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Abstract

At the nanoscale, new forms of physical phenomena emerge that can provide re-
markable opportunities for next-generation tools with unprecedented functionality
and energy efficiency. Two-dimensional (2D) materials, a family of nanomaterials
with atomic thickness, promise an ideal platform for nanoscience and nanotechnol-
ogy research on which we are able to engineer functional structures and study their
properties at the limit of the atomic scale. This thesis discusses opportunities and
challenges of studying emerging light-matter interaction phenomena and develop-
ing advanced infrared detection technologies enabled by 2D materials and their het-
erostructures. First, we addressed some of the key challenges for reliable synthesis
and characterization of 2D materials and functional nanostructures. We developed a
new seeding-promoter-assisted chemical vapor deposition approach for the construc-
tion of vertical and lateral heterostructures between a variety of 2D materials over
large area. This technology enables many new physics and device applications, includ-
ing 1D ohmic contacts to 2D semiconductors and their integrated circuits. Another
material-related challenge we addressed is the fast material characterization of 2D
materials. We developed a deep learning algorithm that can perform realtime, accu-
rate material identification on optical microscope images of 2D materials. In addition,
our method is able to extract deep graphical features and provide information about
structural, optical and mechanical properties of the materials.

Second, we studied three novel IR detector technologies based on 2D materi-
als and other nanostructures that can potentially out-perform the state-of-the-art
graphene thermopile, graphene-2D semiconductor photothermoelectric detector, and
thermo-mechanical bolometer. For the graphene thermopile, our theoretical analy-
sis indicates that a high-quality graphene device provides the highest thermoelectric
figure of merit among existing thermoelectric materials. We further demonstrated
a monolithic 3D integration of graphene and Si CMOS technologies and fabricated
a mid-IR/thermal imaging camera based on graphene thermopiles. For the second
IR detection technology, we studied the unique hot carrier thermalization process on
a graphene-2D semiconductor lateral heterojunction device, and showed that such
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a photothermoelectric photocurrent generation mechanism is advantageous in terms
of picosecond response time, broadband spectral response, and room temperature
operation. The third IR detection technology we demonstrated in this thesis is a
thermo-mechanical bolometer, in which the IR radiation is converted into an abrupt
resistance change through the special thermo-mechanical response and an artificial
metal-insulator transition of engineered nanostructures. Our results show that the
sensitivity of this thermo-mechanical mid-IR detector can be at least one order of
magnitude better than state-of-the-art microbolometers based on VOx.

Thesis Supervisor: Tomás Palacios
Title: Professor of Electrical Engineering and Computer Science
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Chapter 1

Introduction

This thesis aims to address some of the key challenges in synthesis, characterization

and optoelectronic device applications of two-dimensional (2D) materials, their het-

erostructures, and other emerging nanomaterials. Thanks to the low-dimensionality

and the resulting strong quantum confinement, many novel light-matter interaction

phenomena emerge that we can harness for next generation optoelectronics and sens-

ing systems. In addition, the weak van der Waals interaction between the atomic

layers gives rise to great opportunities of integrating 2D material based technology

on top of conventional silicon CMOS technology. In this thesis, we prototyped and

provided in-depth studies on several new infrared detector technologies based on 2D

materials and their heterostructures, including graphene thermopiles, 2D lateral het-

erojunction photothermoelectric detectors, and thermo-mechanical bolometers. They

all showed great potential for out-performing the state-of-the-art technologies. Along

the way, we also developed material synthesis and characterization approaches, includ-

ing a seeding promoter assisted chemical vapor deposition approach for constructing

vertical and lateral heterostructures of 2D materials, and a deep-learning-enabled

optical characterization approach for 2D materials.

In this chapter, we will first give a brief overview of the mainstream infrared

detection technologies. Putting this in perspective, we will then introduce recent

advances in 2D materials, their processing technologies, and their applications as

infrared detectors. Finally, we will talk about the opportunities and challenges of 2D
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materials based optoelectronics and summarize the key contributions of this thesis.

1.1 Overview of Infrared Detection Technologies

Electromagnetic radiations, although unified by J. C. Maxwell in his well-known

Maxwell’s Equations[28], could propagate in space and interact with matters in dra-

matically different ways. As a result, electromagnetic waves in different wavelength

regimes have historically been named with tremendous variety (Figure 1-1). Advanc-

ing the detection technologies of each regime of the electromagnetic waves has both

accompanied and facilitated the exploration of light-matter interaction phenomena

in the past few hundred years. With the boosting growth of the semiconductor in-

dustry in the past decades, solid-state radiation detection technologies have been

widely adopted in medicine, communications, manufacture, automobile, military, as-

tronomy, logistics, and so on, which has truly reshaped our everyday life. Among the

various radiation detection technologies, detectors in the infrared spectral ranges are

of particular significance. Infrared (IR) technologies, originally connected with night

vision, surveillance, and remote controlling in military applications, have been shifted

gradually to applications for civilian use, including medical, industry, earth resources,

and automotive applications (Figure 1-2). As shown in Figure 1-3[4], there are three

spectral windows of interest for atmospheric applications: near IR (NIR) /short-wave

IR (SWIR) from 0.7 to 3 𝜇m, mid-wave IR (MWIR) from 3 to 5 𝜇m, and long-wave

IR (LWIR) /far IR (FIR) from 8 to 12 𝜇m. A variety of materials with different

detecting mechanism have been discovered and used in the detection of specific spec-

tral ranges. For example, thermal radiations of human bodies and ordinary objects

lie inside the LWIR spectral range. We can thus build LWIR cameras and use them

for thermal object tracking. Such systems can be used in computer vision, gesture

/motion detection, automatic vehicle, and medical diagnostics. Another example is

remote sensing. With high resolution IR imagers and/or spectrograph mounted on

aircrafts or satellites, it is possible to identify and localize specific chemical elements

or compounds. This technology has been widely used in mineral search[29], geological
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or environmental survey[30], inspection of natural hazards and disasters[31], etc.

Figure 1-1: The electromagnetic spectrum as a function of wave frequency and wave-
length in vacuum. [3]

Imaging Spectroscopy

Night Vision Surveillance

Medical Machine Vision

Chemical Analysis

Hyperspectral Imaging

Figure 1-2: Example applications of infrared detection technologies.

1.1.1 Mechanisms of IR Detection

Depending on the path of energy conversions, IR detectors can be divided into two

major classes:
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Visible NIR

MWIR LWIR

MIR FIR

Figure 1-3: Transmission of the atmosphere for a 6000-foot horizontal path at sea
level containing 17 mm of precipitate water. [4]

Photon Detector

A photon detector transfers incident photon energy directly into electrical energy. It

requires the incident photons to be absorbed directly by the electronic systems of the

sensing material. In other words, there must be a photo-induced transition between

electronic states. Such transitions include interband transitions of direct bandgap

semiconductors, mid-gap state transitions of extrinsic semiconductors, free carrier

intraband transitions, superlattice inter-subband transitions, etc. After the direct

electronic transition, the photo-excited carriers need to be separated and extracted

efficiently. Photon detectors can be further classified into photovoltaic, photocon-

ductive, photoemissive, Dember and photoelectromagnetic detectors based on the

photo-carrier extraction mechanisms.

1. Photovoltaic (PV) Detector. When a p-n junction or a heterojunction is present,

the photo-generated electrons and holes can be separated by the built-in electric

field, or the discontinuity of the band edges. As a result, electrons and holes

can be collected by the anode and the cathode electrodes, respectively, which
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gives rise to an electromotive force. The current-voltage characteristics of a

good PV detector are usually highly asymmetric, and their intersections with

the axes are non-zero when light is shined onto the devices. PV detectors are

active detectors, which means that they do not necessarily need external power

sources, although most PV detectors may operate at a reverse bias to maximize

the responsivity.

2. Photoconductive (PC) Detector. The incident light can also affect the conduc-

tance of a homogeneous semiconductor, through changes in carrier concentra-

tion, carrier mobility, etc. PC detectors are passive detectors: they need to be

biased so that the photo-induced resistance change can be transduced into a

measurable voltage or current change.

3. Photoemissive (PE) Detector. A PE detector is based on the change of the

thermionic emission current because of the photo-induced majority carriers near

a metal-semiconductor junction (Schottky junction). It is also an active detec-

tor. It usually requires low-temperature operation to suppress the dark current.

4. Dember Detector. A Dember detector is a special case of a PV detector. The

built-in electric field is generated near the surfaces of a bulk homogeneous semi-

conductor due to the difference of the mobilities, and the resulting difference of

photo-carrier diffusion lengths between electrons and holes.

5. Photoelectromagnetic (PEM) Detector. When a magnetic field is applied along

the surface of a semiconductor, the photo-induced diffusion current into the

bulk would be deflected by the Coulomb force. As a result, an electromotive

force can be generated in a direction perpendicular to the magnetic field. A

PEM detector is an active detector. Cooling is less critical in this technology,

but an external magnetic field is required, which makes the device bulky and

power-consuming.
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Thermal Detector

Thermal detectors have indirect signal transducing paths. The absorbed IR radia-

tion is first transfered into thermal energy, and then into an electrical signal through

a temperature-sensitive component. Although thermal detectors are less sensitive

and much slower than photon detectors, they can operate very well at room tem-

perature, which makes them the dominant technology for portable/uncooled mid- to

far-IR imaging applications. Thermal detectors can be further classified as bolome-

ters, thermopiles, pyroelectric detectors, and optomechanical detectors.

1. Bolometer. A bolometer is a temperature sensitive resistor. It is also called

thermistor. The electrical characteristics of a bolometer is similar to a pho-

toconductor, but the detection mechanism is very different. The incident IR

radiation heats up the bolometric material, which in turn produces a resistance

change. There is no direct photon-electron interaction. Instead, the resistance

change is induced by some electronic properties of materials that has a temper-

ature dependence, such as the thermally excited carrier densities, scatterings

of carriers, or even transitions of crystalline structures. Bolometers are passive

detectors.

2. Thermopile. The electrical signal in a thermopile is transduced by a thermo-

couple, in which a voltage drop will be generated when any two conductive

materials are connected and bridged across a temperature gradient. This effect

is also called thermoelectric effect. Thermopiles are active detectors.

3. Pyroelectric Detector. Pyroelectric material is a class of crystalline materials

that have spontaneous electric polarizations. When temperature is varied, the

polarizations in the crystal will change, giving rise to a charge accumulation

or extraction at the top and bottom surfaces along the polarization direction.

If we sandwich a pyroelectric material between two metal electrodes to form

a capacitor, a transient voltage or current because of the temperature change

can be measured. As a result, pyroelectric detectors need to work with an

intensity-modulated incident light.
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4. Optomechanical Detector. Optomechanical detector is an emerging type of IR

detectors. It employs a thermally induced deflection of a microcantilever. If a

visible mirror is mounted at the end of the microcantilever and a visible light

beam is directed to the mirror, the IR excited temperature change can be read

out by measuring the deflection of the reflected visible beam.

1.1.2 Figure of Merits

In this section, we summarize the figure of merits (FoMs) that are used to characterize

different IR detection technologies.

1. Responsivity (ℛ)

The responsivity of an infrared detector is defined as the ratio of the average

value of the output signal and the average value of the incident IR radiation

power on the device. Depending on the detection mechanism, the output signal

could be voltage, current, and relative resistance change. For instance, the

voltage responsivity ℛ𝑣 can be expressed as

ℛ𝑣 =
𝑉𝑠

𝑃𝑖𝑛

(1.1)

In Eq. (1.1), 𝑉𝑠 is the photovoltage generated by the detector, and 𝑃𝑖𝑛 is the

power of the incident light. The unit of ℛ𝑣 is volts per watt (V/W). Note that

the responsivity in most cases is strongly dependent on the wavelength (𝜆),

operation temperature (𝑇𝑜𝑝), input power (𝑃𝑖𝑛) and modulation frequency (𝑓)

of the incident light, that is, ℛ𝑣 = ℛ𝑣(𝜆, 𝑇𝑜𝑝, 𝑃𝑖𝑛, 𝑓). Linear dynamic range

(LDR) and response time (𝜏) are used to characterize the power dependence

and the frequency dependency of the detector.

2. Noise Equivalent Power (NEP)

The noise equivalent power (NEP) is the level of incident power on the detector

generating the same amount of output signal as the overall root mean square
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(RMS) noise output of the detector. In another words, the NEP is the inci-

dent power that leads to a signal-to-noise ratio (SNR) of 1. The NEP can be

expressed as

NEP =

√︁
𝑣2𝑛

ℛ𝑣

(1.2)

where
√︁

𝑣2𝑛 is the RMS noise equivalent voltage at the output. The unit of NEP

is Watt (W).

3. Specific Detectivity (𝐷*)

Specific detectivity 𝐷* is a parameter to indicate the signal-to-noise ratio that

is normalized to geometry and frequency, expressed as

𝐷*(𝜆) =

√
𝐴𝑑 ·∆𝑓

NEP
(1.3)

in which 𝐴𝑑 is the active area of the detector, and ∆𝑓 is the bandwidth, or cut-

off frequency. The unit for 𝐷* is cm · Hz1/2W−1. 𝐷* is the figure of merits that

is generally used to compare different types of IR detectors, since it normalizes

the detector sensitivity with the geometry and the speed of the detector. For

thermal imaging applications, the blackbody D-star is also used to characterize

the detector’s capacity to detect a thermal object with the black-body radiation

temperature 𝑇 :

𝐷*(𝑇 ) =

∫︀∞
0

𝐷*(𝜆)𝑀(𝜆, 𝑇 )d𝜆∫︀∞
0

𝑀(𝜆, 𝑇 )d𝜆
(1.4)

where 𝑀(𝜆, 𝑇 ) is the blackbody irradiance (in W/cm2), expressed as

𝑀(𝜆, 𝑇 ) =
2𝜋ℎ𝑐2

𝜆5
[exp(

ℎ𝑐

𝜆𝑘𝐵𝑇
)]−1 (1.5)

where ℎ is the Plank’s constant; 𝑐 is the speed of light; and 𝑘𝐵 is the Boltzmann
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constant.

4. Linear Dynamic Range (LDR)

The linear dynamic range (LDR) characterizes the range of the input power

where the photodetector can operate with a constant responsivity. The LDR

(in dB) can be calculated by the maximum incident power (𝑃max) with which

the device can still work in linear regime, divided by the noise equivalent power

(NEP) over the whole bandwidth, or

LDR = 20 · log10(
𝑃max

NEP
) (1.6)

5. Response Time (𝜏)

The response time (𝜏) measures how fast a photodetector can respond to the

input signal. The response time can be extracted by finding the reciprocal of

the 3-dB frequency or the first order cut-off frequency (𝑓𝑐) from a frequency

characteristics of the responsivity (the Bode plot of ℛ).

6. Noise Equivalent Temperature Difference (NETD)

Noise equivalent temperature difference (NETD) is a FoM for an infrared imag-

ing system. It takes into account the spectral detectivity of the detector as

well as the optical loss of the imaging system. NETD of an infrared detector is

defined as the minimum temperature change of the target thermal object that

can provide an output signal on the same level of the RMS noise level. NETD

is expressed as

NETD =

√︁
𝑣2𝑛(𝜕𝑇/𝜕𝑄)

(𝜕𝑉𝑠/𝜕𝑄)
=

√︁
𝑣2𝑛

∆𝑇

∆𝑉𝑠

(1.7)

where Q is the spectral photon flux density (in photons/cm2s) incident on a

focal plane, and T is the temperature on the target thermal object.
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For a single lens imaging system with 𝐹/# of the optics setting, the NETD can

be calculated by

NETD =
4(𝐹/#)2∆𝑓 1/2

𝐴𝑑

[

∫︁ 𝜆𝑏

𝜆𝑎

𝜕𝑀(𝜆, 𝑇 )

𝜕𝑇
𝐷*(𝜆)d𝜆]−1 (1.8)

1.1.3 Fundamental Limits and the State-of-the-Art

This section discusses the fundamental limitations of both photon and thermal IR

detectors by considering the statistical nature of carrier/temperature generation, re-

combination, and noise generation. We will also summarize the state-of-the-art IR

detector technologies and use them as the baseline for evaluations the emerging IR

detection technologies that are developed in this thesis.

Fundamental Limits of Photon Detectors[5]

Photon detectors are based on the direct photon excitation of electronic states in

semiconductor materials and heterostructures. The optical absorption of a material

can be characterized by the optical absorption coefficient, 𝛼 (in cm−1), or the pene-

tration depth, 1/𝛼, defined as the distance where 1/𝑒 of the optical power remains as

compared to that at the surface of the material.

The power absorbed in the material with the thickness 𝑑 can be expressed as

𝑃𝑎𝑏𝑠 = 𝑃𝑖𝑛(1− 𝑟)(1− 𝑒−𝛼𝑑) (1.9)

where 𝑃𝑖𝑛 is the incident optical power, and 𝑟 is the reflectance at the material

interface.

The number of photons absorbed per incident photon is then

ABS = (1− 𝑟)(1− 𝑒−𝛼𝑑) (1.10)

Another fundamental parameter to characterize the photo-to-electrical conversion

process of a material is called internal quantum efficiency (IQE ), defined as the num-
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ber of photo-excited carriers generated and collected per absorbed photon. People also

use the external quantum efficiency (EQE ) to characterize the overall performance of

the absorption and conversion efficiency, which is given by EQE = ABS · IQE . Fig-

ure 1-4 summarizes the absorption coefficient and the IQE of various photodetection

materials.

Figure 1-4: Absorption coefficients (a) and internal quantum efficiencies (b) of com-
mon photodetection materials. [5]

The current responsivity of a photon detector at a specific wavelength 𝜆 is given

by

ℛ𝑖 =
𝜆𝜂

ℎ𝑐
𝑞𝑔 (1.11)

in which 𝜂 is the quantum efficiency (EQE in a general case), and 𝑔 is the photoelectric

current gain.

The noise equivalent current is

𝑖2𝑛 = 2𝑞2𝑔2𝑛(𝐺𝑜𝑝 + 𝐺𝑡ℎ + 𝑅)∆𝑓 (1.12)

where 𝐺𝑜𝑝, 𝐺𝑡ℎ and 𝑅 are the optical generation rate, the thermal generation rate

and the recombination rate, respectively; 𝑔𝑛 is the gain of the noise sources in the

device. In most cases, 𝑔𝑛 = 𝑔.

The detectivity of a photon detector is thus given by
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𝐷* =
ℛ𝑖(𝐴𝑑 ·∆𝑓)1/2√︁

𝑖2𝑛

=
𝜆𝜂

ℎ𝑐

𝑔

𝑔𝑛

√︃
𝐴𝑑

2(𝐺𝑜𝑝 + 𝐺𝑡ℎ + 𝑅)
(1.13)

For an ideal situation, only the optical generation noise is present. The optical

generation noise can be originated from the signal radiation generation, the back-

ground radiation generation, and the thermal self-radiation of the detector. The

optical generation rate is

𝐺𝑜𝑝 = Φ𝐴𝑑𝜂 (1.14)

where Φ is the photon flux density. As an ultimate theoretical limit of a photon

detector, only background flux is considered, that is, Φ = Φ𝐵. The background flux

can be calculated by

Φ𝐵 = sin2(𝜃/2)

∫︁ 𝜆𝑐

0

Φ(𝜆, 𝑇𝑏)d𝜆 (1.15)

where 𝜃 is the field of view (FOV ) of the detector; 𝜆𝑐 is the cut-off frequency of the

detector; 𝑇𝑏 is the background temperature; and Φ is given by

Φ(𝜆, 𝑇𝑏) = 𝑀 · 𝜆
ℎ𝑐

=
2𝜋𝑐

𝜆4[exp(ℎ𝑐/𝜆𝑘𝐵𝑇𝐵)− 1]
(1.16)

The background-limited detectivity is

𝐷*
BLIP =

𝜆

ℎ𝑐

√︂
𝜂

2Φ𝐵

(1.17)

In this scenario, quantum efficiency (𝜂) is the only detector parameter for the

evaluation of a detector’s performance.

2𝜋-FOV 𝐷*
BLIP , or 𝐷*

BLIP(2𝜋) is usually used as the baseline for different IR

detection technologies. The conversion between 2𝜋-FOV and realistic 𝜃-FOV related

values is given by

Φ𝐵(𝜃)

Φ𝐵(2𝜋)
= sin2(𝜃/2) (1.18)
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And

𝐷*
BLIP(𝜃)

𝐷*
BLIP(2𝜋)

=
1

sin2(𝜃/2)
(1.19)

If the detector is working at the BLIP limit, one way to improve the detector

sensitivity is to confine the FOV so that less background radiation is coupled to the

detector.

Figure 1-5 plots Background radiation limited detectivity 𝐷*
BLIP versus cutoff

wavelength 𝜆𝑐 for and ideal photon detector (𝜂 = 1) with different background tem-

peratures 𝑇𝑏, for a 2𝜋-FOV . This is the most fundamental limit for any type of IR

photon detectors.

10

20
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77
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Figure 1-5: Background radiation limited detectivity 𝐷*
BLIP versus cutoff wavelength

𝜆𝑐 for and ideal photon detector (𝜂 = 1) with different backgournd temperatures 𝑇𝑏,
for a 2𝜋-FOV .

Another theoretical limit is the dark current limited detectivity, expressed as

𝐷*
𝐷𝐶 =

𝜆𝜂

ℎ𝑐

√︂
𝐴𝑑𝑞

2𝐼𝑑𝑎𝑟𝑘
(1.20)

For an ideal detector, the dark current is limited by the normalized thermal gen-
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eration rate, 𝐺𝑡ℎ, given by

𝐼𝑑𝑎𝑟𝑘 = 𝑞𝐴𝑐ℎ𝐺𝑡ℎ (1.21)

And

𝐺𝑡ℎ =
𝑛𝑡ℎ

𝛼𝜏
(1.22)

where 𝑛𝑡ℎ is the density of thermal carriers at temperature 𝑇 , and 𝜏 is the carrier

lifetime. In Eq. (1.21), 𝐴𝑐ℎ is the cross-section area of the detector along the current

flow. For a vertical device, 𝐴𝑐ℎ = 𝐴𝑑.

When the device is cooled, the thermal generation rate can be reduced greatly.

At some point, the thermal generation rate will be smaller than the background flux

rate. Below this critical temperature, an optimized photon detector can operate with

the background-limited detectivity (Eq. (1.17)).

Fundamental Limits of Thermal Detectors[5]

Reducing the heat dissipation is very critical for a thermal detector. The detector can

be represented by a thermal capacitance 𝐶𝑡ℎ coupled to a heat sink at temperature

𝑇𝑑 through a thermal conductance 𝐺𝑡ℎ. For a IR radiation influx Φ, the temperature

on the detector can be obtained by solving the heat equation:

𝐶𝑡ℎ
d𝑇

d𝑡
+ 𝐺𝑡ℎ(𝑇 − 𝑇𝑑) = 𝜖Φ (1.23)

where 𝑡 represents the time, 𝜖 is the emissivity (or absorbance ABS ), and 𝑇𝑑 is the

temperature of the device. If the radiation influx is a sinusoidal wave,

Φ = Φ𝑜𝑒
𝑖𝜔𝑡 (1.24)

where Φ𝑜 is the amplitude of the influx, and 𝜔 is the modulation frequency, the

steady-state solution for the device temperature increase is
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∆𝑇 = 𝑇 − 𝑇𝑑 =
𝜖Φ𝑜

𝐺𝑡ℎ + 𝑖𝜔𝐶𝑡ℎ

(1.25)

here we have already dropped the sinusoidal term 𝑒𝑖𝜔𝑡.

To make sure ∆𝑇 is maximized, we need to reduce 𝐺𝑡ℎ and 𝐶𝑡ℎ. To characterize

how fast the detector can respond to the IR radiation, the thermal response time is

introduced:

𝜏𝑡ℎ =
𝐶𝑡ℎ

𝐺𝑡ℎ

(1.26)

The voltage responsivity of a thermal detector is

ℛ𝑣 =
∆𝑉

𝑃𝑖𝑛

=
𝐾∆𝑇

𝑃𝑖𝑛

=
𝐾𝜖

𝐺𝑡ℎ

√︀
1 + 𝜔2𝜏 2𝑡ℎ

(1.27)

Here we define the temperature coefficient of voltage 𝐾, defined as

𝐾 =
∆𝑉

∆𝑇
(1.28)

𝐾 indicates how sensitive the sensing material is to transduce the temperature change

to the electrical signal. For a thermopile, 𝐾 = ∆𝑆, with ∆𝑆 the seebeck coefficient

difference between the two components of the thermocouple. For a bolometer, 𝐾 =

TCR ·𝑅𝑜 · 𝐼𝑏𝑖𝑎𝑠, where TCR = d(ln𝑅)/𝑑𝑇 is the temperature coefficient of resistance,

𝑅𝑜 is the resistance at 𝑇𝑜𝑝, and 𝐼𝑏𝑖𝑎𝑠 is the current biased across the bolometer. For

a pyroelectric detector, 𝐾 = 𝑝𝐴𝑑𝜔𝑅𝑜, where 𝑝 is the pyroelectric coefficient.

The specific detectivity of a thermal detector is given by

𝐷* =
𝐾𝜖

𝐺𝑡ℎ

√︃
𝐴𝑑∆𝑓

(1 + 𝜔2𝜏 2𝑡ℎ)(𝑣2𝐽 + 𝑣2𝑡ℎ + 𝑣2𝑏 + 𝑣21/𝑓 )
(1.29)

where 𝑣2𝐽 , 𝑣
2
𝑡ℎ, 𝑣

2
𝑏 and 𝑣21/𝑓 are equivalent noise voltages for Johnson noise, temperature

fluctuation noise, radiative background noise, and 1/𝑓 noise, given by
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⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

𝑣2𝐽 = 4𝑘𝐵𝑇𝑑𝑅𝑜∆𝑓

𝑣2𝑡ℎ =
4𝑘𝐵𝑇

2
𝑑𝐾

2∆𝑓

𝐺𝑡ℎ(1 + 𝜔2𝜏 2𝑡ℎ)

𝑣2𝑏 =
8𝑘𝐵𝜖𝜎𝐴𝑑(𝑇

5
𝑑 + 𝑇 5

𝑏 )𝐾2

𝐺𝑡ℎ(1 + 𝜔2𝜏 2𝑡ℎ)

𝑣21/𝑓 = 𝑘1/𝑓
𝐼𝛿

𝑓𝛽
∆𝑓

(1.30)

where 𝜎 is the Stefan-Boltzmann constant; 𝑇𝑑 and 𝑇𝑏 are, respectively, the detector

temperature and the background temperature; 𝑘1/𝑓 is a prefactor for the 1/𝑓 noise;

𝛿 and 𝛽 are power factors that are very close to one.

The fundamental limits for thermal detectors include the temperature fluctuation

limited detectivity and the background radiation limited detectivity, given by

𝐷*
𝑇𝐻 =

√︃
𝜖2𝐴𝑑

4𝑘𝐵𝑇𝑑𝐺𝑡ℎ

(1.31)

And

𝐷*
𝐵 =

√︂
𝜖

8𝑘𝐵𝜎(𝑇 5
𝑑 + 𝑇 5

𝑏 )
(1.32)

For an ideal thermal detector with 𝜖 = 1, 𝑇𝑑 = 𝑇𝑏 = 300K, the background radiation

limited detectivity is around 2× 1010cm · Hz1/2W−1. Note that the background radi-

ation limited detectivity does not improve much if we only cool down the device, but

keep the background temperature constant.

State-of-the-Art of Mainstream IR Detectors

Figure 1-6[6] summarizes the specific detectivities versus wavelength of state-of-the-

art detectors. The dashed black curves indicate the fundamental limits for photon and

thermal detectors (Eqs. (1.17) and (1.32)). Because photon detectors are based on

direct transitions of the electronic states in the semiconductor, the spectral response

of photon detectors is usually limited by the energy states of the material systems, and

they may need to be operated at lower temperature to reduce the thermal fluctuations
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that compete with the photoelectric signals, especially when the photon energy of

detection is closer to the thermal energy (26 meV at room temperature). Because

of this, photon detectors for LWIR can hardly work at room temperature, and this

is where uncooled thermal detectors, although with much lower detectivity, come

into place. Uncooled IR detection technology is desirable especially for portable

applications, mainly because cooling devices such as thermoelectric coolers, radiation

coolers and cryostats are extremely bulky and power consuming.

InAs(PV)

HgCdTe(PC)

Type II InAs/GaSb(PV)
GaAs QWIP

HgCdTe(PV)

Ge:Hg(PC)

Si:As(PC)
Si:Sb(PC)

Ge:Zn(PC)

Ge:Ga(PC)

Si or Ge HEB

Golay cell

Uncooled bolometer

Radiation thermocouple
TGS Pyro

EO crytals
Thermistor bolometer

Thermopile

Si CCD

GaN pin (PV)

SiC (Schottky)

S20 (PM)

Si pin (PV)

S1 (PM)

BLIP
Ideal Photon Detector

Tb=300K, 2π FOV

Ideal Thermal Detector
Td=Tb=300 K

Room Temperature295 K
Thermoelectric Cooling 193 K
L-N2 Cooling 77 K
L-He Cooling 4.2 K

Figure 1-6: Specific detectivity versus wavelength of the state-of-the-art detector in
the visible to far-IR range. The curves are colored based on the operation tem-
perature. The black dashed curves indicate the fundamental limits for photon and
thermal detectors. Abbreviations: PM: photo-multiplication; PV: photovoltaic; PC:
photoconductive; PEM: photoelectromagnetic; CCD: charge-coupled device; HEB:
hot-electron bolometer; QWIP: quantum well infrared photodetector; TGS Pyro:
doped triglycine sulphate pyroelectric detector; EO crystals: electro-optic crystals;
L-N2: liquid nitrogen; L-He: liquid helium.[6]
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Individual IR detectors need to be scaled up to a focal plane array (FPA) and

integrated with readout integrated circuits (ROIC) and optical components for prac-

tical thermal imaging and spectrograph applications. As shown in Figure 1-7[6], the

development of FPAs, especially the charge-coupled device (CCD) technology and

CMOS image sensor technology in the visible spectral range, has been steadily ad-

vancing with a pace similar to the one in silicon CMOS micro-processors and DRAM

technologies. The complexity of IR FPA has been growing as well, but they lagged

behind silicon technologies by two to three generations because different materials

had to be introduced to enable longer wavelengths.

Besides the growth in the number of pixels, another trend to consider is the level

of integration (Figure 1-8). In early days when IR detection technology was first used,

only a very limited number of pixels could be fabricated. As a result, single detector

or 1D array of detector were used in a imaging/spectroscopy system, and discrete

circuits components and scanning optical systems were incorporated (1st generation

FPA in Figure 1-8). As the IR detection technology reached maturity, 2D FPAs

became feasible, and they were integrated to ROICs either in a hybrid or in a mono-

lithic fashion, which also simplified the optical system (2nd generation FPA in Figure

1-8). For a hybrid integration, the FPA and the ROIC are fabricated on separate

chips, stacked on top of each other, and interconnected through wire-bonding or flip-

bonding, whereas a monolithic integrated system involves a direct fabrication of FPA

onto the as-fabricated ROIC chips. Although monolithic integration has many ad-

vantages in terms of miniaturization and reduced interconnection delay, it is usually

more challenging because the fabrication process of the FPA needs to be kept at lower

temperature constrained by the thermal budget of the silicon CMOS technologies for

the ROIC chips. In the past decade, the 3rd generation FPA has been enabled by

3D vertical integration and complex epitaxy growth technologies. In this genera-

tion, detecting materials with different bandgaps are grown or stacked on top of each

other, and FPAs with two or even more colors becomes reality. More recently, people

started to think about further integrated IR imaging systems with more function-

ality (4th generation), such as incorporating nanophotonic structure to the detector
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Figure 1-7: The complexity of FPAs in comparison with other semiconductor tech-
nologies. The timeline design rule of MOS/CMOS feature sizes is shown at the
bottom. The inset shows the number of pixels per array for MWIR imaging systems
as a function of the first commercially available year. [6]

pixels for multi-/hyper-spectral imaging or better radiation-pixel coupling, avalanche

multiplication in pixels, polarization/phase/helicity/light-field sensitivity and so on.
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Figure 1-8: Four generations of IR detectors and imaging systems. [7]

1.2 Photodetectors Based on Two-Dimensional Ma-

terials

Two-dimensional (2D) materials are atomically thin films originally derived from lay-

ered crystals such as graphite, hexagonal boron nitride (h-BN), the family of transition

metal dichalcogenides (TMDs, such as MoS2, WSe2, MoTe2, and others), and many

others [32]. Atomic planes in such crystals are weakly stacked on each other by van

der Waals forces so that they can be easily isolated, leaving no dangling bonds. This

is in distinct contrast to their counterpart, quasi-low-dimensional semiconductors,

which are produced by thinning down conventional bulk or epitaxial crystals. The

lack of dangling bonds at the interfaces and surfaces of 2D materials enables new

devices with unprecedented performance. The merits of 2D materials are not limited

to the absence of dangling bonds. They also show a high degree of chemical stability,

as well as unique electronic and optoelectronic properties. This makes 2D materials

highly suitable for a wide range of applications, from high performance transistors, to

extremely sensitive photodetectors and sensors. In addition, the few-atom thickness

of many of these novel devices and systems and the low temperatures required during

50



the device fabrication allows their seamless integration with conventional silicon elec-

tronics. It is possible to fabricate many of these devices on top of a fully fabricated

silicon CMOS wafer without degrading the Si transistors underneath, bringing new

functionality to the silicon chip. This integration process can be repeated numerous

times to build complex 3D systems.

