voltage Von was
approximately 5.0 and 7.5 V for unstrained and 1.0% strained devices, respectively, which
depends on the bandgap of materials, gate capacitance, and parasitic resistances [19, 20]. An
order of magnitude EL enhancement was confirmed after applying once the device turned
on over Vg = 10 V. To further quantitatively compare the brightness of 2L WSe2 with pre-
viously reported TMDC EL devices, we extracted QE from EL measurement under various
measurement conditions of gate voltage, frequency, and strain. The total number of carriers
injected (n0+ p0) in a field-effect transistor when the gate voltage is swept from −Vg to +Vg
is given by

n0 + p0 = Cox(2Vg − Eg)/q (6.1)

Where n0 and p0 are the steady-state electron and hole concentrations corresponding to
a positive and negative Vg, respectively, Cox is the areal gate capacitance and q is the
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Figure 6.7: Electroluminescence from 2L WSe2. (A) Schematics of strain tunable transit
mode EL device. (B) EL spectra of ACEL device with and without strain. (C) Integrated
EL intensity as a function of Vg at f = 1.0 MHz shows device turn on. (D, E) Internal QE
of EL device as a function of injected carrier density under different ϵ and Vg.
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elementary charge. When a periodic signal of frequency f is applied across the device, this
transition takes place at f times per second. Therefore, the injection rate Q can be written
as

Q = f(n0 + p0) (6.2)

Taking the ratio between the output EL photons per unit seconds to the injection rate gives
us the quantum efficiency (QE). Figures 6.7D,E shows the dependence of EL QE for un-
strained 2L WSe2 on injected carrier density at different Vg and strain. With increasing the
carrier density, EL intensity monotonically enhances. The unstrained device exhibits EL
QE of approximately 0.03% at maximum, which is comparable to the reported EL QE of
∼ 0.06% in as-exfoliated monolayer WSe2 [19]. With applying a tensile strain of 1.0%, the
EL QE drastically increases by over ten times compared to no strain device. Notably, the
efficiency roll-off was effectively suppressed at the high carrier density, indicating reduced
nonradiative recombination. The highest EL QE of 2L WSe2 reached 1.5%, which is ∼ 50-
fold enhancement compared to the unstrained device. Here, we note that the EL QE is
underestimated because the parasitic capacitances are predominant in the current measure-
ment of micrometer-scale devices. Furthermore, the top sub-layer in 2L WSe2 feels a smaller
electric field than the bottom layer because of the single gate structure, leaving room for
further improvement of EL performance with utilizing such as dual gate device structure [21].
Further improvement of EL QE is possible by improving the applied strain on the emitting
bilayer. Although a WSe2 thicker film can show similar EL enhancement by strain, trilayer
showed poor enhancement compared to bilayer (Figure S1), probably because of the larger
energy difference between direct and indirect bandgap [22], and the experimental limitation
in ALD oxide with applicable strain up to 1.0%. Further strain engineering in multilayer
beyond bilayer can be achievable by using two-dimensional heterostructures such as with
graphene and h-BN.

6.3 Summary

In conclusion, we have demonstrated high PL QY in bilayer WSe2 at all generation
rates with modulating background carrier concentration and electronic band structure via
strain. Unlike other monolayer and bilayer TMDCs, bilayer WSe2 experiences the indirect-
direct transition and enhanced EEA by VHS resonance at the intermediate tensile strain
making it direct bandgap and free from EEA above intermediate strain values, resulting in
the highest PL QY of 50% at all exciton densities with applying 1.0% tensile strain. The
observed photophysics is corroborated by DFT calculation of band structure correlating the
change in the band structure and VHS on the PL QY. Finally, we showed that the transit
mode EL device based on 2L WSe2 and gate with ∼ 1.5% QE, as bright as monolayer EL
devices, thus enabling bilayer to be a promising candidate for light-emitting materials. Our
results resolves the complete optoelectronic photophysics when indirect and direct excitons
are coexist and open the way to strain-engineered optoelectronics in multilayered van-der
Walls semiconductors.
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Figure 6.8: PL Spectra of 3L WSe2. PL spectra from WSe2 trilayer as a function of gate
voltage and strain at a generation rate of G = 1019 cm−2s−1.

