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Abstract

The field of two-dimensional materials is evolution fast and new materials and
synthesis methods are constantly being introduced. Among them, we chose tin
diselenide, which has good thermoelectric properties, as the research object. In the
previous research, we designed a large-area, high-quality tin diselenide catalyzed
by graphene at low temperatures and got great success. Lower growth temperature
will reduce the energy consumption required for growth to save electricity. It also
gives us the possibility to make materials grow on a low-melting point substrate.
Continuing the successful experience of graphene catalysis, we tried the chemi-
cal vapor deposition synthesis method of nitrogen-riched porous carbon formed
by the carbonization of melamine sponge at low temperature, and deposited tin
diselenide thin film on the fused quartz substrate. The experimental results show

that the tin diselenide thin film catalyzed by porous carbon has a large area and

i
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ii Abstract

better crystallization under the temperature setting of 100°C. Through elemental

analysis, Raman spectroscopy, absorption spectroscopy, and X-ray photoelectron

spectroscopy, it was confirmed that the composition of the film was tin diselenide.

From the scanning of the atomic force microscope, we found that the tin diselenide

film grown by catalysis is stacked with multiple single-layer tin diselenide crystals.

We also examined the thermoelectric properties of the tin diselenide film

synthesized by this new method and its application in photodetectors. In the

application of photodetectors, the tin diselenide thin film synthesized by this

method has a low carrier mobility due to its special multilayer structure and high

photoresponsivity. This high photoresponse is better than most of the tin diselenide

research, and it is the best result at low temperatures.

Finally, since the synthesized tin diselenide thin film is composed of stacking

multiple single-layer tin diselenide crystals, when the external stress causes de-

formation, the distance between the layers will change and affect the resistance

value. This feature may be used as a pressure strain gauge. Since the pressure

strain gauge needs to use a flexible substrate, we will use the low-temperature

catalytic growth method to grow the tin diselenide film on the flexible glass, and

successfully confirm the variability of its resistance in subsequent experiments.

d0i:10.6342/NTU202301860
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Due to the low synthesis temperature of the material growth, we may make tin

diselenide thin films grown on flexible substrates with cheaper and lower melting

points in the future, such as plastic substrates such as PET.

Keywords: Tin Diselenide, Low Temperature-Catalytic Synthesis, Porous

Carbon, Photodetector, Photoresponse, Thermoelectric Material, Strain Gauge.
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Chapter 1

Introduction

Two-dimensional materials find diverse applications, spanning electronics, gas
storage/separation, catalysis, high-performance sensors, support membranes, inert
coatings, and more.[16] In recent years, more and more two-dimensional materials
have been synthesized since the single layer of graphene was exfoliated from
graphite by Andre Geim’s group in 2004.[17] As the fast development of mate-
rial, to find a material with low cost, environment friendly, non-toxic, and well
competitive in performing particular applications properties is demanded.[18]
There is a type of multi-layer semiconductor, in which layers are bounded by
van der Waals force, called van der Waals semiconductors. Those layers can be

separated by mechanical[19] or liquid-phase[20, 21] exfoliation so that we may

1
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2 1. Introduction

obtain the single-layer semiconductor easily. However, the most common van
der Waals semiconductors show limitations and compromise their technological
development.[22] For instance, at room temperature (300k), MOS, and WS, have
a poor electric mobility of a few tens of cm?V~1s~!;[23] PdSe, [24] has a limited
commercial potential due to the high price of Pd (on March of 2023, the average
palladium price is 1530 USD per ounce); GaSe is easily to oxidation when it expo-
sure under both LASER and air.[25] Thankfully, there is a kind of material satisfy
the requirement of cheap, non-toxic, stable, and good thermoelectric properties,
which is tin diselenide (SnSe,). SnSe, is rich in earth reserves and environment
friendly it has an obvious future advantage in nanoelectronics and optoelectronics
because of its low cost.[9] Due to many advantages, SnSes has many applications,
such as photo detector,[26] lithium battery,[27] phase change memory[28] and
solar cells[29]. To achieve and promote these applications, how to synthesize
SnSe, thin films and even nanosheets more economically has become an important

topic in materials science in recent years.
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1.1. Properties of Tin Diselenide 3

1.1 Properties of Tin Diselenide

Tin diselenide (SnSe-) is a transition metal dichalcogenides (TMDCs) material , an
intrinsic n-type semiconductor with a wide range of band gaps (0.9 ~ 2.04 eV).[10]
It has a 2D Cdl,-type hexagonal structure (¢ = b = 3.81 A and ¢ = 6.14 A) and
each SnSe, monolayer is hexagonal closely packed sandwich layers. Those layers
are stacked with a periodicity of one layer of the tin atom and two layers of

selenium atoms and the layers are bounded by van der Waals force.[30]

The Raman peaks of SnSe, are out-plane vibrational A, mode at 185 cm™*

and E;, mode. From the position of E, peak, SnSe, can be divided into two types,
IT phase, and 2H phase, the crystal structure of the two phases is shown in figure
1.1. The E, position at about 108 cm ™! is 2H-crystal; the E, position at about 118
cm™! is 1T-crystal. A report shows that the intensity of the A;, peak decreases
remarkably as the thickness decreases and the E, peak position decreases slightly
from 118.3 cm™! to 112.6 cm~! with the reduction in the layer number.[31] We
may use the layer-dependent Raman spectra to judge the number of the SnSe,

layers.

For the thermoelectric properties of single layer SnSe,, at 300K, the theoretical

d0i:10.6342/NTU202301860



intrinsic carrier mobility is 462.6 cm?V~1s7!;

1. Introduction

; it’s better than MoS, and WSs.

The theoretical thermal conductivity of single layer SnSes is also better than

that of most van der Waals semiconductors, which is 3.82 Wm~'K~'.[32] The

excellent thermoelectric properties of SnSe, makes it become an important role of

thermoelectric material. Other properties of SnSe, was shown in table.1.1.