In this section, we will overview different types of 2D materials, their physical

properties, synthesis methods, and their device applications as photodetectors.

1.2.1 Physical Properties

The bandgaps of 2D materials span from 0 electron volt (eV) in the case of monolayer

graphene, all the way to around 5 eV in the case of hexagonal boron nitride, as

summarized in Figure 1-9. In the following, we summarize the basic electrical and

optical properties of several 2D materials that are of great interest in optoelectronic

device applications.

Metal
Semimetal

Electrical 
Property

Optical 
Property THz, mid-to-far IR Near IR, visible UV

Graphene
Silicene
TaS2, VS2

NbSe2

WTe2

1T-MoS2

1T’-MoTe2

Black Phosphorus
GeSe, GeS, SnS, 

SnSe

SnS2, SnSe2

MoS2, MoSe2, 
WSe2, WS2, 
2H-MoTe2 

ReS2, ReSe2

TiS3, TiSe3, HfS3, ZrSe3, ……

In2S3, In2Se3

InSe, GaS, GaSe, GaTe

h-BN

Band Gap
0 1 2 3 6 eV0.5 1.5 2.5

Material

Semiconductor Insulator

Figure 1-9: A summary of the band gaps, and the corresponding electrical and optical
properties of 2D materials.[8]
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Graphene

Graphene is a single layer carbon atoms constructed into a honeycomb lattice (Figure

1-10 (a)). The linear electronic dispersion relation (Figure 1-10 (b)) near the charge

neutrality point (called Dirac point) in monolayer graphene gives rise to many unique

transport and optical properties [9, 33]. For example, the linear electronic dispersion

leads to a massless Dirac fermion transport behavior, and the electron mobility in

an ideal monolayer graphene film (suspended or encapsulated with hexagonal boron

nitride (hBN)) can reach up to 200,000 cm2/Vs [34, 35, 36]. Another consequence is

that the interband optical absorption of suspended monolayer graphene is 𝜋𝛼 ≈ 2.3%

for a wide range of incident photon energy, determined by the fine structure constant,

𝛼 = 𝑒2/(ℎ̄𝑐) ≈ 1/137. Later research revealed that the optical properties of graphene

can be fully described by its optical conductivity, 𝜎(𝜔)

𝜎(𝜔) =
2𝑒2𝑇

𝜋ℎ̄

𝑖

𝜔 + 𝑖𝜏−1
log

[︂
2 cosh

(︂
𝐸𝐹

2𝑘𝐵𝑇

)︂]︂
+

𝑒2

4ℎ̄2

[︂
H (𝜔/2) +

4𝑖𝜔

𝜋

∫︁ ∞

0

H (𝜖)− H (𝜖/2)

𝜔2 − 4𝜖2
d𝜖

]︂ (1.33)

where 𝐸𝐹 is the Fermi level, 𝜔 = 2𝜋𝑐/𝜆 is the optical frequency, 𝜏 is the relaxation

time, and

H (𝜖) =
sinh (ℎ̄𝜖/𝑘𝐵𝑇 )

cosh (𝐸𝐹/𝑘𝐵𝑇 ) + cosh (ℎ̄𝜖/𝑘𝐵𝑇 )
(1.34)

The first term in Eq. (1.33) is due to the intraband transition, which dominates

when graphene is heavily doped, whereas the second term indicates the interband

transition, which only dominates when graphene is light doped, or when the Fermi

level 𝐸𝐹 is near the Dirac point. The interband transition term will drop dramatically

when ℎ̄𝜔 < |2𝐸𝐹 |. This effect can be reflected from the absorption spectrum, called

Pauli blocking (Figure 1-11).

The electronic structure of bi-layer or tri-layer graphene is significantly differ-

ent from monolayer graphene. For instance, A-B (Bernal) stacked bi-layer graphene
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(a) (b)

Figure 1-10: (a) Crystal structure and (b) electronic dispersion relation of graphene.
[9]

X
Ef

k

E

(a) (b)

Figure 1-11: (a) Pauli blocking dominated optical absorption of monolayer graphene.
(b) A schematic showing the allowed and forbidden optical transitions.

has hyperbolic dispersion for both conduction and valence bands, with their band

extrema touching at a single point. However, the bandgap can be opened up by

applying a transverse electric field, and thus making bi-layer graphene a narrow di-

rect bandgap (up to 250 meV) semiconductor [37, 38]. Another way to open the

bandgap of graphene is through hydrogenation [39] or fluorination [40, 41], in which

the hybridization of carbon atoms in graphene changes from 𝑠𝑝2 to 𝑠𝑝3, leading to a

bandgap opening up to 3 eV. The third approach to modulate the bandstructure is to

further reduce the dimensionality of graphene into nanoribbons. Graphene nanorib-

bons can become metallic or semiconducting with various bandgaps depending on

the chirality, the width, as well as the termination groups of the ribbons [42, 43, 44].

These modifications can tune the band edge absorption of graphene from THz to
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ultraviolet, which could be potentially used in photodetection or optical modulation

with different spectral range.

The negative permittivity due to the intraband transition in graphene, when in-

terfacing with another dielectric, could lead to an excitation of the surface plasmon

polariton (SPP), in which free electrons and holes in graphene vibrate in-plane with

respect to incident light. This phenomenon could be sufficiently strong in heavily-

doped graphene. Surface plasmons propagate along the graphene plane, with the

wave vector 𝑘SP expressed as [45, 46]

𝑘SP =
ℎ̄2 (𝜅 + 1)

4𝑒2𝐸𝐹

𝜔

(︂
𝜔 +

𝑖

𝜏

)︂
(1.35)

where 𝜅 is the relative permittivity of the dielectric that graphene is in contact with.

The coupling frequency can be enhanced efficiently by spatially confining the elec-

tromagnetic wave excitation. Two ways to achieve the spatial confinement have been

proposed: (1) periodic patterning of graphene or the adjacent medium; and (2) in-

troducing a structure with extremely high curvature near graphene, such as atomic

force microscope (AFM) tip or metal nanoparticles [45, 46, 47, 48, 49].

Transition-Metal Dichalcogenides, MX2

There are nearly 40 different compounds in the family of transition-metal dichalco-

genides (TMDs) [50]. The general formula for this material family is MX2, in which

M can be Mo, W, V, Nb, Ta, Ti, Zr, Hf; and X is chosen among S, Se and Te. Each

layer of TMD is three-atoms thick, with 1 transition metal layer sandwiched between

2 chalcogen layers. There are different phases of TMDs, including hexagonal (2H),

octahedral (1T), distorted octahedral (1T’), rhombohedral (3R) and orthorhombic

(Td)[10]. Depending on the chemical compositions and the crystal structures, TMDs

can be metallic or semiconducting. Such a diverse polymorphism and a variety of

methods people have developed to induce the phase transitions make this material

family very interesting from both fundamental and practical perspectives. Figure

1-12 summarizes different phases and ways to convert between different phases.
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Figure 1-12: A summary of different phases, their transition methods of TMDs. [10]

Because of the reduced dimensionality and the special band structure, TMDs in

2D forms exhibit many intriguing electrical and optical properties. One interesting

property is the exciton associated light-matter interaction phenomena in semiconduct-

ing TMDs, such as the layer-number-dependent band structure evolution[51, 52], the

dielectric screening effect [53, 54], the exciton- or valley-dependent optical transitions

[55, 56, 57, 58] and so on. The optical absorption of monolayer semiconducting TMDs

is dominated by the direct interband transitions between the valence band maximum

and the conduction band minimum around the K and the K’ points in the Brillouin

zone. For a conventional direct bandgap 3D semiconductor, such a band-edge optical

absorption can be described as [59]

𝛼3𝐷(ℎ̄𝜔) ∝ |ê · p𝑐𝑣|2𝜌𝑟(ℎ̄𝜔 − 𝐸𝑔) (1.36)

where ê ·p𝑐𝑣 is the matrix element of the optical transition; 𝐸𝑔 is the direct bandgap;

and 𝜌𝑟(ℎ̄𝜔 − 𝐸𝑔) is the reduced density of states in 3D, expressed as

𝜌𝑟(ℎ̄𝜔 − 𝐸𝑔) =
1

2𝜋2

(︂
2𝑚*

𝑟

ℎ̄2

)︂ 3
2

(ℎ̄𝜔 − 𝐸𝑔)
1
2 (1.37)
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Here 𝑚*
𝑟 = (1/𝑚*

𝑒 + 1/𝑚*
ℎ)−1 is the reduced effective mass.

According to Eqs. (1.36) and (1.37), the absorption edge has a square-root de-

pendence with the photon energy. For a 2D direct bandgap semiconductor without

excitonic effects, however, the absorption edge should follow a step-function [59]:

𝛼2𝐷(ℎ̄𝜔) ∝ |ê · p𝑐𝑣|2𝜌2𝐷(ℎ̄𝜔 − 𝐸𝑔) (1.38)

And

𝜌𝑟(ℎ̄𝜔 − 𝐸𝑔) =

⎧⎪⎨⎪⎩𝑚*
𝑟/(𝜋ℎ̄2) if ℎ̄𝜔 ≥ 𝐸𝑔

0 otherwise
(1.39)

In the case of strong excitonic effects, the absorption spectrum at the band-edge

is given by [59]

𝛼2𝐷,𝑒𝑥𝑐𝑖𝑡𝑜𝑛(ℎ̄𝜔) ∝ 1

2𝜋𝑅𝑦𝑎20

⎡⎢⎢⎢⎣4
∞∑︁
𝑛=1

1(︀
𝑛− 1

2

)︀3 𝛾[︂
𝜀 + 1

(𝑛− 1
2)

2

]︂2
+ 𝛾2

+

∫︁ ∞

0

d𝜀′

𝜋

𝛾𝑆2𝐷(𝜖′)

(𝜀′ − 𝜀)2 + 𝛾2

⎤⎥⎥⎥⎦
(1.40)

wherev 𝜀 = (ℎ̄𝜔 − 𝐸𝑔)/𝑅𝑦; 𝑅𝑦 = 𝑚*
𝑟𝑒

4/[2ℎ̄2(4𝜋𝜖𝑠)
2] is the exciton Rydberg energy;

𝑎0 = 4𝜋𝜖𝑠ℎ̄
2/(𝑚*

𝑟𝑒
2) is the exciton Bohr radius; 𝛾 is the half-linewidth of the excitonic

transition peaks due to scattering; and 𝑆2𝐷(𝜀) = 1/[1 + exp(−2𝜋/
√
𝜀)] is the 2D

Sommerfeld enhancement factor.

Figure 1-13 (a) shows the step-function-like and the excitonic absorption edges

for a monolayer semiconducting TMD. Several groups have proved experimentally

that the monolayer TMDs such as MoS2 and WS2 matches the latter case [52, 56].

Meanwhile, both theoretical [60, 61, 54, 62] and experimental studies [63, 64, 65]

have shown very large binding energies (𝐸𝐵 = 4𝑅𝑦 = 0.5 − 1 eV) and very small

Bohr radius (𝑎0 ≈ 1 nm) for monolayer semiconducting TMDs. In addition, higher

order excitonic quasiparticles have also been observed in monolayer semiconducting

TMDs, including charged excitons (or trions), bi-excitons (bound states of two exci-
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tons), etc (Figure 1-13 (b))[11]. Because of the large quantum confinement, many of

these excitonic quasiparticles even exist at room temperature. Besides, several groups

have also reported defect-bound exciton photoluminescence. Such emissions can be

localized to single defect level at low temperature [66]. People have harnessed these

unique excitonic optical transitions for optoelectronic and photonic applications such

as waveguide coupled light-emitting devices, ultra-low power lasers, optical modula-

tors, as well as quantum emitters[11].

(a) (b) (c)

Figure 1-13: (a) Absorption spectrum of monolayer MoS2 (green solid line). A and
B are exciton resonances corresponding to transitions from the two spin-split valence
bands to the conduction bands. The blue dashed line shows the absorbance without
the excitonic effects. (b) A schematic showing various excitonic quasiparticles. (c)
Electronic bands around the K and K’ points. The spin (up and down arrows) and
valley (K and K’) degrees of freedom are locked together. [11]

Another unique aspect of the optical properties of semiconducting 2D TMDs is

the valley-spin locking and the associated optical selection rules that are reflected in

the excitonic transitions (Figure 1-13 (c))[67]. Such a strong spin-valley coupling in

semiconducting TMDs have enabled the so-called “valleytronics”, which may become

a new approach for both classical and quantum computing in the future.

1T, 1T’, Td and some of the 2H phase TMDs have metallic or semi-metallic

behaviors [68]. Because of the strong electron-phonon and/or electron-electron inter-

actions, the modulation of electron density in space can give rise to a periodic dis-

tortion of the lattice. As a result, charge-density wave (CDW) states can be induced

in many of the metallic TMDs, including 1T-TaS2, 2H-TaS2, 2H-NbSe2, 1T-TiSe2,
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etc[69, 70, 71, 72, 73, 74]. It has been found CDW states and the transitions among

incommensurate CDW (ICCDW), nearly commensurate CDW (NCCDW), and com-

mensurate CDW (CCDW) states can be achieved through changing the temperature,

applying an electric field, and varying the crystal thicknesses. As will shown later,

such CDW phase transitions can also been used for IR detection.

Black Phosphorus and Group IV Monochalcogenides

Bulk black phosphorus (bP) is a layered orthorhombic crystal. A monoalyer of bP

has very low symmetry, with a puckered honeycomb structure as shown in Figure

1-14. A few years ago, bP was rediscovered as a low-bandgap semiconducting 2D

materials that is complementary to graphene and semiconducting TMDs, which are

semimetal and wide-bandgap semiconductors, respectively [75, 76, 77]. Since then, bP

has drawn tremendous attention because of its unique low-symmetry crystal structure,

the anisotropic transport and optical properties, and its widely tunable bandgap by

layer numbers[77, 13]. Figure 1-15 summarizes the layer number dependent band

structure evolution and the corresponding optical resonances [12]. The lowest optical

absorption peaks located at near-infrared to mid-infrared ranges for thicker bP. People

have demonstrated photodetectors using these optical transitions in the mid-IR with

very good sensitivities as will be discussed later. In addition, experimental studies

have shown that excitons are also very stable for monolayer bP, with a binding energy

of 0.9 eV, which is even bigger than semiconducting monolayer TMDs [78]. More

recently, people have shown that the band gap of monolayer and few-layer bP can be

tuned very widely through strain engineering [79], which can enable many tunable

photonic applications in the mid-IR with unprecedented performance, such as optical

modulators, optomechanical devices, and tunable on-chip light sources.

Similar to bP, Black arsenic phosphorus (bAsP), arsenene, antimonene and group

IV monochalcogenides are also materials with puckered or buckled lattice structures

(Figure 1-16) with even more interesting low-symmetry related physical properties

and potential photonic applications. For example, the bandgap of builk bAsP can

be tuned continuously from 0.33 eV to 0.17 eV as we increase the As composition
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Figure 1-14: The puckered lattice structure of bP. [12]

(a) (b)

Figure 1-15: (a) Optical transition energies of bP with different layer numbers. (b)
the calculated band structures of bP with different layer numbers. [12]

[13]. For group IV monocalcogenides (denoted as MX, where M=Ge or Sn, X=S, Se

or Te), the inversion symmetry of the crystal structure is also broken. As a result,

large in-plane piezoelectricity, pyroelectricity, or even ferroelectricity can exist in this

material family [13].

Other 2D Materials

Besides the three classes of 2D materials mentioned above, there are more varieties

of 2D materials and quasi-1D materials that have been or to be studied. Table

1.1 summarizes the most studied 2D materials, their crystal structures and physical

properties. Besides these materials, there are more layered materials or low-symmetry

materials that are likely to exist in 2D forms to be investigated, including graphene

oxides, diamondene, silicene, germanene, stanene, MXenes, 2D perovskites, layered
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Figure 1-16: A variety of buckled or puckered lattice materials. [13]

metal oxides, layered metal double hydroxides, metal-organic frameworks (MOFs),

covalent-organic frameworks (COFs) and quasi-1D crystals [80, 81, 82, 83, 84].
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Table 1.1: A summary of various 2D materials.

Name Formula Crystal

System

Point

Group

Physical Properties

Graphene – Hex. D6h Semimetal

hBN – Hex. D6h Insulator (𝐸𝑔 ∼ 6 eV)

Transition metal

dichalcogenide

(TMD);

M=Mo,W,V,Ta,Nb,

Ti,Zr,Hf; X=S,Se,Te

2H-MX2 Hex. D6h Mostly semiconductor

1T-MX2 Trig. D6h Mostly metal

1T’-MX2 Mono. C2h Metal or small bandgap semicon-

ductor

Td-MX2 Orth. C2v Metal or small bandgap semicon-

ductor

ReS2 or ReSe2 – Tric. Ci Semiconductor

bP or bAsP – Orth. D2h Small bandgap semiconductor

Group IV Dicalco-

genide (SnS2, SnSe2)

– Trig. D3d Semiconductor; high electron

affinity

Group IV

Monocalcogenide;

M=Sn,Ge; X=S,Se,Te

𝛽-MX Cubic Oh Semiconductor; non-layered

𝛾-MX Orth. C2v Semiconductor; inplane piezo-

/pyro-/ferro-electricity; non-

layered but exfoliatable

III-VI layered

semiconductor;

M=Ga,In;X=S,Se,Te

MX Hex. D6h Wide bandgap semiconductor

𝛽-M2X3 Tetra. D4h Semiconductor; piezo-/pyro-

electricity

Metal phosphorus

trichalcogenide; M=

Mn, Fe, Ni, Zn, etc.

MPS3 Mono. C2h Wide bandgap semiconductor

/insulator; ferroelectricity

Metal trihalide (CrCl3,

CrI3,MoCl3,TcCl3,

RuCl3,RhCl3,RhBr3,

RhI3,IrCl3,IrBr3, IrI3)

– Mono. C2h Semiconductor; ferromagnetic

Abbreviations: Hex.=Hexagonal; Trig.=Trigonal; Tetra.=Tetragonal;

Orth.=Orthorhombic; Mono.=Monolithic; Tric.=Triclinic.
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1.2.2 Synthesis and Fabrication Technology

In this section, we summarize the recent advances of the key process technologies for

2D materials, including synthesis, transfer, metal contacts and doping.

Synthesis

The reliable synthesis of 2D materials is essential for both fundamental studies of

their unique physical phenomena and harnessing these phenomena for practical ap-

plications. In the past decade, many strategies have been developed to produce

monoalyer or few-layer 2D materials [8, 32, 68, 14]. They can be classified into two

categories: top-down methods and bottom-up methods.

Top-down methods involves thinning down or separating thinner layers from bulk

crystals. The easiest method is called mechanical exfoliation, or Scotch-tape method

(Figure 1-17). In this method, a bulk crystal of layered materials is first placed

onto a piece of tape. Then by repeatedly folding, peeling of the tape and cleaving

the crystals, micrometer-sized fragments (or “flakes”) of atomically thin materials

can be obtained. Eventually these randomly distributed flakes are transfered onto a

SiO2/Si substrate for furthur study. This method was used for the first separation of

monoalyer graphene [85, 86, 87] and are still the most predominant method nowadays

for the production of high-quality 2D materials in laboratory. Although this method

is very simple and works for most of 2D materials, the yield of monolayer or fewlayer

2D materials is extremely low, and the flake size is limited to 10-micrometer scale. To

optimize this process, people have developed a gold mediated mechanical exfoliation

method with which up to 500 𝜇m monolayer TMD flakes can be produced [88], but

it is still far from enough for scalable production.

Such a exfoliation process can also be achieved in a liquid phase, through soni-

cation or intercalation. This method is called liquid exfoliation [32]. There are four

main liquid exfoliation techniques: oxidation and dispersion, intercalation of ionic

species, sonication with surfactants, and electrochemical exfoliation. These solution

processes can produce large quantities of 2D nano sheets and dispersed in water or

62



Figure 1-17: The process flow of the Scotch-tape method.[14]

organic solvents, although there are still large variations in terms of the flake sizes

and thicknesses. Therefore 2D nanosheets dispersions produced by liquid exfoliation

are suitable for low-cost applications, including wearable electronics, energy harvest-

ing/storage, catalysis, etc.

With bottom-up methods it is possible to produce large-area and uniform 2D

materials, which is very crucial for many electronic and optoelectronic applications.

People have developed multiple bottom-up methods for graphene, hBN, TMDs and

their heterostructures, including physical vapor deposition, chemical vapor deposition,

epitaxy and liquid phase growth. Among them, CVD has several advantages such as

relatively low-cost, faster growth rate, and diversity of the precursors. Figure 1-18

summarizes the recent progress of CVD technology for TMDs [8].

Transfer [8]

Because of the weak van der Waals interactions between 2D materials and the sub-

strates, 2D materials can be easily peeled off from the growth substrate and trans-

ferred to any targeted substrate. There are two benefits. First. the easiness to
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Figure 1-18: A brief overview of the recent progress of CVD technology for TMDs
and their heterostructures.[8]

transfer and stacking multiple layers of 2D materials on top of each other makes it

possible to form complex vertical heterostructures and superlattices. This gives us

much more freedom, as compared to conventional heterogeneous epitaxial growth for

3D materials, to design the interfaces and to bring together different functionalities

from different materials. Second, the transfer process decouples the high-temperature

growth process from the following low-temperature fabrication process. This is a pos-

sible route to realize monolithic integration of 2D material based technologies and

conventional CMOS technologies.

The basic procedure for transfer is as follows. First, a polymer supporting layer

is attached to the 2D material/substrate through spin-coating or direct attachment.

Then the polymer/2D material stack is separated from the original substrate, through

either chemical etching of the substrate, or direct peeling off. Finally, the poly-

mer/2D material is placed onto the target substrate and the polymer is removed.

The most commonly used polymer supporting layers include poly(methyl methacry-

late) (PMMA), polydimethylsiloxane (PDMS), poly(Bisphenol A carbonate) (PC),

and polypropylene carbonate (PPC). Such a transfer process can also be done under

an optical microscope for accurate alignment of two 2D flakes, which has enabled
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many interesting fundamental studies.

To reuse expensive catalytic substrates such as Pt, Au and Ir, electrochemical

delamination method has been considered as a nondestructive approach to separate

graphene or h-BN from the metal growth substrates without dissolving them. The

electrochemical delamination method is also called “bubble transfer”. In this method,

hydrogen bubbles are generated between graphene and the metal substrates to weaken

the adhesion at the interface in dilute alkaline solutions, leading to the delamination

of the graphene from the substrate. This method can also me reconfigured into

the roll-to-roll style, which is a promising route for high throughput and large-scale

production [89].

Metal Contacts and Doping [8]

A low contact resistance in a field effect transistor or any other electronic devices is

crucial because the extra voltage drop through the contact resistance would degrade

the overall device performance. Many attempts have been made to lower the contact

resistance of 2D material based electronic devices. In order to improve the surface

cleanliness, many methods have been developed and proved to reduce the contact

resistance, including high-temperature post-metalization vacuum annealing [90], ul-

tralow vacuum metal deposition [91], surface treatments using ozone or mild oxygen

plasma [92], and interfacial layer insertion between 2D materials and photoresists

[93]. Another way to improve the contact resistance is through edge contacts. Since

the edges of 2D materials are more chemically active and easier to bond covalently

with other metallic materials than the top surfaces, the electron transfer in between

such connections may be much more efficient, leading to a reduction of the contact

resistance. Such efforts include 1D contact to hBN/graphene/hBN stacks [94], in-

tentional nanopore etching of graphene before the metalization [95], direct synthesis

of graphene/MoS2 in-plane junctions [2], 1T/2H MoS2 or MoTe2 phase junction for-

mations through lithium intercalation or laser irradiation [96], etc. Furthermore, a

proper work function matching and the interface state pinning effect need to be con-

sidered to form a good contact to 2D semiconductors especially with wider bandgaps,
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such as MoS2, WSe2, and so on [97, 26, 98].

Controllable chemical doping is another crucial aspect of process technologies.

Because of the 2D nature and the resulting high surface-to-volume ratio, many phys-

iosorption methods are very effective to achieve decent amounts of doping. Such

physiosorptive dopants could be introduced through gaseous or liquid phase treatment

(NO2, and AuCl3; both are effective p-type dopants to graphene or WSe2) [99, 100,

101] , molecular surface adsorption (2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane,

or F4TCNQ for p-type doping, and nicotinamide adenine dinucleotide, or NADH for

n-type doping) [102, 103], dipole or residual charge from surrounding dielectrics (SiO2

and TiO2 for p-type doping, and AlOx for n-type doping) [104, 105], etc. However,

dopants introduced by physiosorptions are usually unstable, since no chemical bond-

ing is formed. Therefore, several efforts have been made to achieve effective doping

by chemical functionalization or substitution. For instance, chlorination of graphene

induced through plasma treatment[106] can give rise to an efficient, non-destructive,

and air-stable p-type doping. Nitrogen or boron substitutes in graphene could lead to

n-type and p-type doping, respectively, which can be introduced either through extra

dopant precursors during CVD synthesis, or through post-growth plasma treatment

[107]. In terms of MoS2, oxygen passivation on the naturally existing sulfur vacancies

was both predicted theoretically and observed experimentally to introduce p-type

doping [108, 109]; Nb and P were found to be effective p-type substitution dopants

that could be introduced during synthesis or through plasma treatment [110, 111].

1.2.3 Mechanisms of Photodetection

Applying some of the unique physical phenomena that emerge on the 2D material

platform could lead to ultrasensitive and/or fast-response photodetectors, which could

potentially out-perform the state-of-the-art mainstream IR detection technologies. In

this section, we will discuss different photodetection mechanisms that are observed in

2D materials and put more emphasis on the high-sensitivity photo-sensing structures

and the special effects that are not commonly observed in conventional materials.
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Photovoltaic Effect

The photovoltaic (PV) effect and photodetectors based on it with 2D materials have

been studied extensively in recent years [112, 113, 114]. The PV effect is very similar

in 2D materials to that in bulk semiconductors. There are still some fundamental dif-

ferences and practical advantages of PV effect in 2D materials. First, because of the

strong quantum confinement and the resulting excitonic optical properties, carriers

in 2D semiconductors can interact more strongly with light and with each other. One

benefit is that the optical absorption coefficients of 2D semiconductors are sufficiently

larger than their 3D counterparts (Figure 1-19), so it is possible to make ultrathin

PV devices with high efficiency. Second, the low dimensionality also makes it pos-

sible to design and construct vertical or lateral homo-/hetero-junctions with much

more freedom. Vertical heterojunctions can be implemented through the polymer as-

sisted alignment transfer method as discussed in section 1.2.2, whereas lateral homo-

or hetero-junctions can be achieved either by synthesis methods (chapter 2) or split

electrostatic gating. For example, people have demonstrated monolayer WSe2 and

MoTe2 lateral p-n junction PV devices that can be readily integrated to silicon pho-

tonics [115, 116]. With careful band alignment engineering, people also implemented

high performance PV photodetectors or even avalanche photodiodes with 2D/2D or

2D/3D vertical heterostructures [117, 118, 119]. Third, some of the low-symmetry

2D or quasi-1D crystals may give rise to unconventional PV effects, such as the bulk

photovoltaic effect observed in WS2 nanotubes and TaAs [120, 121].

Photogating Effect

Photogating effect is a special type of extrinsic photoconductive effect [122, 123].

Photogating effect exists in a defective low-dimensional semiconductor or an artifi-

cially designed heterostructures. One type of photocarriers (either electrons or holes)

can be trapped by the defect or interface states, leading to a prolonged relaxation

lifetime of these trapped carriers. As a result, the trapped carriers can accumulate

over time and play a role of electrostatic gating to the free carriers in the semiconduc-
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Figure 1-19: Optical bandgaps versus absorption coefficients at 600 nm for different
materials.[15]

tor channel. Because of the charge accumulation, photogating effect is a simple yet

extremely sensitive mechanism, with the current gain of up to 108 for structures like

graphene/quantum dots hybrid phototransistors [124]. The drawback of this sens-

ing mechanism is that the same charge accumulation effect also leads to a very slow

response of the photodetector (from milliseconds to thousands of seconds).

Thermoelectric and Photothermoelectric Effect

As will be discussed in more detail in chapter 4, graphene and some of the other 2D

semiconductors are good candidates as the thermoelectric sensing component in a

thermopile. In addition, because of the strong electron-electron interaction and the

weak electron-phonon interaction, hot-carrier-assisted transport is very prominent in

graphene. This special photoresponse in graphene is called photothermoelectric effect,

which will be covered in chapter 5.
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Bolometric and Pyroresistive Effect

Because of the ultrasmall thermal mass, many of the 2D materials have been pro-

posed to be good bolometric materials. Several novel bolometric effects have also been

found to be very efficient for IR detection in graphene and other 2D materials. For

graphene, because the cooling of electrons by acoustic phonons is very inefficient, and

cooling by optical phonons only happens at high temperature, electrons of graphene

are thermally isolated from the environment very well, which would give rise to a

very efficient bolometric sensitivity (TCR) [122]. Two signal transducing mechanisms

in graphene have been studied, including the temperature-dependent mobility degra-

dation [125, 126], and the temperature dependent noise [127]. Sharp temperature

induced phase transitions are another sensitive signal transducing mechanism. To

this end, the CDW transitions near room temperature for some of the metallic TMDs

have shown great potential for efficient bolometric detectors [128, 129].

The low-dimensionality of 2D materials also gives rise to efficient electrostatic

gating of 2D semimetals and 2D semiconductors. Besides the photogating effect,

people also demonstrated thermal detectors that incorporate pyroelectric dielectrics

to a graphene transistor [130, 131]. This is called pyroresistive effect.

Thermo-Mechanical Effect

The thermo-mechanical effect is based on the special mechanical properties and the

thermo-mechanical response of 2D materials and nanostructures based on them. This

topic will be covered in chapter 6.

1.2.4 Opportunities and Challenges

Because of the diversity of 2D materials and many unique light-matter interaction

phenomena in such a quantum-confined system, infrared detectors made with 2D

materials have shown promising performance that can potentially be better than the

state of the art (Figure 1-6). Figure 1-20 summarizes the 𝐷*-𝜆 relation of high-

performance detectors made with 2D materials in the visible to long IR range. In
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Figure 1-20, we also outlined the design space of the three IR detector technologies

studied in this thesis. Each of them have their unique advantages as will be discussed

in chapter 4, chapter 5 and chapter 6.

bP-MoS2(PV)

bAsP-MoS2(PV)

bAsP(PC) Gr-Ti2O3 (PC)

1T-TaS2 CDW 
(bolometer)

Gr-Ta2O5-Gr (PC)

MoS2-Gr-
SnS2(PV)

MoS2 (PV)

MoS2 -HgTeQD(PC)

Gr. (HEB) @5K
bP-InSe (APD) @ 10K

Gr-Si (PV)

ML Gr.-SiNx (Thermopile) 

BLIP
Ideal Photon Detector

Tb=300K, 2π FOV

Ideal Thermal Detector
Td=Tb=300 K

Graphene PTE Graphene 
Thermopile

ThM Bolometer

Figure 1-20: 𝐷* versus 𝜆 of 2D material based detectors.TODO: citation

Another practical benefit of 2D material based IR detectors is their compatibility

with CMOS process and the feasibility of a higher level of integration.The easiness

to transfer 2D materials onto arbitrary substrate and its low-temperature fabrication

process make it feasible to monolithically integrate 2D material based IR detectors

with CMOS integrated circuits. This gives rise to great opportunities for next gener-

ation IR FPAs with much smaller form factors and better performance. Furthermore,

we can even integrate more functionalities such as multiple color detectors, optical

filters and so on made with 2D materials onto such IR FPAs without much additional
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complexity to realize the goal of 4th generation imaging system (Figure 1-8). This

topic about 2D-CMOS integration will be covered briefly in chapter 4.