6.4 Experimental and Theoretical Details

Device Fabrication

The PL and EL devices for were fabricated on polyimide substrate (Kapton, Dupont, 1.5
mm thick). Ti (10 nm)/Au (100 nm)/Ti (10 nm) were fabricated as back gate electrodes
using standard photolithography and thermal evaporation. As a gate insulator, 50 nm Al2O3

was deposited via ALD at 200◦C. 50 nm thick Au source electrodes were patterned on ALD
oxide adjacent to gate electrodes. WSe2 (HQ Graphene) was mechanically exfoliated on 50
nm SiO2/Si substrate. Bilayers were identified by optical contrast and AFM height profile.
2L WSe2 flakes were picked up with poly(methyl methacrylate) (PMMA) and transferred
onto the ALD oxide, followed by a post baking at 180◦C for 5 minutes and dichloromethane
treatment to remove PMMA. As a source contact, mechanically exfoliated few layers of
graphene (Graphenium, NGS Naturgraphit) was dry-transferred with PMMA to mediate
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between Au electrode pad and 2L WSe2. Another post baking (180◦C, 5 min) was performed
to improve the adhesion between the interfaces of WSe2/Al2O3 and graphene/WSe2.

Electrical and Optical Characterization

Devices were charged from a Keithley 2410 Source Meter applied to the gate electrode
while the Au source was grounded. The PL QY was measured using a home-built micro-PL
instrument described in detail in the previous study.10 A 514.5 nm line was used as the
excitation source. A uniaxial tensile strain was applied in the 2L WSe2 by a two-point linear
actuator.7 The nominal applied strain was calculated using the equation ϵ = t/R, where 2t
and R are the substrate thickness and curvature radius measured through the cross-section
optical image. TR PL spectra were collected using a time-correlated single photon counting
(TCSPC) module. A monochromated line of 514 nm from a supercontinuum laser was used
as an excitation source. PL spatial images were measured with taken in a fluorescence
microscopy setup using the green laser same as the excitation source for PL measurement,
acquiring images by a CCD detector (Andor Luca).17 The samples were excited by a green
laser, same as PL measurement, focused to a diffraction-limited spot. EL devices were
pumped using a bipolar sine wave from an Agilent 33522A arbitrary waveform generator
applied to the gate electrode while the source contact was grounded. All measurements
reported in this paper are taken at room temperature in an ambient lab condition under
nitrogen flow.
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Chapter 7

Excitonic and Free Carrier
Recombination in Black Phosphorus

7.1 Introduction

Carrier recombination in a van der Waals (vdW) semiconductor is expected to transition
from excitonic to free-carrier in nature as the number of layers is increased. However, in
most vdW semiconductors this transition is obscured by the lack of direct bandgap in the
bulk state. Black phosphorus (BP) in an exception which maintains a direct bandgap at
all thicknesses. While exploring the excitonic to free-carrier transition in BP across a wide
range of thicknesses, we find a dramatic and nonmonotonic change in photoluminescence
(PL) quantum yield (QY) with thickness. In the excitonic regime the PL QY decreases
with thickness and shows the highest PL QY of ∼ 20% when it is completely excitonic at
the monolayer limit. On the other hand, when recombination is dominated by free carriers
PL QY increases with thickness, and we observe the surface recombination velocity in BP
to be two orders of magnitude lower than in passivated silicon: the most electrically inac-
tive surface known to the modern semiconductor industry. The rich excitonic photophysics
of monolayer vdW semiconductors have already garnered enormous amount of research in-
terest. Our results, supported by first-principle calculations, emphasize that even in thick
vdW semiconductors where excitonic effects are absent, the recombination can be strikingly
different from covalently bonded bulk semiconductors.

7.2 Excitonic to Free Carrier Transition

Carrier recombination in very thin layers of van der Waals (vdW) semiconductors such
as monolayers of transition metal dichalcogenides (TMDC) are excitonic due to reduced
Coulomb screening and have been extensively studied [1, 2]. However, exciton to free-carrier
transition in these semiconductors is difficult to study as they become indirect with increasing
thickness [3]. In contrast, the dominant optical transition in black phosphorus (BP) remains
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direct at all thicknesses due to the strong interlayer electronic state coupling [4, 5]. Moreover,
BP has shown tremendous technological potential in mid-infrared detection and emission [6–
10]. BP therefore provides an ideal platform to explore how the recombination mechanism
evolves from excitonic to free-carrier nature in a semiconductor. Here we explore the room
temperature photoluminescence (PL) quantum yield (QY), a key metric of optoelectronic
performance that directly dictates the maximum device efficiency, with BP thickness from
monolayer to the bulk limit. We find that, at the same level of defect density, larger exciton
binding energy leads to more light emission and monolayer BP has the highest PL QY. This
corroborates our finding in monolayer TMDCs, where excitons can recombine completely
radiatively [1, 11]. We also observe that surface recombination velocity in black phosphorus
is two orders of magnitude lower than passivated silicon; the most electrically inactive surface
known to modern semiconductor industry [12]. From density functional theory calculations,
we see that oxidation of BP surface does not produce defect levels inside the bandgap,
consistent with our finding that the nonradiative surface recombination is independent of
the quality of the surface.