Top view

Side view

1T - SnSe:
° P
I} ® o
PO 5o ® o o O
L] o o ®°® o o o
o ° e L .’.n e O
e -1 @ @ e @ ,”01. °
- ]
f.,.. [ N ) o .'l '.I ° .
) ° -
@ ¢ o z e 0 b o 0 o
° oo X ® o @ o ©
o o ® O o ®
° [
Py e O

Figure 1.1: The top view and side view of the crystal structure of single layer

1T-phase and 2H phase SnSes. The blue spheres represent tin atoms, green spheres

represent selenium atom and yellow lines are the chemical bonds.
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1.2. Research Motivation 5

Table 1.1: Properties of SnSe,.[15, 10]

Semiconductor Type n-type
Carrier Concentration (cm~?) 107 — 10%
Band Gap (eV) 0.9 —2.04
Absorption Coefficient (cm ™) 10*
Mobility (cm?/V s) 0.6 — 85

1.2 Research Motivation

1.2.1 Research Motivation

These days, we are facing the exhausting of energy resources problems. To synthe-
size material in a more efficient and lower energy cost way is an important issue.
Reducing the growth temperature is a good way to save more power. Meanwhile,
a low synthesis temperature also allows us to make SnSe, grow on a flexible
substrate, which usually has a low melting point. It provides a new way to make
a SnSe, based flexible device. In the traditional way, to make a flexible device,
we have to synthesize a material on a high-temperature resistance substrate, then
transfer the material to the flexible substrate.[33] It’s a more complex method and
the material may be damaged during the transfer process. If we can synthesize a

material on a flexible substrate directly, making a flexible device would be easier.

d0i:10.6342/NTU202301860



6 1. Introduction

However, many reports show that it needs a high temperature (higher than

300°C) to synthesize SnSe, by the CVD method.[9, 34, 35] Finding a new way to

synthesis SnSe, at low temperature is a good research topic.

In earlier investigations, we found that graphene effectively promotes the

growth of SnSe; with few layers over a large area at a low temperature (100°C)).

The graphene-SnSe, hetero-junctions amplify electronic conductivity while reduc-

ing SnSes-related thermal conductivity. Additionally, the varying interaction at

the SnSe,/graphene interface leads to localized stress, introducing a unique strain

sensing mechanism through 2D crack assistance. This mechanism’s sensitivity

surpasses that of other 2D materials.[33, 36] To extend this research, we tried to

make SnSe, on other carbon materials, such as a 3D graphene foam, carbon nano-

tube, and porous carbon at low temperatures.[2] After the synthesis experiments,

we found that there existed some shiny, black-silver films around those carbon

materials on the soda lime glass substrate. Especially for porous carbon, the film

almost covered the whole glass substrate. After we did many examinations, such

as Raman spectra, SEM and EDX, and AFM, we identified that those films are

many small SnSe, single-layer flakes stacked together. Normally, at such low tem-

perature and without those carbon material, it was very hard to make high coverage
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1.2. Research Motivation 7

SnSe, grow on glass substrate. Previous research also shows that synthesizing

(a) (b)

Figure 1.2: (a) The outlook and optical microscope picture of SnSe; film grown on

soda lime glass around the carbon nano-tube. The inset plot is the Raman spectra

of the film and the spectra show the characteristic peaks of SnSe, (A;,, 185 cm™;

and E,, 118 cm™1Y). (b) Porous carbon promoted SnSe, film covers a large area of
glass substrate. Some crystals have grown on SiO; substrates. The inset Raman
spectra verify the film is SnSe,.

SnSe; at low temperatures is very hard to make SnSe, grow on Si0,/Si substrate
due to the substrate temperature is not high enough.[37] This discovery gives us a
hope to synthesis SnSe, at low temperature. We think that carbon is able to reduce
the activation energy of the formation of SnSe; and the porous structure provides a
large surface area to make the reaction more quickly. If we can synthesis SnSe,
at a low temperature, we may try to make it grow on some flexible substrates that

have a low melting temperature.

In this research, we are going to find the growth parameter of SnSe, for porous
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8 1. Introduction

carbon promoter at low temperature. We use fused quartz as a substrate, it has
amorphous structure. Then compare the difference of porous carbon promoted

sample and no promoter sample.

1.2.2 Applications

We measure the photoresponse of the film grown on fused quartz, because poly-
crystalline SnSe, film is a good material for solar cell and photo detector. The
result shows that SnSe, film on fused quartz promoted by porous carbon has a
better photoresponsivity and response time than no promoter one, and other photo
detector parameters are also greater than no promoter one.

We also tried to make SnSe, grow on a flexible substrate and checked the strain

gauge factor of the SnSe, film, this can be applied to strain gauge.

1.3 Photodetector and Photoresponse

A photodetector is a device to detect light, it transfers received photons to a
measurable electric signal. There are many types of photodetectors classified by

mechanism of detection, including photoconductors, photodiodes, photoelectro-
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1.3. Photodetector and Photoresponse 9

chemical devices, and phototransistors. Photodetectors are widely used in daily

life, such as imaging, optical communication, and biomedical sensing.[38]

In practical applications, there is a significant demand for detectors with rapid
response times. The response time primarily hinges on several factors: (1) the
semiconductor’s charge carrier mobility, (2) the depletion width for non-linear
devices, and (3) the electrode distance for linear devices. [15] The response
time of conventional Si and InGaAs photodiode is approximately 50 ps and a
responsivity of about 500 mA /W at a maximum wavelength of 880 nm for Si
photodiode and 1.2 A/W for InGaAs at 1550 nm. However, InGaAs have many
drawbacks such as expansive manufacturing price, limited spectra range, non-
transparency, etc.[39] Two-dimensional semiconductors are new materials to make
photodetectors, they have high transparency due to the thickness of them are in
atomic scale, good flexibility, strong light-matter interaction, and a low cost. For
instance, graphene has a high charge carrier mobility of 2.5 x 10° em?V ~1s~1[40],
it makes an excellent response time of approximately 50 ps.[41] However, its high
transparency makes low absorbance of IR and visible lights which is not a piece of

good news for a highly efficient photodetector.

TMDCs are layered materials with properties that are band-gap dependent.
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10 1. Introduction

They have a general formula of MX, M is some transition metals (such as W,
Mo, Sn, In, Ga ...) and X is VIA group elements (usually S or Se). These
materials can absorb a wide range of photon energy from 0.3 to 2.5 eV [42] and
also have the advantages of 2D materials, now they have become an important role

in photodetector.

1.3.1 Photoconductivity

Dark Photon nght on
CB e '——e‘>
o
3 §— Trap
States
VB VB ¢ ht h+f-

—

<
<——

() (b)

Figure 1.3: (a) The schematic diagram of the photodetector set-up at dark envi-
ronment and (b) at light-on environment. The the length L is the distance of two
electrodes. Inside the semiconductor shows the schematic diagram of the band gap.
The trap states in (b) is the key to modulate the resistance of the semiconductor.

They capture free electron and holes to reach the effect of resistance modulation.