Finally, it is worth mentioning that several challenges still exist in order to push

the 2D material based IR detector technologies into practical application. The first

challenge is from the material end. Although tremendous advance has been made

in synthesizing 2D materials in large scale with high uniformity and good material

quality, most of them are still in the early stage of laboratory exploration. It is time

to develop production lines that can meet industrial standard. Besides, there are still

some material issues that are still unsolved, including reliable and scalable 2D ma-

terial transfer, bottom-up assembly of complex 2D heterostructures (chapter 2), and

fast characterization of these materials (chapter 3). The second challenge comes from

the device fabrication process, including making good metal contacts to 2D semicon-

ductors, reliable passivation and packaging, and minimizing the material degradation

during the fabrication process. Thirdly, we also need to collaborate with circuit de-

signers and system engineers to develop new strategies to improve the yield as well

as the complexity of emerging 2D material based technologies, and push them into

system-level application.

1.3 Thesis Outline

The aim of this thesis is to address some material challenges of 2D materials and to

demonstrate and benchmark emerging IR detector technologies based on 2D materials

and their heterostructures.

In chapter 2, we developed a general methodology for the scalable synthesis of 2D

material heterostructures. We first introduced the seeding promoter assisted chem-

ical vapor deposition of monolayer transition metal dichalcogenides. Based on this

method, we demonstrated the scalable synthesis of 2D material vertical and lateral

heterostructures. Finally, we studied the transport property of graphene-MoS2 lateral

heterostructures and demonstrated their application in integrated circuits.

In chapter 3, we addressed another material challenge regarding the fast optical
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characterization of 2D materials. We developed a deep learning algorithm to process

the optical microscopic imaging data of various exfoliated 2D materials, and showed

that such an algorithm can be used for identify the material and thickness, in real

time, in un-labeled microscopic images. We also showed that the algorithm is able

to “understand” the microscopic images and provide probabilistic prediction about

physical properties of the 2D materials.

In chapter 4, we performed a theoretical analysis on graphene thermopile. Based

on our model, we discussed about how to further optimize the materials and the device

structures, and benchmarked this technology. Finally, we integrated graphene ther-

mopile FPAs with a silicon CMOS ROIC in a monolithic fashion and demonstrated

an integrated mid-IR image sensor for real-time thermal imaging application.

In chapter 5, we studied the photothermoelectric effect in a graphene-2D semicon-

ductor lateral heterojunction. Both experimental and theoretical studies were made

to understand the asymmetric thermalization pathways of photo-induced hot carriers

in the junction. We also showed that the photothermoelectric effect can potentially

be used to make IR detectors with wider spectral range, much faster response, and

up to room-temperature operation.

In chapter 6, we proposed and implemented a new sensing scheme, called thermo-

mechanical bolometer, that transduces infrared radiation into an abrupt electrical

resistance change through the special thermo-mechanical response and the sharp ar-

tificial metal-insulator transition of engineered nanostructures based on graphene,

polymer and self-assembled monolayers. Our studies indicated that this new sensing

technology can be at least one order of magnitude more sensitive than the state of

the art.

Finally, in chapter 7, we summarize the key achievement of this thesis and propose

several future directions that are worth further studying.
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Chapter 2

Synthesis and Electronic Application

of Two-Dimensional Material

Heterostructures

As the fundamental limit of Moore’s law is approaching, the global semiconductor

industry is intensively looking for applications beyond CMOS electronics [17]. The

atomically thin and ultra-flexible nature of two-dimensional (2D) materials (such as

graphene, hexagonal boron nitride (hBN) and TMDs) offer a competitive solution not

only to push the forefront of semiconductor technology further, towards or perhaps

beyond the Moore’s law, but also to potentially realize a vision of ubiquitous elec-

tronics and optoelectronics in the near future.[132, 133] Hybrid structures between 2D

materials are essential building blocks with multi-functionality and broader capacity

for nanoscale modern electronics and optoelectronics [134, 135, 35, 136, 137, 138, 139].

Although 2D heterostructures can be achieved by pick-up-and-transfer method[134,

135, 35, 137, 138], chemical vapor deposition (CVD) allows the direct growth of lat-

tice aligned TMDs layers for both vertical heterojuctions with clean interfaces and

seamlessly 1D lateral heterostructures with atomically sharp interfaces.

We developed the seeding promoter assisted chemical vapor deposition for large-

scale synthesis of monoalyer transition metal dichalcogenides. Such method was then

generalized for constructing a variety of vertical and lateral heterostructures depend-
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ing on the choise of the seeding promoter molecules and their wettability to the

substrates. We further proved that the proposed synthesis methodology is general for

constructing vertical or lateral heterostructures between a 2D and a TMD material

regardless of the lattice mismatch between the two materials, with large-scale pro-

duction capability. This also enables both multifunctional electronic/optoelectronic

devices and their large-scale integration.

2.1 Seeding Promoter Assisted Synthesis of Transi-

tion Metal Dichalcogenides[1]

The experimental setup and a typical growth condition for chemical vapor deposition

(CVD) of TMDs are shown in Figure 2-1 (a) and (b). Briefly, 0.018 g of MoO3

(molybdenum oxide) powder in a ceramic crucible was placed in the center of the

furnace. Also 0.016 g of sulfur powder was placed in a crucible 15 cm away from

the center of a quartz tube. The substrate was placed face-down on the crucible of

the MoO3 powder. A seeding promoter substrate coated with aromatic molecules

is placed next to the growth substrate. 5 sccm Ar was used as a carrying gas to

carry both the sulfur vapor and the seeding promoters to the growth substrate. The

growth temperature was controlled at 650 ∘C. A uniform, large-area and monolayer

MoS2 film can be grown throughout most of the growth substrate if using perylene-

3,4,9,10-tetracarboxylic acid tetrapotassium salt (PTAS) as the seeding promoter

(the optical microscopic (OM) image is shown in Figure 2-1 (c)), where as isolated

triangular domains are grown on the edges of the substrate (left inset of Figure 2-

1). The atomic force microscopy (AFM) image shown in the right inset of Figure

2-1 confirms that the obtained MoS2 film is atomically smooth. As comparison,

only MoS2 particles are obtained for a growth process without any seeding promoter

(Figure 2-1 (d)).

According to our experimental results, we believe that the presence of PTAS on

the growth substrate can facilitate the nucleation as well as the lateral growth of
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Figure 2-1: Seeding promoter assisted chemical vapor deposition. (a) Schematic of
the experimental setup. (b) A typical temperature control process for the synthesis.
(c) An optical microscopic image of a continous monoalyer MoS2 film when grown
with the PTAS seeding promoter. Left inset: an optical microscopic image of isolated
triangular domains of monolayer MoS2. Right inset: the AFM iamge of the continous
film. (d) An optical microscopic image, the corresponding AFM image, and the height
profile extracted from the AFM image of MoS2 particles grown without any seeding
promoter.[1]

the MoS2 crystals. The density (or concentration) of the seeding promoters exhibits

a significant effect on the MoS2 nucleation density. A high seed density usually re-

sults in a high nucleation density on the growth substrate, where MoS2 flakes can

merge to form a continuous film. The presence of seeding promoters possibly in-

creases the surface adhesive force of MoS2 and lowers the free energy barrier of the

nucleation. These two factors together facilitate the large-area layered growth of

MoS2 and decrease the required growth temperature. We found that many aro-

matic molecules can work as well as PTAS as the seeding promoter. Besides PTAS,

twelve types of aromatic molecules were found to be effective seeding promoters, in-

cluding copper(II) 1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadecafluoro-29H,31H-

phthalocyanine (F16CuPc), 3,4,9,10-perylene-tetracarboxylicacid-dianhydride (PTCDA),

copper phthalocyanine (CuPc), dibenzo[f,f’]-4,4’,7,7’-tetraphenyl-diindeno [1,2,3-cd:1’,2’,3’-

lm]perylene (DBP), 4’-nitrobenzene-diazoaminoazobenzene (NAA), N,N’-bis(3-methylphenyl)-
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N,N’-diphenyl-9,9-spirobifluorene-2,7-diamine (spiro-TDP), tris(4-carbazoyl-9-ylphenyl)

amine (TCTA), bathocuproine (BCP), 1,3,5-tris(N-phenylbenzimiazole-2-yl)benzene

(TPBi), 2,2’,7,7’-tetra(N-phenyl-1-naphthyl-amine)-9,9’-spirobifluorene (spiro-2-NPB),

and iridium, tris(2-phenylpyidine) (Ir(ppy)3). The OM images of monolayer MoS2

crystals grown with the help of these aromatic molecules are shown in Figure 2-2.

Figure 2-2: OM images of monolayer MoS2 crystals grown with a variety of seeding
promoters. The insets are the molecular structures and the AFM images.[1]

Recent studies have shown that the proposed seeding promoter assisted CVD

method is effective for the growth of other TMDs, including MoSe2, WS2 and WSe2
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[140, 141, 142]. In addition, by carefully choosing the seeding promoters and matching

their wetting properties to the growth substrate, it is also possible to realize spatially

confined growth[143], and construction of vertical and lateral heterostructures, as will

be shown in the next section.

2.2 Synthesis of Vertical and Lateral Heterostructures[1,

2]

Depending on the wettability between the seeding molecule and the growth sub-

strate, we can confine the positioning of the seeding molecules and as a result achieve

spatially confined synthesis of TMDs. On one hand, PTAS as a seeding promoter

works exceedingly well for promoting MoS2 growth on hydrophilic substrates, since

it is a salt and is typically applied with an aqueous solution. On the other hand,

we could deposit F16CuPc seeding promoter via thermal evaporation on hydrophobic

substrates. These two types of molecules are complementary to each other. We can

thus construct a variety of vertical and lateral structures at will.

2.2.1 Vertical Heterostructure

To construct vertical heterostructures, because 2D materials are mostly hydrophobic,

we choose F16CuPc as the seeding promoter. To demonstrate this, we tested on exfo-

liated graphene, hBN samples as well on electron-beam evaporated gold substrates.

We shows typical optical images of MoS2 grown directly on a 100 nm Au/SiO2/Si sub-

strate and on exfoliated hBN/SiO2/Si and exfoliated graphene/SiO2/Si substrates by

evaporating 2 Å F16CuPc on each of the substrates as a seeding promoter (Figure

2-3 (a)–(c)). The resulting whole surface of the substrate in this case is covered by a

continuous MoS2 monolayer. This result was not achieved by using PTAS as seeding

promoter since PTAS solution is hard to deposit on these kinds of substrates uni-

formly. The PL and Raman spectra were collected on the area with Au, hBN, and

graphene (graphite) (Figure 2-3 (d) and (e)). The PL signal and the 𝐸2𝑔 and 𝐴1𝑔
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Raman modes indicate MoS2 is obtained on the Au, hBN, and graphene (graphite)

substrates, even though the contrast differences in the optical images are not strong

enough to see if there is MoS2 on the surface of hBN or graphite. It should be noted

that, if there was no F16CuPc seeding promoter on these substrates, crystalline MoS2

were obtained on the substrates (Figure 2-4). Since there are some specific interaction

effects on such hybrid structures, some interesting phenomena were observed, such as

the enhancement of the PL intensity on Au and the quenching of the PL intensity

on the hBN and graphene (graphite) substrates, and the shift of the PL and Raman

peak frequencies.

Figure 2-3: Vertical heterostructure. (a-c) Typical OM images of vertical struc-
tures grown by using F16CuPc as the seeding promoter. (a) MoS2; (b) MoS2/hBN;
(c) MoS2/graphene. (d) PL and (e) Raman spectra of MoS2 on Au, h-BN and
graphene.[1]
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Figure 2-4: OM images after MoS2 growth without any seeding promoters on (a) Au,
(b) hBN, and (c) graphene/graphite.[1]

2.2.2 Lateral Heterostructure

To construct lateral heterostructure, we choose PTAS as the seeding promoter. Fig-

ure 2-5 (a) illustrates the growth procedure of the parallel stitched heterostructure

between a TMD and another 2D material through the selective “sowing” of PTAS

molecules on the growth substrate.The first 2D material is transferred onto a SiO2/Si

substrate (growth substrate) and can be patterned by lithography and etching. Dur-

ing the growth, PTAS molecules are carried by the carrier gas (Ar) and “sowed”

selectively onto the blank parts of the hydrophilic SiO2 substrate. This promotes

the growth of the second 2D material (TMD) within the SiO2 region with abundant

seed molecules, whereas there is very limited TMD growth in the first 2D material

region, due to the negligible amount of seed molecules. Consequently, the growth of

the second 2D material only occurs in the SiO2 regions, allowing the formation of

parallel stitched heterostructures along the edges of the first 2D material.

Figure 2-5 (b) to (j) show the growth results of the lateral heterostructures of

graphene-MoS2, WS2-MoS2 and hBN-MoS2 as the prototypes of metal-semiconductor

(M-S), semiconductor-semiconductor (S-S), and insulator-semiconductor (I-S) het-

erostructures, respectively. Optical microscopy, atomic force microscopy (AFM) (in-

sets in Figure 2-5 (c), (e), and (g)) and spectroscopy characterizations (Figure 2-5 (h)

to (j)) were carried out. These studies reveal that high quality MoS2 is grown on the

exposed SiO2 regions, not on top of the first 2D materials, but are well connected with

them at the edges. The photoluminescence (PL) and Raman spectra are collected on

and outside the first 2D materials, as shown in Figure 2-5 (h) to (j). The intense PL
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Figure 2-5: Diverse parallel stitched heterostructures between MoS2 and various 2D
materials. (a) Schematic illustration of the CVD setup and the process for the syn-
thesis of the parallel stitched 2D-TMD heterostructure. (b,d,f) Schematic illustration
of the parallel stitched heterostructures of graphene-MoS2 (b), WS2-MoS2 (d), and
hBN-MoS2 (f). (c,e,g), Typical optical images, spectroscopy intensity mapping im-
ages on the structures corresponding to (b), (d), and (f). The boundaries between
MoS2 and the pre-existing 2D materials are marked by the white dashed line. The
scale bars are 5 𝜇m. Insets in the optical images are the AFM images on the hetero-
junction (the scale bars are 500 nm). (h,i,j), Typical PL spectra and Raman spectra
(insets) collected on MoS2 and the pre-existing 2D materials areas of the parallel
stitched heterostructures (h), WS2-MoS2 (i), and hBN-MoS2 (j).[2]
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signal around 1.85 eV, and the E2g and A1g Raman modes (∆𝜔 = 21 cm−1) obtained

in the MoS2 region (red traces in Figure 2-5 (h) to (j)) indicates the high quality

of the monolayer MoS2 [1]. While on top of the first 2D materials (black traces in

Ffigreffig:lateral (h) to (j)), only the Raman modes from them (monolayer graphene:

G-band at 1582 cm−1 and G’-band at 2676 cm−1; WS2: 174, 295, 322, 350 and 417

cm−1; hBN: 1368 cm−1) were observed. The intensity mappings of the Raman (or PL)

signals from the first 2D materials and the PL from MoS2 further indicate that high-

quality monolayer MoS2 was only grown outside the first 2D materials (Figure 2-5

(c), (e), and (g)). We consequently conclude that sharp and well-stitched boundaries

were formed at the edges of the first 2D materials, with no breaks or tears.

Since there is a large lattice mismatch (25%) between graphene and MoS2, the

epitaxial growth between graphene and MoS2 is, in principle, more difficult than that

between graphene and hBN, or between two different TMDs. High resolution trans-

mission electron microscopy (HRTEM) was therefore carried out on the graphene-

MoS2 parallel stitched heterostructures for structural characterization (Figure 2-6 (a)

and (b)). Selected-area TEM diffractograms indicate that the dark area between the

dashed lines in Figure 2-6 (b) consists of graphene and MoS2, while only MoS2 (left

side) or graphene (right side) can be observed outside the interface region. This indi-

cates that MoS2 overlaps with graphene at the boundary between them. The width

of most of the overlapping region is 2 nm -30 nm (Figure 2-6 (b) and Figure 2-7). Fig-

ure 2-6 (b) shows a heterojunction with an overlap region of only 2.5 nm wide. The

atomic structures are clearly seen on the MoS2, graphene, and overlapping regions

(Figure 2-6 (b)).Figure 2-6 (c) to (e) show the diffractograms through fast Fourier

transform (FFT) in each of these three regions. The red circle marks the diffrac-

tion pattern from the MoS2 lattice structure with a spacing of 2.7 Åcorresponding

to the (100) planes. The orange circle marks the 2.1 Åspacing from (110) planes of

graphene lattice structure. The FFT diffraction pattern of the overlapping region

indicates that there is a 5∘ rotation angle between the MoS2 and graphene lattices.

Comparing Figure 2-6 (d) with Figure 2-6 (c) and (e), the corresponding MoS2 and

graphene lattice spacing individually remain at 2.7 Åand 2.1 Å, respectively, in the
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overlapping region, indicating that there is no lattice distortion at their interface. As

the lattice mismatch between MoS2 and graphene is relatively large, the unchanged

lattice constants for both of them at the interface indicate that MoS2 and graphene

are connected with each other probably through van de Waals interaction. Similar

analysis was done on more samples, which shows that the rotation angles between

the two materials are all within a small range of 0-10∘ (Figure 2-7).

A closer look reveals more atomic defects in the overlapping region (Figure 2-6

(f)) than that in the regions away from the interface. There are mainly two kinds of

defects in the MoS2 lattice: Mo-Mo bond defects and -S- bridge defects.[20,21] The

-S- bridge defect looks like an 8-member ring in the lattice, while the Mo-Mo bond

defect corresponds to a 4+8-member ring. Both defects have been observed at MoS2

grain boundaries.[21] In the overlapping regions of the lateral structures, however,

the MoS2 defects are mainly 8-member ring defects, as marked in the Figure 2-6 (f),

suggesting that the absence of seed molecules on graphene is related to a lack of sulfur

for MoS2 growth. Possibly, the increased density of defects at the interface results in

the inhibition of MoS2 growth further into the graphene region.

2.3 Device Application: Integrated Circuits Based

on Graphene-MoS2 Lateral Heterojunctions

One unique advantage of thel lateral synthesis method is that it enables large scale

integration. Here, we demonstrate the construction of many graphene-MoS2 lateral

heterostructures with arbitrary patterns. Figure 2-8 shows the typical optical images

and spectroscopy characterization of a graphene-MoS2 lateral heterostructure array

(Figure 2-8 (a) to (c)), “MIT” logo (Figure 2-8 (d) to (f)) and MIT mascot "Tim the

beaver" (Figure 2-8 (g) to (i)). It is observed that the mapping images of the G-band

Raman intensity from graphene (Figure 2-8 (b), (e) and (h)) and PL intensity from

MoS2 (Figure 2-8 (d), (f) and (i)) are highly correlated with each other, and match

well with the corresponding optical image (Figure 2-8 (a), (d), and (g)). The AFM
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Figure 2-6: TEM characterizations of the graphene-MoS2 lateral heterojunction. (a)
Low magnification bright field TEM (BF-TEM) image showing the graphene-MoS2
interface. (b) HRTEM image showing the atom arrangement at the graphene-MoS2
heterojunction with the size of the overlapping region of 2.5 nm. (c-e) Diffractograms
corresponding to the MoS2 region (c), graphene-MoS2 overlapping region (d) and
graphene region (e), respectively. The red and orange circles mark the diffraction
patterns from MoS2 and graphene, respectively. (f) Magnified HRTEM image of the
graphene-MoS2 overlapping area marked by blue in (b) showing the 8-member rings
defects.[2]

image in the inset in Figure 2-8 (a) indicates that the periodic heterostructures are

well connected with very narrow overlaps at the interfaces. These morphological and
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Figure 2-7: High magnification BF-TEM images of the Graphene-MoS2 heterostruc-
tures with different sizes for their overlapping regions. (a) 26 nm; (b) 21 nm; (c)
13 nm. (d,e,f) are the corresponding diffractograms (FFT) in the overlapping areas,
showing their twist angles between the two overlapped lattices.[2]

spectroscopic measurement results give further evidence that the MoS2 and graphene

are separated in space and stitched together at the edges. Using this method, one can

design graphene-MoS2 heterojunctions at will. As shown by the MoS2 filled “MIT”

logo (Figure 2-8 (d) to (f)) and MoS2 filled MIT mascot “Tim the beaver” (Figure 2-8

(g) to (i)), the spatial resolution of the MoS2 patterns in the images can be as low as 1

𝜇m (limited by the spatial resolution of the spectrometer). The geometrical flexibility,

good controllability and large-scale fabrication capability offers great opportunity for

2D hybrid multifunctional applications.

Transport measurements across graphene-MoS2 lateral heterojunctions indicate

that a weak tunneling barrier forms at the junction. Figure 2-9 (a) shows an optical

image of the device. As shown in Figure 2-9 (b), both the reverse-bias current (when

𝑉𝐽 < 0) and the forward-bias current (when 𝑉𝐽 > 0) increase superlinearly with the

junction voltage. This behavior is an indication that a tunneling barrier is present

[144, 145, 16].

To extract the barrier height, we performed the temperature dependent transport
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Figure 2-8: Demonstration of the parallel stitched graphene-MoS2 heterojunction in
a large scale with arbitrary patterns. (a-c), Typical optical images of the graphene-
MoS2 periodic array (a), the corresponding mapping image of G-band intensity of
graphene (b) and PL intensity of MoS2 (c). Inset in (a) shows the typical AFM image
of graphene-MoS2 periodic array. d), Optical images before (top) and after (bottom)
MoS2 grown on a pattered graphene pattern with “MIT” logo. (e-f), Mapping images
of the G-band intensity of graphene (e) and PL intensity of MoS2 (f) obtained on
the MoS2 filled “MIT” logo. (g-i), Optical image of a MoS2 filled MIT mascot “Tim
the beaver” on graphene pattern (g), the corresponding mapping images of G-band
intensity of graphene (h) and PL intensity of MoS2 (i).[2]

measurement. Figure 2-10 (a) shows an Arrhenius plot of the junction current in

the lateral graphene-MoS2 heterostructure with a small bias (𝑉𝐽 = −0.2 V). At high

temperature (𝑇 > 100 K), the junction current decreases exponentially with 1/𝑇 ;

however, at low temperature (𝑇 < 100 K), a very weak temperature dependence was

observed. The high-temperature regime is dominated by the combined thermionic-

tunneling mechanism, and the low-temperature regime is dominated by the tunneling
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Figure 2-9: (a)Schematic and microscopic image of the 4-probe graphene-MoS2 het-
erojunction device on top of a 300 nm SiO2 as the back gate dielectric. (b) Output
characteristics of the graphene-MoS2 heterojunction with different gate bias from
-20V to 30V with 5V intervals.[2]

mechanism.

In the high-temperature region, the reverse-bias current can be expressed by:

[144, 16]

|𝐼𝑅| = 𝐴*𝑇
3
2𝑃 exp

(︂
𝑞Φ𝐵

𝑘𝐵𝑇

)︂
(2.1)

where 𝐴* is the effective Richardson’s constant, 𝑘𝐵 is the Boltzmann constant, 𝑞 is

the electron charge, 𝑃 is the tunneling probability, and Φ𝐵 is the Schottky barrier

height. This equation can be rewritten as

ln

(︂
|𝐼𝑅|
𝑇

3
2

)︂
= ln(𝐴*𝑃 )− 𝑞Φ𝐵

𝑘𝐵𝑇
(2.2)

The Schottky barrier height can be extracted from the slope of the linear fit between

ln(|𝐼𝑅|/𝑇
3
2 ) and 𝑇−1, as shown in Figure 2-10 (b).

Figure 2-11 shows the extracted barrier height (Φ𝐵) at the junction as a func-

tion of the gate voltage. The barrier height is around 70 meV at zero gate and less

than 20 meV at high positive gate voltage (𝑉𝐺 > 30 V), which is similar to that for

the graphene-MoS2 vertically stacked heterostructure [16]. The junction resistance

(𝑅𝐽 = 𝑉𝐽/𝐼𝐽) is around 0.3 kΩ ·mm when MoS2 is turned on (𝑉𝐺 = 30 V). Re-
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Figure 2-10: Temperature-dependent transport measurement of the graphene-MoS2
lateral heterojunction. a, The reverse-bias current density (𝐼𝑅/𝑊 ) at 𝑉𝐽 = −0.2
V as a function of the reciprocal temperature (1000/𝑇 ) with different gate voltages
(𝑉𝐺) ranging from -20 V to 30 V. b, The ln(𝐼𝑅/𝑇

3/2) versus 1000/𝑇 plot at high
temperature (𝑇 > 100 K). The dots are experimental data, and the dashed lines are
fitted lines according to Eq. (2.2).[2]

Figure 2-11: The barrier height at the lateral (red) and vertical (green, ref. [16])
graphene-MoS2 heterojunctions as a function of the gate voltage. [2]

cent works have shown that graphene-MoS2 vertically stacked heterostructures, when

used as contacts to MoS2 channels, can lead to a much lower contact resistance than

conventional metal contacts [16, 26, 27], as summarized in Table 2.1. However, the

vertically stacked structures would suffer from various problems when the MoS2 tran-

sistors are scaled down to nanometer scale, such as (i) difficulty in alignment with

a high spatial resolution, (ii) the lack of a selective etching technique, and (iii) the
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large parasitic impedances. In contrast, the parallel stitched junctions grown with the

method presented here can serve as a self-aligned lateral Ohmic contact to the MoS2

channel. Such contact has been referred to as 1D contact [94], and has been shown

to be able to address these problems very well without degrading contact quality.

Implementing these 1D contacts has been a tremendous challenging task previously

[94], but can be simply realized with our selective “sowing” method here.

Table 2.1: Schottky barrier heights for different metal contacts to MoS2 transistors
[16, 26, 27].

Contact Φ𝐵

graphene-MoS2 (lateral or vertical) 20 meV

Sc-MoS2 30 meV

Ti-MoS2 50 meV

Au-MoS2 130 meV

Ni-MoS2 150 meV

Pt-MoS2 200-400 meV

Using graphene-MoS2 lateral heterostructures as the source/drain contacts of top-

gated MoS2 transistors, we fabricated arrays of the basic building blocks of integrated

circuits (shown in Figure 2-12(a)).Figure 2-12 (b) shows the microscopic image and

the transistor-level schematic of a diode-connected MoS2 transistor, indicating good

rectifying behavior, with an on-off current ratio on the order of 106, obtained according

to the 𝐼-𝑉 characteristics in Figure 2-12 (c). Based on the direct-coupled transistor

logic (DCTL) technology [16], which has been widely used in high-speed logic circuits

with low power consumption, we successfully fabricated inverter (Figure 2-12 (d) to

(f)) and NAND gates (Figure 2-12 (g) and (h)), which are a complete set of logic

circuits and can, in principle, realize any 2-level combinational logics. Figure 2-12 (d)

plots the typical voltage transfer characteristics of an inverter, with the power supply

voltage (𝑉𝑑𝑑) ranging from 3 V to 6 V, with a full logic swing and a symmetric and
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abrupt on-off transition. The voltage gain, given by 𝐴𝑣 = d𝑉𝑜𝑢𝑡/d𝑉𝑖𝑛, as shown in the

inset of Figure Figure 2-12 (d), has a sharp peak at the medium voltage level (𝑉𝑑𝑑/2),

with a value up to 7. This, together with the well-matched input-output range,

guarantees the normal operation when multiple stages of logic gates are cascaded.

Figure 2-12 (f) and (h) show the transient responses of an inverter and a NAND gate,

respectively, in which the output voltage of the inverter is always the opposite of the

input voltage, and the output voltage of the NAND gate is “low” only when both its

inputs are “high”.

(a) (b) (c)

(d) (e)

(g)

(f)

(h)

Figure 2-12: (a), Microscopic image of the test chip of the logic circuit arrays based
on the parallel stitched graphene-MoS2 heterojunctions. (b,e,g), Microscopic images
and transistor-level schematics of the diode-connected transistor (b), the inverter (e)
and the NAND gate (g). Scale bar: 10 𝜇m. (d), I-V characteristic of the diode-
connected transistor. Inset: I-V characteristic of the diode in a log scale. The on-off
ratio is around 106. (d), The voltage transfer characteristic of the inverter, with the
power supply voltage (𝑉𝑑𝑑) from 3 V to 6 V. Inset: the corresponding voltage gain
(𝐴𝑣 = d𝑉𝑜𝑢𝑡/d𝑉𝑖𝑛) of the inverter. (f,h), transient response of the inverter (f) and the
NAND gate (h) with 𝑉𝑑𝑑 = 5 V.[2]
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2.4 Summary

In summary, as conventional lithography/selective etching is incapable for use in

the large scale integration of 2D materials to achieve various junctions for future

electronics and optoelectronics, in this work a universal methodology is proposed to

address such challenges. By introducing the selective “sowing” of the molecules as

seeds at different positions on a growth substrate during the synthesis of monolayer

TMD materials, vertical and lateral heterojunctions of TMD with other 2D materi-

als can be constructed. The method of heterojunction formation is effective, simple,

and powerful, not only offering solutions for large-scale 2D materials integration but

also enabling development of versatile parallel stitched in-plane junctions which are

unique in structure and properties, thus offering tremendous potential, as demon-

strated through the example of large-scale manufacturing of lateral graphene–MoS2

heterostructures and the investigation of their potential applications.
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Chapter 3

Deep Learning Enabled Fast Optical

Characterization of Two-Dimensional

Materials

Characterizations of nanomaterial morphologies with advanced microscopy and/or

spectroscopy tools have been indispensable in nanoscience and nanotechnology re-

search [146], as rich information about the chemical compositions, crystallography,

physical and chemical properties, as well as the synthesis process can be extracted

from the morphology analysis. The tremendous advance of microscopy and spec-

troscopy technologies in recent years has enabled us to visualize the morphologies

with much improved resolutions and new domains of physical properties [147, 148,

149, 150]. However, current predominant methods for interpreting the imaging or

spectroscopy data heavily rely on the “intuition” of experienced researchers. As a

result, only qualitative analysis can be made on the most prominent and independent

features, which is only a small portion of the information contained in morpholog-

ical data. The difficulty comes from the high-dimensionality and intricacy of the

morphological data and the highly non-linear and codependent relations between

the morphologies and the physical properties of interest. Therefore, a systematical

or statistical approach to analyzing the morphological data is of vital importance

to accelerate scientific discoveries in the nanomaterial research. Machine learning,
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especially recently developed neural network (NN) based semantic image analysis

algorithms, can potentially address this challenge very well. With the rapid devel-

opment of deep learning, current semantic segmentation methods based on convolu-

tional neural networks (CNNs) can analyze more complicated scenes than traditional

methods, for applications such as autonomous vehicles and medical image diagnostics

[151, 152, 153, 154]. These methods also fit the needs for processing microscopy or

spectroscopy data.

As a case study, here we demonstrate a deep learning method to process and

“understand” the microscopic images of exfoliated two-dimensional (2D) materials.

An encoder-decoder semantic segmentation network called “SegNet” [154] is modified

and applied for pixel-wise identification of optical microscopic images of 2D materials,

and we demonstrate that this architecture can solve the problem quickly by extract-

ing deep graphical features from optical microscopic images. Once properly trained,

the same network can be used for the real-time identification of images taken with

different microscopes, under different configurations or user preferences. In addition,

a detailed analysis on the feature maps of all the layers of the network reveals that

the trained network is able to capture deep graphical features, based on which we

propose that the network can be used for advanced applications such as prediction of

material properties. Finally, we demonstrate that the deep learning algorithm can be

generalized for solving different optical identification problems by applying a trans-

fer learning technique to the pretrained network with minimal effort of additional

training.

3.1 Limitation of Conventional Optical Identification

Methods

Up to now, hundreds of 2D materials have been isolated and studied, offering a wide

range of optical and electronics properties, including metals, semiconductors, insula-

tors, magnets, and superconductors. As briefly introduced in subsection 1.2.2 The
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most widely used approach to obtain high-quality 2D crystals in laboratories is me-

chanical exfoliation, followed by 2D crystal “hunting” under an optical microscope

(OM) (Figure 3-1). This task is time-consuming and difficult especially for inexperi-

enced researchers. Very recently, there has been growing interest in automating such

a process [155]. An automatic optical identification and/or characterization system

requires an algorithm that performs reliably for different materials and with different

user requirements, is easily adaptable to different optical setups, and is fast enough

for real-time processing. However, existing optical identification methods are com-

pletely based on optical contrast of the 2D crystals [156, 157, 158, 159, 160, 161].

Optical constrast method is based on the optical interference effect of the air/2D

material/SiO2/Si multilayer structures. The film thickness or the layer number is

obtained by finding the color different between the 2D flake and the blank substrate,

and comparing this difference to a standard database, or fit it to a mathematical

model. This method is often specific to types of 2D crystals, conditions and configu-

rations of the microscopes being used, image qualities, etc. In reality, however, there

are randomness introduced by different microscope setups, user preferences, and sub-

strates. As a result, the optical microscopic images obtained have tremendous amount

of variations especially in the color space (Figure 3-2).

Scotch Tape

Wafer

Mechanical Exfoliation 2D Crystal “Hunting”

Optical Microscope

Figure 3-1: The flake “hunting” procedure. From left to right are: a photograph of
a graphite crystal; a schematic of the mechanical exfoliation process; flake “hunting”
under an optical microscope; the resulting graphene flakes on a SiO2/Si substrate.