Few layers of BP were mechanically exfoliated in nitrogen environment from bulk crystals
onto quartz substrates. Optical contrast was used to identify flakes with desired thickness
and atomic force microscopy was then used to measure layer thickness [13, 14]. Photo-
luminescence spectra shown in Fig. 7.1A highlights a thickness-dependent optical bandgap
ranging from 1.75 eV for a monolayer to 0.3 eV for bulk BP. Large change in optical bandgap
is observed with thickness for up to six layers of BP( Fig. 7.1B), beyond which the bandgap
redshifts very slowly with thickness (Fig. 7.1B inset). Similar dichotomy is also present
in the exciton binding energy curated from the experimental and theoretical works in the
literature (Fig. 7.1C). Up to five layers the exciton binding energy is larger than the average
room temperature thermal energy, and the photogenerated carriers will be excitons. Above
five layers the binding energy falls below the thermal energy, so photogenerated electron-hole
pairs will thermalize and relax as free carriers.

We first explore the radiative excitonic recombination in black phosphorus. PL spectra
of monolayer BP is shown in Fig. 7.2A with different generation rates. The PL peak
positions for one to five layers of BP do not show any change with generation rate, indicating
absence of photodegradation (Fig. 7.2B). Calibrated PL QY of BP measured in nitrogen
environment decreases drastically from monolayer to five layers at a generation rate of 3.6×
1026 cm−3s−1 (Fig. 7.2C). PL QY at different generation rates from monolayer to five layers
are shown in Fig. 7.2D. We note that the monolayer has the largest PL QY in this range.
Large exciton binding energy in monolayers leads to strongly bound, robust excitons in
phosphorene which then recombine radiatively. We also do not observe any signature of
exciton-exciton annihilation that plagues other excitonic materials [15], as illustrated in
Fig. 7.2B. Both facts are reminiscent of monolayers of transition metal dichalcogenides
(TMDC), where strongly bound excitons can recombine completely radiatively despite the
presence of large native defect density [16]. PL QY drastically decreases at all pump when
BP thickness is increased (Fig. 7.2D). Such decrease with thickness is also observed in
semiconducting TMDC monolayers and generally has been attributed to the dominance
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Figure 7.1: Excitonic to free-carrier transition in black phosphorus. (A) Normal-
ized photoluminescence spectra of black phosphorus from monolayer to bulk. (B) Optical
Bandgap at different thicknesses, PL peak redshifts slightly with increasing thickness at
large thicknesses too. (C) Excitonic binding energy at different thicknesses shows excitonic
to free-carrier transition. Thermal energy kT at room temperature is shown where k is the
Boltzmann’s constant and T is the temperature.
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Figure 7.2: Excitonic recombination in thin black phosphorus. (A) PL spectra of
monolayer black phosphorus at different generation rates. (B) PL peak position as a function
of generation rate and thickness. (C) PL QY at a generation rate of ∼ 3.6 × 1026 cm−3s−1

for different thickness. (D) PL QY as a function of generation rate for different thicknesses.

of the indirect transition when thickness is increased beyond monolayer [17].However, BP
remains a direct band gap material when thickness is increased, therefore the observed PL
QY decrease with thickness arises from an increase in screening and a decrease in exciton
binding energies [18]. As all of these layers are sourced from the same bulk material, our
results show that for the same level of defect density, increasing binding energies can lead to
increasing radiative recombination.

Before we investigate radiative free-carrier recombination in black phosphorus we first
discuss carrier recombination in conventional free-carrier semiconductors. Nonequilibrium
population of electron and holes can relax in a conventional semiconductor mainly through
four different pathways: Shockley-Read-Hall (SRH) [19, 20], surface [21, 22], bimolecular
radiative [23], and Auger recombination [24, 25]. The generation rate G in steady state is
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balanced by the rates of all the recombination channels; for the case of a semiconductor with
low background doping (that is, where n = p)

G = (A+ 2S/d)(n2 − n2
i )/n+B(n2 − n2

i ) + 2Cn(n2 − n2
i ) (7.1)

where n is the carrier concentration, ni is the intrinsic carrier concentration, d is the
semiconductor thickness, and A,B,C and S are the SRH, radiative and Auger recombina-
tion coefficients, and surface recombination velocity (SRV), respectively. Photoluminescence
quantum yield (QY) is calculated according to a standard ABC recombination model as:

QY =
B(n2 − n2

i )

G
(7.2)

Defect-mediated nonradiative SRH recombination, and surface recombination dominate
at low generation rates and lowers the QY [26]. Nonradiative Auger recombination domi-
nates and lowers QY at high generation rates [27]. The surface recombination rate depends
inversely on the semiconductor thickness [28].