Photoconductivity is a phenomenon in which incident photons with energy ex-

ceeding the semiconductor’s band gap are absorbed, creating energized free charge
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1.3. Photodetector and Photoresponse 11

carriers that lower resistance. When a semiconductor is exposed to photons of
higher energy than its band gap, electron-hole pairs form. These charge carriers are
subsequently separated using an applied bias voltage. In the context of an Ohmic
photoconductor utilizing a metal-semiconductor-metal configuration, the transit
time is the period during which charges exist from generation until recombination
or extraction. The measure of the response time, ¢,., of the photodetector of the
device shown in figure 1.3 is defined by:

L L?

where p (in unit of ¢m?V ~ts™1) is the drift mobility, L is the gap of the two
electrodes and F is the applied electric field. From eq.(1.1), we may conclude that
a higher mobility, shorter electrodes distance and stronger electric field are helpful
to reduce the response time. The photoconductive gain, (7, defined as the ratio of

the free photo-carrier lifetime to the transit time:

(1.2)
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12 1. Introduction

where ¢, is the response time (transition time) of free carriers and ¢, is usually
the life time of holes captured in trap state.[39] Those trap states act an important
role to modulate the resistance of the semiconductor. They capture the holes and
free electrons and localized them, and then form a local gate to modulate the

resistance.[43]

1.3.2 Figures of Merit for Photodetectors

There are many types of figure of merits for photodetector:

* Responsivity
The responsivity of a photodetector, %, is an indication of the achievable
electrical signal under certain illumination power. The unit of % is A/W.
It’s defined as the ratio of the output photocurrent or photovoltage to the
input optical power on the active region of the device. The responsivity can

be expressed as:

Ipn — 1, I
R = yAff:é’z (A/W) (1.3)
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1.3. Photodetector and Photoresponse 13

where I,, and I,;; are the currents of light on and off state, [, is the

photocurrent and 2 is the power density (in unit of 7¥//m?) and A is the

effective area.

* Response and Recovery Time

As we turn on the incident light, the output current signal is a raising drasti-

cally and then reaches a new balance level, the changing of photocurrent is

AlI. The response time, ¢, is usually measured between +10% of Al. As

for the decay time, ¢, the measurement of ¢, is just like the response time

but we measure it as the light is turned off and the output current decay to

the origin level.[15] For the application of a high-sensitivity photodetector, a

small response time is favored.

* External Quantum Efficiency

The external quantum efficiency (EQE) is provide the efficiency of photon

converts to photo current. The definition of EQE is the ratio of the number

of electron-hole pairs, n., with contribution to the photocurrent to the total
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14 1. Introduction

number of incident photons, 7. That is:

ne  Fhe

EQFE =
@ Nph e

(%) (1.4)

where Z is the responsivity, A is the Planck’s constant, c is the speed of light,
e is the elementary charge and A is the wavelength of the incident light.

The EQE is the measure of the optical gain in the photodetector. A photode-
tector have higher EQE has a high optical absorption of the active layer, and

a low carrier recombination and trapping rate before being collected.

* Detectivity
To compare the performance of photodetectors with different sizes and

materials, we introduce the parameter called detectivity, D*.

D* = L\/K (Jones) (1.5)

q/2€]0ff

where A is the effective area of a photodetector, which is the area of material

between two electrodes. The unit of detectivity is Jones (¢cm - vV Hz /W) in

d0i:10.6342/NTU202301860



1.3. Photodetector and Photoresponse 15

honor of Robert Clark Jones who originally defined it.
An elevated detectivity signifies an enhanced performance of the photodetec-

tor.

1.3.3 Photodetectors Based on SnSe,

Band gap, absorption coefficient, mobility, and device architectures play crucial
roles in influencing photon absorption, responsivity, charge carrier transport, and
separation performance. The fundamental characteristics of SnSe, are outlined in
the table.1.1. This section provides some applications of SnSe, photodetectors.

Emma P. Mukhokosi’s group developed SnSe; thin films on soda lime glass
substrate and tuned the band gap to IR region (wavelength 1064 nm).[15] The
responsivity is 2mA /W and the response/decay time are 7.76 s/ 2.5 s.

Peng Yu’s group used bilayer SnSe, exfoliated from bulk single crystals onto
Si0,/Si substrates for photodetector and field effect transistor applications.[44]
The experimental results show that it has a mobility of 4 ¢m?/V's and on/off ratio
of 1000 at 300k. The response/decay time of the device are 2.1 ms/ 3.2 ms and
a responsivity of 0.5 A/W. The lower response time and higher responsivity of

SnSe; is due to the low mobility.
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16 1. Introduction

Manoj’s group also developed SnSe, based photodetector with soda lime glass
substrates. The device showed a responsivity of 0.8 mA/W with response/decay
times of 276 ms/332 ms and the slow response times may due to the trap states

present in the system.[45]

1.4 Thermoelectric Material

Thermoelectric materials exhibit thermoelectric phenomena, encompassing the
Seebeck effect, Peltier effect, and Thomson effect. These effects correspond to the
following occurrences: the creation of an electric potential when a temperature
difference is applied (Seebeck effect), the generation of heat flow through an
electric current (Peltier effect), and reversible heating or cooling within a conductor
under the presence of both an electric current and a temperature gradient (Thomson

effect).

1.4.1 Seebeck Effect

The Seebeck effect is that: as we put two kinds of metals (or semiconductors) at

different temperatures and contact each other, we may observe a current flow, like
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1.4. Thermoelectric Material 17

the condition in figure 1.4(a). The current flow is caused by charge carriers flow
from the high charge carrier density side to the low charge carrier density side to
eliminate the charge density difference. The charge carrier flow generates a voltage
difference. For a semiconductor, the charge carriers can be electrons (n-type) or

electron holes (p-type).

The carrier flow depends on the carrier density so that the Seebeck effect can
also show in a single material. The density of free electrons in a metal is almost
independent of temperature, while the charge concentration of the semiconductor,
n;, is a function of temperature:

&
2(T) = 4(LoB)3T3e(Pa/kuT) 1.6
n(T) = 43 2By (1.6

where m* (in unit of kg) is the effective mass of the charge carrier, kg = 1.38 X
1073 J/K, T (in unit of K) is the temperature of the material and E, (in unit
of J) is the band gap energy; we may observe the voltage difference when we
apply different temperatures on both sides of a semiconductor. Figure 1.4(b) shows
the schematic diagram of Seebeck effect for a single material case. The voltage

difference is called the Seebeck voltage, V. The formula of the Seebeck effect for
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18 1. Introduction

a single material is given:

Vs = SAT (1.7)

where S (in unit of V/K) is the Seebeck coefficient, which represents the ability
to convert heat to electricity, and AT (in unit of K) is the temperature difference

between the two sides.