In addition, optical contrast based methods would fail completely for harder prob-

lems in which the classes to be differentiated are not separable in the color space, such

as identifying the materials in unlabeled optical images. Figure 3-3 shows typical OM
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Figure 3-2: Examples of optical microscopic images of exfoliated graphene.

images and their distributions in RGB color space of four 2D materials. It is observed

that the color distributions for these four materials overlap with one another to the ex-

tend that any algorithm merely based on this color information would fail completely

to differentiate them.

Graphene 2H-MoS2

2H-MoTe2 Black Phosphorus

R G B

(a) (b)

(c)

Figure 3-3: Optical contrast analysis of 4 different 2D materials, including graphene,
MoS2, 2H-MoTe2, and black phosphorus. (a) typical OM images. (b) RGB distribu-
tion of the images in (a). (c) Distribution of the R, G, and B values.
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3.2 Deep Learning Based Optical Identification Method

OM images contain rich, often unused information other than optical contrast. These

deep graphical features can be extracted through deep learning, especially seman-

tic segmentation methods based on convolutional neural networks (CNNs) [151, 152,

153, 154]. In the following, we demonstrate an encoder-decoder semantic segmenta-

tion network called "SegNet" [154] for pixel-wise identification of OM images of 2D

materials. Our results indicate that this architecture can identify, in real time, various

2D materials in OM images regardless of variations in optical setups. Additionally,

we find that the algorithm finds correlations between the OM images and physical

properties of the 2D materials and can thereby be used to anticipate the properties

of new, as-yet uncharacterized 2D crystals.

3.2.1 Constructing, Training and Testing of the Deep Learning

Algorithm

Network Structure

Figure 3-4 illustrates the flow chart of our deep learning based optical identification

method. Figure 3-4 (a) and (c) show 13 different 2D materials used for training, their

crystal structures, photos of their bulk (three dimensional) source crystals 24 and

representative OM images of exfoliated 2D crystallites (or “flakes”) on top of 285 nm

or 90 nm SiO2/Si substrates. The SegNet shown in Figure 3-4 (d) consists of a series

of downsampling layers (encoder) and a corresponding set of up sampling layers (de-

coder) followed by a pixel-wise classifier. As an end-to-end network, the SegNet can

predict labels of 2D materials at the pixel level, and the size of the output label map

is exactly the same as the input optical microscope image. This can help us directly

identify the material identities and the thicknesses of individual 2D material flakes.

We select a well-known network structure VGG16 [162] as the basis of the encoder

network in the SegNet. Table 3.1 summarizes the VGG16 network structure. The

encoder contains a stack of convolutional layers which have 3 by 3 receptive field and
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pixel stride 1, followed by a batch normalization and a nonlinear activation (ReLU)

layer. Then a max-pooling layer with a 2 by 2 window and stride 2 is applied for

the image downsampling. The decoder net and the encoder net are symmetric. The

only difference between them is that in decoder we use an upsampling layer to replace

max-pooling layer. The indices in upsampling layers are grabbed directly from the

indices of the corresponding max-pooling layers. In this way, the locations of the

poolings are memorized and recovered in the upsampling layers, which improves the

spatial accuracy of the network. Finally, a soft-max classifier is added at the end

of the network for pixel-wise classifications. The output label maps have the same

dimension as the input OM images.

Table 3.1: Detailed information of the SegNet based on the VGG16 network.

Encoder Decoder

Input Output

224×224 RGB image Softmax

Depth=1

Conv 3×3×64 Conv 3×3×64

Conv 3×3×64 Conv 3×3×64

Maxpooling 2×2 Upsampling 2×2

Depth=2

Conv 3×3×128 Conv 3×3×128

Conv 3×3×128 Conv 3×3×128

Maxpooling 2×2 Upsampling 2×2

Depth=3

Conv 3×3×256 Conv 3×3×256

Conv 3×3×256 Conv 3×3×256

Maxpooling 2×2 Upsampling 2×2

Depth=4

Conv 3×3×512 Conv 3×3×512

Conv 3×3×512 Conv 3×3×512

Maxpooling 2×2 Upsampling 2×2

Depth=5

Conv 3×3×512 Conv 3×3×512

Conv 3×3×512 Conv 3×3×512

Maxpooling 2×2 Upsampling 2×2
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Figure 3-4: The flow chart of the proposed deep learning based optical identification
method. We select 13 typical 2D materials (crystal structure and photographs 24 of
the bulk crystals are shown in panel (a)). After mechanical exfoliation, the 2D flakes
are randomly distributed on SiO2/Si substrates. We then use optical microscopes
to take the images (b). Panel (c) shows representative optical microscopic (OM)
images of the 13 materials. When inputting these images to the trained SegNet (as
shown in (d)), the label maps (e) will be predicted that segment individual 2D flakes
and provide the labels (materials identities and thicknesses) of them. The SegNet is
composed of a series of convolutional layers, batch normalization layers, ReLu layers
(in blue), pooling (downsampling) layers (in green), upsampling layers (in orange),
as well as a soft-max layer (in yellow) as the output layer. Scale bars in (c), 20 𝜇m.

Data Generation

To make the training data representative of the typical variability of OM images, the

training and test data were sampled from a collection of OM images generated by

at least 30 users from 8 research groups with 6 different optical microscopes over a

span of 10 years. These optical images have considerable variations in brightness,

contrast, white balance, and non-uniformity of the light field (Figure 3-2) because of

the variations between different setups and user preferences. Note that the previously
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reported optical-contrast-based optical identification methods require the images to

be taken in the same optical setup and with very similar hardware and software

configurations [156, 157, 158, 159, 160, 161].

The data generation procedure is illustrated in Figure 3-5. There are 3 steps to

generate the pixel-wise labeled dataset for the training of the SegNet: labeling, color

normalization, and data augmentation.

Figure 3-5: Schematic of the data generation procedure.

To generate pixel-wise labeled OM images for the training and testing, we used

a semi-automatic graph-cut method implemented by MATLAB. Graph-cut is a tra-

ditional semantic segmentation method based on graph theory [163]. Although the

initial segmentation performance of this method is poor, we can promote the per-

formance by adding human assistance. By drawing loosely the foreground regions

and the background regions, the algorithm can find the boundary of the segment of

interest with good accuracy. Figure 3-6 demonstrate the labeling procedure under

human-assisted graph-cut method.

We select thirteen 2D materials as experiment samples. They are graphene/graphite,

hexagonal boron nitride (hBN), 2H-MoS2, 2H-WS2, 2H-WSe2, 2H-MoTe2, 2H-TaS2,

2H-NbSe2, 1T-HfSe2, black phosphorous (bP), CrI3, RuCl3 and ZrTe5. 100 images

for each of Graphene/Graphite, 2H-MoS2, 2H-WS2 and 2H-TaS2 were labeled with

three classes (“monolayer”, “fewlayer (2-6L)” and “multilayer (>6L)”) to demonstrate
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Figure 3-6: Schematic of the semi-automatic labeling procedure.

the thickness identification capabilities, and 50 images for each of the other 9 ma-

terials were labeled with only single classes. The total number of classes (including

background) is 22, and the total number of labeled OM images is 850.

To partially reduce the color-related variations of the OM images because of dif-

ferent setups and user preferences, a color normalization was performed on all the

images. We first converted the RGB images into the Lab color space, and the follow-

ing transformation was applied to all the pixels: 𝐿 ← 30𝐿/𝐿ref , 𝑎 ← 𝑎 − 𝑎ref , and

𝑏← 𝑏− 𝑏ref , where 𝐿ref , 𝑎ref and 𝑏ref are the Lab values of the background obtained

by finding the median 𝐿, 𝑎 and 𝑏 of each image. The resulting Lab images were then

converted back to RGB images.

After labeling and color normalization, we selected 90% of the labeled images as

the training dataset, and 10% as the test dataset. The original images were first

resized and chopped into 224 by 224 pixel images, then a data augmentation strategy

is applied to provide more training examples to the network and thus to improve the

accuracy of the network. Each chopped image was flipped (horizontal and vertical)

and rotated (by 0∘, 90∘, 180∘ and 270∘) to generate 6 augmented images. Finally, we

obtained 22, 950 images in the training dataset and 2, 550 images in the test dataset.
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Training and Testing

The training and testing of the SegNet were implemented in MATLAB R2018b with

the help of the Deep Learning Toolbox, the Parallel Computing Toolbox, the Com-

puter Vision Toolbox and the Image Processing Toolbox. The training and testing

were performed using a desktop computer equipped with a CPU (Intel(R) Core (TM)

i7-8700K @ 3.70GHz, 32.0GB RAM) and a GPU (NVIDIA GeForce GTX 1080 Ti,

11 GB GDDR5X). The stochastic gradient descent with momentum (SGDM) method

[164] was used to find the weights in the convolutional filters of the SegNet during

the training process. To compensate for the imbalanced numbers of pixels for dif-

ferent classes (for example, the “background” labels take more than 85% of areas in

most images), class weightings based on inverse frequencies were used in the soft-max

classifier.

3.2.2 Performance Analysis

We first show that the trained SegNet can be used to segment the OM images among

13 different exfoliated 2D materials and find the material identity and thickness of

each flake with good accuracy. Examples of the OM images and the corresponding

label maps predicted by the trained SegNet can be found in Figure 3-4 (c) and (e).

Figure 3-7 shows additional results of the test OM images, the ground-truth label

maps (labeled semi-automatically by humans), as well as the predicted label maps.

The trained SegNet is able to outline individual flakes from the background and dis-

tinguish both the material identities and thicknesses of the thirteen 2D materials with

high success rate. As shown in Table 3.2, the pixel-by-pixel global accuracy reaches

96.11%; the mean class accuracy is 77.98%; and the mean intersection over union

(IoU, defined as the intersection of the ground truth and the predicted region of a

specific label over the union of them) is 53.47% for the training dataset.

100



Table 3.2: Overall classification performance of the SegNet.

Global

Accuracy

Mean

Accuracy

Mean IoU Training

Time

Frame Per Second (FPS)

in Test

(by Pixel) (by Class) (by Pixel) Use CPU Use GPU

0.9611 0.7798 0.5347 8 hr 40 min 2.6 20.2

Note: The experiment environment is: CPU: Intel(R) Core(TM) i7-8700K CPU @

3.70GHz, 32.0GB RAM; GPU: NVIDIA GeForce GTX 1080 Ti, 11 GB GDDR5X.

The class prediction accuracies can also be shown through the confusion matrix.

The confusion matrices were obtained by using the OM images in the test dataset as

the input of the trained SegNet and comparing the corresponding output label maps

with the ground truth label maps. Figure 3-8 presents the pixel-level (Figure 3-8

(a-e)) and the flake-level (Figure 3-8 (f-j)) confusion matrices of the test dataset. The

diagonal elements are the success rate of each class, and the off-diagonal elements

are the rate of misclassified pixels or flakes in the test OM images. For example, the

element on 𝑖-th row and 𝑗-th column corresponds to the fraction of the 𝑖-th class that

are labeled as the 𝑗-th class by the SegNet. We also present two types of confusion

matrices: the pixel-level confusion matrices (Figure 3-8 (a)-(e)) and the flake-level

confusion matrices (Figure 3-8 (f)-(j)). For the pixel-level confusion matrices, the

matrix elements are the ratio counted pixel by pixel, whereas the flake-level confusion

matrices take the majority label of all the pixels in each segmentation, or "flake", as

the label of the flake and calculated the fraction based on the flake labels. Note that

the flake labels ignored any segmentations with fewer than 100 pixels, because they

are either fractures on the edges of the actual 2D crystal flakes, or some non-uniform

regions on the background. The classification accuracies of material identities (Figure

3-8 (a) and (f)) are well above 70% and the classification accuracies of thicknesses

(Figure 3-8 (b-e) and (g-j)) are mostly above 60%.

Note that the calculated performance metrics of the SegNet are likely an underes-

timate: after the SegNet’s analysis, we discovered a number of OM images in which
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Figure 3-7: Additional results predicted by the SegNet.

the ground-truth was initially mislabeled, but predicted correctly by the SegNet (Fig-

ure 3-9). This scenario is considered as a classification mistake in the above metrics.

On the other hand, it is observed that many of the mistakes made by network are due
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Figure 3-8: Confusion matrices calculated from the test results. (a)-(e) are pixel-level
confusion matrices, and (f)-(j) are flake-level confusion matrices. (a) and (f) are for
material identities. (b)-(e) and (g)-(j) are for thicknesses. In each confusion matrix,
the diagonal terms are the success rate of the predicted classes, and the non-diagonal
terms are the rate of misclassified pixels.

to the similarities between different materials. For example, misclassification rates

among 2H-MoS2, 2H-WS2, 2H-WSe2 and 2H-MoTe2 are as high as 8%, which is likely

a consequence of their similar crystal structures and optical properties. Another type

of common mistake is that metal markers, tape adhesive residue and text labels in

the OM images were misidentified as a 2D material (Figure 3-9). These non-2D ma-

terial features were labeled as “background” together with the blank substrate in the

ground-truth, but they have high color contrast and other structures relative to the

substrate, thereby confusing the network. In a future version of the network, this may

be solved by introducing specific labels for these non-2D material features. Another

common mistake is inaccuracy in the profiles of the flakes. This usually happens

when the profiles are very complex, or if the flakes are highly fragmentary (Figure
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3-9). These mistakes are mainly due to the downsampling of the encoder layers in

the SegNet, which inevitably drops the high frequency spatial features of the images.

Figure 3-9: Examples of misclassified images.

We also investigated the network with various numbers of depth (number of pool-

ing layers, as indicated in Figure 3-4 (d)) and tested their performance on the same

data set. In this experiment, we fix the number of convolutional kernels in each

convolutional layer and the number convolutional layers in each depth to be 64 and

2, respectively, rather than varying them gradually as the layer becomes deeper, as

in the case of the VGG16 structure. Table 3.3 shows the metrics for the networks

with various depth. As we can see, Depth=5 network results in the best global ac-

curacy, mean accuracy and mean IoU among all depth of networks. In Figure 3-10,

we present the training loss and the training accuracy under different depths of net-

works during the training process. The networks with their depths from 1 to 6 can all

reach 80% accuracy quickly within the first several epochs. This corresponds to the

successful differentiation between the background and the foreground (2D material

flakes). After that, the Depth=4 and Depth=5 network continue to reduce the loss

and improve the training accuracy, while other networks only show limited training

progress.Figure 3-11 and Figure 3-12 are examples of the label maps predicted by
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networks with different depths. We can clearly see that the Depth=5 network results

in the best prediction accuracy, while the other networks could outline the flakes from

the background, but fail to differentiate different classes (thicknesses and types of 2D

materials).

Table 3.3: Classification performance of SegNet under different depth (each depth
has 2 conv layer, the dimension of convolutional kernel is 64).

Global

Accuracy

Mean

Accuracy

Mean

IoU

Training

Time

Frame Per Second

(FPS) in Test

(by Pixel) (by Class) (by Pixel) Use CPU Use GPU

Depth=1 0.8925 0.4291 0.2067 260 min 6.3 32.0

Depth=2 0.9016 0.4751 0.2322 307 min 5.1 32.0

Depth=3 0.9164 0.5558 0.2757 322 min 4.8 31.0

Depth=4 0.9232 0.6225 0.3363 329 min 4.8 30.0

Depth=5 0.9414 0.7063 0.4219 336 min 4.6 29.8

Depth=6 0.9145 0.5875 0.3152 346 min 4.7 29.6

Note: The experiment environment is: CPU: Intel(R) Core(TM) i7-8700K CPU @

3.70GHz, 32.0GB RAM; GPU: NVIDIA GeForce GTX 1080 Ti, 11 GB GDDR5X.

Figure 3-10: (a) Training loss and (b) training accuracy as a function of the training
epoch for SegNets with different depths.

We believe that the proposed deep learning algorithm is well suited to real-time
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Figure 3-11: Example training results for networks with different depths.

processing according to the metrics given in Table 3.2. With our computing envi-

ronment, the training process for the VGG16 SegNet requires 9 hours with a GPU,

whereas the testing speed can be as high as 3 frames per second (fps) using a CPU,

and 20 fps using a GPU for the 224-by-224-pixel test images. This means the Seg-

Net, once properly trained, can be easily adapted to standard desktop computers and

integrated with optical microscopes with automatic scanning stages for fast or even

real-time identification.
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Figure 3-12: Example training results for networks with different depths (continued).

3.3 Deep Graphical Feature Extraction and Material

Property Prediction

3.3.1 Understanding the Deep Learning Algorithm

To understand how the SegNet extracts features from 2D material OM images, we

analyzed the output feature maps of all the layers in the trained network for the OM

images in the test dataset as the inputs. As a demonstration, we used a typical image

of graphite/graphene (shown in Figure 3-13 (a)) as the input. The corresponding

convolutional feature maps of all the layers in the encoder, decoder, and output sec-

tions of the SegNet are summarized in Figure 3-13 (b)-(d). Taking the convolutional

feature maps in the encoder as an example (Figure 3-13 (b)), we can clearly see that

Depth=1 feature maps are highly correlated to color and contrast information. In
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this shallow layer, the background and monolayer region of graphene are not easily

separable because of the weak contrast between the two classes, whereas multilayer

graphene region is already quite distinguishable. In Depth=2 feature maps, more

boundary characteristics are detected, and the edges of graphene monolayer regions

start to stand out in some of the feature maps. With the increase of the depth, the

size of each feature map becomes smaller because of the pooling layers in the network,

and the receptive field of each convolutional kernel (the area in the input image each

neuron in the current layer can respond to) becomes relatively larger, which leads

to a higher level abstraction of the global graphical features. For instance, Figure

3-13 (e) displays the most prominent feature map (channel #153) of the Depth=5

encoder layer with the largest activation value. It is observed that this feature map

is highly correlated to the monolayer graphene region. By feeding the network with

more test images as summarized in Figure 3-22, we further confirmed that channel

#153 is sensitive to pink/ light purple flakes with smooth edges and regular shapes.

After further analysis on the 512 channels of the Depth=5 encoder layer with

more test images randomly chosen from our database, we concluded that the trained

SegNet is able to capture deep and subtle graphical features that were overlooked by

previously reported optical contrast based approaches [156, 157, 158, 159, 160, 161].

Many of the deep graphical features reflect in part the physical properties of the 2D

materials. To illustrate this, we select 14 easily interpreted channels and discuss their

associated graphical features and the related physical properties as summarized in

Figure 3-14, Table 3.4, as well as Figure 3-15 to Figure 3-28. We divide the graphical

features captured by these channels into four broad categories: (1) contrast or color,

(2) edge or gradient, (3) shape, and (4) flake “size”. Figure 3-14 shows the heat maps

of several channels that belong to each category. In particular, channels #153, #389

and #457 under the “contrast/color” category (Figure 3-14 (b)) are sensitive to flakes

with purple/pink, yellow/green/gray and dark purple/dark blue colors, respectively;

channels #13 and #465 under the “edge” category (Figure 3-14 (c)) reveal bottom and

right edges, respectively; channels #153, #206 and #490 under the “shape” category

(Figure 3-14 (e)) are indicators of shapes with edges at 60/120 degree angles, acute
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Figure 3-13: Feature maps in the trained SegNet. (a) the input OM image. (b)
Depth=1 to 5 encoder layers. (c) Depth = 5 to 2 decoder layers. (d) The last
decoder layers (conv. and ReLU layer). (e) Channel # 153 feature map of the
Depth=5 encoder layer.

angles shapes and slender shapes; and channels #76 and #138 under the “flake size”

category (Figure 3-14 (f)) capture small or fragmentary flakes. Table 3.4 and Figure

3-15 to Figure 3-28 provide more details about the typical images, their correspond-

ing heat maps as well as the extracted graphical features of the 14 channels. Note

that some channels can only respond to images that meet a combinational criterion

under multiple categories, whereas some channels can be sensitive to several different

scenarios. For example, channel #13 only shows high intensities in the heat map

around the bottom edges of purple or pink flakes (Figure 3-16), and channel #470

can be used to identify both non-uniform, thick flakes and uniform, thin, pale-purple

flakes (Figure 3-27).
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Table 3.4: A summary of selected channels and their interpretations in the Depth=5
encoder layer of the trained SegNet.

Ch.# Case Contrast/Color Edge Shape Flake Size

#8 – Purple/pink/dark

blue

#13 – Purple/pink Bottom edges

#69

Case 1 Fragmentary

Case 2 Acute angle

Case 3 Non-uniform

#76
Case 1 Fragmentary

Case 2 Slender

#103
Case 1 Purple/pink Small

Case 2 Slender

#129
Case 1 Purple/pink All edges

Case 2 Purple/pink Slender

#138 – Small/ Fragmentary

#153 – Purple/pink Straight/

smooth edges

60∘/120∘ an-

gles

#206 – Purple/blue Acute Angle

#389 – Yellow/green/

gray

#457 – Dark purple/

dark blue

#465 – Right edges

#470
Case 1 Non-uniform

Case 2 Pale purple

#490 – Slender
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Figure 3-14: Deep graphical features captured by the SegNet. (a) schematics of
the physical properties such as the band structure and the thickness that determine
the optical responses of the 2D flakes. (b) Contrast/color and (c) edge and typical
feature maps in the Depth=5 layer of the SegNet that are associated with the optical
responses. (d) schematics of the physical properties such as the crystal symmetry,
the mechanical anisotropy and the exfoliation energy that determine the mechanical
responses of the 2D flakes. (e) flake shape and (f) flake size and typical feature maps
in the Depth=5 layer of the SegNet that are correlated to the mechanical properties
of the materials. The high-activation regions in the feature maps are also indicated
by red dashed curves in the corresponding OM images. Scale bars: 20 𝜇m.
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High Response Samples

Inconsistent SamplesLow Response Samples

Figure 3-15: Represented optical images and their corresponding feature maps of
Channel #8 of the Depth=5 encoder layer.

#13

High Response Samples

Inconsistent SamplesLow Response Samples

Figure 3-16: Represented optical images and their corresponding feature maps of
Channel #13 of the Depth=5 encoder layer.
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#69

High Response Samples

Low Response Samples

Figure 3-17: Represented optical images and their corresponding feature maps of
Channel #69 of the Depth=5 encoder layer.

#76

High Response Samples

Inconsistent SamplesLow Response Samples

Figure 3-18: Represented optical images and their corresponding feature maps of
Channel #76 of the Depth=5 encoder layer.

113



High Response Samples

Inconsistent SamplesLow Response Samples

Figure 3-19: Represented optical images and their corresponding feature maps of
Channel #103 of the Depth=5 encoder layer.

High Response Samples

Low Response Samples

Figure 3-20: Represented optical images and their corresponding feature maps of
Channel #129 of the Depth=5 encoder layer.
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High Response Samples

Low Response Samples

Figure 3-21: Represented optical images and their corresponding feature maps of
Channel #138 of the Depth=5 encoder layer.

High Response Samples

Low Response Samples Inconsistent Samples

Figure 3-22: Represented optical images and their corresponding feature maps of
Channel #153 of the Depth=5 encoder layer.
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High Response Samples

Low Response Samples

Figure 3-23: Represented optical images and their corresponding feature maps of
Channel #206 of the Depth=5 encoder layer.

High Response Samples

Low Response Samples

Figure 3-24: Represented optical images and their corresponding feature maps of
Channel #389 of the Depth=5 encoder layer.
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High Response Samples

Low Response Samples

Figure 3-25: Represented optical images and their corresponding feature maps of
Channel #457 of the Depth=5 encoder layer.

High Response Samples

Low Response Samples Inconsistent Samples

Figure 3-26: Represented optical images and their corresponding feature maps of
Channel #465 of the Depth=5 encoder layer.
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High Response Samples

Low Response Samples

Figure 3-27: Represented optical images and their corresponding feature maps of
Channel #470 of the Depth=5 encoder layer.

High Response Samples

Low Response Samples Inconsistent Samples

Figure 3-28: Represented optical images and their corresponding feature maps of
Channel #490 of the Depth=5 encoder layer.

3.3.2 Prediction of Material Properties

The above feature map analysis has provided a better understanding about how deep

graphical features can be extracted by the SegNet for more accurate and generic op-

tical identification of exfoliated 2D materials. However, the algorithm is not limited

to this particular task, and we found that it can be used for more advanced optical

characterization tasks such as the prediction of material properties. The graphical

features captured by the network are correlated to the optical and mechanical proper-
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ties of the material. As shown schematically in Figure 3-14 (a), the contrast/color and

the edge features are determined by the optical response of the material, which reflect

the electronic band structures and the thicknesses of the flakes. In addition, because

the samples were made through mechanical exfoliation, the typical distribution of

shapes and sizes of the flakes depends heavily on the mechanical properties of the

materials, such as the crystal symmetry, mechanical anisotropy and the exfoliation

energy (Figure 3-14 (d)). We can thus use the trained network with the knowledge

of the 13 materials to predict properties of unstudied materials.

To demonstrate the SegNet’s capability of predicting physical properties of un-

known 2D materials, we also fed the trained SegNet with additional OM images of

new 2D materials that were not used in the training dataset, and calculated the

“extended” confusion matrix as shown in Figure 3-29. The new materials include 2H-

MoSe2, 1T’-MoTe2, Td-WTe2, ReS2, SnS2, SnSe2, GeSe, SnSe, GaS, CrCl3, CrBr3,

MnPS3, FePS3, TiS3, ZrS3, Bi4I4 and Ta2Se8I. The row vectors in the extended con-

fusion matrix can be used to characterize how similar the physical properties of one

material are to the 13 known materials. As we can see, different vector components

in the similarity vectors (or columns of the extended confusion matrix) have distinct

values for each of the untrained materials, from which we can immediately summa-

rize some qualitative patterns. For example, GaS, CrI3, CrBr3 and MnPS3 in the

untrained material group shows high similarity to hBN in the trained material group,

which matches the fact that these materials are wide-bandgap semiconductors or in-

sulators with the band gaps higher than 2.5 eV and are mostly transparent in the

infrared, red and green spectral ranges. As another example, 1T’-MoTe2 and Td-

WTe2 in the untrained material group are predicted to be similar to 1T-HfSe2 in the

trained material group, which is in accordance with the similar crystal structure of

these materials.

For a more quantitative analysis, we can construct physical property predictors

based on the extended confusion matrix. One simple way is to project the “similarity”

vectors in a set of base vectors that are correlated to the physical property of interest.

We can define each base vector as the average of the vectors of the known materials
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Figure 3-29: Extended confusion matrix.
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that have the same value or range of the physical property of interest, expressed as

v𝑘 =
1

‖M𝑘‖
∑︁
𝑥∈M𝑘

v𝑥 (3.1)

where v𝑘 is the base vector of the 𝑘-th class in the material property predictor; v𝑥

is the base vector of the material 𝑥 in the training set; M𝑘 is the subset of materials

in the training set that have matched criteria of the physical properties in the 𝑘-th

class in the predictor; and ‖M𝑘‖ is the number of materials in the M𝑘 subset.

We selected two different predictors that are associated with the band gaps and

the crystal structures of the material. For the band gap predictor, the base vector sub-

sets are M1={Graphene/Graphite, 2H-TaS2, 2H-NbSe2, ZrTe5, bP, 2H-MoTe2, 1T-

HfSe2, RuCl3, CrI3}, M2={2H-MoS2, 2H-WSe2, 2H-WS2}, M3={hBN}; for the crys-

tal structure predictor, the base vector subsets are M1={Graphene/Graphite, hBN,

2H-MoS2, 2H-WSe2, 2H-WS2, 2H-MoTe2, 2H-TaS2, 2H-NbSe2}, M2={1T-HfSe2},

M3={bP}, M4={ RuCl3, CrI3}, M5={ZrTe5}. A summary of physical properties of

the 2D materials being used in this study can be found in Table 3.5 and Table 3.6.
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Table 3.5: A summary of the physical properties of the 2D materials (bulk) used in
the training set of this study.

Material Crystal Point Space Bandgap Exfoliation

System Group Group (Optical) Energy

graphite Hexagonal D6h P6/mmm 0 eV 70.36 meV

hBN Hexagonal D6h P63/mmm ∼6 eV 71.34 meV

2H-MoS2 Hexagonal D6h P63/mmm 1.8 eV 76.99 meV

2H-WS2 Hexagonal D6h P63/mmm 2.1 eV 76.27 meV

2H-WSe2 Hexagonal D6h P63/mmm 1.7 eV 79.63 meV

2H-MoTe2 Hexagonal D6h P63/mmm 1.1 eV 90.98 meV

2H-TaS2 Hexagonal D6h P63/mmm 0 eV 87.15 meV

2H-NbSe2 Hexagonal D6h P63/mmm 0 eV 98.28 meV

1T-HfSe2 Trigonal D3d P3̄m1 1.1 eV 92.05 meV

bP Orthorhombic D2h Cmce 0.35 eV 111.62 meV

CrI3 Monoclinic C2h C2/m 1.2 eV –

RuCl3 Monoclinic C2h C2/m 0.3 eV –

ZrTe5 Orthorhombic D2h Cmcm 0 eV 90.00 meV

Note: The values for the optical bandgap the direct bandgap, or the lowest peak energy in

the optical absorption spectra. Data source: Refs

[165, 166, 167, 168, 169, 170, 171, 172, 173, 174, 175, 176, 177, 178, 179, 180, 181].
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Table 3.6: A summary of the physical properties of the 2D materials (bulk) used in
the prediction set of this study.

Material Crystal Point Space Bandgap Exfoliation

System Group Group (Optical) Energy

2H-MoSe2 Hexagonal D6h P63/mmm 1.5 eV 80.24 meV

1T’-MoTe2 Monoclinic C2h P21/m 0 eV 86.87 meV

Td-WTe2 Orthorhombic C2v Pmn21 0 eV –

GeSe Orthorhombic D2h Pnma 2.1 eV –

SnSe Orthorhombic D2h Pnma 1.3 eV 152.65 meV

CrBr3 Monoclinic C2h C2/m 3.2 eV –

CrCl3 Monoclinic C2h C2/m 3.1 eV 69.52 meV

Bi4I4 Monoclinic C2h C2/m 0.04 eV 77.69 meV

Ta2Se8I Tetragonal D4 I422 0 eV –

GaS Hexagonal D6h P63/mmc 2.5 eV 56.22 meV

ReS2 Triclinic Ci P1̄ 1.4 eV 71.00 meV

SnS2 Trigonal D3d P3̄m1 2.4 eV 83.28 meV

SnSe2 Trigonal D3d P3̄m1 1.6 eV 93.47 meV

MnPS3 Monoclinic C2h C2/m 2.8 meV –

FePS3 Monoclinic C2h C2/m 1.5 meV –

TiS3 Monoclinic C2h P21/m 1.1 eV 54.49 meV

ZrS3 Monoclinic C2h P21/m 2.5 eV 55.49 meV

Note: The values for the optical bandgap the direct bandgap, or the lowest peak energy in

the optical absorption spectra. Data source: Refs

[165, 166, 167, 168, 169, 170, 171, 172, 173, 174, 175, 176, 177, 178, 179, 180, 181].

The projected values of each material based on these two predictors are plotted

into a histogram and summarized in Figure 3-30 and Figure 3-31, respectively. Clear

correlations between the projected values and the true physical parameters (band gap

in Figure 3-30, and crystal structure in Figure 3-31) are found. We can thus use the

projected values as an indication of the probability of the physical property of interest
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of an unknown material belonging to each classes (represented by each base vector of

the corresponding predictor). Note that there are also misclassified instances, which

we believe can be improved by expanding the training data set in terms of both the

number of images and the number of materials. This method can potentially be

used for systematic studies of other factors such as the effect of different mechanical

exfoliation techniques, bulk crystal qualities, and so on.

3.4 Transfer Learning

Finally, we demonstrate that the trained SegNet can be adapted for different ap-

plications through transfer learning. The basic idea is to use the trained SegNet

as the initialization for the new training problem rather than a random initializa-

tion. With this approach, we are able to train the SegNet for new optical identifi-

cation/characterization problems with minimal extra computation time and data for

the training. Here we use OM images of graphene synthesized by chemical vapor

deposition (CVD) as a demonstration. We only labeled 5 OM images of CVD grown

graphene, and generate 600 images (224 by 224 pixels) by data augmentation. We di-

vided the graphene region into five classes based on its layer number (from monolayer

to 5-layers). We varied the size of the training dataset from 30 to 360, and sampled

randomly from the 600 images. For the transfer learning, the initial weights in the

network before the training are taken from the pretrained SegNet (trained with the

13 exfoliated 2D materials) as compared to the conventional random initialization

strategy. Figure 3-32 (a) shows the test images, the ground truth label maps as well

as the corresponding prediction results after the training with the transfer learning

approach. As we can see, the prediction results match the ground truths very well. To

compare the pre-training transfer learning approach with the conventional approach

with random initialization, we plot the global test accuracy of networks trained with

both approaches as a function of the number of OM images in the training data set

as shown in Figure 3-32 (b). Representative test images and their predictions can be

found in Figure 3-33. With the pre-training approach, we were able to achieve 65%
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Figure 3-30: Prediction of optical bandgaps based on the similarity vectors produced
by the SegNet. The histograms are the projected values of the materials in the
training set (top half) and in the prediction set (bottom half, unused when training
the SegNet) that predict the bandgap of the materials.

global accuracy with only 30 training images, whereas at least 60 images are required

for the conventional random initialization approach to reach comparable accuracy.
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Figure 3-31: Prediction of crystal structures based on the similarity vectors produced
by the SegNet. The histograms are the projected values of the materials in the
training set (top half) and in the prediction set (bottom half, unused when training
the SegNet) that predict the crystal structures of the materials.