Contrary to the excitonic regime, PL QY of BP increases when thickness is increased
in the free-carrier regime (Fig. 7.3A). We do not observe a common QY roll-off at all
thicknesses at low generation rates, so the SRH process is negligible (A ≈ 0) compared to
the other processes perceived within our measurement range. We note a thickness dependent
QY roll-off at low generation rates, which is indicative of surface recombination (S ̸= 0).
Similar QY roll-off is observed for all thicknesses at high generation rates, therefore the
Auger process in thick BP is insensitive to the thickness (C ̸= 0, ∂C/∂d ≈ 0). The radiative
bimolecular recombination coefficient B of BP was experimentally measured employing the
Shockley-van Roosbroeck relation (details in Supporting Information) and is comparable to
other reports in the literature [29]. The surface recombination velocity and Auger coefficient
are numerically fitted with the available data using the theoretical expression of QY (Fig.
7.3B, Fig. 7.5). Note that, the experimental data of all thicknesses form an overcomplete
system for two thickness-independent parameters: C and S, and no other combination of
values leads to a fit (more on Supporting Information).

Now we can summarize carrier recombination in BP (Fig. 7.3C). At the monolayer limit,
excitonic recombination leads to bright luminescence. At the intermediate thickness, QY is
low due to surface recombination. At large thicknesses, only Auger recombination limits the
QY. Our model can be further modified to include excitons. As excitons are formed from
and dissociates into electron and holes and no auger recombination in excitons has been
observed in the generation rate dependent PL QY, the exciton and carrier concentration are
related by

nX/n
2 = KXe

Eb/kT (7.3)

where Eb is the exciton binding energy and KX is the pre-exponential Arrhenius factor
[30, 31]. The generation rate can be written as

G = (A+
2S

d
)
n2 − n2

i

n
+B(n2 − n2

i ) +BXe
(Eb/kT )n

2 + 2Cn(n2 − n2
i ) (7.4)
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Figure 7.3: Free-carrier recombination in black phosphorus. (A) Experimental PL
QY vs generation rate for different thickness black phosphorus. (B) Dominant recombination
pathways active in black phosphorus with different thickness. (C, D) PL QY as a function
of generation rate for select and all thicknesses from theoretical model.
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The simulated QY vs. generation rate at all thicknesses are shown in Fig. 7.4D which cap-
tures the essential features observed in the experiment (details on Supporting Information)
[32].

We observed a surface recombination velocity of (7± 2)× 10−3 cm/s and an Auger coef-
ficient of (6± 1)× 10−43 cm6/s for BP. The Auger coefficient is consistent with other reports
on the literature [29], although no work has reported the surface recombination velocity. The
observed SRV is two orders of magnitude lower than passivated silicon: the most electrically
inactive surface known to modern semiconductor industry (Fig. 7.4A). Such extraordinarily
low SRV indicates that BP surface is naturally passivated as far as nonradiative recombina-
tion is concerned and could originate from the BP oxide that forms on the BP surface or
its van Der Waals nature. Generally, in covalently bonded semiconductors dangling bonds
at the surface introduce electronic energy levels inside the normally forbidden gap, referred
to as surface or interface states [33]. Such states greatly enhance nonradiative electron–hole
recombination at the surface by acting as steppingstones for transitions between the con-
duction and valence bands. Since each recombination event at the surface requires precisely
one electron and one hole, as well as an interface state, surface passivation in conventional
semiconductors have two fundamental avenues: either reduce the number of surface states
or reduce the concentration of one or other carrier at the surface [34–36].