Since the Seebeck voltage is very small, we usually use the unit of xV/K for

convenience instead of the SI unit of V/ K.

T Tc Ty Tc

Charge Carrier Flow

4®7

(@) (b)

<— Materiall —

Figure 1.4: (a) The schematic diagram of the Seebeck effect for two distinct

materials. (b) The schematic diagram of the Seebeck effect for single material.
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1.4. Thermoelectric Material 19

1.4.2 Peltier Effect

As a charge current pass through two junctions a temperature difference will be
generated, this is phenomena is called the Peltier effect. It’s the reverse effect of

the Seebeck effect.

T Te
Material 2

I1 2 I 1

€———— Material ]l —— >

Figure 1.5: The schematic diagram of the Peltier effect of two distinct materials.

In this case, II; > Il,. At one junction, there is the exothermic reaction; at the

other, in contrast, is the endothermic reaction.

Figure 1.5 is the schematic diagram of the Peltier effect. The Peltier coefficient,

IT (in unit of V), is expressed as:

=78 (1.8)

where 7" and S are temperature and the Seebeck coefficient respectively. The
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20 1. Introduction

Peltier coefficient is related to the heat transport per unit charge:

aQ
—r=1A1 (1.9)

where () is the heat transfer (in J), I (in unit of A) is the current from passing
through the two distinct materials and AII is the Peltier coefficient difference

between the two junctions.

1.4.3 Thomson Effect

The Seebeck coefficient varies in temperature for different materials. Therefore,

the temperature gradient, V'T, causes the gradient of the Seebeck coefficient, VS.

As the gradient drives a current, we can observe a continuous Peltier effect. Figure

1.6 shows the Thomson effect and the thermoelectric reactions versus different

temperature gradients. As the current flows from the low-temperature junction

to the high-temperature junction, it’s generating an exothermic reaction; as the

current flow in the other direction, it’s an endothermic reaction.
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1.4. Thermoelectric Material 21

The Thomson coefficient, J#", is given by:

H =T (1.10)

where 7' is temperature and S is the Seebeck coefficient.

The formula of Thomson effect is:

= _ VT 1.11
o HJ-V (1.11)

where @ is the heat transport, J (in unit of A/m?) is the current density pass
through the material and V'T (in unit of K /m) is the temperature gradient across
the material. This equation describes how the temperature gradient and current

flow direction affect the heat transfer in time.

1.4.4 Figure of Merit for Thermoelectric materials

The figure of Merit for Thermoelectric materials, as known as the ZT value, is a

dimensionless coefficient to evaluate the efficiency of a thermoelectric material.
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Endothermicreaction

Tec Th

Th Tc

Exothermicreaction

Figure 1.6: The schematic diagram of the Thomson effect. There are two direction
of temperature gradients. As the current flows from low temperature junction to
the high temperature junction, it’s generating an exothermic reaction; as the current

flow in the other direction, it’s an endothermic reaction.

The definition of ZT value is given by:

2
ZT:JST

(1.12)

where o (in unit of Q~1m 1) is the electrical conductivity of the material, S is the
Seebeck coefficient, T" is temperature of the material and « (in unit of W/mK) is
the thermal conductivity of the material. The term 052 in eq.(1.12) is defined as
the power factor, PE. Higher PF can generate more energy from the temperature

gradient.

For a great thermal material, the ZT value is higher. From eq.(1.12), to obtain a
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1.5. Strain Gauges and Gauge Factor 23

higher ZT, the electronic conductivity, and the Seebeck coefficient should be higher,
and the thermal conductivity should be lower. A high electronic conductivity
reduces the energy dissipation when a charge current flow through the material;

meanwhile, a low thermal conductivity makes less heat dissipation.

1.5 Strain Gauges and Gauge Factor

1.5.1 Strain Gauges

Strain gauges are devices used to measure mechanical strain on an object. As we
apply a deformation on an object, the strain gauge is also deformed and transduces
mechanical strain into a changing electrical resistance. Nowadays, strain gauges
have many applications in industries, especially in the oil and gas industry and

automotive applications; the strain gauge market with a size of 4.5 billion USD.[46]

Since the 2D materials have excellent electrical, mechanical, and thermal prop-
erties, we may expand the application fields of 2D materials on strain engineering.
For example, graphene film has been used to made a tunable gauge factors, low

cost production and high sensitivity strain gauge.[46].
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1.5.2 Gauge Factor

The gauge factor (GF) is a coefficient that represents the relation between the
electrical resistance change of the strain gauge and the mechanical strain. The

mechanical strain is defined as:

€= AL x 100%. (1.13)

Where ¢ (dimensionless) is the mechanical strain of the strain gauge, AL is the
change in the length of the strain gauge and L is the unstrained length of the strain
gauge. The definition of G F' is the ratio of the relative change of resistance to the

mechanical strain:

 AR/Ry x 100%
£

GF

(1.14)

where AR (in 2) is the change in electrical resistance of the strain gauge, R, (in

(2) is the unstrained electrical resistance of the strain gauge. G F’ is a dimensionless

factor, we may obtain the factor from the slope of AR/Ry-¢ curve. The steeper

slope corresponds to higher GF’ and better sensitivity of a strain gauge.
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Chapter 2

Synthesizing Experiments

In this chapter, we will demonstrate how to synthesize SnSe, by the chemical vapor
deposition (CVD) method. The whole synthesis process mainly includes (a) the
Production of carbon promoters. (b) Preparation of substrates and (c¢) Conduct

CVD method to synthesize SnSe,.

2.1 Production of Porous Carbon Promoter

To get a carbon promoter with a porous structure, we chose 99% melamine-
formaldehyde resin sponge as a carbon source because it is cheap, easy to get, and

has a porous structure. Then, we carbonized it at normal pressure in an argon gas

25
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26 2. Synthesizing Experiments

environment. Figure 2.1 shows the OM image of porous carbon and Raman spectra

of spot 1 and 2 in the OM image. There are three Raman peaks belong to carbon,

a G band at 1583 em ™1, a 2D band at 2600 ¢m ! and a D band at 1350 em ™!, A

strong D band signal is due to the defect in the carbon structure.

—2

Intensity (arb. unit)

0 500 1000 1500 2000 2500 3000 3500
Raman Shift (cm™)

Figure 2.1: The OM image of the porous carbon and Raman spectra of the spots 1

and 2 in the OM image.

First, we cut the sponge into a suitable size, the promoter size we desire is

ommxbmmx10mm. Since the sponge gets shrunk to one-third of the original size

after the carbonizing process, we usually cut sponges into 15mm x 15mm x 30mm.