3.5 Summary

In summary, we developed for the first time a deep learning algorithm for the optical

characterization of 2D materials and the extraction of deep graphical features from

optical microscopic images that can be used for anticipating material properties. We

set up a encoder-decoder semantic segmentation neural network (“SegNet”) for iden-

tification and characterization of exfoliated 2D materials from optical microscopic

images. After training, the neural network can achieve rapid characterization of ma-

terial identities, their thicknesses and physical properties with >95% global accuracy,
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Figure 3-32: Transfer learning for CVD graphene. (a) Typical training results with
360 images in the training dataset. The left column are OM images, the middle
column are the ground truth label maps, and the right column are the label maps
predicted by the re-trained SegNet. Scale bars: 20 𝜇m. (b) Global test accuracy as a
function of the number of images in the training dataset for the pre-training method
(red) and the random initialization method (blue).

with a frame rate of 20 fps. A fully automated system utilizing this algorithm can be

used to free up tremendous amount of time for researchers. We would like to empha-

size that the capability of predicting structural, optical, and mechanical properties

of nanomaterials from optical microscopic images in our approach was not possible

previously. A systematic analysis was made to understand how the network captures

deep graphical features such as color, contrast, edges, shapes and flakes sizes from

the optical images. We also demonstrate that the trained network can be adapted

for different optical characterization applications with minimal additional training

through a transfer learning technique. The proposed methodology can potentially be

extended for identification and understanding other morphological or spectroscopic

data of diverse nanomaterials.
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Figure 3-33: Additional transfer learning results for CVD graphene. The number of
training images are varied from 30 to 360 for both the pretraining method (pre) and
the random initialization (ran).
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Chapter 4

Graphene Thermopile

4.1 Principle of Operation

In the visible to near infrared range, the photoresponse of a graphene p-n junction

has been proven to be dominated by the hot-electron photothermoelectric (PTE)

effect (see chapter 5). In the mid-infrared range, however, the absorption edge is

limited to around 5 𝜇m by Pauli blocking for regularly doped graphene (Figure 1-11).

Early work has studied the mid-infrared photoresponse of an electrostatically doped

graphene p-n junction on a supported dielectric substrate [182, 183]. They concluded

that the photoresponse of the graphene p-n junction is dominated by the heating of

the substrate and the resulting thermoelectric effect in graphene. The thermoelectric

voltage can be expressed as

𝑉𝑇𝐸 = ∆𝑆 ·∆𝑇 (4.1)

where ∆𝑆 is the difference of the Seebeck coefficients between the p-type and n-type

graphene; ∆𝑇 is the temperature increase because of the IR induced heating of the

substrate.

As shown in Figure 4-1 (a), a thermopile is composed of an infrared absorber that

is suspended from the substrate, a series of thermal arms that connect the absorber

and the surrounding, with interleaved p- and n- type graphene channels on top. The
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structure is schematically reshaped in Figure 4-1 (b) with geometrical parameters

shown below. The graphene channels are parallel in terms of temperature gradient,

but connected in series electrically. When IR radiation is present, the IR absorber

(dielectric multilayer thin film) is heated up, which can be then probed electrically

by the graphene p-n junctions due to the thermoelectric effect. According to Eqs.

(1.25) to (1.29), the specific detectivity (𝐷*), considering the Johnson noise, can be

expressed as

𝐷* =
𝑁𝑗∆𝑆∆𝑇

𝑃in

√︁
𝑣2𝐽

=

(︂
ABS

𝑡

)︂
·
(︂

∆𝑆
√
𝜌2𝐷

)︂
·
(︂

1

𝜅𝑡ℎ

)︂
·

(︃
𝐿1/2𝐷abs

𝑁
1/2
𝑗 𝑊 1/2

)︃√︂
1

32𝑘𝐵𝑇

(4.2)

Here the first term ABS/𝑡 is absorbance per thickness, indicating the capability if IR

absorption of the absorber; the second term ∆𝑆/
√
𝜌2𝐷 is determined by the electrical

or thermoelectric properties of the sensing material, with 𝜌2𝐷 denoting the 2D resis-

tivity or sheet resistance of graphene; the third term 1/𝜅𝑡ℎ indicates the quality of the

thermal isolation, with 𝜅𝑡ℎ denoting the thermal conductivity of the thermal arms;

the fourth term (𝐿1/2𝐷abs)/(𝑁
1/2
𝑗 𝑊 1/2) is determined by the geometrical parameters

in the parallel direction, where 𝑁𝑗 is the total number of graphene p-n junctions.

The response time of such a device is

𝜏 =
𝐶𝑡ℎ

𝐺𝑡ℎ

=
1

2

(︂
𝑐𝑉
𝜅𝑡ℎ

)︂(︂
𝐿𝐷2

abs

𝑁𝑗𝑊

)︂
(4.3)

where 𝑐𝑉 is the volume specific heat capacity.

4.2 Optimization of Graphene Thermopile

The detectivity of supported graphene thermopile with Al2O3 as the substrate/IR

absorber (1st generation, Figure 4-2 (a)) [182] is only 102 cmHz1/2s−1. We have

aimed previously to optimize the device structure, and achieved the detectivity of
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Figure 4-1: Schematics of the graphene thermopile. (a) 3D diagram. (b) simplified
diagram for the electrical and thermal connections.

105 cmHz1/2s−1 (2nd generation, Figure 4-2 (b)) [184]. This three orders of magnitude

increase was attributed to two structural improvement. Firstly, a combination of

SiO2 and Si3N4 films with optimized thickness instead of a single dielectric layer as

the IR absorber was used as shown in Figure 4-2 (b). Because SiO2 and Si3N4 have

strong resonant absorption at 9 𝜇m and 11.5 𝜇m, respectively, a 100 nm SiO2/500

nm Si3N4/100 nm SiO2 sandwiched structure could achieve > 40% absorption in the

8-12 𝜇m spectral range, as compared to less than 1% absorption by 60 nm Al2O3

in the previous work. Secondly, the deposition SiO2/Si3N4/SiO2 sandwich structure

was done with plasma enhanced chemical vapor deposition (PECVD) with optimized

high-frequency to low-frequency ratio of plasma in order to make the thin film stress

free, which was then suspended by undercutting the silicon underneath with XeF2

isotropic etching. When measured in vacuum (less than 10−2 torr), both thermal

conduction and convection in the vertical direction were efficiently attenuated. As a

result, the temperature generated by the IR irradiance at the absorber with respect

to the ambient can be sufficiently higher, leading to a much improved detectivity of

the device.

In order to further optimize this device, we need to come up with a universal figure

of merit and decouple geometrical parameters from the material related parameters.
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(a) (b)

Figure 4-2: Schematics for the two generations of graphene thermopile. (a) 1st gen-
eration, where graphene is supported by the Al2O3 substrate. (b) 2nd generation,
where graphene is put on top of a suspended 100 nm SiO2/500 nm Si3N4/100 nm
SiO2 sandwiched structure.

According to Eqs.(4.2) and (4.3), we notice that (𝐷*)2/𝜏 is independent of lateral

geometries:

(𝐷*)2

𝜏
=

(︂
ABS

𝑡

)︂
·
(︂

∆𝑆2

𝜌2𝐷

)︂
·
(︂

1

16𝑘𝐵𝑇

)︂
(4.4)

The first three factors in Eq. (4.4) are absorbance per thickness (ABS/𝑡), ther-

moelectric figure of merit (FOM = ∆𝑆2/𝜌2𝐷), and the thermal dissipation factor

(1/(𝜅𝑡ℎ𝑐𝑉 )).

According to Eq. (4.4), the thermoelectric FOM plays a significant role in ther-

mopile IR detectors. In order to benchmark graphene based thermoelectric detectors

with respect to the other material systems, we plot the Seebeck coefficient 𝑆 and

the FOM , respectively, as a function of resistivity 𝜌 in Figure 4-3 and Figure 4-4.

Note that the FOM of the today’s standard CVD graphene on SiO2, with the average

mobility of 2,000 cm2V−1s−1, can already potentially out-perform the performance

of any thermopiles made with metals and most of TE materials. The use of higher

quality graphene and properly passivating the dangling bonds on the substrate with

hBN could make the FOM two orders of magnitude higher than that of all the other

material systems. We also noticed that the FOM of TMDs in two-dimensional (2D)

form also increases dramatically as compared to their 3D counterparts, which also
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shows great potential for thermal detection and other thermoelectric applications.

Figure 4-3: Seeback coefficient 𝑆 versus resistivity 𝜌 for various thermoelectric sensing
materials [17].

The optical absorption per thickness (ABS/𝑡) can also be improved through prop-

erly engineering of the material and the structure of the IR absorber. For a simple

single-component thin film, this parameter increases as we make the film thinner. Fig-

ure 4-5 (a) shows ABS/𝑡 versus wavelength for Si3N4 films with different thicknesses.

The optical absorption per thickness will approach the absorption coefficient, 𝛼 as

the thickness goes to zero. To overcome this limit, we can enhance the light field near

the IR absorber through nano-photonic structures. The most simple way is to add a

backplane mirror underneath the IR absorber to form an optical cavity. For instance,

if we put a silver mirror underneath the freestanding silicon nitride film and set the

distance to be 2.5 𝜇m, such as cavity would be in resonance when the wavelength of

the incident light is at around 10 𝜇m, leading to a much enhanced ABS/𝑡 (Figure 4-5

(b)). People have also demonstrated metal-based metamaterial perfect absorbers in

the mid-infrared range [185, 186, 187], which could also be applied in this application.
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Figure 4-4: Thermoelectric figure of merit FOM versus resistivity 𝜌 for various ther-
moelectric sensing materials [17].

Interestingly, the surface plasmon palariton (SPP) in graphene [45, 46] and phonon

palariton (PP) in hBN [188, 189] have been studied recently. With appropriate en-

gineering of the light field to enhance the light-matter interaction, absorption based

on these mechanisms could be in strong resonance with negligible loss. Boosting by

the SPP in graphene or PP in hBN, it is possible to fabricate nanometer-thick IR

absorber with near-unity absorbance at resonance.

We also compared the specific detectivity (𝐷*) and the response time (𝜏) of

graphene thermopiles with different type of state-of-the-arts thermal detector tech-

nologies, including bolometers (VOx, CMOS-MEMS, etc.) [190, 191, 192, 193, 194,

195, 196, 197, 198, 199, 200], thermopiles (poly-Si, Al, thermoelectric materials, etc.)

[201, 202] and pyroelectric devices [203], as shown in Figure 4-6. Here we exploit the

dimensionless relation from Eq. (4.4) to represent each technology node of graphene

thermopiles. Although our current graphene thermopile technology is still not as
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(a) (b)

Figure 4-5: (a) ABS/𝑡 versus wavelength for freestanding silicon nitride films with
different thicknesses.(b) ABS/𝑡 versus wavelength for freestanding silicon nitride films
without and with a backplane mirror.

good as the state-of-the-art thermal detectors, the performance is predicted to be

competitive, or even better than the cutting-edge technologies, if we further optimize

our devices. For example, a 100-fold improvement in the thermoelectric FOM could

be achieve if we encapsulate large area, high-quality CVD graphene with hexagonal

boron nitride, which would increase the mobility and Seebeck coefficient to 100,000

cm2V−1s−1 and 200 𝜇V/K, respectively. Furthermore, the absorber can be thinned

down to 10 nm with good mechanical stability, and 100% perfect absorption can still

be achieved through nano-photonic structure. With these material and structural im-

provement, we predict the 3rd generation thermopile could have better performance

than the best bolometer so far in the literature, and still being able to operate at

room temperature.

4.3 Graphene-CMOS Integration for Thermal Imag-

ing Applications

As discussed in chapter 1, monolithic integration is highly desirable for miniaturized

integrated microsystems with multifunctionality; yet it is extremely challenging with
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Figure 4-6: Specific detectivity (𝐷*) versus response time (𝜏) for different technology
nodes of graphene thermopiles in comparison with mainstream uncooled thermal IR
detectors. [17]

conventional 3D technologies. 2D material based devices can solve this very well,

because the transfer process decoupled the high temperature growth of 2D crystals

from the low temperature device fabrication process. As a result, we can easily

transfer high quality 2D materials on top of a fabricated silicon CMOS chip and

fabricate 2D materials based sensing arrays on top without breaking the thermal

budget of the CMOS chip.

To demonstrate this 2D-CMOS monolithic integration capability, we developed

a back-end-of-line (BOEL) low temperature process to fabrication a graphene ther-

mopile focal plane array (FPA) directly on top of a Si CMOS readout integrated

circuit (ROIC) chip. The BEOL of graphene thermopile FPAs fabricated directly
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on CMOS ROIC chips is schematically shown in Figure 4-7 (a). After receiving the

CMOS ROIC chip from an industrial foundry, we first etched away the passivation

oxide (PASS) through CF2/H2 reactive ion etching (RIE). Then a photolithography,

an electron-beam evaporation, followed by a lift-off process was done to defined the

metal plugs and the gates. After depositing the Al2O3 gate dielectric layer through

atomic layer deposition (ALD), a continuous monolayer graphene film synthesized

by CVD was transfered and patterned into the p-n junction channels. Finally, the

dielectric on top of the metal plugs are etched through an the metal contacts to the

graphene channels were deposited. The optical images of the completed graphene

thermopile-CMOS image sensor are shown in Figure 4-7 (b) and (c).

Figure 4-7: Graphene thermopile/CMOS monolithic integration. (a) Back-end-of-line
process of the graphene thermopile FPA fabricated directly onto a CMOS ROIC chip.
PASS=passivation, ILD=interlayer dielectric, M6=Metal 6 (Cu), M5=Metal 5 (Cu),
blue=PECVD SiO2, grey line is graphene. The left and right images are the side and
top view of the pixel area, respectively. (b) Photograph of the CMOS ROIC chip. (c)
Microscopic images of the completed Graphene thermopile FPA/CMOS ROIC chip.
[17]
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Chapter 5

Photothermoelectric Detector Based

on Graphene-2D Semiconductor

Lateral Heterojunction

5.1 Principle of Operation

Because of the linear electronic dispersion relation (Figure 1-10), the relaxation of

photo-excited carriers is very different from conventional semiconductors. The time

scales of different photo-carrier relaxation processes in graphene is summarized in

Figure 5-1. Consider a sheet of graphene illuminated at time zero. Within tens of

femtoseconds, because of the relatively strong electron-electron scattering, the photo-

excited electrons will first scattered by surrounding electrons and share their energy

with the electron reservoir. This gives rise to a wider energy distribution of free elec-

trons in graphene, or an increased electron temperature (Figure 5-2). These optically

heated electrons are called “hot electrons”. As time goes on, the hot electrons will

start to interact with the lattice through the relatively week electron-phonon scatter-

ing, and eventually reach thermal equilibrium with the lattice. Therefore, as a general

case, the electron temperature is higher than the lattice temperature in graphene, or

𝑇 el > 𝑇 L.
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Figure 5-1: A summary of the time scales of various photo-carrier relaxation precesses
in graphene.[18]

(a) (b)

Figure 5-2: Hot electrons in graphene. (a) Illustration of the formation of the hot
electrons in graphene. (b) Energy distributions of hot (red) and cold (grey) electrons.

Such an increased electronic temperature can be probed in a graphene p-n junction

through the thermoelectric effect (chapter 4). This hot-carrier related thermoelectric

effect in graphene is called photothermoelectric (PTE) effect. The photovoltage is

given by

𝑉PTE = ∆𝑆 ·∆𝑇 el
𝑗 (5.1)

where ∆𝑆 is the Seebeck coefficient different between the p- and n-type regions of

graphene; and ∆𝑇 el
𝑗 = 𝑇 el

𝑗 − 𝑇 L is the electron temperature increase at the junction

with respect to the lattice, or the environment.

According to the Mott relation [204], graphene’s Seebeck coefficient 𝑆 is tunable
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through its Fermi-level 𝐸𝐹 , which can be expressed as

𝑆 = −2𝜋𝑘2
𝐵𝑇

3𝑒

𝐸𝐹

∆2 + 𝐸2
𝐹

(5.2)

where ∆ is the electrical conductivity broadening near the Dirac point of graphene.

For an electrostatically gated graphene p-n junction, the Seeback coefficients can

be tuned continuously with the gate voltages (Figure 5-3 (c)). The resulting PTE

voltage or current should follow the same trend. As a comparison, for a conventional

photovoltaic effect, the photovoltage or photocurrent would undergo a monotonic

relation with the gate voltage Figure 5-3 (b) and (d). This will lead to the six-

lobe signature as we sweep the gate voltages as we sweep the graphene p-n junction

independently, as shown in Figure 5-3 (a). And people have used this to prove the

PTE effect is the dominated photocurrent generation mechanism in graphene p-n

junctions, especially in the visible to near infrared spectral range[204, 19, 205].

5.2 Photothermoelectric Effect in Graphene-2D Semi-

conductor Lateral Heterojunction

In this chapter, we aim to study the photocurrent response at graphene-2D semicon-

ductor lateral heterojunctions. As just mentioned, because of the ultrafast electron-

electron scatterings (on the order of 10 fs) and relatively slow electron-phonon scat-

terings (on the order of ps) as shown in Figure 5-1, the photo-induced carriers are

thermalized by the electronic system and dissipate the heat very slowly to the lat-

tice. In a conventional semiconductor with parabolic electronic dispersion, on the

other hand, the photo-induced electrons and holes are either separated and collected

directly by a built-in electric field (the photovoltaic or PV effect), or scatter strongly

with phonons and impurities and transfer their kinetic energy to heat or lattice vi-

brations. If the Dirac semimetallic graphene and the parabolic 2D semiconductor

are put in close proximity with each other within the 2D plane, the vast asymme-

try of the energy transfer pathways on the two sides gives rise to very interesting
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(a) (b)

(c) (d)

Figure 5-3: Photocurrent map as a function of chemical potential 𝜇, or Fermi level 𝐸𝐹

for a electrostatically gated graphene p-n junction. (a) and (c) are the 2D mapping
and the 1D sweep of PTE effect, whereas (b) and (d) are the 2D mapping and the
1D sweep of the PV effect. [19]

features that can be addressed spatially through localized light excitation. In this

work, we demonstrate such asymmetric hot-electron thermalization on a synthetic

graphene-MoS2 lateral heterojunction.

5.2.1 Device Structure and Transport Property

The graphene-MoS2 lateral heterostructures were obtained through the seeding pro-

moter assisted chemical vapor deposition (CVD) (chapter 2). Atomic force micro-

scopic (AFM) images, high-resolution transmission electron microscopic (HR-TEM)

images, as well as Raman and photoluminescence mappings (Figure 2-5 and Figure

2-7) at the graphene-MoS2 interfaces confirm that the two materials overlap only a

few tens of nanometers at the interface. Note that such a nanometer-scale overlap
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does not significantly affect the photoresponse at the interfaces, because the optical

excitations cannot resolve any structural features that are below the wavelengths, and

both the depletion width (on the order of 100 nm)(39) in a PV effect or the cooling

length (on the order of 100 nm to 1 𝜇m)[204, 19, 205] in a PTE effect are sufficiently

larger than the size of the overlaps.

Figure 5-4 (a) shows a schematic of the lateral graphene-MoS2 heterojunction

device. Figure 5-4 (b) shows the optical microscopic image of the graphene-MoS2

lateral heterojunction device. Multiple long and short electrodes (30 nm Ni/20nm

Au by electron-beam evaporation) were fabricated near the graphene-MoS2 interface

in order to perform transport and photocurrent measurement on both the lateral

junction and each homogeneous material. All the devices were fabricated on top of a

285 nm SiO2/Si wafer, and the Si substrate served as a back gate.

graphene MoS2

5 µm

MoS2graphene

A B C D

G
-+

M

X

(a) (b)

Figure 5-4: Graphene-MoS2 lateral heterojunction photodetector. (a) Schematic of
the device. (b) A microscopic image of the as-fabricated device. The inset diagram
indicates the cathode and the anode of the device for the electrical and photocurrent
measurements; The axis indicates the direction of the 𝑥-axis for the 𝑋-𝑉𝑔 mappings
and the simulation results. [20]

We first performed transport measurements to the device. Figure 5-5 (a) plots the

transfer characteristics for devices fabricated on the graphene layer, the MoS2 layer

and across the interface (channel current, 𝐼ch, versus back-gate voltage, 𝑉𝑔). The

charge neutrality point of graphene is around 3 V, whereas the threshold voltage of

MoS2 is very negative (around -17 V). The weak non-linearity of the output charac-

teristics (channel current, 𝐼ch, versus channel voltage, 𝑉ch, with various 𝑉𝑔) as shown
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in Figure 5-5 (b) indicates that the Schottky barrier height at the graphene-MoS2

interface is relatively low (on the order of 10 meV), which has also been confirmed by

our previous work Figure 2-11 [2] and others [206, 207].
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Figure 5-5: Transport measurement results of the graphene-MoS2 lateral heterojunc-
tion device. (a) transfer characteristics. (b) output characteristics. [20]

5.2.2 Scanning Photocurrent Microscopy (SPCM)

We used a confocal laser scanning microscopy setup to carry out the measurement

about the spatial distributions of the photocurrent response throughout the device.

This technique is called scanning photocurrent microscopy (SPCM). The chips were

wire-bonded onto a chip carrier and mounted in a Janis ST-500 helium optical cryo-

stat equipped with electrical connections, a well-defined microscopic optical path and

a temperature controlling system. The device was kept under high vacuum (< 10−5

Torr) throughout the measurements. Sourcemeters (Agilent B2902a), current pream-

plifiers (Ithaco DL1211) and data acquisition cards (NI PXI module) were used for

the electrical sourcing and probing. Both the transport and the photocurrent mea-

surements were performed at 100 K if not mentioned explicitly in the text. For the

scanning photocurrent measurements, a broadband supercontinuum fibre laser (Fian-

ium) was combined with a monochromator to generate the monochromatic laser beam

with desired wavelength (tunable from 400 to 1600 nm). A two axis piezo-controlled

scanning mirror was coupled to a microscope objective through two confocal lenses to

perform the spatial scanning with the laser beam spot of around 1 𝜇m on the device.
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The photocurrent and the reflected light intensity were recorded simultaneously to

form the scanning photocurrent images and the reflectance images. All the photocur-

rent results were measured under the short-circuit condition, in which zero voltage

bias was applied across the device. The photovoltage corresponds to the open-circuit

voltage, in which the current flowing across the junction is set to zero. The absolute

location of the photo-induced signal was found by comparing the photocurrent map

to the reflection image. The incident laser power was measured at the output of the

microscope objective using a calibrated photodetector.

The SPCM mapping results for different laser excitation wavelengths are shown

in Figure 5-6. It is observed that the strongest photocurrent response is localized at

the graphene-MoS2 junction.

(e)

(c)

500 nm

30

0

-30

G M

(d)

(b)

800 nm

1

0

-1

2

0

-21150 nm 1550 nm

15

0

-15
633 nm

Ri (µA/W)

20

0

-20

G M

B C

(a)

Figure 5-6: Scanning photocurrent microscopy mappings of the graphene-MoS2 lateral
heterojunction device with different laser excitation wavelengths. (a) 633 nm. (b)
500 nm. (c) 800 nm. (d) 1150 nm. (e) 1550 nm. [20]

5.2.3 Photothermoelectric Effect Dominated Photoresponse

We first excluded that the measured photoresponse at the graphene-MoS2 lateral

heterojunction is from photovoltaic, photoconductive or bolometric effects, for two
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reasons. First, we showed that the graphene-MoS2 lateral heterojunction has a smaller

Schottky barrier height than conventional metal contacts to MoS2 (Figure 2-11 and

Table 2.1), but the photocurrent response at the graphene-MoS2 lateral heterojunc-

tion is larger than that at the MoS2-metal Schottky junction (Figure 5-6). This is in

contradiction to the photovoltaic effect. Second, the I-V curves with the 633 nm light

shined on the junction as shown in Figure 5-7 indicate that there is an electromotive

force generated, which rules out any photoconductive or bolometric effect.
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Figure 5-7: 𝐼-𝑉 characteristics with 633 nm light illumination and various gate volt-
ages. Note that the 𝐼-𝑉 curves do not intersect with the origin, which means there
is an electromotive force generated. [20]

Now let us consider the PTE effect. As discussed in section 5.1, the Seebeck coef-

ficient of graphene follows a non-monotonic relation with respect to the Fermi level,

or gate voltage. Given that the Seebeck coefficient of MoS2 changes very slowly and

monotonically with the gate voltage when MoS2 is heavily doped, the photovoltage

induced by the PTE effect should follow approximately the non-monotonic trend of

the Seebeck coefficient of graphene with gate voltage (Figure 5-3). Meanwhile, the

photovoltage induced by the PV effect should change monotonically with the gate

voltage, simply because the change of the barrier height at the junction is positively

correlated to the difference between the Fermi level shifts of graphene and MoS2,

which could only change monotonically with a global gate voltage.

Gate-dependent SPCM measurements were carried out to confirm that the PTE
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effect is dominant in the graphene-MoS2 lateral heterojunction. Figure 5-8 (a) shows

the photocurrent mapping for an 850 nm laser beam sweeping along the linecut across

the junction shown in Figure 5-4 as the x-axis while the gate voltage varies for each

laser position sweep as the 𝑦-axis. In addition to the main photocurrent peak at the

graphene/MoS2 interface, two extra peaks were also observed at the graphene-metal

and the MoS2-metal junction. While the photocurrent at the MoS2-metal junction

increases monotonically with the gate voltage, the photocurrent at the graphene-

metal junction follows a “S”-shape curve with the gate voltage (Figure 5-9). It is also

observed that the photocurrent at the graphene-MoS2 junction undergoes a very non-

monotonic change with respect to the gate voltage around the charge neutrality point

of graphene. This can be seen more clearly in Figure 5-8 (b) as we stack the gate-

dependent photocurrent line profiles on top of each other. The peak photocurrent

and the corresponding photovoltage as a function of the gate voltage for four different

excitation wavelengths are plotted in the first and second columns of Figure 5-8 (c),

where the photovoltages are obtained by multiplying the photocurrent value by the

resistance of the junction. With shorter excitation wavelengths (550 nm and 650 nm)

or photon energies above the band gap of MoS2, both the photocurrent and the pho-

tovoltage changes monotonically with the gate voltage, whereas a “S”-shaped relation

was observed with longer excitation wavelengths (750 nm and 850 nm) or photon

energies below the band gap of MoS2. Given that such an “S”-shaped photovoltage

trend matches well with the trend of the Seebeck coefficient change of graphene as a

function of the gate voltage (Figure 5-3), we concluded that the photoresponse mainly

originates from the PTE effect, especially at longer wavelengths.
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Figure 5-8: Gate-dependent SPCM measurements of the device. (a) Gate voltage (𝑉𝑔)
- linecut (𝑋) mapping of the photocurrent (𝐼ph) under an 850 nm laser excitation.
The three dotted line indicate (from left to right) the junctions of metal-graphene,
graphene-MoS2, and MoS2-metal. The magnitude of 𝐼ph was flipped to make the
photoresponse at the graphene-MoS2 junction positive. (b) Stacked linecuts along
the 𝑥-axis of 𝐼ph with different 𝑉𝑔. The arrows indicate the peak positions. (c) peak
photocurrent 𝐼ph (left column), peak photovoltage 𝑉ph (middle column), and peak
offsets ∆𝑋pk (right column) as a function of the gate voltage with respect to the
charge-neutrality point of graphene (𝑉Dirac), extracted from the 𝑉𝑔-𝑋 mappings with
laser excitations of 550 nm (first row), 650 nm (second row), 750 nm (third row) and
850 nm (fourth row). 𝑉ph is estimated by 𝐼ph∆𝑅dark = 𝐼ph∆𝑉offset/𝐼dark , in which
the dark resistance 𝑅dark is inversely proportional to the dark current 𝐼dark averaged
throughout the points whenever the laser spot is off the device in the 𝑉𝑔-𝑋 mappings,
assuming that a constant voltage offset 𝑉offset is supplied by the measurement setup.
[20]
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Figure 5-9: Gate-dependent photocurrent (𝐼ph), photovoltage (𝑉ph) and the peak
position shift ( ∆𝑋pk) on graphene-metal (a) and MoS2-metal (b) junctions. [20]

5.3 Understanding the Asymmetric Hot Carrier Ther-

malizatoin Pathways

5.3.1 Experiment Observation

The lateral geometry and the asymmetry of the graphene-MoS2 junction also make

it possible to access different positions around the junction with light excitation.

As a result, the spatial patterns due to the vast discrepancy of the thermalization

pathways towards the two sides can be revealed. As shown in Figure 5-8 (b) and

the third column of Figure 5-8 (c), the photocurrent peak position was observed to

undergo an unusual shift towards the graphene side by up to 500 nm as the graphene

reaches its charge neutrality. This effect could be observed clearly at longer excitation
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wavelengths (750 nm and 850 nm). Note that no obvious shifts around graphene’s

charge neutrality voltage were observed on the graphene-metal or the MoS2-metal

junction (Figure 5-9). Given that the incident light power is relatively low, the

Seebeck coefficients would not be affected by the laser position to the first order

approximation. As a result, the photocurrent profile should follow the profile of

the electron temperature change at the lateral junction as we move the laser beam

position across the junction.

5.3.2 Theoretical Analysis

To understand such a unusual photocurrent peak position shift and the electron tem-

perature distribution, we need to discuss about the photo-carrier relaxation processes

along the two sides of the graphene-MoS2 lateral heterojunction The photo-excited

carriers are first thermalized through either electron-electron scattering or electron-

phonon scattering, leading to a broader energy distributions of electrons. On the

graphene side, because of the linear electronic dispersion and its low dimension-

ality, the electron-electron scatterings are substantially stronger than the electron-

phonon scatterings (including scattering with optical phonons, acoustic phonons, and

disorder-assisted supercollisions) [208, 209, 210, 205, 211]. Consequently, electrons

in graphene would not reach thermal equilibrium with the lattice before being col-

lected (the left panel of Figure 5-10), given that the cooling length of hot electrons in

graphene is typically hundreds of nanometers to micrometers [204, 19, 205]. On the

MoS2 side, however, the electronic dispersion at the band edge is parabolic, in which

the electrons and lattices are always in thermal equilibrium because of the much

stronger electron-phonon scatterings (the right panel of Figure 5-10). Such an asym-

metric behavior of heat dissipations on the two sides of the graphene-MoS2 junction

could lead to very asymmetric temperature distributions and unusual photocurrent

profiles.

In the following, we set up a numerical model for the hot electron temperature

distributions.
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Figure 5-10: Schematics of the dominating hot-electron cooling processes (upper) and
the spatial hot-electron thermalization pathways (lower) of the Dirac semimetallic
graphene (left) and the parabolic semiconducting MoS2 (right). In the lower panels,
the arrows indicate possible heat transfer paths, and the diameters of the purple
cylinders connecting the electron, the lattice and the substrates indicate the strength
of thermal couplings. [20]

Heat Equation

The photo-induced distribution of electron temperature is governed by the heat trans-

fer equation [204, 19, 205]:

𝜅el∇2𝑇 el − 𝑔el−L
(︀
𝑇 el − 𝑇 L

)︀
+ 𝑝in = 0 (5.3)

𝜅L∇2𝑇 L − 𝑔sub
(︀
𝑇 L − 𝑇0

)︀
+ 𝑔el−L

(︀
𝑇 el − 𝑇 L

)︀
= 0 (5.4)

where 𝜅el and 𝜅L are the 2D thermal conductivity of electron and lattice, respectively;

𝑔el−L and 𝑔sub are the electron-lattice heat loss rate and the heat loss into the sub-

strate; 𝑇 L is the lattice temperature; 𝑇0 is the temperature of the environment; and

𝑝in is the input power density which is provided, in our case, by the incident laser

151



beam..

The electron-lattice heat loss can be expressed as

𝑔el−L = 𝛾𝐶el (5.5)

with 𝛾 and 𝐶el denoting the electron-lattice cooling rate and the electron heat capac-

ity, respectively.