In BP, the surface is self-terminated because of the layered structure. Thus, there are no
dangling bonds and SRV is expected to be significantly lower. However, defects and native
oxides exist. In layered materials bonds are self-satisfied inherent to the crystal structure. In
this regard, there are no dangling bonds in an ideal layered material, although defects and
native oxides exist. Thus, surface recombination is expected to be low in BP as compared
to conventional three-dimensional semiconductors where the surface is entirely filled with
dangling bonds. BP surface is easily oxidized in air due to the lone pair electrons [37].
Previous studies have reported that oxidation of BP occurs layer-by-layer. oxide (POx) is
possibly formed layer-by-layer, enabling that an steep interface between POx and intact
underneath BP layers. POx layer can be formed in a layer-by-layer fashion and is self-
limiting, a fact that has been employed previously for controlled exfoliation [38]. Even with
the localized POx formation at the interface, the dangling bonds are only at the POx edge,
whose density will be much lower than that of covalently bonded semiconductors surface.
Furthermore the energy level created by POx is not within bandgap. Such a process restricts
the amount of dangling bonds on the interface. BP oxide is also shown to have minimal
charge transfer with BP and is suitable for passivation or as an interface layer for further
dielectric deposition [39–41]. Even if BP layers underneath the oxide is partially oxidized,
ab initio density functional theory (DFT) calculations support the conclusion that the BP
surface is naturally passivated and resistant to the formation of in-gap defect states from
surface oxidation. Our calculations examine bridging and terminal oxygen defects on the
surface of few-layer black phosphorous (Fig. 7.4B), which past work has shown to be the
thermodynamically stable oxygen defects in phosphorene. The calculated densities of states
show, consistent with other studies [42, 43], that these defects do not form electronic states
within the bandgap and that a slight opening of the bandgap occurs with oxidation (Fig.
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Figure 7.4: Comparison of surface recombination velocity. (A) Surface recombina-
tion velocities (SRV) of different semiconductors with bandgap. (B, C) Schematic crystal
structure and DOS for four layer BP: intrinsic, and with a terminal oxide and bridging oxide
atom. (D) Auger coefficient of different semiconductors with bandgap. Full lists of reported
SRV and Auger coefficient are shown in Table 7.1.
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7.4C). This increase of the bandgap is seen to decrease with the number of layers, and is
lower than the thermal energy. This fact, and that the oxide layer is spatially much thinner
than the electron Bohr radius, lead us to conclude that the primary reason of low SRV must
be from the lack of surface electronic states.

Auger recombination is typically pronounced in small bandgap semiconductors, however
in BP the observed Auger coefficient is also low compared to other semiconductors (Fig.
7.4D) [44, 45]. This originates from the relationship between the empirical ratio of the
Auger lifetime (τa) to the radiative lifetime (τr) and the bandgap (Eg), which is given by:

τa
τr

∝ exp

 m∗
e/m

∗
h(

1 + m∗
e

m∗
h

)
Eg

kT

 (7.5)

where m∗
e and m∗

h are the effective masses of electrons and holes, respectively [46]. As elec-
trons and holes have similar effective masses in BP, the effective mass ratio is much higher
than that of other small-bandgap semiconductors and results in suppressed Auger recombi-
nation [47]. The effect of low Auger recombination is readily observed experimentally com-
paring electroluminescence and photoluminescence of BP with that of other small-bandgap
semiconductors in the high-injection regime [48]. Note that, the expression for Auger lifetime
above is overly simplistic and further calculations that consider the total band structures are
necessary [49].

7.3 Summary

In conclusion, we have explored radiative recombination in BP when the nature of re-
combination varies from excitonic to free carrier. We found that at similar defect density
excitonic BP has the highest luminescence efficiency. We also observed lowest surface recom-
bination velocity in BP due to oxidation not creating defect levels inside the bandgap. In
the future, photonic patterning of BP surface to enhance light outcoupling and integration
with photonic circuits becomes possible as surface quality does not determine optoelectronic
quality. By expanding upon our approach, surface recombination in other van der Waals
system could also be explored.

7.4 Experimental and Theoretical Details

Device Fabrication

BP (HQ graphene) was mechanically exfoliated by Scotch tape and polydimethylsiloxane
(PDMS, Gel-pak). BP flakes were transferred on quartz or silicon substrate, then the number
of layers was identified with optical contrast and atomic force microscopy. To minimize the
formation of natural oxide, both mechanical exfoliations and thickness measurements were
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Figure 7.5: Data and model results for different values of parameters. Results of
model fitting at different parameters.

performed in the nitrogen environment. After the flake isolation, the samples were sealed in
nitrogen and transferred to the optical measurement setup.

Optical Characterization

The calibrated PL QY was measured using PL instruments described in detail in the pre-
vious study.1,6 Different spectrometers were used depending on the measurement wavelength
range. For visible to near-infrared measurements, home-built µ-PL instrument was used
with Si-CCD and InGaAs detectors. A 514.5 nm line was used as the excitation source. For
longer wavelength, Fourier transform infrared (FT-IR) spectrometer (iS50, Thermo Fisher)
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Figure 7.6: Extracted complex refractive index of bP in the x- and y-direction.
BP refractive index.

was used with a liquid N2-cooled HgCdTe detector. A 638 nm laser was used as the excita-
tion source. All measurements were taken at room temperature in an ambient lab condition
under nitrogen flow.

DFT calculations

Density functional theory calculations were carried out using the Quantum Espresso
package [50–52]. Optimized geometries for pristine black phosphorous as well as black phos-
phorous with bridging and terminal oxygen defects were obtained for monolayer through 4
layer systems consisting of a 3 × 3 × 1 supercell with over 2 nm of vacuum in the out-of-
plane direction to avoid interactions with periodic replicas. We used the PBE form of the
general gradient approximation of the exchange-correlation energy with Grimme-D2 [53, 54]
dispersion corrections which have been shown to sufficiently describe oxygen defects in black
phosphorous systems. Using these geometries, band structures and densities of states were
calculated at the same level of theory. Further details of the calculations and resulting band
structures may be found in the Supporting Information.