Then sonicate them with alcohol for 10 minutes to remove any dirt attached to the

surface. Next, use deionized water (DI water) to wash the sponges and put the

cleaned sponges on a hotplate at 70°C' to drain. Then, put those sponges into the

CVD furnace. Pumping out the air in the quartz tube and then inlet argon with a

flow rate of 300 standard cubic centimeter per minute (sccm) until the pressure
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2.1. Production of Porous Carbon Promoter 27

reaches 760 Torr. As the pressure reached the atmosphere, we start to heat the
sponges with a heating rate of 1000°C' per 30 minutes and fixed the temperature
at 1000°C for 40 minutes, the argon gas remain at the same flow rate during the
whole heating process. After the heating process, we cooled the furnace to room
temperature naturally and took the porous carbon, a nitrogen-doped amorphous

carbon promoter with porous structure, out.

COOLING

Temperature (°C)

HEATING Ar 300 scem

Time (min.)

(b)

Figure 2.2: (a) The melamine-formaldehyde resin sponge (left) and porous carbon
(right). The size of dehydrated melamine-formaldehyde resin sponge (porous
carbon) is shrink. (b) The temperature set up and gas flow for the carbonization of

melamine-formaldehyde resin sponge.
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28 2. Synthesizing Experiments

2.2 Synethesis Tin Diselenide by CVD

2.2.1 Brief Introduction of Chemical Vapor Deposition

There are many ways to synthesize 2D-material. For example, we may use tape
to mechanical exfoliate graphene from the bulk of graphite[47]; the liquid phase
exfoliation technique is appropriate for cost-effective production of 2D materials
with scalability, yet the dimensions and quality of solution-derived 2D materi-
als raise considerations for specific applications.[21] Chemical vapor deposition
(CVD) provides a method to synthesize large-scale, high-quality in a controllable
and low-cost way. The main principle in CVD is precursor, which may be in the
solid phase or gas phase, heated and become vapor; those vapor state precursors
are reacting in the chamber or on the surface of the substrate and then deposited

forming solid products.[48]

Several parameters come into play during the CVD growth of 2D materials,
encompassing the choice of precursor, temperature, pressure, and substrate. The
precursor functions as a reactant in the CVD process and involves thermal decom-
position, chemical synthesis, and chemical transport reactions. In the context of

solid-phase precursors, managing vapor concentration during CVD proves more
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challenging. Temperature constitutes another pivotal factor within the CVD pro-

cess, influencing carrier gas flow rates, precursor reaction rates, and substrate

deposition rates. Higher temperatures often lead to increased precursor concen-

trations due to enhanced evaporation over time. Furthermore, for nucleation at

the vapor-solid interface, higher temperatures drive thermodynamic processes,

while lower temperatures engage kinetic processes. Pressure constitutes another

parameter tied to gas flow rates and precursor concentration. From the ideal gas

equation,

PV = nRT 2.1)

the concentration of precursor decreases with pressure decreasing. Moreover, at

low pressure and fixed molecular flow rate, the gas flow speed and volume increase.

Lower precursor concentration and higher precursor inlet rate are good for the

control of the reaction. By adjusting these key parameters, we may control the

product structure. For example, SnSe; nano-sheet has been reported that their

shape and size change with temperature gradient and reaction pressure.[49]

The substrate is the place where deposits happen. Activate Substrate could

be a catalyst that promotes product growth[50]; inert substrates are suitable for
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transition-metal dichalcogenide (TMDC) growth. For example, mica is used to
synthesize a few layer SnSe; nanosheet in many reports[9, 34]. Due to the mica
surface having no dangling bond, the migration barrier of the adsorbed atoms on its
surface is much smaller than other substrates so that adsorbed atoms on the mica
surface can migrate rapidly, thus making mica a suitable substrate for growing a

few layers SnSe,.[35]

2.2.2 Synthesis Tin Diselenide Experiment

To synthesize SnSe, by CVD procedure, some reports used tin selenide (SnSe)
powder as the precursor.[51] However, we choose tin(Il) iodide (Snly) powder and
selenium (Se) powder as the precursor. Because Snl; has a lower melting point
(320°C") than SnSe (melting point = 861°C) and some reports said that low melting
point may be providing more uniform and stable growth conditions during CVD
procedure.[9] Moreover, for tin, iodine was successfully applied for the growth of
CuyZnSnS, single crystals that are used in solar cell[52] and from the formula of
reaction

S’I”LIQ + Se — STLSBQ + [2 (22)
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it was reported to be an optimal carrier agent [53]. The Snl, powder 100 mg and

selenium powder 200 mg is placed on two sides of a tungsten boat respectively, the

tungsten boat is placed on a aluminum boat. Then, put substrates with promoters

and precursor into a quartz tube. Precursors are placed at the first temperature

zone.

Argon Input Valve Tube VacuumValve

L L

=1
O-ring gadgets Temperature zone control O-ring gadgets
To vacuumpump
s | ' ol nln o]
) Zonel - ) Zone?2 " h Zone 3 g

Figure 2.3: The schematic diagram of CVD equipments and original experimental

set up.

To compare the temperature effect and how distance from the precursor affects

SnSe, film growth, we put three fused quartz substrates at the second and third

temperature zone. Each fused quartz substrate with a length of 76 mm and the

promoters are placed at 12 cm, 16 cm, 20 cm, 24 cm, 28 cm, and 32 cm from the

precursor on the fused quartz substrate. After placing precursors and substrates, we

use argon gas to purge the gas in the quartz tube for 10 minutes. Then, vacuum the
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quartz tube until the pressure reach 0.03 Torr. There is no argon gas flow during the

growth process. The schematic diagram of CVD equipments and experimental set

up is shown in figure 2.3. Finally, we found that only the quartz slide at 11 cm to

18 cm has SnSe, film, so that we revised the experimental set-up in the following

experiment. We only put one quartz slide and put porous carbon at 15 cm from the

precursor.