In the case of MoS2 with a parabolic electronic dispersion, 𝛾 is sufficiently large,

leading to an efficient electorn-lattice heat transfer. This guarantees that the electrons

are always in thermal equilibrium with the lattice, that is, 𝑇 el ≡ 𝑇 L ≡ 𝑇 . The heat

equations can therefore be simplified to

𝜅tot∇2𝑇 el − 𝑔sub
(︀
𝑇 el − 𝑇0

)︀
+ 𝑝in = 0 (5.6)

in which 𝜅tot = 𝜅el + 𝜅L is the total thermal conductivity.

In the case of graphene with a linear electronic dispersion, however, both 𝛾 and

𝐶el are very small, meaning that the vertical heat dissipation is mainly limited by the

electron-lattice cooling. Considering the vertical thermal conductance of electron-

lattice and lattice-substrate are in series, the temperature increase of lattice at a

given location should be much smaller than the temperature increase of electron at

the same location. Therefore, we can assume that 𝑇 L ≡ 𝑇0 throughout the device.

The heat equations can thus be simplified to

𝜅el∇2𝑇 el − 𝑔tot
(︀
𝑇 el − 𝑇0

)︀
+ 𝑝in = 0 (5.7)

with 𝑔tot = [(𝑔el−L)−1 + (𝑔sub)−1]−1 ≈ 𝑔el−L.

We can define the cooling length to characterize the length the hot electrons can

travel before reaching thermal equilibrium with the lattice:

𝜉 =

√︂
𝜅

𝑔
(5.8)

The heat equations were solved numerically through the finite difference method
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with the use of Matlab.

Parameters of Graphene

The 2D electrical conductivity of graphene can be expressed as [19]

𝜎 = 𝜎min

(︂
1 +

𝐸2
𝐹

∆2

)︂
(5.9)

where 𝜎min and ∆ denote respectively the minimum conductivity and the broadening

of the conductivity. These two terms are related to the impurity scatterings as well

as the homogeneity of the graphene film. According to the transfer characteristic

of the graphene side of our device (red curve in Figure 5-5 (a)), we can extract the

values of these two parameters: 𝜎min ≈ 190.86 𝜇S or 5(𝑒2/ℎ), and ∆ ≈ 54.9 meV. The

experimental data and the fitted curve are plotted in Figure 5-11. The Fermi level

𝐸𝐹 can be obtained from

𝐸𝐹 = ℎ̄𝑣𝐹

[︂
4𝜋

𝑔𝑠𝑔𝑣

𝐶ox

𝑒
(𝑉𝑔 − 𝑉Dirac)

]︂ 1
2

(5.10)

where 𝐶ox = 1.21×10−8 F/cm2 is the capacitance of the gate dielectric (285 nm SiO2);

𝑔𝑠 = 𝑔𝑣 = 2 are the degeneracy factors; and 𝑣𝐹 = 108 cm/s is the Fermi velocity of

graphene.

The electron heat capacity 𝐶el, and the electron thermal conductivity 𝜅el of

graphene are given by [19, 205]

𝐶el =
𝜋2𝑘2

𝐵𝑇

𝑒
𝐷(𝐸𝐹 ) (5.11)

𝜅el =
𝜋2𝑘2

𝐵𝑇

3𝑒2
𝜎 (5.12)

with 𝐷(𝐸𝐹 ) denoting the 2D density of states.

To determine the electron-lattice cooling rate, two electron-lattice cooling mech-

anisms are considered, that is, the acoustic phonon cooling (scaled by 𝑇 ) and the

supercollision cooling (scaled by 1/𝑇 ). The cooling rate 𝛾 is then given by [205, 209]
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Figure 5-11: Extraction of graphene properties. The blue dots and the red dashed
curve are measured and fitted conductivity according to Eq. (5.9). [20]

𝛾 = 𝑏

(︂
𝑇 +

𝑇 2
*
𝑇

)︂
(5.13)

The prefactor 𝑏 and the cross-over temperature 𝑇* are given by

𝑏 = 0.55
𝑔2𝐷(𝐸𝐹 )𝑘𝐵

ℎ̄𝑘𝐹 𝑙
(5.14)

𝑇* = (0.43𝑘𝐹 𝑙)
1
2𝑇GB (5.15)

in which 𝑔 is the electron-phonon coupling strength; 𝑘𝐹 𝑙 is the unitless mean free

path; and 𝑇GB = 𝑠ℎ̄𝑘𝐹/𝑘𝐵 is the Bloch-Grüneisen temperature.

The mean free path is related to the electrical conductivity, 𝜎:

𝑘𝐹 𝑙 =
𝜎

2(𝑒2/ℎ)
(5.16)

The cooling length is therefore given by
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𝜉 =

√︃
𝜅el

𝛾𝐶el
∝
[︂
𝑇

(︂
1 +

0.43𝑠2ℎ̄2(𝑘𝐹 𝑙)𝑘
2
𝐹

(𝑘𝐵𝑇 )2

)︂]︂− 1
2 (𝑘𝐹 𝑙)

𝑘𝐹
(5.17)

Note that 𝜎min and ∆ are the only two free parameters, which can be determined

by experiment. Figure 5-12 and Figure 5-13 plot the calculated cooling rate 𝛾, the

electron thermal conductivity 𝜅el, the electron-lattice vertical loss 𝑔el−L = 𝛾𝐶el and

the electron-lattice cooling length 𝜉 of graphene with various values of 𝜎min and ∆.
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Figure 5-12: Calculated cooling rate 𝛾 (a), electron thermal conductivity 𝜅el (b),
vertical loss 𝑔el−L = 𝛾𝐶el (c), and cooling length 𝜉 (d) of graphene with 𝜎min =
5(𝑒2/ℎ), and ∆ = 25, 50 and 100 meV, respectively. [20]

Other Parameters

The thermal contact resistance at the metal contacts can be calculated by [212]

𝑅thm =
𝐿Hm

𝑘𝑚𝑡𝑚(𝑊 + 2𝐿Hm)
(5.18)
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Figure 5-13: Calculated cooling rate 𝛾 (a), electron thermal conductivity 𝜅el (b),
vertical loss 𝑔el−L = 𝛾𝐶el (c), and cooling length 𝜉 (d) of graphene with ∆ = 100
meV, and 𝜎min =2.5, 5, and 10 (𝑒2/ℎ), respectively. [20]

where 𝑘𝑚=90 W/m/K is the 3D thermal conductivity, and 𝑡𝑚 is the thickness (50

nm), respectively, of the contact metal; 𝐿Hm is the healing length, given by 𝐿Hm =

[(𝑘𝑚/𝑘ox)𝑡𝑚𝑡ox]
1/2, which is calculated to be around 1 𝜇m. The thermal conductivity

and thickness of the oxde are 𝜅ox=1.3 W/m/K and 𝑡ox= 285 nm.

The vertical heat loss into the substrate is given by [212]

𝑔sub = 𝑅Cox +
𝑡ox
𝑘ox

+
𝑡Si
𝑘Si

(5.19)

where 𝑅Cox = 4 × 10−8 Km2/W is the thermal contact resistance between the 2D

materials and the substrate; 𝑘Si=100 W/m/K and 𝑡Si=500 mum are the thermal

conductivity and the thickness of the silicon wafer. The value of 𝑔sub is then calculated

to be 1.9× 105 W/m2/K.
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The 2D thermal conductivity of MoS2 is calculated by 𝜅MoS2 = 𝑘MoS2𝑡MoS2 , with

𝑘MoS2=35 W/m/K [213], and 𝑡MoS2=0.65 nm.

Simulation Results

From the above analysis, we can estimate that the typical values of the 𝑔 and 𝜅 ratios

are 𝑔el−L/𝑔sub=10−5–10−1, and 𝜅el
gr/𝜅

tot
MoS2

=0.01-1.5, which gives rise to much stronger

heat dissipations towards the MoS2 side than towards the graphene side. Figure 5-14

(a) to (d) and Figure 5-15 show the simulated 2D temperature distributions and 1D

linecuts across the junction of the device as the laser is shined at the graphene, at the

graphene-MoS2 junction, and at MoS2. It is clearly observed that the peak electron

temperature becomes much higher when the laser is shined on the graphene side,

which matches the aforementioned discussion about the asymmetric heat dissipation

pathways. This also explains why the junction temperature ∆𝑇 el
𝑗 may reach its max-

imum when the center of the laser spot is away from the geometric junction, toward

the graphene direction (Figure 5-14 (f)). The distance between the peak position of

∆𝑇 el
𝑗 and the geometrical junction can be characterized by the cooling length 𝜉 of

hot electrons, given by Eq. (5.17). 𝜉 becomes much bigger as the Fermi level (𝐸𝐹 )

of graphene moves towards the charge neutrality point, as shown in Figure 5-12 and

Figure 5-13. The simulated electron temperature profiles at the junction as the laser

spot moves across the junction when graphene is at (lightly doped case, see the upper

panel of Figure 5-14 (e)) and away from (heavily doped case, see the lower panel of

Figure 5-14 (e)) the charge neutrality are plotted in Figure 5-14 (f), from which it is

observed that the peak of the ∆𝑇 el
𝑗 profile shifts around 400 nm farther away from

the geometrical junction in the lightly doped graphene case than that in the heavily

doped graphene case. The trend of the cooling length, the simulated ∆𝑇 el
𝑗 peak offset

with various 𝐸𝐹 of graphene, together with the peak photocurrent offsets with 750 nm

and 850 nm light excitations are plotted in Figure 5-14 (g), which are in accordance

with one another.
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Figure 5-14: Theoretical analysis of the thermalization pathways. (a-c) Simulated dis-
tributions of electron temperature increase (∆𝑇 el) as the laser spot is on the graphene
side (a), on the junction (b), and on the MoS2 side (c). The circles indicate the center
positions of the incident laser. (d) Linecuts of ∆𝑇 el along the 𝑋-axis normalized to
the maximum ∆𝑇 el as in (a-c). (e) Schematics of the heat dissipations of photo-
induced hot electrons when graphene is lightly doped (with the graphene Fermi level
𝐸𝐹=0.05 eV, upper panel) and heavily doped (𝐸𝐹=0.5 eV, lower panel). (f) Nor-
malized electron temperature at the graphene-MoS2 junction with different 𝐸𝐹 . The
dashed line indicates the geometric junction. (g) Measured magnitudes of peak po-
sition offsets (|∆𝑋pk|) with 750 nm (filed circles) and 850 nm (open circles) laser
excitations, as well as the simulated |∆𝑋pk| and calculated electron-lattice cooling
length on the graphene side (𝜉), as a function of 𝐸𝐹 .[20]

5.4 Benchmarking the Photothermoelectric Effect

Finally, we demonstrate the broad spectral range of photoresponses of such a graphene-

semiconductor lateral heterojunction promised by the PTE effect. Strong photore-

sponse localized at the graphene-MoS2 lateral junction were observed from SPCM

mappings with a variety of wavelengths ranging from visible to short-wave infrared

(SWIR) range (Figure 5-6). In Figure 5-16, the spectral photoresponsivity of three

different devices is also exhibited. The response at shorter wavelengths (below 700
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Figure 5-15: Simulated electron temperature distributions with different Fermi level
of graphene.[20]

nm) follows the absorbance of MoS2, whereas the response at longer wavelengths

(above 700 nm) matches better with the absorbance of graphene on a 285 nm SiO2/Si

substrate. This, combined with the different gate-dependent photocurrents, photo-

voltages, and photocurrent peak positions at shorter wavelengths (550 nm and 650

nm) and longer wavelengths (750 nm and 850 nm), clearly indicates that the photore-

sponse with the excitation photon energies above and below the MoS2 bandgap are

dominated by the photovoltaic or photoconductive effect in MoS2, and the PTE effect

in graphene, respectively. Note that the photoresponsivity reaches its minimum at

around 900 nm which corresponds to the valley of the interference fringes of the sub-

strate. No sign of cut-off was observed in the spectral range (from 500 nm up to 1600

nm) of our measurements. Theoretically the spectral response of such a structure

should be extended to at least 5 𝜇m, limited by the Pauli blocking of graphene.

In addition, the photocurrent scaled linearly with the incident power among all

the wavelengths as shown in Figure 5-17 (a). Temperature dependent measurements

reveal a relatively weak non-monotonic relationship between the photoresponsivity
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Figure 5-16: Spectral photocurrent response of the devices. Left axis: photocurrent
responsivity (ℛ𝑖) as a function of the wavelength of incident light (𝜆) of three different
devices. Right axis: Calculated absorbance of MoS2 (red dashed) and graphene (red
dotted) on a 285 nm SiO2/Si substrate based on the complex refractive indices from
Refs. [21, 22]. The inset plots the spectral responsivity in log-scale.[20]

and the temperature (Figure 5-17 (b)), which can be explained by the competition

between two hot-carrier cooling mechanisms, that is, acoustic-phonon cooling (dom-

inate at low temperature) and disorder-assisted supercollision cooling (dominate at

high temperature) [205, 209]. Gate dependent SPCM measurements at different tem-

peratures (Figure 5-18) reveals that the photocurrent peak position shifts reaches

maximum at intermediate temperature (50-100 K), in accordance with such compet-

ing hot-carrier cooling mechanisms as well. According to the ultrafast photocurrent

autocorrelation measurement, the intrinsic time constant of the photogeneration pro-

cess was extracted to be 14 ps. These observations suggest that the graphene-2D

semiconductor lateral heterojunction can be potentially used as a broadband (visible

to mid-infrared), ultrafast (10 ps), and room-temperature photodetector.
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Figure 5-17: (a) photocurrent as a function of the incident power with different
wavelengths. The dashed line indicates the slope of a linear power dependence.
(b) Temperature dependent photoresponsivity of the devices with a 750 nm laser
excitation.[20]

Figure 5-18: Photocurrent peak position shift extracted from the 𝑉𝑔-𝑋 mappings
with 850 nm laser excitation and at various temperatures. (a) 𝑇=20 K; (b) 𝑇=85K;
(c) 𝑇=100 K; (d) 𝑇=150 K.[20]

5.5 Summary

In summary, we have studied the photoresponse on an asymmetric lateral heterojunc-

tion between Dirac semimetal graphene and parabolic semiconductor MoS2, and have

attributed the broadband photoresponse to the PTE effect. A theoretical model was

161



built to describe the asymmetric thermalization pathways of the photo-generated hot

carriers, which has successfully explained the spatial feature from experiments. Our

study provides a new perspective to study light-matter interactions in low-dimensional

systems and paves the way to novel optoelectronic applications with 2D heterostruc-

tures. With a rational design of such an in-plane asymmetry, one could possibly

study many new phenomena that were either forbidden or requiring more advanced

instrumentation in a homogeneous film, including exciton diffusion, dichroic spin-

valley photocurrent in 2D semiconductors, and electron-electron scattering, surface

plasmon polaritons in graphene.

162



Chapter 6

Thermo-Mechanical Bolometer

6.1 Principle of Operation

Traditional bolometers typically employ the inherent electronic properties of ma-

terials that have a temperature dependence, such as the thermally excited carrier

densities, scatterings of carriers, or even transitions of crystalline structures. Here we

propose a new scheme that transduces EM-radiation-induced heating into a change

of resistance through mechanical deformation of the sensing component. We call it

thermo-mechanical (ThM) bolometer.Our proposed device is composed of: (1) a EM

wave absorber that efficiently absorbs the incident EM radiation and generates, either

globally or locally, a change in temperature; (2) a thermo-mechanical transducer that

converts the temperature difference into a deformation or mechanical movement; and

(3) a strain sensor that senses such deformation or mechanical movement and eventu-

ally results in a resistance change of the device, which is then probed by an electronic

circuit. Since these three components could be optimized relatively independently,

we could achieve an ultrahigh temperature coefficient of resistance (TCR).

Figure 6-1 schematically depicts the components as well as the signal transducing

path of a ThM bolometer. Firstly, the incident EM wave needs to be absorbed and

converted into a change in temperature. This involves a co-optimization of the elec-

tromagnetic wave propagation and the heat transfer process of such an absorber. In

the mid-IR range, incident light could be absorbed through optical phonon resonance
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Figure 6-1: A general energy transition diagram of the proposed thermo-mechanical
bolometer.

of solids, or excitation of vibrational mode of molecules, such as silicon dioxide, silicon

nitride, aluminum oxide, and polymers. Another option is to artificially fabricate a

periodic array of metal “nano-antennas” (refer to the “slot antenna”), and use the plas-

monic resonances in the antenna array to modulate the local EM field, which could

give rise to very efficient and tunable IR absorption. Regarding the optimization of

the heat transfer process, both the heat capacity and the thermal conductance need to

be reduced to maximize the temperature difference for a given amount of incident EM

energy. To achieve this goal, the absorber may need to be thin and suspended on the

substrate. Two variables are used to characterize the IR absorber: (1) the absorbance

(A), defined as the percentage of the light intensity that is being absorbed, and (2)

the thermal resistance (𝑅th), defined as the temperature elevation of the structure

per absorbed EM power.

Secondly, the change in temperature will be converted to a mechanical deformation

through a thermo-mechanical transducer. This could be realized easily by using the

natural thermal expansion properties of materials, that is, the change in shape, area,

and volume of matter in response to a change in temperature. The linear coefficient
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of thermal expansion, 𝛼, is defined as

𝛼 =
1

𝑋

d𝑋

d𝑇
(6.1)

where 𝑋 denotes the length of the film, and 𝑇 represents the temperature.

Thirdly, a strain-sensitive material or structure is introduced to detect the strain

generated by the thermo-mechanical transducer and convert it into electrical signal.

We could either employ the inherent piezoresistive effect of materials, where the

resistance changes due to the modifications of geometry or electronic structure of the

materials with respect to the applied strain, or leverage the special electro-mechanical

response of engineered nanostructures, which leads to a strain-dependent resistivity.

A figure of merit to benchmark this component is gauge factor (GF ), expressed as

GF =
(d𝑅/𝑅)

d𝑋/𝑋
(6.2)

with 𝑅 denoting the resistance.

The overall sensitivity of the ThM bolometer can be then calculated by

TCR =
1

𝑅

d𝑅

d𝑇
= 𝛼 ·GF (6.3)

In the following, we first discuss about two different nanostructures for the strain

sensor components, and then integrate these sensitive strain sensors with thermal

actuators for ThM bolometers with high sensitivity.

6.2 Strain Sensors Based on Engineered Nanostruc-

tures

An essential and challenging step to “invent” any sensitive sensor is to find a material

that has some signal transducing mechanism with a very sharp transition. Among

them, phase transition materials (for example, metal-insulator transition, supercon-

ductor transition, etc.) are very promising candidates. Although these phase tran-
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sitions can give rise to an extremely sharp change of resistance, and ultrasensitive

bolometric sensing mechanisms, these phenomena are rarely observed in natural ma-

terials especially for those with transition temperatures at around room temperature.

With rational design of nanostructures that harness some of the unique physical phe-

nomena at nanoscale, we can possibly construct artificial metal-insulator transitions

at room temperature and use them as high-sensitivity sensors. We worked on two

different nanostructures whose resistance can be changed abruptly by applying strain

on them. They can be used as good strain sensors, and later we implement ThM

bolometers based on them.

6.2.1 Graphene Nanoflake Network

One good candidate for sensitive strain sensor is the graphene nanoflake network,

or percolative graphene film. It is a resistance network composed of a number of

randomly distributed graphene flakes. The basic mechanism of its strain-responsive

resistance can be explained with the help of Figure 6-2 (a) and (b). The resistance

of such a film is mainly from the electron hopping of the nano-gap of the overlapping

regions between adjacent flakes. If a strain is applied, the overlap between adjacent

flakes is decreased, leading to a larger hopping resistance throughout the percolative

graphene film.

In this thesis, the graphene nano-flake dispersion was prepared through electro-

chemical exfoliation [214] in a sulfuric acid electrolyte, followed by the exchange of

the solvent to a mixture of butanol and ethanol. The dispersion was then sonicated

and diluted to obtain the desired average flake sizes and flake concentrations. The

graphene nanoflake network was self-assembled through a Marangoni process at the

water/alcohol interface [215].

To measure the gauge factor of the film, millimeter-sized stretchable devices were

fabricated. First, a 1 mm thick polydimethylsiloxane (PDMS) film was bonded

through O2 plasma to two parallel glass bars that will be used to mount the strain

sensor stably to the measurement setup. After that the Ti/Au electrodes were de-

posited on the two ends of the PDMS film through shadow mask and electron-beam
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Figure 6-2: (a) Schematic and (b) band diagram of two adjacent graphene flakes with
a nanometer-size gap in the overlap region.

evaporation. To define the dimension of the self-assembled graphene film, stripes of

Kapton tape were used to cover the perimeter of the PDMS film as the mask for

the graphene film. Then the self-assembled graphene nanoflake network film was

transfered on top of the Kapton-tape-covered PDMS film. After transfer, the Kapton

tape stripes were peeled off from the PDMS film, leaving only the center part of the

graphene film. Figure 6-3 illustrates a schematic of the strain sensor device.

The GF of the assembled films are measured to be 10-300 depending on the pa-

rameters of the dispersion. Figure 6-4 plots a typical resistance-strain curve of the

self-assembled graphene nanoflake network. When the strain is below 0.025, the re-

sistance change very slowly with the strain, whereas there is an abrupt resistance

change when the strain becomes bigger. The GF is extracted to be 10 and 300, re-

spectively, in these two strain ranges. We found that reducing the overlapped area

between neighboring flakes is very critical for enhancing the GF of the film. The

Marangoni self-assembly guarantees that the neighboring flakes are merely touching

each other, with minimal area of overlaps. Typical optical microscopic and scanning

electron microscopic (SEM) images of the self-assembled films are shown in Figure
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Figure 6-3: A schematic of the millimeter-sized strain sensor.

6-5. The overlapping width is below 100 nm. Such a small overlap was found widely

on the self-assembled graphene film. As a comparison, the graphene nanoflake net-

work film produced by the spray-coating method with much larger overlaps only

gives an average GF of around 10 [216]. From our experiment, we also found that

the GF is also related to the average thickness and lateral size of the graphene flakes,

which can be tuned by changing the bulk graphite source for the electrochemical

exfoliation process, and changing the sonication time during the dispersion process,

respectively. The average flake size can be characterized by the optical transmittance

of the self-assembled graphene film. Table 6.1 summarizes the GF for the graphene

films produced with different recipes.
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Table 6.1: The geometrical parameters and the GF for graphene films produced by
different recipes.

Recipe Flake Size Transmittance GF

Spray-coating 1-5 𝜇m Low <10

Self-assembly; graphite foil 1-5 𝜇m 78% 20-30

Self-assembly; graphite in a wrap 5-20 𝜇m 92% 100-300

Self-assembly; graphite in a wrap; 3

hr. sonication

0.3-2 𝜇m 90% 30-50

GF=10

GF=300

Figure 6-4: Relative resistance 𝑅/𝑅0 versus strain for a typical graphene nanoflake
network strain sensor.

Another interesting observation is that the GF is strongly dependent on the num-

ber of flakes in the graphene nanoflake network film. The number of flakes can be

indicated by the film size/flake size ratio. For a macroscopic film (millimeter size)

with the film size/flake size ratio of 103, there are thousands of conduction paths

in the graphene resistance network. Because of the variations in the flake sizes and

overlapping areas of these conduction paths, the conductance change of each path

will change differently as we stretch the film. This will lead to an averaged overall
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(a) (b) (c)

Figure 6-5: Morphologies of the self-assembled graphene nanoflake network film. (a)
optical microscopic image. (b) SEM image. (c) SEM image with higher magnification
to show the overlapped region.

conductance change of the resistance network and a smaller GF . For a microscopic

film (tens of micrometer size) with the film size/flake size ratio of only 1-10, there

are very few, if not only one, conduction paths. As a result, a much more abrupt

resistance change with respect to the strain can be measured. This effect is illustrated

in Figure 6-6, and the measurement results are summarized in Table 6.2.

Table 6.2: The size effect of the graphene nanoflake network strain sensor

Film Size Film Size/Flake Size GF

5 mm (macroscopic) 103 100-300

10 𝜇m (microscopic) 1-10 ∼50,000

6.2.2 Metallic Nanogap with Self-Assembled Monolayer

Another approach to artificially engineering conductivity in a very accurate fashion

is through mechanically tunable tunneling. A tunneling nano-gap can be defined by

two metal segments connected by a self-assembled monolayer as schematically shown

in Figure 6-7. If the gap distance is smaller than 5 nm, there can be a tunneling

current flowing through such a gap. As we stretch the film, the gap distance can be
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Macroscopic Film Microscopic Film
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Figure 6-6: An illustration of the size effect of the graphene nanoflake network film.

changed dramatically, giving rise to a abrupt change of the tunneling resistance.

Figure 6-7: A schematic of a tunneling nano-gap defined by a self-assembled mono-
layer (SAM).

Theoretical Analysis

The tunneling current at low bias is dominated by direct tunneling, which can be

estimated by the Simmons model [217, 218, 219, 220]:
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𝐼 =

(︂
𝑒𝐴

4𝜋2ℎ̄𝐺2

)︂{︂(︂
Φ− 𝑒𝑉

2

)︂
exp

[︂
−2(2𝑚)1/2

ℎ̄
𝛼

(︂
Φ− 𝑒𝑉

2

)︂
𝐺

]︂
−
(︂

Φ +
𝑒𝑉

2

)︂
exp

[︂
−2(2𝑚)1/2

ℎ̄
𝛼

(︂
Φ +

𝑒𝑉

2

)︂
𝐺

]︂}︂ (6.4)

where 𝐴 is the area of the metal junction; 𝑚 and 𝑒 are the electron mass and electron

charge; 𝐺 is the gap distance; 𝑉 is the applied voltage, Φ is the energy barrier height;

and 𝛼 is an adjustable parameter that accounts for the effects of the barrier shape

and the electron effective mass.

If assuming the total length of the metal film is 𝑋, and at the low-bias limit

( 𝑒𝑉
2

<< Φ), the gauge factor (GF ) can be expressed as

GF =
d𝑅/𝑅

d𝑋/𝑋
= −d log(𝐼)

d𝐺
· d𝐺

d𝑋
·𝑋

≈
(︂

2

𝐺
+

2(2𝑚)1/2

ℎ̄
𝛼Φ1/2

)︂
· 𝐾metal

𝐾gap + 𝐾metal

·𝑋
(6.5)

where 𝐾gap and 𝐾metal are the effective spring constants of the metal and the SAM

(gap) sections. As a simple estimation, assuming Φ ≈ 4 eV, 𝛼 = 1, and 𝐾metal >>

𝐾gap, for a 𝐺 = 3 nm gap in a 𝑋 = 5 𝜇m metal film, the gauge factor is GF ≈

21.14nm−1 · 1 · 5𝜇m =105,700. This is an extremely sensitive mechanism.

The SAM plays two roles in this structure. First, the gap distance can be defined

by the SAM thickness, which is determined by the length of the molecular chains.

Second, the existence of SAM can avoid the two metal segments from being too

close to each other, which can cause the stiction problem. If no SAM is present, the

nano-gap is determined by the external force (applied by the polymer base) and the

van der Waals (vdW) force between the metal surfaces. Because the vdW force is

inverse proportional to the cube of the gap distance 𝐺, such a system is mechanically

unstable. If a SAM layer is added to the nano-gap, the attraction force can then

be determined by an elastic force which is almost independent of the gap distance.

Therefore, the gap distance can be tuned stably and smoothly by the external force.

172



Experimental Results

Metal nanogaps were fabricated through a prestretching method. Very thin (<10 nm)

and continuous Pt film was first deposited onto the PDMS film through electron-beam

evaporation. The device structure is similar to the graphene nanoflake network device,

as shown in Figure 6-3. To guarantee the uniformity of the thin Pt film, very slow

deposition rate (0.1-0.2 Å/s) was used for the metal deposition. Before the actual

measurement, the Pt/PDMS film was slowly pre-stretched to a large strain (>0.05)

to generate aligned cracks perpendicular to the direction of stretching. Then a small

strain was applied to measure the strain sensor characteristics. Figure 6-8 shows the

optical microscopic image and the SEM image of the cracked Pt film generated by the

prestretching method. As we can see, the cracks are generated uniformly throughout

the film, and the average distance between the cracks are around 10 𝜇m.

200 µm 10 µm

(a) (b)

Figure 6-8: (a) Optical microscopic image and (b) SEM image of the Pt metal cracks
generated by the prestretching method.

Figure 6-9 plot the strain sensor characteristics of the cracked Pt films with differ-

ent thicknesses. The gauge factors were extracted to be 100-1000 for all the devices.

This is much lower than the theoretical prediction given by Eq. (6.5), which may be

caused by the roughness of the gaps and the non-uniform distributions of the cracks

throughout the film. Another trend is that the thinner Pt film results in higher ini-

tial resistance but wider dynamic range of the strain sensors. This is because of the

reduction of the conductance and the stiffness of the film as the thickness becomes

smaller.
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3 nm Pt

5 nm Pt

10 nm Pt

Figure 6-9: Strain sensor characteristics of cracked Pt films with different Pt thickness.

It is also interesting to note that after a certain threshold, there is an abrupt

increase of the resistance, which could lead to a much higher GF . However, the

resistance-strain characteristics in this regime become very inconsistent. This is due

to the stiction problem as discussed earlier.

To solve this problem, we can introduce a SAM layer into the nanogaps. We

chose 1H,1H,2H,2H-perfluorooctyl-1-thiol as the SAM molecule. The SAM layer can

be grown either in a liquid phase in which the thiol molecules are disolved in ethanol,

or in a gaseous phase in which the thiol molecules are vaporized in a vacuum chamber.

Figure 6-10 plots the strain sensor characteristics of a 10 nm cracked Pt film before

174



and after the SAM growth. The device with the SAM layer shows an improved

dynamic range (from 0.003 to 0.045 in strain) and six orders of magnitude consistent

resistance change.

wo/ SAM

w/ SAM

Figure 6-10: The resistance-strain characteristics of a 10-nm cracked Pt film with and
without the SAM layer.

Finally, we benchmark the two strain sensor technologies that we developed and

compared the measured GF with other technologies as shown in Figure 6-11. The

microscopic graphene nanoflake network films displays one order of magnitude higher

sensitivity than other technologies, and the metal nanogap based strain sensors also

have a GF up to 1000, which is among the best strain sensor technologies.

6.3 Graphene-Polymer Thermo-Mechanical Bolome-

ter

6.3.1 Device Structure and Fabrication Process

We can integrate the graphene nanoflake network strain sensor with a polymer based

thermal actuator to implement the ThM bolometer. Two geometries are considered in
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Figure 6-11: A summary of the measured GF of the graphene nanoflake network
and the metal/SAM/metal nanogap strain sensors in comparison with existing strain
sensor technologies [23, 24].

the implementation of the proposed devices (Figure 6-12). In the vertical structure,

the percolative graphene channel and the polymer base are stacked directly on top of

each other, whereas in the lateral structure, the graphene channel and the polymer

base are placed on the same plane, and connected through a “T” shaped rigid frame.

In the vertical structure, because of the mismatch of the thermal expansion coefficients

and the elastic modulus between the two layers, both the lateral expansion and the

vertical bending need to be taken into account. In the lateral structure, however,

the symmetric mechanical architecture makes the lateral expansion dominate the

thermal deformation. In addition, the “T” shaped rigid frame transfers the larger

displacement induced by the longer polymer bases to the shorter graphene channel,

which equivalently amplifies the strain of the graphene channel. Figure 6-12 (c) and

(d) shows the microscopic images of the as-fabricated vertical and lateral thermo-

mechanical bolometers.

The fabrication process flow of the device is shown in Figure 6-13. A 300 nm

SiO2/Si wafer is used as the substrate. Firstly, a photolithography and a reactive
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Figure 6-12: Schematics of the vertical (a, side view) and lateral (b, top view) and
the corresponding microscopic images (c and d) of the graphene-polymer thermos-
mechanical bolometers.

ion etching (RIE) step with CF4 and O2 as the reactive gas are employed to open

windows on the SiO2 layer. Secondly, gold electrodes are defined by photolithography,

and deposited through e-beam evaporation followed by a lift-off process. Thirdly, the

substrate is treated with diluted potassium hydroxide solution and the percolative

graphene film is transferred onto it. If the graphene layer has a different pattern than

the polymer base layer, photolithography and RIE with O2 and He are carried on to

define the graphene channel. Fourthly, the polymer (PDMS in hexane, or SPR700) is

spin-coated onto the substrate followed by baking at required temperature to cure the

film. Fifthly, another photolithography is made to define the patterns of the polymer

base, and a RIE with CF4 and O2 is done to etch the unwanted PDMS film if PDMS is

used. Finally, XeF2 etching is employed to undercut the underlining silicon to suspend

the thermo-mechanical bolometer. Although this process is currently designed for a
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silicon-based platform, it is also possible to replace the supporting film with glass,

plastics, or any other low-cost/flexible substrate.

Figure 6-13: Process flow of the graphene/polymer thermo-mechanical bolometer.