Shockley-van Roosbroeck relation

The well-known Shockley-van Roosbroeck detailed balance equation (named after W. van
Roosbroeck and W. Shockley) relates the spontaneous emission rate of a semiconductor to
its absorption coefficient [55]. The photon emission rate R(hv) from a body in equilibrium
with background thermal radiation would be equal to the absorption rate α(hv) of thermal
photons. Applying the principle of detailed balance we can describe the spectral distribution
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of the rate of photon generation for the photon-radiative recombination of electrons and holes
in a semiconductor as:

R(hv) =
8πn2v2

c2
α(hv)

1

exp (hv/kBT )− 1
(7.6)

Where h is the Planck’s constant, v is the frequency of the light, n is the refractive index
of the semiconductor, c is the speed of light, kB is the Boltzmann’s constant, and T is the
lattice temperature. However, the radiative recombination should be proportional to the np
product, Bnp, where B is called the radiative recombination co-efficient, as electrons must
meet up with holes to radiate. The np product is given by the Law of Mass Action

np = NCNV exp

(
− Eg

kBT

)
(7.7)

Where Eg is the bandgap. The radiative recombination co-efficient B can then be written
as

B =
1

NCNV

∫
8πn2v2

c2
α(hv) exp

(
−hv − Eg

kBT

)
dv (7.8)

sometimes called the Shockley-van Roosbroeck relation which connects the absolute absorp-
tion spectrum to the absolute emission spectrum. This is a generalization of Einstein’s
connection between absorption and spontaneous emission. The radiative recombination co-
efficient B for the black phosphorus in the direction of emission has been calculated using
the extracted complex refractive index of bP shown in Fig. 7.6.

Recombination model with detailed balance between excitons and
free carriers

The rate equations for electron-hole and exciton recombination can be written as

dn

dt
= G−R(n)−GX (7.9)

dnX

dt
= GX − nX/τX (7.10)

Where G is the total generation rate, GX is the exciton generation rate nX and n are the
densities of excitons and free carriers, τX is the exciton lifetime and R(n) is the combined
free-carrier recombination rate. Following the notations of the main manuscript for the case
of a semiconductor with low background doping (that is, where n = p)

R(n) = (A+ 2S/d)(n2 − n2
i )/n+B(n2 − n2

i ) + 2Cn(n2 − n2
i ) (7.11)

where n is the carrier concentration, ni is the intrinsic carrier concentration, d is the semi-
conductor thickness, and A, B, C and S are the SRH, radiative and Auger recombina-
tion coefficients, and surface recombination velocity (SRV), respectively. In steady state
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(dn/dt = 0, (dnX)/dt = 0) we get

G = R(n) +GX (7.12)

GX =
nX

τX
(7.13)

Saha equation describes the densities of excitons (nX) and free carriers (n) after statistical
equilibration of their chemical potentials in the classical limit [56]. In equilibrium, the
detailed balance for a classical three-dimensional gas of free electron-hole pairs and excitons
is given as

n2

nX

= AT 3/2 exp

(
−Eb

kT

)
, A =

(
µk

2πh2

)3/2

(7.14)

where µ = m∗
em

∗
h/(m

∗
e +m∗

h) and m
∗
e and m∗

h are the density-of-state effective masses of
electrons and holes, respectively. Therefore, the exciton generation rate can be written as

GX = 1/(τXAT
(3/2)) exp

(
Eb

kT

)
n2 (7.15)

= BX exp

(
Eb

kT

)
n2 (7.16)

And the total generation/recombination rate becomes

G =

(
A+

2S

d

)
n2 − n2

i

n
+B(n2 − n2

i ) + 2Cn(n2 − n2
i ) +BX exp

(
Eb

kT

)
)n2 (7.17)

Since both free carriers and excitons emit, the quantum yield can be written as

QY =
1

G

(
B(n2 − n2

i ) +BX exp

(
Eb

kT

)
n2

)
(7.18)

This is the model used to capture the essential features of both excitonic and free carrier
regimes and the intermediate transition in black phosphorus. A value of BX = 10−30 cm3s−1

has been used to create Fig. 7.3B in the main manuscript. Note that such combined models
have also been reported before [30] but has not been compared to full range of excitonic and
free-carrier recombination in a single material system.
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Material Eg (eV) C (cm6/s) S (cm/s) P
BP 0.34 6× 10−43 (This work) 7× 10−3 (This work) N