The first temperature zone setting is heating to 120°C' in 3 minutes and sus-

taining at this temperature for 12 minutes to pre-heat the precursor; then, the

temperature increase to 600°C' in 10 minutes and stops the heating process. The

temperature setting for the second and the third temperature zones are identical,

heating to 100°C' in 5 minutes and then sustaining at that temperature for 20 min-

utes. The total heating time is 25 minutes then the whole system is cooling to room

temperature naturally. The schematic diagram of the revised experimental setup is

shown in figure 2.4(a); the setting of temperature zones is shown in figure 2.4(b).
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Figure 2.4: (a) The schematic diagram of revised CVD experimental set up and the
reaction. (b) The temperature settings of temperature zone 1 (precursor is placed

here) and temperature zone 2 and 3 (substrates are placed here).
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Chapter 3

Apparatus And Analyses

After we synthesize SnSe, sample, we conduct a series of testing to check the
characteristics and qualities of the sample. The first thing to do is take Raman
spectroscopy to identify whether we synthesize SnSe, successfully; also, we can
use scanning electron microscopy (SEM) or atomic force microscopy (AFM) to
check the surface characteristics of the sample. Next, we examine the optical
properties of the sample. We can obtain the band gap energy from the Tauc plot
and the Urbach energy, which describes the energy states caused by amorphous and
impurity. In this chapter, we demonstrate experimental apparatus in our lab and
explain how they work; also, we show how we measure and analyze the measured

data.

35
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3.1 Raman Spectroscopy

3.1.1 Scattering And Raman Effect

Scattering is an important issue in classical mechanics, electrodynamics, quantum
mechanics and other fields. When a moving particle passes through a localized
potential, its trajectory is affected by the potential and deviates from the original
direction. We can say that the particle is scattered by the potential. In electrody-

namics, the particle becomes an electromagnetic wave.

There are two kinds of scattering, elastic scattering, and inelastic scattering.
In elastic scattering, the energy of the electromagnetic wave does not change in
the whole scattering process, the scattered light has the same color and energy
as the incident light but with a different propagating direction. One kind of
elastic scattering is Rayleigh scattering. Rayleigh scattering is a scattering model
established by Lord Rayleigh, it mainly treats the scattering process by small
particles, such as gases and droplets. The total cross-section, which gives us the

amount of an EM wave scattered, per molecular is given by:

In — 12 3.1
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where k is the wave number (in unit of m™1), N is the number of particle per

volume and n is the index of refraction.[54]

We can make an estimation to the scattering cross-section of the scattering of
air. Assume the environment is at the pressure 1.013 x 1075 pa and temperature
at 298k. From the ideal gas equation, P = NkgT, where N is the number of
particles per volume and kp is the Boltzmann constant, we have N = 2.46 x 10%
molecules per cubic meter. Suppose we use a LASER at wavelength 532nm, which
E = 1.18 x 1077 m™1, as an incident light and the index of refraction of air is
n = 1.000293, from eq.(3.1), we have a cross-section o = 5.8 x 10~3'm?. In one
cubic meter, about a fraction o N ~ 1075m ! of the light will be scattered for

every meter of travel.

n the course of a scattering process, not all photons undergo elastic scattering.
Only a small fraction (approximately 1/1000 of them) of the scattered photons
deviates from the same frequency as the incident wave. Moreover, the intensity
of Raman scattering stands at around 107 to 10~® times that of the incident light.
These particular photons are known as Raman scattered photons.[55] In 1928,
Indian physicist Sir C.V. Raman (1888 — 1970) and his student, Sir K.S. Krishnan

(1898 — 1961), made a significant discovery. They observed that when light
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interacts with a transparent material, the deflected light changes its wavelength and
frequency. This phenomenon was coined the Raman effect or Raman scattering.
As a result of this discovery, Raman was awarded the Nobel Prize in Physics in
1930. By analyzing the wavelength shift, valuable information about molecular
vibration modes, molecular structure, symmetry, electronic environment, and more

can be derived.

Suppose the incident light at frequency v, and the Raman scattered light at
frequency v;, the change of energy is AE = h(v; — v,) corresponds to the energy
absorbed (if AF < 0) or gained (if AE > 0) from the sample. The former is called
Stokes radiation; the latter is called anti-Stokes radiation. The frequency change of
light is called Raman shift. Figure 3.1 shows the mechanism of Raman scattering
and the spectrum schematic diagram; in the spectrum, the left band is the Stokes
line while the right band is the anti-Stokes line. The nature of Raman scattering is
the interaction between photon and molecule; the energy level in Figure 3.1 can
be the rotational or, typically, the vibrational energy level of a molecule. Raman
shifts are usually reported in wave number, which unit is usually cm~!. In order

to convert between spectral wavelength and wave numbers of shift in the Raman
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Figure 3.1: The mechanism of Raman scattering and the spectrum.

spectrum, the following formula can be used:

AP = (- - ) (3.2)

where AV is the Raman shift expressed in wave number, ), is the wavelength of
the incident light and ); is the Raman spectra wavelength. Because we usually
express the visible light wavelength in unit of nanometers (nm), eq.(3.2) can be

scaled in the form:

N 1 1 107 (nm)
Ap(em™) = <)\O(nm) a )\i(nm)) % (cm)

(3.3)
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3.1.2 Raman Spectrometer

Before the invention of the laser, C.V. Raman and his student employed a mercury
lamp and photographic plates to capture spectra. Owing to the limited strength
of the light sources, the modest Raman cross-section, and the detectors’ low
sensitivity, they were required to dedicate extended periods (often hours or days) to
obtain spectra. Given that the Raman effect holds weaker significance compared to
Rayleigh scattering, the resulting photographic spectra remained largely dominated
by a broad central line corresponding to the Rayleigh scattering of the excitation
source.[56] Figure 3.2, clipped from C.V. Raman’s article [1], shows the early
Raman spectra of benzene; the broad line corresponds to the incident wavelength

due to Rayleigh scattering.

Figure 3.2: Early Raman spectra of benzene.[1]
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Nowadays, LASER has been invented and used in Raman spectrometer as the

light source. The light detector is no longer a photographic but a charge-coupled

device (CCD). CCD is a device basically composed of a series of linked or coupled

metal-oxide-semiconductor (MOS) capacitors; it receives photons and transfers

them into electrons at the semiconductor-oxide interface then outputs electronic

signals.

The Raman system in our laboratory (figure 3.3(a)) contains three main parts,

the LASER system, optical microscopy (OM) system, and detector. In LASER

system and OM system, a 532 nm LASER beam passes through an optical path to

the object lens of the OM system rays on the sample. The scattered light received

by the CCD detector and a program plots the Raman spectra. The spectra is only

shows the Raman shift, Rayleigh scattering band is not shown in the spectra. The

whole process only takes a few seconds. We can also use the Raman system to

map a specific region of a sample. The mapping outcome tell us the distribution of

certain compounds in the selected area.
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Figure 3.3: (a) The Raman System. (b) Light path schematic diagram. The green
line is the light path of the 532 nm LASER, and the red dotted line is the light path

of scattered light. The inset picture is the Raman spectra of SnSe, / graphene.
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3.2 Surface Characteristics Analysis

3.2.1 Atomic Force Microscope

The atomic force microscope (AFM) was invented by IBM scientists, G. Binnig, C.
F. Quate, and Ch. Gerber, in 1985.[57] The purpose they invented the AFM was
they want to make a non-conductor sample that could be scanned by a method like
a scanning probe microscope (SPM). If we want to know the surface structure of a
sample, the AFM helps us construct the topography. We may realize the surface
characteristics of a sample from the topography, like the thickness or the shape of

a 2D material flake.