6.3.2 Theoretical Analysis

In this section, we performed a theoretical analysis of the thermo-mechanical response

in the vertical and lateral thermal actuators as described in subsection 6.3.1.

Vertical Thermal Actuator

The structure and dimensions are schematically shown in Figure 6-14. The length of

the bilayer beam is 𝐿, and the widths and thicknesses of the two layers are 𝑤1, 𝑡1,

and 𝑤2, 𝑡2, respectively. The Young’s modulus and the thermal expansion coefficients

of the two layers are 𝐸1, 𝛼1, and 𝐸2, 𝛼2, respectively. We define the 𝑦-axis to be in

the vertical direction with the origin at the interface of the two layers.

The axial strain of each layer can be expressed by

𝜀𝑥𝑥𝑖 =
𝜎𝑥𝑥𝑖

𝐸𝑖

+ 𝛼𝑖∆𝑇 = 𝜀0 +
𝑦

𝜌0
, 𝑖 = 1, 2 (6.6)
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Figure 6-14: Schematic of the vertical thermal actuator.

where ∆𝑇 is the temperature change; 𝜎𝑥𝑥𝑖 is the axial stress; 𝜀0 and 𝜌0 are the strain

and radius of curvature at 𝑦 = 0.

If no external force is applied on the beam,

∫︁ 0

−𝑡1

𝜎𝑥𝑥1𝑤1d𝑦 +

∫︁ 𝑡2

0

𝜎𝑥𝑥2𝑤2d𝑦 = 0 (6.7)

∫︁ 0

−𝑡1

𝜎𝑥𝑥1𝑤1𝑦d𝑦 +

∫︁ 𝑡2

0

𝜎𝑥𝑥2𝑤2𝑦d𝑦 = 0 (6.8)

We can solve for Eqs. (6.6) to (6.8) to obtain

𝜀0 =
∆𝑇

𝐷

[︀
4 (𝛼1𝐸1𝑤1𝑡1 + 𝛼2𝐸2𝑤2𝑡2)

(︀
𝐸1𝑤1𝑡

3
1 + 𝐸2𝑤2𝑡

3
2

)︀
− 3

(︀
𝛼2𝐸2𝑤2𝑡

2
2 − 𝛼1𝐸1𝑤1𝑡

2
1

)︀ (︀
𝐸2𝑤2𝑡

2
2 − 𝐸1𝑤1𝑡

2
1

)︀]︀ (6.9)

1

𝜌0
=

6∆𝑇

𝐷

[︀(︀
𝛼2𝐸2𝑤2𝑡

2
2 − 𝛼1𝐸1𝑤1𝑡

2
1

)︀
(𝐸1𝑤1𝑡1 + 𝐸2𝑤2𝑡2)

− (𝛼1𝐸1𝑤1𝑡1 + 𝛼2𝐸2𝑤2𝑡2)
(︀
𝐸2𝑤2𝑡

2
2 − 𝐸1𝑤1𝑡

2
1

)︀]︀ (6.10)

where

𝐷 =
(︀
𝐸2𝑤2𝑡

2
2 − 𝐸1𝑤1𝑡

2
1

)︀2
+ 4𝐸1𝐸2𝑤1𝑤2𝑡1𝑡2 (𝑡1 + 𝑡2)

2 (6.11)

In our case, the thickness of the graphene layer (1st layer) is much smaller than
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the thickness of the polymer layer (2nd layer), whereas the Young’s modulus of the

graphene layer is much bigger than that of the polymer layer. We can thus simplify

the above expressions by assuming 𝑡1 << 𝑡2, and 𝐸1𝑤1𝑡1 ≈ 𝐸2𝑤2𝑡2. Therefore, we

can obtain the strain 𝜀𝑥𝑥1 in the 1st layer (𝑦 = −𝑡1/2) and the bending radius 𝜌1 to

be

𝜀𝑥𝑥1 = 𝜀0 −
𝑡1

2𝜌0
≈ 4𝐾1𝛼1 + 𝐾2𝛼2

4𝐾1 + 𝐾2
∆𝑇 (6.12)

1

𝜌1
≈ 1

𝜌0
≈ 6𝐾1

4𝐾1 + 𝐾2

𝛼2 − 𝛼1

𝑡2
∆𝑇 (6.13)

where 𝐾𝑖 = 𝐸𝑖𝑤𝑖𝑡𝑖, (𝑖 = 1, 2).

To make the lateral stretching of the polymer layer the dominating deformation,

we need to guarantee that 𝐾2 >> 𝐾1.

Lateral Thermal Actuator

For the lateral device, the structure in the vertical direction is symmetric, so the

vertical deformation can be neglected. Then the thermo-mechanical response of this

structure can be simply considered as two sets of elastic beams (graphene and poly-

mer) stretching against each other. The device structure and dimension is illustrated

in Figure 6-15. The lengths, widths, thicknesses, and numbers of the graphene (no.

1) and the polymer (no. 2) beams are denoted as 𝐿𝑖, 𝑤𝑖, 𝑡𝑖, and 𝑁𝑖 (𝑖 = 1, 2), respec-

tively. Assuming the mechanical deformation of the rigid SiO2 frame (green) can be

neglected, we have

𝜀𝑥𝑥𝑖 =
𝜎𝑥𝑥𝑖

𝐸𝑖

+ 𝛼𝑖∆𝑇 = 𝜀0 +
𝑦

𝜌0
, 𝑖 = 1, 2 (6.14)

𝜎𝑥𝑥1𝑤1𝑡1𝑁1 + 𝜎𝑥𝑥2𝑤2𝑡2𝑁2 = 0 (6.15)

𝜀1𝐿1 = 𝜀2𝐿2 (6.16)

180



N2

N1

E2, α2, t2 , w2 , L2

E1, α1, t1 , w1 , L1
x

Figure 6-15: Schematic of the lateral thermal actuator.

Solving Eqs. (6.14) to (6.16), we can obtain

𝜀1 =
𝑘1𝛼1 + 𝑘2𝛼2 (𝐿2/𝐿1)

𝑘1 + 𝑘2
∆𝑇 (6.17)

where 𝑘𝑖 = 𝑁𝑖𝐸𝑖𝑤𝑖𝑡𝑖/𝐿𝑖 = 𝑁𝑖𝐾𝑖/𝐿𝑖 is the overall spring constant of the two sets of

beams.

When the spring set of the polymer is much stronger, or 𝑘1 << 𝑘2, Eq. (6.17) can

be simplified as

𝜀1 ≈
(︂
𝐿2

𝐿1

)︂
𝛼2∆𝑇 (6.18)

As a result, the thermal expansion induced in the polymer layer can be transduced

to the graphene layer with an amplification factor (𝐿2/𝐿1).

Comparison of Vertical and Lateral Geometries

According to Eqs. (6.12), (6.13) and (6.18), we draw the following observations: (1)

Only the lateral deformation contributes to the sensitivity of the device. Therefore,

we need to select the material properties and design the geometry very well to prevent

the vertical structure from bending vertically, instead of stretching laterally. (2) The

lateral geometry is symmetric in the vertical direction, so there is not vertical bending

motion. (3) There is a mechanical amplification factor of the lateral structure that is

decided simply by the ratio of the lengths of the polymer layer and graphene layer.

We can thus further amplify the thermo-mechanical resistance change by increasing
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this geometrical factor. Overall, the lateral thermal actuator is advantageous in terms

of both the design complexity and the sensitivity over the vertical thermal actuator,

although the lateral device is more challenge to fabricate, given that the graphene

sensing layer needs to be suspended by itself. In the following, we implemented

both designs and showed that the experimental results matches with our theoretical

analysis very well.

6.3.3 Experimental Results

Material Selection

According to the theoretical analysis, we can see that the polymer beam should

be stiff enough to dominate the thermo-mechanical response for both the vertical

and the lateral geometries. Two key material parameters are the thermal expansion

coefficient 𝛼 and the Young’s modulus 𝐸. Figure 6-16 summarizes 𝛼 versus 𝐸 for

different materials. The groups of elastomer and polymer are among the materials

with higher thermal expansion coefficients (𝛼 ∼ 10−4 K−1). Although elastomers

may have even larger thermal expansion coefficient, their Young’s modulus are two

to three orders of magnitude lower than the polymer group. We selected PDMS

in the elastomer group, and a photoresist (SPR 700, a type of phenolic basin) in

the polymer group, and fabricated the vertical thermal actuators. The microscopic

images of the as-fabricated devices are shown in Figure 6-17. It is observed that

there is a severe initial vertical bending for the PDMS/graphene device, whereas the

photoresist/graphene structure is completely flat. This initial morphology indicate

that the PDMS film may be too soft to dominate the mechanical deformation of the

actuator. Therefore, we selected the SPR700 as the polymer part of the final devices.

Temperature Dependent 𝐼-𝑉 Characteristics

To measure the temperature dependence of the 𝐼-𝑉 characteristics of the ThM bolome-

ters, the as-fabricated chip was wire-bonded to a chip carrier, and mounted inside a

cryostat with electrical feedthroughs. The devices were kept in vacuum (< 10−4 Torr)
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Figure 6-16: A summary of 𝛼 versus 𝐸 for different materials [?].

during the measurement. A temperature controller (Lakeshore 325) equipped with

liquid nitrogen was used to change the temperature of the devices.

Figure 6-18 and Figure 6-19 plot two typical temperature dependence of the ThM

bolometer. The first type shows a gradual change in resistance in terms of temper-

ature (Figure 6-18), and the second type shows an abrupt transition at a specific

temperature (Figure 6-19). The type 1 behavior may be associated with the average

overlap area decrease of adjacent nano-flakes in the case of strongly bonded graphene

nanoflake network, whereas abrupt “switch” like response (type 2) are presumably

due to the decrease of the number of conduction paths of the percolative film in the

case of a weakly bonded graphene nanoflake network.

We can extract the temperature coefficient of resistance (TCR) from the slope of

the 𝑅-𝑇 plots, according to the following relation:

𝑅(𝑇 ) = 𝑅0 exp [TCR · (𝑇 − 𝑇0)] (6.19)
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Figure 6-17: Optical microscopic images of (a) PDMS/graphene and (b) photore-
sist/graphene vertical thermal actuators.

Table 6.3 summarizes the extracted TCR and the temperature range of effective

operation of the graphene/polymer ThM bolometer. The extracted TCR are com-

pared with the state-of-the-art bolometers, which is shown in Figure 6-20. As we

can see, our graphene/polymer ThM bolometer is more than one order of magnitude

better than other technologies.

Table 6.3: A summary of the extracted TCR and operation temperature range 𝑇op

of graphene/polymer ThM bolometers.

Structure TCR 𝑇op

Vertical Type 1 0.005-0.014 K−1 Wide

Vertical Type 2 4.88 K−1 80-110 ∘C

Lateral Type 2 20 K−1 5-15 ∘C
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TCR = -0.014 K-1

Figure 6-18: Temperature dependent 𝐼-𝑉 characteristics of a graphene/polymer ThM
bolometer. Type 1: gradual change.

0 ᵒC

130 ᵒC

TCR>4.88 K-1

Figure 6-19: Temperature dependent 𝐼-𝑉 characteristics of a graphene/polymer ThM
bolometer. Type 2: abrupt transition.

There are still some issues that need to be addressed. First, the device-to-device

variation and the yield still need to be improved. Because of the random distribution
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Figure 6-20: TCR values for different bolometric technologies [25].

of the graphene nanoflake network, only a small portion of the devices after fabrication

are conductive and can respond strongly to the temperature change. To solve this, the

electrochemical exfoliation and the self-assembly process for the graphene nanoflake

network need to be optimized. Second, for the same device, we found a hysteretic

behavior as we increase and decrease the temperature. In addition, the transition

temperature was found to drift randomly as we swept the temperature repeatedly.

The plots in Figure 6-21 are representative characteristics with the hysteresis and the

transition temperature drifting effects. Possible causes of these non-ideal effects may

be the plastic mechanical response of the polymer beams, the change of locations

of the graphene flakes, and the mechanical instability due to the abrupt vdW force

change with the nanogap distance.

IR Radiation Response

We performed a scanning photocurrent microscopy measurement on the graphene/polymer

ThM bolometer. A CO2 laser with 10.6 𝜇m wavelength was used as the IR light
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Figure 6-21: Hysteresis and transition temperature drifting.

source. Figure 6-22 displays the microscopic image, the IR reflectance mapping, as

well as the photo-resistance mapping of a vertical graphene/polymer ThM bolometer.

It corresponds to a 4.58% resistance change per mW input power.

20 µm

R (MΩ)

5.0

4.5

4.2

3.8

(a) (b) (c)

Figure 6-22: IR response of the graphene/polymer ThM bolometer. (a) Optical
microscopic image. (b) Reflectance mapping. (c) Resistance mapping. The incident
laser is a 10.6 𝜇m CO2 laser. The incident power density is 335 W/cm2.
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6.4 Metal/Molecule/Metal Thermo-Mechanical Bolome-

ter

6.4.1 Device Structure and Fabrication Process

Figure 6-23 illustrate the structure of the metal/molecule/metal ThM bolometer. It

is composed of two thin Pt films placed horizontally and separated by a nanogap

filled with a SAM layer. On top of the Pt films are thicker Ni films as the supporting

layers. The whole structures are suspended.

Thick Ni

Thin Pt

SAM

Figure 6-23: Schematic of the metal/molecule/metal ThM bolometer.

The process flow is illustrated in Figure 6-24. First, a poly(methyl methacrylate)

(PMMA)/methyl methacrylate (MMA) double layer e-beam resist was spin-coated

onto the substrate. After electron-beam lithography to define the narrow lines (100-

300 nm width) for the nanogap mask and development, the PMMA masks were

suspended on the substrate. Then, two steps of thin metal evaporation (5 nm Pt) with

opposite tilted angles (±15∘) were done to form the nanometer-sized gaps. A third

layer of thick metal (100 nm Ni) were evaporated with normal angle as the mechanical

support of the suspended structure. After PMMA removel, the underlying SiO2 was

undercut in a diluted HF solution (4%) followed by critical point drying to suspend

this metal nanogap structure. Finally, the sample was cleaned in a O2 plasma cleaner
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and the SAM layer was grown in a vapor phase as described in subsection 6.2.2.

E-beam 
lithography

Tilted 
Evaporation

PMMA Removal

Normal 
Evaporation

SiO2 Undercut (HF) + 
Critical Point Drying

O2 Plasma + SAM

Figure 6-24: Fabrication process flow for the metal/molecule/metal ThM bolometer.

The steps of tilted metal deposition with suspended resist mask can lead to sub-10-

nm scale nanogaps with a 100-nm scale resist pattern which can be defined easily by e-

beam lithography. Figure 6-25 shows the SEM images of the suspended PMMAmasks

with different dimensions. Depending on the lengths and widths of the suspended

PMMA bridges, the bottom surfaces have different degree of flatness. The masks with

1 and 2 𝜇m lengths are with the desired flatness and smoothness on the bottom. For

the masks with 5 𝜇m length, the bottom surface become curvy and rough, probably

because of the overdose and the severe back scattering of the electron beams reflected

by the substrate surface during the e-beam lithography.

Figure 6-26 (a) is a typical SEM image of the metal nanogap defined by this

method. The thickness of the Pt film is 5 nm. The gap distance is measured to be

around 15 nm. It corresponds to a 240-nm wide PMMA mask. Wit this method, the

gap can be tuned with very good accuracy through changing the width of the PMMA

mask, as shown in Figure 6-26 (b).

We also found that the thick metal supporting layer is essential for the suspension

to be successful. With only 5 nm Pt, the metal films will break and droop after

suspension (Figure 6-27 (a)). With the addition of the thick metal layer, the structure

strengthens mechanically, so it will maintain its shape after suspension (Figure 6-27
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L=5 µm, W=150 nm L=5 µm, W=250 nm L=5 µm, W=340 nm

Figure 6-25: SEM images of the suspended PMMA masks with different dimensions.

100 nm

~15 nm gap

(a) (b)

Figure 6-26: (a) a SEM image of the metal nanogap. (b) metal nanogap distance
versus PMMA mask width.

(b)).
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5 nm Pt 5 nm Pt + 100 nm Ni

(a) (b)

Figure 6-27: SEM images of the suspended metal nanogap (a) without and (b) with
the thick Ni supporting layer.

6.4.2 Results and Discussion

We first measured the 𝐼-𝑉 characteristics of the metal nanogap devices when they

are supported, suspended, and functionalized with the SAM layer. Figure 6-28 plots

the 𝐼-𝑉 characteristics of three devices when they are still supported by the SiO2

substrate. They follow the tunneling behavior as described by the Simmons model

Eq. (6.4). Such behaviors can be measured repeatedly as long as we limit the current

to below a certain level (100 nA). However, if we apply a higher bias voltage, a

permanent current increase will be induced. This can be seen more clearly for a

device with wider gap distance (>100 nm) as shown in Figure 6-29. As we sweep

the voltage repeatedly on the device, the current increases from pA all the way to 10

nA and starts to stabilize (Figure 6-29 (a)). From the SEM images taken before and

after the measurements (Figure 6-29 (b) and (c)), the edges become much rougher

after the measurement, which may be caused by the electro-migration.

The devices after suspension also have the tunneling 𝐼-𝑉 characteristics, as shown

in Figure 6-30. Note that for some of the devices, a much lower current was measured

for the initial voltage sweep (Figure 6-30 (a)). After the initial sweep, the device

is “activated” and a repeatable 𝐼-𝑉 response with larger current can be measured.

This is presumably because of the small deformation of the metal nanogap structure

during the suspension process. With the initial voltage sweeping, it is possible that
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Figure 6-28: 𝐼-𝑉 characteristics of the metal nanogap devices supported on a SiO2

substrate.

1st sweep

2nd sweep

3rd sweep

4th sweep

5th sweep

6th sweep
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9th sweep
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200 nm

Before measurement

After measurement

200 nm
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(c)

Figure 6-29: The effect of electro-migration. (a) 𝐼-𝑉 characteristics of a 100 nm metal
nanogap devices supported on a SiO2 substrate. (b) The SEM image of the nanogap
before measurement. (c) The SEM image of the nanogap after measurement.

the electrostatic force drags the metal beams back to its original position, which

recovers the electrical performance of the device.
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(a) (b)

Figure 6-30: Typical 𝐼-𝑉 characteristics of the nanogap devices after suspension.

We observed a clear change of the 𝐼-𝑉 characteristics after the SAM layer is grown,

although the trend is still inconsistent and need further investigation (Figure 6-31 to

Figure 6-33): some of the devices maintain the 𝐼-𝑉 characteristics (Figure 6-31); a

small portion of the devices have improved current (Figure 6-32); but most of the

devices are degraded after the SAM process (Figure 6-33).

In the current design, the thick metal supporting beams (100 nm Ni layer) play

the role of the IR absorber and the thermal actuator. Because of its low thermal

expansion coefficient (∼ 10−5 K−1), and high thermal conductivity (∼ 90 Wm−1K−1),

the temperature response and the IR radiation response is still on its lower end. Figure

6-34 plots the temperature dependent current of a final metal/molecule/metal ThM

bolometer with the bias voltage 𝑉 = 2 V. The tunneling resistance degrease with the

temperature, because the thermal expansion of the two thick metal beams brings the

nanogap closer. The TCR is extracted to be -0.0033 K−1. The IR radiation response

(10.6 𝜇m wavelength) of this device is shown in Figure 6-35. The corresponding

resistance responsivity is 8.4% per mW incident power.
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Figure 6-31: 𝐼-𝑉 characteristics of a nanogap device (a) after suspension and (b)
after SAM. This device displays a maintained behavior after SAM.
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Figure 6-32: 𝐼-𝑉 characteristics of a nanogap device (a) after suspension and (b)
after SAM. This device displays a improved behavior after SAM.
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Figure 6-33: 𝐼-𝑉 characteristics of a nanogap device (a) after suspension and (b)
after SAM. This device displays a degraded behavior after SAM.

TCR=-0.0033 K-1

V = 2.0 V

Figure 6-34: Temperature dependent measurement of the metal/molecule/metal ThM
bolometer.

6.5 Benchmark of Thermo-Mechanical Bolometers

If we assume the thermal relaxation dominated response time and only consider the

shot noise, the (𝐷*)2/𝜏 of the ThM bolometer can be expressed as
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Figure 6-35: IR radiation response of the metal/molecule/metal ThM bolometer. (a)
Reflectance mapping. (b) Photocurrent mapping. The excitation wavelength is 10.6
𝜇m. The incident power density is 168 W/cm2.
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where 𝑡 is the thickness of the IR absorber/thermal actuator; 𝐿total and 𝑊total are

the overall length and width of the device that dominates the thermal transport.

To compare different designs, we assume 𝐼bias=1 𝜇A, and 𝐿total/𝑊total ∼ 1. For

the sensing component, we assume TCR=0.1-10 K−1. For a polymer based thermal

actuator, the thickness is in the range of 0.5-5 𝜇m, the absorbance can be 0.1-1,

the thermal conductivity is 0.1-1 W/m/K, and the heat capacity is 106-107 J/m3/K.

Then (𝐷*)2/𝜏 ≈1.25× 1016–1.25× 1026 cm2Hz/W/s. For a dielectric based thermal

actuator, the thickness is in the range of 0.05-0.5 𝜇m, the absorbance can be 0.1-1,

the thermal conductivity is 10-100 W/m/K, and the heat capacity is 106-107 J/m3/K.

Then (𝐷*)2/𝜏 ≈1.25× 1016–1.25× 1026 cm2Hz/W/s. Figure 6-36 plots the 𝐷* versus

𝜏 relation for the ThM bolometer with an optimized polymer or dielectric actuator

and the sensing component TCR=0.1-10 K−1. We can tune the device geometry to

design ThM bolometers and imagers with either much better sensitivity, or much

faster frame rate. For example, if we increase the vertical thickness and decrease

the lateral sizes, the thermal coupling components between the active region and the

heat sink region of the device can be strengthened, and the thermal mass can be
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reduced. As a result, we can make a ThM bolometer that can respond to the IR

radiation change two to three orders of magnitude faster than the state of the art.

With this design strategy, we can implement an uncooled thermal camera with a

much faster frame rates. On this other hand, if we push the device geometries to

the opposite direction, that is, to decrease the vertical thickness and to increase the

lateral sizes, thermal energies can be accumulated more easily in the active regions of

the device, which would lead to an enhanced specific detectivity but slower response

time. Nonetheless, our ThM bolometer expanded the design space to a great extend,

so that it is possible to design the next-generation IR detector technology with much

improved performance. Also note that the fundamental limit shown in Figure 6-36

is determined by the thermal fluctuation noise of the 300 K black-body radiation

background and a 2𝜋-FOV. If we were to relax this limit by, for example, engineering

the spectral response of the detector, or the FOV of the optical systems, we could

potentially realize ThM bolometers with orders of magnitude better sensitivity, which

were not possible with the conventional bolometric IR detector technologies.
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Figure 6-36: Specific detectivity (𝐷*) versus response time (𝜏) for ThM bolometers
in comparison with mainstream uncooled thermal IR detectors.
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Chapter 7

Summary and Outlook

7.1 Contributions of This Thesis

This thesis contributes to three two major areas: (1) synthesis and optical charac-

terization of two-dimensional materials and their heterostructures; and (2) device

applications based on two-dimensional materials and other emerging nanomaterials

with an emphasis on the development of novel infrared detection technologies. In the

following, we summarize the key achievements and the corresponding publications in

each of the two areas.

7.1.1 Synthesis and Optical Characterization of Two-Dimensional

Materials and Heterostructures

Key Achievements

1. Synthesis of 2D materials and their heterostructures (chapter 2). Di-

verse parallel stitched 2D heterostructures, including metal–semiconductor, semi-

conductor–semiconductor, and insulator–semiconductor, are synthesized directly

through selective “sowing” of aromatic molecules as the seeds in the chemical

vapor deposition (CVD) method. The methodology also enables the large-scale

fabrication of lateral heterostructures.
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2. Deep-learning-enabled optical characterization of 2D materials (chap-

ter 3). Characterization of nanomaterial morphologies with advanced microscopy

and/or spectroscopy tools plays an indispensable role in nanoscience and nan-

otechnology research. However, the interpretation of imaging data heavily relies

on the “intuition” of experienced researchers. As a result, many of the deep

graphical features are often unused because of difficulties in processing the data

and finding the correlations. Such difficulties can be well addressed by deep

learning. In this work, we use the optical characterization of two-dimensional

(2D) materials as a case study, and demonstrate an algorithm based on a neural

network for the material and thickness identification of exfoliated 2D materi-

als with high prediction accuracy and real-time processing capability. Further

analysis shows that the trained network can be used to predict physical proper-

ties of the materials. Finally, a transfer learning technique is applied to adapt

the pretrained network to more optical characterization applications such as

identifying layer numbers of chemically synthesized graphene domains.

Publication

∙ B. Han*,Y. Lin*, Y. Yang, N. Mao, W. Li, H. Wang, V. Fatemi, L. Zhou, J. I-J.

Wang, Q. Ma, Y. Cao, D. Rodan-Legrain, Y.-Q. Bie, E. Navarro-Moratalla, D.

Klein, D. MacNeill, S. Wu, W. S. Leong, H. Kitadai, X. Ling, P. Jarillo-Herrero,

T. Palacios, J. Yin, J. Kong, “Deep learning enabled fast optical characterization

of two-dimensional materials”, under review. arXiv:1906.11220.

∙ Y. Guo, P.-C. Shen, C. Su, A.-Y. Lu, M. Hempel, Y. Han, Q. Ji, Y. Lin, E. Shi,

E. McVay, L. Dou, D. A. Muller, T. Palacios, J. Li, X. Ling, J. Kong, “Addi-

tive manufacturing of patterned 2D semiconductor through recyclable masked

growth”, PNAS 116, 3437-3442 (2019). doi:10.1073/pnas.1816197116.

∙ P.-C. Shen, Y. Lin, H. Wang, J.-H. Park, W. S. Leong, A.-Y. Lu, T. Palacios,

J. Kong, “CVD technology for 2D materials”, IEEE Trans. Electon Devices, 65,

4040-4052 (2018). doi:10.1109/TED.2018.2866390.
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∙ X. Ling*, Y. Lin*, Q. Ma, Z. Wang, Y. Song, L. Yu, S. Huang, W. Fang, X.

Zhang, A. L. Hsu, Y. Bie, Y.-H. Lee, Y. Zhu, L. Wu, J. Li, P. Jarillo-Herrero,

M. Dresselhaus, T. Palacios, J. Kong, “Parallel stitching of 2D materials”, Adv.

Mater. 28, 2322-2329 (2016). doi:10.1002/adma.201505070; arXiv:1512.04492.

∙ Y. Lin#, X. Ling, L. Yu, S. Huang, A. L. Hsu, Y.-H. Lee, J. Kong, M. S.

Dresselhaus, T. Palacios, “Dielectric screening of excitons and trions in single-

layer MoS2”, Nano Lett. 14, 5569-5576 (2014). doi:10.1021/nl501988y.

∙ X. Ling, W. Fang, Y.-H. Lee, P. T. Araujo, X. Zhang, J. F. Rodriguez-Nieva,

Y. Lin, J. Zhang, J. Kong, M. S. Dresselhaus, “Raman enhancement effect on

two-dimensional layered materials: graphene, h-BN and MoS2”, Nano Lett., 14,

3033-3040 (2014). doi:10.1021/nl404610c.

∙ X. Ling, Y.-H. Lee, Y. Lin, W. Fang, L. Yu, M. S. Dresselhaus, J. Kong, “Role

of the seeding promoter in MoS2 growth by chemical vapor deposition”, Nano

Lett., 14, 464-472 (2014). doi:10.1021/nl4033704.

7.1.2 IR Detectors and Other Device Applications Based on

Emerging Nanomaterials

Key Achievements

1. An ultrasensitive thermo-mechanical bolometer (chapter 6). With na-

noengineering, it is possible to fabricate nanometer-sized quantum tunneling

barriers that can be tuned mechanically. Such a tremendous mechanical tun-

ability can be harnessed for mechanical sensors and many other types of sensors

with extremely high sensitivity. Here we demonstrate two nanostructures that

implement such a mechanically tunable tunneling barrier and use them for ei-

ther a mechanical/strain sensor or a mid-infrared bolometric detector. The first

nanostructure is the self-assembled graphene nanoflake network composed of a

resistance network of sub-micron graphene flakes that connect with each other

with <100 nm overlap. The second nanostructure is a metal nano-gap with the
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gap defined by self-assembled monolayers (SAMs) . The proposed structures

show high gauge factors and/or improved linear dynamic range as a strain sen-

sor. Such mechanical sensors can also be integrated with a thermal actuator to

realize a highly sensitive, uncooled bolometer-type mid-infrared detector . The

measured temperature coefficient of resistance (TCR) can be as high as 5 K−1,

which is more than one order of magnitude better than the state of the art.

2. Photothermoelectric effect in graphene-2D semiconductor lateral het-

erostructures (chapter 5). A variety of unique light-matter interaction phe-

nomena have been discovered in graphene, which promise many novel opto-

electronic applications. Most of the effects are only accessible by breaking the

spatial symmetry. The recent development of direct synthesis of lateral het-

erostructures offers new opportunities to achieve the desired asymmetry. As

a proof of concept, we study the photothermoelectric effect in an asymmet-

ric lateral heterojunction between the Dirac semimetallic monolayer graphene

and the parabolic semiconducting monolayer MoS2. Very different hot-carrier

cooling mechanisms on the graphene and the MoS2 sides allow us to resolve the

asymmetric thermalization pathways of photoinduced hot carriers spatially with

electrostatic gate tunability. We also demonstrate the potential of graphene-2D

semiconductor lateral heterojunctions as broadband infrared photodetectors.

The proposed structure shows an extreme in-plane asymmetry and provides a

new platform to study light-matter interactions in low-dimensional systems.

3. Graphene thermopile and graphene-CMOS integration (chapter 4). The

low dimensionality of 2D materials and the easy and universal transfer process

make it possible to decouple the low-temperature fabrication process from the

high-temperature growth of high-quality 2D materials and realize the mono-

lithic integration between 2D material based technologies and conventional sil-

icon CMOS technologies. As a proof-of-concept, we developed a back-end-

of-line process to fabricate a graphene thermopile mid-infrared detector array

directly onto a specifically designed silicon CMOS integrated circuit chip. Such
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a monolithically integrated graphene-CMOS system can perform real-time ther-

mal imaging that can potentially be used in next generation night vision goggles,

surveillance cameras as well self-driving systems.

4. Integrated circuits based on graphene-MoS2-graphene lateral het-

erostructures (chapter 2). We developed a large-scale synthetic approach

to construct lateral heterostructures between graphene and 2D semiconductors

such as MoS2. Temperature transport measurements have shown that such a

lateral structure has a very small Schottky barrier height, which is ideal for the

1D contact to 2D semiconductor field effect transistors. Based on this idea, we

implemented a variety of building blocks for logic integrated circuits.

Publication

∙ Y. Lin*, Q. Ma*, P.-C. Shen*, B. Ilyas, Y. Bie, A. Liao, E. Ergeçen, B. Han, N.

Mao, X. Zhang, X. Ji, Y. Zhang, J. Yin, S. Huang, M. Dresselhaus, N. Gedik,

P. Jarillo-Herrero, X. Ling, J. Kong, T. Palacios, “Asymmetric hot-carrier ther-

malization and broadband photoresponse in graphene-2D semiconductor lateral

heterojunctions”, Sci. Adv. 5, eaav1493 (2019). doi:10.1126/sciadv.aav1493.

∙ Y. Sun, L. Qian, D. Xie, Y. Lin, M. Sun, W. Li, L. Ding, T. Ren, T. Pala-

cios, “Photoelectric synaptic plasticity realized by 2D perovskite”, Adv. Funct.

Mater. 29, 1902538 (2019).doi:10.1002/adfm.201902538.

∙ X. Zhang, J. Grajal, J. L. Vazquez-Roy, U. Radhakrishna, X. Wang, W. Chern,

L. Zhou, Y. Lin, P.-C. Shen, X. Ji, X. Ling, A. Zubair, Y. Zhang, H. Wang, M.

Dubey, J. Kong, M. Dresselhaus, T. Palacios, “Two-dimensional MoS2-enabled

flexible rectenna for Wi-Fi-band wireless energy harvesting”, Nature 566, 368-

372 (2019). doi:10.1038/s41586-019-0892-1.

∙ Q. Ma, C. H. Lui, J. C. W. Song, Y. Lin, J. F. Kong, Y. Cao, T. H. Dinh, N.

L. Nair, W. Fang, K. Watanabe, T. Taniguchi, S.-Y. Xu, J. Kong, T. Palacios,

N. Gedik, N. M. Gabor, P. Jarillo-Herrero, “Giant intrinsic photoresponse in
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pristine graphene”, Nat. Nanotechn. 14, 145-150 (2019). doi:10.1038/s41565-

018-0323-8; arXiv:1812.07111.