4.1× 10−43 [29] N
< 10−32 [57] N

Hg1−xCdxTe 0.100− (1.5− 10)× 103 [58] N
0.124 7.5− 3× 105 [58–70] Y

InAsSb 0.115 1.1× 10−23 [71] N
InSb 0.17 (.049− 2.2)× 10−24 (4.0− 10)× 103 [72, 73] N

[71] 0.002− 3× 105 [73] Y
PbSe 0.27 (1.1− 8)× 10−28 2.2× 105 [74] N

[49, 75–77] (0.5− 1.5)× 106 [74, 78] Y
PbTe 0.306 2.5× 10−28 [76] 2.8× 103 [79] N
Te 0.33 (0.22− 5)× 104 [80–82] Y

InGaSb 0.45 8.2× 10−26 [71]
Ge 0.67 2× 10−31 [83] 3.8− 1.9× 103 [84–87] N

2− 2.5× 102 Y
[84, 87, 12, 88–93]

In1−xGaxAs 0.7− 1.5 (.5− 9.8)× 10−29 107 [94] N
[95–101] 1.3× 105 [102] Y

InN 0.7 (4.6− 4.9)× 104 [103] N
GaSb 0.726 9.3× 10−28 [104, 105] 104 − 106 [106, 107] Y

In1−xGaxAsyP1−y 0.75− 1.1 10−32 − 3× 10−28 [55] N
Si 1.1 (0.1− 4)× 10−30 (0.05− 2)× 105 N

[83] [85, 108–110]
0.25− 8× 102 Y
[12, 108–120]

InSe 1.25 4.1× 104 [121] N
InP 1.344 (1− 8)× 10−30 [55] 500− 106 [122–124] N

(0.2− 1.5)× 105 [125] Y
GaAs 1.42 (0.3− 1)× 10−29 4.2× 104 − 107 N

[55] [123, 126–129]
102 − 3× 106 Y
[128, 130–133]

CdTe 1.49 (0.1− 1)× 106 [134] N
(0.02− 2.5)× 104 Y
[134, 135]

Table 7.1: SRV and Auger Coefficient in different materials. Auger recombination
coefficients C, and surface recombination velocities S in different materials. Rightmost
column indicates whether the sample was passivated or not (Y = Yes, N = No).
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Chapter 8

Conclusion and Future Prospects

The 20th century ushered the “Big Bang” for the semiconductor field, ushering in the
invention of all solid-state electronic and optoelectronic devices that shape our society today.
This century is the era to optimize device performance to their limits. Over the last few
years, there has been an emerging interest in monolayer semiconductors due to their potential
to achieve advanced optoelectronics with higher efficiencies and enhanced functionalities.
Following the revolutionary discovery of direct gap monolayer MoS2, several 2D materials
have been identified and their novel optical and electronic properties have been explored. At
the same time, various proof-of-concept 2D devices have appeared in the literature. However,
while significant recent progress has been made, the deep body of knowledge concerning the
material physics, particularly the photophysics with respect to the excitonic nature was
lacking. This dissertation as a whole attempts to develop a fundamental understanding of
2D material physics in order to achieve the goal of efficient and practical devices.

In Chapter 2, how background carrier concentration effects recombination in 2D TMDC
monolayers have been descried. At low generation rates, near-unity PL QY in MoS2 and WS2

has been demonstrated with electrostatic and chemical counterdoping. Excitonic monolayers
can be bright even in the presence of native defects.

In Chapter 3, entirely radiative TMDC monolayers at all exciton generation rates have
been demonstrated. Because most optoelectronic devices operate at high photocarrier densi-
ties, low PL QY at high exciton densities in monolayer semiconductors impeded their utility
in practical applications. By applying small mechanical strain, we achieve near-unity PL
QY in TMDC monolayers at all exciton densities, which paves the way for developing LEDs
that will retain high efficiency at all brightness.

In Chapter 4, we explore the diffusion of pure neutral excitons and trions by electrostatic
and chemical counterdoping. We observe that neutral excitons in monolayer MoS2 diffuse
micrometers at room temperature. We show that this long diffusion length is due to EEA
enhanced diffusion.

In Chapter 5, we demonstrate efficiency roll-off free electroluminescence from monolayer
WSe2 by applying strain. We show two order of magnitude EL enhancement from WSe2
monolayer by applying a relatively small strain of 0.5%. We attain internal quantum effi-
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ciency of 8% at all injection rates.
In Chapter 6, we explore how EEA evolves during an indirect-to-direct transition in Bi-

layer WSe2. EEA is suppressed both at 0% and 1% strain, but activated at intermediate
strains. By strain and electrostatic counterdoping, we attain ∼ 50% PL QY at all generation
rates in 2L WSe2, originally an indirect semiconductor. We demonstrate transient electro-
luminescence from 2L WSe2 with ∼ 1.5% internal quantum efficiency for a broad range of
carrier densities by applying strain, which is ∼ 50 times higher than without strain.