The AFM system typically comprises a cantilever, a detector, and a sample
stage. Positioned at the cantilever’s end, there’s a minuscule and delicate tip
functioning as the probe, characterized by a curvature radius on the order of
nanometers. This tip undergoes deflection as it approaches the sample’s surface
due to various forces at play, including mechanical contact force, van der Waals
forces, capillary forces, chemical bonding, electrostatic forces, and magnetic forces.
The selection of an appropriate probe type and imaging mode hinges on the specific

context and the type of force to be measured.
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Speaking to the working principle of an AFM, we start from the probe-detector

system. There is a low-power LASER ray shine on the tip. The tip is coated with a

highly reflective layer so that some light reflects and shoots to the light detector.

As the piezoelectric material-driven sample stage is scanned in the x-y direction,

the tip deflects with the sample surface up and down, making the reflected light

displacement. The feedbacked error signal proceeds by the controller and lets the

z-axis of the sample stage move to make the reflected light remain in the same

position. The z-direction moving would be processing and combined with the x-y

direction information to form the topography.

Figure 3.4: The AFM in our laboratory.
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Figure 3.5: The configuration of an AFM.

3.2.2 Scanning Electron Microscope

A scanning electron microscope (SEM) is the other apparatus we usually use to let

us know the surface properties of a sample. It’s a type of electron microscope.

An SEM system contains a vacuum system, beam generator, beam manipula-
tion, beam interaction, detector, signal processing, and display and record. The
sample will be located on a stage in a vacuum circumstance to make the primary
electron beam not be scattered by air molecules. The primary electron beam in-
teracts with atoms at different depths on the sample and generates many types
of electron signals. Those signal sources include secondary electrons, backscat-

tered electrons, X-rays, visible light, and transmitted electrons. The secondary
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electrons are perhaps the most commonly used reaction event. They are generated

by a primary electron beam dislodging a sample electron from the surface of the

sample.[58] The generation of secondary electrons depends on the sample struc-

ture. The detector in SEM receives secondary electrons, and the signal processing

system constructs the sample structure.

If we scanned a non-conductive sample, the electrons would be collected and

accumulate charges on the sample. Those charges would increase until it reaches a

critical point, and an electron discharge occurs and makes image artifacts.[58] To

scan a non-conductive sample, we could make the surface grounded or coat a layer

of metal (platinum, gold ...) on its surface.

An energy dispersive x-ray spectroscopy (EDS or EDX) usually be included in

an SEM system. X-rays generated from the primary electron beam interact with

the sample. The primary electrons excite the electrons in the inner shell in atoms

on the sample surface and then form holes as electrons leave the inner electron

shell. As outer shell electrons transit to the inner electron shell, excess energy

becomes x-ray. EDX analyzes those x-ray emitted from different and tells us the

concentration of each element in the sample.
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Figure 3.6: The SEM system in IAMS.

3.3 Optical Properties Examination

3.3.1 Absorption Spectroscopy

The band structure of a semiconductor can be probed by measuring its absorption
spectrum since the electron transition from a lower energy state to a higher energy
state absorbs a certain wavelength photon. There are many types of transitions in a
semiconductor, such as band-to-band, excitations, sub-bands, between impurities
and bands, etc. The absorption can be expressed as an coefficient, « (in unit of
em™h).

The fundamental absorption process is the band-to-band process (or excitation
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transitions). The excitation transition obeys the selection rule; we may find the
band gap of a semiconductor from the absorption edge. We have two main kinds
of transition types for a semiconductor, direct transition, and indirect transition.

The absorption coefficient can be express as a function of hc/A:

a(he/X) = K(he/X — E,)". (3.4)

where h = 6.626 x 1072* m? kg s~! is Planck constant, c is the speed of light, A
is the wavelength of light, K is a ratio constant and £, is the band gap energy. For

direct band gap, v = 1/2; for indirect band gap, v = 3/2.[59]

We use a self-made visible light spectrometer in our laboratory. The whole
system is shown in figure 3.7. We put a sample on the stage of the microscope and
use the built-in light in the microscope as the visible light source. A light receive
lens connects with a fiber below the stage; the light signal is transmitted along the
fiber and then received by a spectrometer (SEMSO-3000 Photoelectrochemical
Synchronous Measurement System, BioLogic). Afterward, the spectrum is output

to a computer.

The measured absorbance spectra is in unit of optical density (OD). The optical
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Figure 3.7: The self-made visible light spectrometer in our laboratory.

density, OD, is a logarithmic measurement of the percent transmission (T(%)) and

it can be represented by the equation:

) (3.5)

That means for n OD, there are 10~"2% of light to be transmitted through the
sample. To transfer OD to absorption (ABS(%)), we have to get the transmission
and then find the absorption by ABS(%) = 1 — T'(%). The transmission in

percentage from eq.(3.5) is

T(%) = 100 x 10~4©P) (%) (3.6)
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From eq.(3.6), we can get the absorption (%) by:

ABS(%) = 100(1 — 10~4©D) (%) (3.7)

3.3.2 Tauc Plot

To get the band gap from an absorption spectrum, we may use the Tauc method.
The Tauc method was proposed by Jan Tauc in 1966, this method provides a
way to estimate the band gap energy of amorphous semiconductors using optical
absorption spectra.[60] This proposal was further developed by Davis and Mott.[61,

62]

The Tauc plot is a graph of (ahr)'/7 v.s. photon energy [63], where o, v
and h is the same variable in eq.(3.4), v = ¢/ is the frequency of photon. By
extrapolating a line of the straight interval and finding the intercept with the energy
axis, where the intercept is the band gap energy. Figure 3.8 is a Tauc plot of
SnSe2 film on an soda lime glass substrate. In figure 3.8, we use absorbance, A
(in unit of optical density, O D), instead of the absorption coefficient; it does not

affect the estimate of the band gap energy, because the relation between absorption
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Figure 3.8: The Tauc plot of SnSe; film on a soda lime glass substrate. The yellow
broken lines is the error bounds of the linear fitting, the red solid line is the fitted
extrapolated line. The intercept of the red line with x-axis is the band gap energy.
There is a tail in the lower energy of region of the absorption edge, which tail is
the Urbach tail relate to energy states generated by amorphous or poor crystalline

quality of a semiconductor.
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coefficient and absorbance is:

a(N) = A()) x 2.303/d, (3.8)

where d is the thickness of the film, and we assume that the film thickness is
uniform so that d can be seen as a constant. And the equation of the curve in the
Tauc plot is :