∙ A. Nourbakhsh, L. Yu, Y. Lin, M. Hempel, R.-J. Shiue, D. Englund, T. Pala-

cios, “Heterogeneous integration of 2D materials and devices on a Si platform”,

in: Topaloglu R., Wong HS. (eds) Beyond-CMOS Technologies for Next Gener-

ation Computer, Springer, Charm (2019). doi:10.1007/978-3-319-90385-9_3

∙ Q. Ma, S.-Y. Xu, C.-K. Chan, C.-L. Zhang, G. Chang, Y. Lin, T. Palacios,
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doi:10.1038/nphys4146; arXiv:1705.00590.

∙ Y. Zhang, M. Sun, D. Piedra, J. Hu, Z. Liu, Y. Lin, X. Gao, K. Shepard, T.
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7.2 Future Work

In this section, we examine some future work that is worth studying as an extension

of this thesis. Four directions will be covered: (1) graphene p-i-n photothermoelectric

detector; (2) miniaturized pyroelectric IR detector; (3) multi-/hyperspectral imaging

system based on the emerging IR detector technologies; and (4) mechanical/chemical

sensors based on engineered nanostructures.

7.2.1 Graphene p-i-n Photothermoelectric Detector

In chapter 5, we have discussed the unique hot electron transport properties in

graphene, and the photothermoelectric photocurrent response in a graphene-2D semi-

conductor lateral heterostructure. Here we propose a graphene p-i-n lateral homo-

junction that can efficiently decouple the wavelength cutoff determined by the Pauli

blocking from the gate-dependent Seebeck coefficient change. With this structure, it

is still possible to take advantage of the hot carrier photoresponse in graphene and

make highly sensitive and fast response photodetector in longer wavelengths.

The proposed device structure is schematically shown in Figure 7-1. A sheet of

graphene encapsulated with hBN will be electrostatically doped into a p-i-n junction

device, with the intrinsic region absorbing light and the doped regions providing high

Seebeck coefficients. Interestingly, the electronic temperature in intrinsic, very clean

graphene can be enhanced by at least one order of magnitude due to the anomalous

hydrodynamic behavior of electron transport near the Dirac point [221, 222]; this can

be used to eliminate the need to concentrate light in such a small intrinsic region. The

intrinsic time response of such a device structure is determined by the electron-lattice

cooling rate. The detectivity, after geometric optimization, is mainly limited by the

IR absorbance, the cooling length, and the Seebeck coefficient difference in the device.

The predicted 𝐷*–𝜏 relation, plotted in Figure 7-2, shows improved detectivity and

faster operating frequency compared to other state-of-the-art technologies.

Our preliminary measurements (Figure 7-3) have indicated that the hBN encap-

sulated graphene p-i-n junction leads to much better graphene quality and improved
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Figure 7-1: (a) Schematic of the proposed graphene p-i-n homojunction PTE detec-
tor. (b) Band diagrams of graphene in the 𝑘-space, with dashed lines indicating the
Fermi energy of p-, i-, and n-doped graphene regions. The red arrows represent the
permission or forbiddance of the light absorption.

PTE photoresponse. A much sharper peak was observed from the the transfer charac-

teristics Figure 7-3 (b), which corresponds to the field effect mobility, 𝜇FET, of 50,000

cm2V−1s−1 at room temperature, and 130,000 cm2V−1s−1 at 15 K. The photocurrent

response as a function of the split gate voltages at different temperatures show the

six-lobe distribution, which indicate a PTE effect dominated photoresponse (Figure

7-3 (d) to (f)). The current responsivity at 830 nm wavelength was extracted to be

around 10 mA/W at low temperature, and 1 mA/W at room temperature, which is

at least one order of magnitude better than previously reported values measure in a

graphene p-n junction on a SiO2 substrate [122].

7.2.2 Miniaturized Pyroelectric IR Detector

Pyroelectric IR detector is another type of mainstream thermal detector technolo-

gies (subsection 1.1.1). The basic structure of traditional pyroelectric technology is

a metal/dielectric/metal capacitor, where the dielectric is a pyroelectric material.

The pyroelectric material is a non-centrosymmetric crystal with a spontaneous po-

larization along the vertical direction. Such a polarization is usually as a function

of temperature. If a periodically amplitude-modulated IR radiation is present, the
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LWIR (8-15 µm), Top=250-300 K

Figure 7-2: 𝐷*–𝜏 plot for graphene p-i-n junction PTE detectors in comparison with
state-of-the-art uncooled thermal detector technologies in the LWIR range.

temperature change induced polarization would give rise to a temporal current that

can be measured by the capacitor. This technology is sensitive, but usually need builk

pyroelectric crystals and optical modulation, which make this technology difficult for

miniaturization.

Two recent studies [130, 131] combined a graphene field effect transistor and a

LiNbO3 pyroelectric capacitor and realize a pyroelectric IR detector without the op-

tical chopping and with the resistance readout. In their devices, the polarization

change in the pyroelectric crystal can be coupled, either directly or indirectly, to the

208



15K 100K 300K

20 µm

GL
GM

GR

(a) (b) (c)

(d) (e) (f)

Figure 7-3: Preliminary results of the graphene p-i-n PTE detector. (a) Optical
microscopic image. (b) Transfer characteristics at different temperature. (c) field
effect mobility extracted from (b). (c)-(e) Photocurrent response as a function of the
split gate voltages at different temperature, when a 830 nm laser is shined at the
junction.

graphene which leads to a electrostatic doping and a resulting resistance change of

the graphene channel. There is still much room for improving the performance of

these device structures. Here we propose three new designs.

1. 2D semiconductor/ALD pyroelectric dielectric transistor. We can adapt the

recently developed ferroelectric/pyroelectric ALD dielectric materials (doped

AlOx and HfOx), and use them as the gate dielectric of a 2D semiconductor

transistor to implement a pyroelectric transistor with much smaller form factors.

This makes it possible to reduce the thermal mas substantially and improve the

sensitivity and/or response time of the detector. Another benefit of miniatur-

ization is that we can fabricate focal plane arrays instead of single macroscopic

detectors. Furthermore, if we tune the gate voltage so that the 2D semicon-

ductor is in the subthreshold regime, the pyroelectric response might induce

an exponential resistance change of the 2D semiconductor channel, which could
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lead to even better sensitivity.

2. 2D pyroelectric transistor. There are several non-centrosymmetric 2D materials

that we can use potentially as a good thermal detector. Many of them are

semiconductor (for example, Janus monolayer transition metal dichalcogenides,

and 𝛼-In2Se3). The polarization change may lead to a self-gating effect of these

semiconductors, which would give rise to a simple, but sensitive resistor-type

pyroelectric response.

3. 2D lateral pyroelectric heterojunction. Some 2D materials also have lateral spon-

taneous polarization, including Group IV metal monochalcogenides, 𝛼-In2Se3,

etc. We can construct a lateral heterojunction between a lateral pyroelectric

material and a normal 2D semiconductor, and use the temperature dependent

polarization and the barrier height modulation for IR detection.

7.2.3 Multi-/Hyperspectral Imaging System

As discussed in chapter 4 to chapter 6, we have developed several IR detector technolo-

gies based on 2D materials, their heterostructures and other artificial nanostructures

that can give rise to better sensitivity, faster speed, or wider spectral range. Scaling

up these technologies into focal plane arrays is the essential next step that would

enable IR/thermal imaging applications such as night vision, surveillance, automated

driving, etc. Besides the spatial domain, wavelength is another physical dimension

that contains even more information, such as chemical compositions, temperature and

surface emissivity of the target objects. Therefore, implementing an imaging system

that is able to measure the spectrum of each pixel is of great practical interest. This

new era of imaging technology is called multispectral or hyperspectral imaging Fig-

ure 7-4. This is the key technology for many advanced sensing applications, including

remote sensing, chemical composition analysis, air/water body monitoring, medical

tomography, and IR communication. We can take advantage of some of the special

spectral response of nanophotonic structures and integrate them to the IR detector

technologies that we have developed in this thesis to realize a compact, low-power

210



hyperspectral imager. Integrating the imager and spectrometer into a single chip

is beneficial because it does not need the moving parts, scanning components, and

complex optical components that are to some extend unreliable, bulky, and extremely

power hungry. In the following, we propose two strategies to implement this idea.

Night Vision

Gaseous 
Detection

IR Communication

Hyperspectral 
Imager

Remote 
Sensing

Figure 7-4: Hyperspectral imaging cube (center) with potential applications in night
vision, remote sensing, gaseous detection and IR communication.

The first strategy is to harness the unique electrical tunability of the optical re-

sponses of graphene (subsection 1.2.1). Two effects can be used. First, when graphene

is lightly doped, it can act as a spectral short-pass filter with a cutoff frequency that

is tuned by the graphene gate-dependent Fermi level (Pauli blocking). Second, when

graphene is heavily doped, the surface plasmon polariton resonances in graphene is

very strong, which could also be tuned widely by electrostatic gating. Owing to the

gate tunability of graphene’s Fermi level 𝐸𝐹 and hence the plasmon dispersion, the

spectrally selective absorption can be tuned across a wide spectral range by applying

a voltage to the graphene sheet to alter its Fermi level. This voltage-tunable en-
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hanced absorption is illustrated in Figure 7-5 (a). Compared to the universal 2.3%

absorption of a non-structured graphene sheet, Figure 7-5 (b) shows strongly en-

hanced absorption in different spectral regions when a variable voltage is applied.

When such plasmonic nanostructures are used as filters or absorbers, spectrally selec-

tive optical detection with high contrast is possible. Figure 7-6 illustrate two possible

ways of integrating this graphene plasmonic absorber/filter to single detectors.

Figure 7-5: (a) Schematics of gate tunable graphene plasmonic nanostructures. Inset:
simulated E-field profile of the fundamental plasmonic mode for a unit cell of the
periodic nanostructures; (b) simulated absorption spectra of the graphene plasmonic
nanostructures with different graphene Fermi level.

In the first implementation, the plasmonic absorber will consist of a hBN-graphene-

hBN-graphene-hBN stack as shown in Figure 7-6(a). The lower layer will be patterned

into a hole array, used to gate an arrayed Fermi level pattern in the upper layer, which

is the plasmonic absorber. In the second implementation, we can use graphene ther-

mopiles to measure the temperature of the plasmonic absorber itself over an array of

pixels as the resonant wavelength is shifted. We will implement this idea by stacking

patterned graphene and BN isolation/ dielectric layers as shown in Figure 7-6 (b).

As before, the topmost two graphene layers will function as a tunable absorber. The

bottom two layers will be the thermocouples and pads to gate the thermocouples.

The stacked heterostructure pixels will be suspended by under-etching the substrate

to decrease thermal leakage from the stack. Plasmon-resonant incident light is ab-

sorbed in the stack, leading to an enhanced thermovoltage corresponding to the cavity

resonance only (i.e., we obtain a bandpass response).

The second strategy is the integrate metal or graphene plasmonic absorber to the
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(a)

(b)

Figure 7-6: Illustration of hyperspectral detection with two proposed device con-
cepts: (a) graphene plasmonic notch filters + graphene PTE detector; (b) graphene
plasmonic notch absorbers + graphene TE detector.

thermo-mechanical bolometer as discussed in chapter 6. A straightforward way to

introduce spectral selectivity into the device structure is shown in Figure 7-7. In (a),

two different designs with positive and negative TCRs are proposed. The plasmonic

metasurfaces are fabricated on top of the polymer base to enhance and tailor the

absorption of IR radiation. The plasmonic metasurfaces can be made either by a

periodically patterned metal (aluminum or gold), or a periodically patterned heav-

ily doped graphene sheet. Although these designs allow designable spectral response

and high broadband absorption, they do not serve as efficient hyperspectral imaging

because they do not perform spectral binning of incoming light into different photore-

sponse signals. A more advanced device (called multispectral superpixel) is shown

in Figure 7-7 (b), in which the light is binned into different sub-wavelength-width

ThM structures with differently tuned metal or heavily-doped graphene antennas.

Each ThM bolometer in the superpixel will only respond to a relatively narrow band,

but with different center wavelength. The spectrum of the thermal object can be

then obtained by combining the measurements from all the ThM bolometers in the
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superpixel (Figure 7-7 (c)).

Figure 7-7: ThM bolometer based multispectral superpixel. (a) Schematics of the
ThM bolometers integrated with metal metamaterial spectral absorbers. Two designs
are proposed: one with positive TCR, and the other one with negative TCR (b) A
schematic of a multispectral superpixel. (c) Spectral responses of the multiple ThM
bolometers in the multispectral superpixel.

7.2.4 Mechanical/Chemical Sensors Based on Engineered Nanos-

tructures

Finally, we can generalize the sensing mechanism discussed in chapter 6 for sensors

in other physical domains. As illustrated in Figure 7-8, we can simply replace the IR

absorber/thermal actuator component with another transducer that can convert the

physical parameter of interest into a mechanical deformation, and apply this defor-
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mation to the two sensitive strain sensor mechanisms discussed in this thesis. We can

design the geometry carefully and take advantage of the strain amplification concept

to make mechanical or chemical sensors with unprecedented sensitivity. Figure 7-9

illustrate two example designs for chemical sensors.

Strain ResistancePhysical Parameter

Component A Component B

OR

Acceleration/TiltMotion/Displacement

Acoustic/Sound Flow

Force/Strain/Pressure

Temperature

Infrared

Gas/Chemical

Humidity

Electric/Magnetic

Figure 7-8: A generic sensing scheme based on the mechanically tunable nanostruc-
ture.

Sensing Dielectric

Metal Thin Film

SAM

Sensing Polymer

Metal Thin Film

SAM

Rigid Spacer

(a) (b)

Figure 7-9: Two example designs for chemical sensors.
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Appendix A

Process Flow

A.1 Graphene-MoS2 Lateral Heterojunction Photode-

tector

A.1.1 Material Synthesis

∙ Start with 4" Si wafer with 285 nm thermal oxide (Nova Electronic Materials)

∙ Clean with Nanostrip for 10 mins

∙ Scotch-tape mechanical exfoliation of graphene

∙ Inspection under an optical microscope

∙ Seeding promoter assisted MoS2 growth

∙ Searching for monolayer graphene-monolayer MoS2 heterojunctions under an

optical microscope

A.1.2 Wet Transfer

∙ Spin-coating: PMMA 950A4, 4krpm, 1 min; two layers. baking at 80 ∘C for 5

mins after each layer

∙ Detach: immerse in diluted HF (4%) for 20 seconds; dip in DI water; the

PMMA/2D material film will float on the water surface

∙ Clean: Scoop the PMMA/2D mateiral stack with a glass slide and transfer it
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to a new DI water bath. Repeat for at least 3 times. Clean the top surface with

DI water using a squeeze bottle.

∙ Transfer: immerse the targeted substrate (285 nm SiO2/Si wafer with alignment

marker grids) into the DI water bath; align the targeted substrate with the

PMMA/2D material stack roughly; lift up the targeted substrate up until the

PMMA/2D material stack is attached to the substrate.

∙ Baking: bake the transfered substrate in 80 ∘C for at least 10 minutes or until

the water is fully evaporated; then in 130 ∘C oven for at least 30 minutes.

∙ PMMA removal: soak in acetone for at least one hour; rinse with IPA; blow dry

with nitrogen gun.

A.1.3 Contact Electrodes

∙ Spin-coating: TRL coater, PMMA 950A6, 4krpm, 1 min; baking at 180 ∘C for

7 mins.

∙ E-beam lithography: Elionix, 30 nA, pitch size 10 nm, dose per area 1600

𝜇C/cm2.

∙ Develop: MIBK:IPA=1:3, 90 seconds; IPA 60 seconds; blow dry with nitrogen

gun

∙ E-beam evaporation: EbeamFP, 30 nm Ni/30 nm Au

∙ Lift-off: soak in acetone for at least 3 hours; use a pipet to agitate; rinse with

IPA and blow dry.

A.1.4 Dry Etching of 2D Materials

∙ Spin-coating: TRL coater, PMMA 950A6, 4krpm, 1 min; baking at 180 ∘C for

7 mins.

∙ E-beam lithography: Elionix, 30 nA, pitch size 10 nm, dose per area 1600

𝜇C/cm2.

∙ Develop: MIBK:IPA=1:3, 90 seconds; IPA 60 seconds; blow dry with nitrogen

gun.
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∙ RIE: PlasmaTherm at NSL, O2 + He; recipe name: testprc.prc; time: 20 sec-

onds.

∙ Inspection under an optical microscope.

∙ Asher at TRL: 800W, 5 minutes.

∙ PMMA removal: immerse the sample in acetone with a tweezer and agitate

aggressively for at least 1 minute (This step will help to remove the hardened

PMMA surface because of the RIE); soak in acetone for at least 1 hour; rinse

with IPA and blow dry.

∙ Inspection under an optical microscope.

A.2 Top-Gated Transistor Based on Graphene-MoS2

Lateral Heterojunction

A.2.1 Graphene Patterning

∙ Start with 4" Si wafer with 285 nm thermal oxide (Nova Electronic Materials)

∙ Clean with Nanostrip for 10 mins

∙ Wet transfer of CVD graphene

∙ Inspection under an optical microscope

∙ Spin-coating: TRL coater, PMMA 950A6, 4krpm, 1 min; baking at 180 ∘C for

7 mins.

∙ E-beam lithography: Elionix, 30 nA, pitch size 10 nm, dose per area 1600

𝜇C/cm2.

∙ Develop: MIBK:IPA=1:3, 90 seconds; IPA 60 seconds; blow dry with nitrogen

gun.

∙ RIE: PlasmaTherm at NSL, O2 + He; recipe name: testprc.prc; time: 20 sec-

onds.

∙ Inspection under an optical microscope.

∙ Asher at TRL: 800W, 5 minutes.

∙ PMMA removal: immerse the sample in acetone with a tweezer and agitate
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aggressively for at least 1 minute (This step will help to remove the hardened

PMMA surface because of the RIE); soak in acetone for at least 1 hour; rinse

with IPA and blow dry.

∙ Inspection under an optical microscope.

A.2.2 Formation of Graphene-MoS2 Lateral Heterostructure

∙ Seeding promoter assisted MoS2 growth

A.2.3 Wet Transfer

∙ Spin-coating: PMMA 950A4, 4krpm, 1 min; two layers. baking at 80 ∘C for 5

mins after each layer

∙ Detach: immerse in diluted HF (4%) for 20 seconds; dip in DI water; the

PMMA/2D material film will float on the water surface

∙ Clean: Scoop the PMMA/2D mateiral stack with a glass slide and transfer it

to a new DI water bath. Repeat for at least 3 times. Clean the top surface with

DI water using a squeeze bottle.

∙ Transfer: immerse the targeted substrate (285 nm SiO2/Si wafer with alignment

marker grids) into the DI water bath; align the targeted substrate with the

PMMA/2D material stack roughly; lift up the targeted substrate up until the

PMMA/2D material stack is attached to the substrate.

∙ Baking: bake the transfered substrate in 80 ∘C for at least 10 minutes or until

the water is fully evaporated; then in 130 ∘C oven for at least 30 minutes.

∙ PMMA removal: soak in acetone for at least one hour; rinse with IPA; blow dry

with nitrogen gun.

A.2.4 Contact Electrodes

∙ Spin-coating: TRL coater, PMMA 950A6, 4krpm, 1 min; baking at 180 ∘C for

7 mins.
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∙ E-beam lithography: Elionix, 30 nA, pitch size 10 nm, dose per area 1600

𝜇C/cm2.

∙ Develop: MIBK:IPA=1:3, 90 seconds; IPA 60 seconds; blow dry with nitrogen

gun

∙ E-beam evaporation: EbeamFP, 30 nm Ni/30 nm Au

∙ Lift-off: soak in acetone for at least 3 hours; use a pipet to agitate; rinse with

IPA and blow dry.

A.2.5 Dry Etching of 2D Materials

∙ Spin-coating: TRL coater, PMMA 950A6, 4krpm, 1 min; baking at 180 ∘C for

7 mins.

∙ E-beam lithography: Elionix, 30 nA, pitch size 10 nm, dose per area 1600

𝜇C/cm2.

∙ Develop: MIBK:IPA=1:3, 90 seconds; IPA 60 seconds; blow dry with nitrogen

gun.

∙ RIE: PlasmaTherm at NSL, O2 + He; recipe name: testprc.prc; time: 20 sec-

onds.

∙ Inspection under an optical microscope.

∙ Asher at TRL: 800W, 5 minutes.

∙ PMMA removal: immerse the sample in acetone with a tweezer and agitate

aggressively for at least 1 minute (This step will help to remove the hardened

PMMA surface because of the RIE); soak in acetone for at least 1 hour; rinse

with IPA and blow dry.

∙ Inspection under an optical microscope.

A.2.6 ALD Dielectric

∙ Seeding layer: Ebeam-FP, 3 nm Al, slow deposition rate (0.1-0.2 Å/s).

∙ ALD at ICL: H2O+TMAH, 200 ∘C, 300 cycles (0.1 nm/cycle).

∙ Inspection with AFM.
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A.2.7 VIA Etching

∙ Spin-coating: TRL coater, PMMA 950A6, 4krpm, 1 min; baking at 180 ∘C for

7 mins.

∙ E-beam lithography: Elionix, 30 nA, pitch size 10 nm, dose per area 1600

𝜇C/cm2.

∙ Develop: MIBK:IPA=1:3, 90 seconds; IPA 60 seconds; blow dry with nitrogen

gun.

∙ RIE: Plasmaquest at TRL, Cl2 + BCl3; recipe name: GaNEtch.rcp. Need to

calibrate the etching rate.

∙ Inspection under an optical microscope.

∙ Asher at TRL: 800W, 5 minutes.

∙ PMMA removal: immerse the sample in acetone with a tweezer and agitate

aggressively for at least 1 minute (This step will help to remove the hardened

PMMA surface because of the RIE); soak in acetone for at least 1 hour; rinse

with IPA and blow dry.

∙ Inspection under an optical microscope.

A.2.8 Top-Gate Electrodes

∙ Spin-coating: TRL coater, PMMA 950A6, 4krpm, 1 min; baking at 180 ∘C for

7 mins.

∙ E-beam lithography: Elionix, 30 nA, pitch size 10 nm, dose per area 1600

𝜇C/cm2.

∙ Develop: MIBK:IPA=1:3, 90 seconds; IPA 60 seconds; blow dry with nitrogen

gun

∙ E-beam evaporation: EbeamAu, 50 nm Pd

∙ Lift-off: soak in acetone for at least 3 hours; use a pipet to agitate; rinse with

IPA and blow dry.
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A.3 Millimeter-Sized Strain Sensor

A.3.1 Preparation of PDMS Film

∙ PDMS precursors: Silgard 184, monomer:linker=10:1, mix well.

∙ Curing: pour the PDMS gel onto a petri dish; poke any air bubbles with a

toothpick after 10 minutes; leave on a horizontal surface for 48 hours to fully

cure the film.

∙ Cut the PDMS film into rectangular pieces with a razer blade.

A.3.2 Preparation of Glass Bars

∙ Cut glass slides into 5 mm bars with the Diesaw at ICL-package.

∙ Rinse with acetone, IPA and blow dry.

A.3.3 PDMS-Glass Bonding

∙ O2 plasma: treat both PDMS film and the glass bars with the Asher at EML,

100 W for 10 seconds

∙ Attach the exposed surfaces immediately.

∙ Wait for 20-30 minutes to stablize the bonding.

A.3.4 Contact Metal

∙ Using Polyimide or PET film as the hard mask for the metal contacts.

∙ E-beam evaporation: EbeamAJA at EML, 5 nm Ti/80 nm Au, use fast depo-

sition rate to reduce the heating of the PDMS film (2-5 Å/s).

A.3.5 Formation of the Sensing Channel

Graphene Nanoflake Network

∙ Electrochemical exfoliation in Jing Kong’s lab (electrolyte: H2SO4 in water).

∙ Sonicate for 3 hours.
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∙ Replace the solvent to mixed alcohol (methanol:butanol=8:1).

∙ Marangoni self-assembly on a water surface.

∙ Pretreat the PDMS surface with a O2 plasma (Asher-EML, 100W, 1 minute).

This step will make PDMS hydrophilic.

∙ Fish the graphene film with the PDMS substrate.

Cracked Pt film

∙ Pretreat the PDMS surface with a O2 plasma (Asher-EML, 100W, 5 minute).

∙ E-beam evaporation: EbeamAJA at EML, 2-10 nm Pt, deposition rate <0.2

A/s.

∙ Prestretching: mount the sample onto the strain sensor measurement bench,

increase the strain slowly until the device is open.

A.3.6 SAM of Thiol Molecules

Liquid Phase SAM

∙ Dissolve thiol molecules (1H,1H,2H,2H-Perfluoro-1-hexanethiol, 1H,1H,2H,2H-

Perfluorooctyl-1-thiol, or 1H,1H,2H,2H-Perfluorodecyl-1-thiol) in anhydrouds

ethanol with a molar concentration of 5 mmol/L in a glove box.

∙ Immerse the pre-stretched cracked Pt device in to the thiol solution for at least

10 hours. Operate in a fume hood.

∙ Take the device out and blow dry.

Gas Phase SAM

∙ Take a trace amount of thiol molecules (1H,1H,2H,2H-Perfluoro-1-hexanethiol,

1H,1H,2H,2H-Perfluorooctyl-1-thiol, or 1H,1H,2H,2H-Perfluorodecyl-1-thiol) in

a small vial.

∙ Immediately put the device and the opened vial into a vacuum chamber. Keep

them in vacuum (<0.1 Torr) for at least 10 hours. Operate in a fume hood.
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A.4 Graphene-Polymer Thermo-Mechanical Bolome-

ter

A.4.1 Starting Substrate

∙ Start with a 4-inch Si wafer (purchased from MTL).

∙ Cleaning: TRL-acidhood, nanostrip for 10 minutes.

∙ For PDMS device: evaporate 200 nm AlO𝑥 with EbeamAu in TRL.

∙ For Photoresist device: grow 300 nm SiO2 with PECVD in TRL.

A.4.2 Etching of Oxides

∙ HMDS

∙ Spin-coating: SPR700, 2krpm, 60 s, bake with a hot plate at 95 ∘C for 5 mins.

∙ Photolithography: MLA-150, dose 200 mJ/cm2. Postbake with a hot plate at

115 ∘C for 1 min.

∙ Develop: CD26, 90 s; rinse with DI water, 10 s; blow dry.

∙ Asher-TRL: 800 W, 5 mins.

∙ Etching: Plasmaquest in TRL.

For AlO𝑥: recipe: Al2O3_OS.rcp. BCl3 20 sccm, Cl2 5 sccm, ECR 150 W, RF

180 V, chiller 25 ∘C. Etching rate: around 167 nm/min

For SiO2: recipe: CF4H_BL1.rcp. chiller 25 ∘C. Etching rate: around 38

nm/min.

∙ Asher-TRL, 800 W, 5 mins.

∙ Photoresist removal: nanostrip, 10 mins. Agitate to accelerate the process.

A.4.3 Metal Electrode

∙ HMDS

∙ AZ5214, 2krpm, 60 sec. Bake with a hot plate at 85 ∘C for 5 mins.

∙ Photolithography: MLA150, 27 mJ/cm2. Post bake at 110 ∘C for 2 mins.

∙ Flood exposure: OAI-flood, 35 s.
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∙ Develop: AZ422, 90 s; rinse with DI water, 30 s; blow dry.

∙ Asher-TRL, 800 W, 5 mins.

∙ Ebeam evaporation: EbeamAu-TRL, 5 nm Cr/50 nm Au.

∙ Lift-off: soak in acetone for at least 3 hours; use a pipet to agitate; rinse with

IPA and blow dry.

A.4.4 Graphene Sensing Channel

∙ Nanostrip for 10 mins to make the surface hydrophilic.

∙ Marangoni self-assembly and transfer onto the chip.

∙ Spin-coating: TRL coater, PMMA 950A6, 4krpm, 1 min; baking at 180 ∘C for

7 mins.

∙ E-beam lithography: Elionix, 30 nA, pitch size 10 nm, dose per area 1600

𝜇C/cm2.

∙ Develop: MIBK:IPA=1:3, 90 seconds; IPA 60 seconds; blow dry with nitrogen

gun.

∙ RIE: PlasmaTherm at NSL, O2 + He; recipe name: testprc.prc; time: 20 sec-

onds.

∙ Inspection under an optical microscope.

∙ Asher at TRL: 800W, 5 minutes.

∙ PMMA removal: immerse the sample in acetone with a tweezer and agitate

aggressively for at least 1 minute (This step will help to remove the hardened

PMMA surface because of the RIE); soak in acetone for at least 1 hour; rinse

with IPA and blow dry.

∙ Inspection under an optical microscope.

A.4.5 Polymer Base

PDMS

∙ PDMS solution: PDMS precursors 0.13g+1.3g, dissolved in 10 mL hexane. Use

a magnetic spinner.
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∙ Spin-coating: 3krpm, 3 mins, bake at 130 ∘C oven for 1 hour.

∙ PR spin-coating: SPR700, 1.5krpm, 60 s. Leave at RT for at least 5 hours. No

baking, because the thermal expansion will crumple the PDMS.

∙ Photolithography: MLA150, dose 200 mJ/cm2.

∙ Develop: CD26, 90 s; rinse with DI water, 10 s; blow dry.

∙ RIE etch: recipe: PDMSETCH_O2.rcp. O2 13 sccm, CF4 39 sccm, Pressure

25 mTorr, ECR 150 W, RF 20W, Temp 15 C on chiller, 90 sec per cycle to

prevent overheat. Repeat many times until fully etched.

∙ Asher at TRL: 800W, 5 minutes.

∙ PR removal in acetone.

Photoresist

∙ HMDS

∙ Spin-coating: SPR700, 2krpm, 60 s, bake with a hot plate at 95 ∘C for 5 mins.

∙ Photolithography: MLA150, dose 200 mJ/cm2. Postbake with a hot plate at

115 ∘C for 1 min.

∙ Develop: CD26, 90 s; rinse with DI water, 10 s; blow dry.

A.5 Metal/Molecule/Metal Thermo-Mechanical Bolome-

ter

A.5.1 Starting Substrate

∙ Start with a 4-inch Si wafer (purchased from MTL).

∙ Cleaning: TRL-acidhood, nanostrip for 10 minutes.

∙ Grow 1000 nm SiO2 with PECVD in TRL.

A.5.2 Metal Pads

∙ HMDS
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∙ AZ5214, 2krpm, 60 sec. Bake with a hot plate at 85 ∘C for 5 mins.

∙ Photolithography: MLA150, 27 mJ/cm2. Post bake at 110 ∘C for 2 mins.

∙ Flood exposure: OAI-flood, 35 s.

∙ Develop: AZ422, 90 s; rinse with DI water, 30 s; blow dry.

∙ Asher-TRL, 800 W, 5 mins.

∙ Ebeam evaporation: EbeamAu-TRL, 5 nm Cr/50 nm Au.

∙ Lift-off: soak in acetone for at least 3 hours; use a pipet to agitate; rinse with

IPA and blow dry.

A.5.3 Metal Nanogap

∙ Spin-coating: TRL coater, MMA 4krpm, 1min; baking at 180 ∘C for 7 mins;

PMMA 495A8, 4krpm, 1 min; baking at 180 ∘C for 7 mins.

∙ E-beam lithography: Elionix, 1 nA, pitch size 2.5 nm, dose per area 2000

𝜇C/cm2.

∙ Develop: MIBK:IPA=1:3, 90 seconds; methonal:IPA=1:1, 30 seconds; IPA 30

seconds; blow dry with nitrogen gun.

∙ Inspection under optical microscope and SEM.

∙ Ebeam evaporation: EbeamAu-TRL, 5 nm Pt with +15∘ slope, dep. rate 0.1

Å/s; 5 nm Pt with −15∘ slope, dep. rate 0.1 Å/s; 100 nm Ni with normal angle.

∙ Lift-off: soak in acetone for at least 3 hours; use a pipet to agitate; rinse with

IPA and blow dry.

∙ Inspection under optical microscope and SEM.

A.5.4 Si Undercut

∙ Si wet etch: immerse sample in diluted HF (4%) for 3 mins; transfer immediately

to DI water bath; transfer again to a new DI water bath; transfer immediately

to IPA.

∙ Critical point drying (NSL).
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A.5.5 Gas Phase SAM

∙ Cleaning: Asher-EML, 100 W, 5 mins.

∙ Take a trace amount of thiol molecules (1H,1H,2H,2H-Perfluoro-1-hexanethiol,

1H,1H,2H,2H-Perfluorooctyl-1-thiol, or 1H,1H,2H,2H-Perfluorodecyl-1-thiol) in

a small vial.

∙ Immediately put the device and the opened vial into a vacuum chamber. Keep

them in vacuum (<0.1 Torr) for at least 10 hours. Operate in a fume hood.
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