In Chapter 7, we explore exciton to free carrier transition in black phosphorus. In the
excitonic regime the PL QY decreases with thickness and shows the highest PL QY of ∼ 20%
when it is completely excitonic at the monolayer limit. On the other hand, when recom-
bination is dominated by free carriers PL QY increases with thickness, and we observe the
surface recombination velocity in BP to be two orders of magnitude lower than in passivated
silicon: the most electrically inactive surface known to the modern semiconductor industry.

Understanding and engineering the recombination pathways in excitonic systems in crit-
ical for basic science and optoelectronic applications. This work has established various re-
combination pathways in two dimensional excitonic semiconductors. Specifically, we found
that neutral excitons interact weakly with native defects and inherently undergo radiative
recombination. On the other hand, charged excitons (trions) strongly interact with defects
and undergo nonradiative Auger recombination. Controlling background charge is a key fac-
tor in dictating high PLQY in monolayer semiconductors. So far, our understanding of this
phenomenon is based on excitonic physics and is not specific to monolayer semiconductors
only. Therefore, a fundamental question arises: are neutral excitons bright in all excitonic
semiconductors? Looking into other excitonic semiconductors might provide a broader un-
derstanding to this questions. In black phosphorus we already see PL QY is maximum at the
excitonic limit. Semiconducting quantum dots (QD) are important for a number of practical
applications, can be excitonic due to confinement, and another ideal platform for exploring
excitonic photophysics in the presence of surface defects and background charge. Ligand
chemistry plays a big role in achieving high efficiency in colloidal QDs, but their role is not
well understood. Often the improvement by ligands is attributed to the passivation of the
surface dangling bonds, however ligands has also been shown to dope the semiconductor
nanocrystals by surface charge transfer. To fully understand and deconvolute the effect to
surface passivation to charge transfer, in the future it is desirable to quantitatively measure
PL QY of QD with electrostatically counterdoping. It might be possible to interchanging
Lewis acid or base ligands and then electrostatically attempt to recover their PL inten-
sity. As the confinement energy depends on the quantum dot’s size, excitonic to free-carrier
transition can also be explored. Preliminary measurements show electrostatic counterdop-
ing can improve PL intensity of QD. Once a proper device structure is developed for QD
measurement, same framework might be applicable to luminescent molecular systems and
C60.

Another aspect of this work is also exploring the effect of band structure modulation
on the exciton-exciton annihilation or reduced QY at high generation rates. The dielectric
environment also strongly influences the multiparticle interactions in monolayer TMDCs. It
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has been shown that EEA rate can be suppressed by orders of magnitude by using a high-k
dielectric substrate, such as SrTiO3. This is due to an increase of screening strength in the
semiconductor monolayers by high-k substrates. In the future combined effect of dielectric
screening and band structure tuning can be explored by measuring PL on different substrates
with strain. EEA suppression found in this dissertation along with the understanding can
be extended to the shorter wavelength regime where, EEA is the primary reason for rapid
organic device degradation.

Looking forward, it is also important to first build up an accessible monolayer library
to accelerate the development and understanding of the entire space of 2D materials, and
then explore excitonic photophysics in other material systems such as quantum dots and
molecular crystals. It is also important to find materials whose bandgap span the most
important and yet inaccessible blue-to-UV wavelength regime. This range is particularly
important for applications in medical uses, displays and lighting. In the United States, 6%
of total electricity consumption, or about 91 billion kWh, goes to lighting alone. Lighting
takes up an even greater share globally, accounting for 15 − 20% of worldwide electricity
consumption and 5% of greenhouse gas emissions. As such, while much work has been done
to improve the efficiency of light-emitting devices—for example, phasing out incandescent
bulbs for LEDs—it is still of great environmental interest to develop devices that perform at
the limit of energy efficiency, especially at shorter wavelengths and higher brightnesses. It is
also essential to explore the new physics of vdW heterostructures and develop corresponding
devices to fully unlock the potential of 2D materials, including the capability to actively
tune heterojunction band alignment electrically, as well as various optical phenomena arising
from the twist-angle degree of freedom. Moreover, it is important to explore the potential of
2D/bulk semiconductor heterostructures to develop new types of light-emitting devices. The
simultaneous development of growth and transfer technologies for 2D materials targeting high
optoelectronic performance will give a higher freedom to the design of the next-generation 2D
light-emitting devices. With enabled monolayer-enabled functionality such as high quantum
efficiency and color tunability, the future could be bright indeed.