(ahv)" = o (hv — E) (3.9)

where .7 is a constant. From eq.(3.8), we have the relation that A is proportional
to «, it only affects the scale of the curve but does not affect the intercept of

extrapolated line with the energy axis. Substitute eq.(3.8) into Eq.(3.9), we have:

(Ah)Y" = o' (hv — E,) (3.10)

where &' = 7 (d/2.303)"/" is the scaled constant of .«7.
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3.3.3 Urbach Energy

Urbach energy is used to quantify energetic disorder in the band edges of a semi-
conductor. It has been proposed by Franz Urbach in 1953. He researched that
there is a tail exponential increase in absorbance with energy along the absorption
coefficient curve and near the optical band edge.[64] In further research, it has
been discovered that the exponential tail appears in the poor crystalline quality,

disordered, and amorphous materials because these materials have localized states

which extend in the band gap.[65, 66]

N

: ConductionBand S

| T | A1

Extended states

— % ———
.~ ValenceBand ——_ N

%ach tail

Energy Energy

Absorbance
Absorbance

Figure 3.9: The schematic diagram of pure energy state and its absorbance edge
(left); the schematic diagram of energy state with extended states and its absorbance
edge (right). From their absorbance plot, we can see that the extended states absorb

lower frequency light and form a tail in the low energy region.
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Figure 3.9 is the schematic diagram of the pure energy band and energy band
with extended states; we also can see that the Urbach tail in the lower energy region

of absorbance edge in figure 3.8.

The Urbach’s rule can be used to relate to the absorption coefficient to the

incident photon energy as following equation:

a(v) = agel/Fu (3.11)

where « is a constant, v is the frequency of incident light and £ is the Urbach

energy. If we replaced o to A, eq.(3.11) can be written as:

A(N) = Agele/Bu (3.12)

where Ay is a constant and ) is the wavelength of the incident light.[67] We may

get the Urbach energy from absorbance spectrum, rewrite eq.(3.12) as:

and we have the relation of In(A) in function of 1/\. We can get Urbach energy in
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electron voltage (eV) from the slope of the linear region of the In(A)-A7! curves

using the equation:

o 1240
U™ slope in In(A) — A1 plot”

(3.14)

We use the least square method to fit the linear region of In(A)-A~! curves and get

the slope in eq.(3.14).

3.4 1-V Measurement

To measure the electrical properties of the synthesized sample, a current-voltage (I-
V) measurement system is needed. The I-V measurement system in our laboratory
can conduct the two-probe method, the MOSFET measurement, and the van der

Pauw method.

3.4.1 Two-Probe Method

The two-probe method is used to measure the resistance of a sample. We also can
find the conductivity of the sample from resistance. To conduct the two-point probe

method, we have to make at least two electrodes on the sample. We usually use
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Figure 3.10: The two-probe method system in our laboratory. The optical micro-

scope in the system makes us land the probe on the electrode more accuracy.

gold electrodes. We put the two probes on the two electrodes, then apply various
voltages, such as from —1 to 1 V, and measure the current versus voltage to get an
I-V curve. The ideal I-V curve for a Ohmic conductor is a straight line. The slope
of the I-V curve, G, is the electrical conductance of the sample between the two
electrodes. We may get the resistance by R = é We may find the conductivity

from the relation of resistance and resistivity:

R = AL (3.15)

wt  owt
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where R (in unit of () is the resistance of the sample, p (in unit of €2 --cm) is the
resistivity, [ is the gap between the two electrodes, w is the width of the electrodes,
t is the thickness of the sample and o = % (in unit of S/m) is the conductivity of

the sample.

3.4.2 The van der Pauw Method

Figure 3.11: The van der Pauw method system in our laboratory.

We may find the sheet resistance of a film by conducting the van der Pauw

(VDP) method (also called the four-point measurement). To conduct the VDP

method, there are some requirements for the samples: (1) The film must be

continuous, with no isolated hole. (2) Uniform thickness and thin film. (3) It needs
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four electrodes and the contact area of each electrode should be smaller than the
film area by one order of magnitude. (4) The four electrodes must be located on the
edge of the film. The four electrodes are numbered from 1 to 4 in counter-clockwise
order, beginning at the top-right. To make a measurement, a current is applied to
flow along one edge of the sample (for example, from electrode 1 to electrode 2,
I15) and measuring the voltage across the opposite edge (134). Resistance can be

found in Ohm’s law:

V34

— (3.16)
Lo

R12—34 =

Ry934 1s the resistance along the horizontal edge, we may use the same way to
find the resistance along the vertical edge, Rs341. To eliminate the effect of any
offset voltages, such as thermoelectric potentials due to the Seebeck effect, and
get a more accurate measurement, we repeated the resistance measurements after
switching the polarities of both the current source and the voltage meter. Then, the
resistances of the horizontal edge and the vertical edge are:

_ Rig_34 + Raa—12 + Roj—43 + Ryz_21
4

Ry, (3.17)

_ Ros_41 + Rai1—23 + R3a—14 + Ris_32

R, 1

(3.18)
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Finally, the sheet resistance, Ry, is related to these resistances by the van der Pauw
formula:

e TRe/Rs  o=mRA/Rs _ | (3.19)

for the special case: R, = R, = R, Ry = mR/In2. In general case, we may

calculate R, by the Newton-Raphson method, an iterative method:

1 — e*ﬂ’Rv/Rs,n . efﬂ’Rh/Rs,n

(RU€_WRU/RS7" + Rhe—TrRh/Rs,n)

Ropi1 = Rep + R2, (3.20)
T

The VDP method also can measure the Hall effect, carrier concentration and
mobility. As the charge carriers flow through a magnetic field normal to the flow

direction, the Lorentz force, F, experienced by the carriers is:

IB
Fr=— 21
L= (3.21)

where [ is the current, B is the magnitude of the magnetic field, n is the carrier
concentration and A is the cross section of the sample. The charge accumulation

will create an electric field across the material due to the uneven distribution of
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charge. The potential generated by the electric field is called the Hall voltage, V3.

_IB_1IB

Vi
ngt  qng

(3.22)

where ¢ = 1.6 x 1071? C'is the elementary charge, ¢ is the thickness of the material
and ng = nt is the sheet density, the density of electrons multiplied by the thickness

of the material.

To measure the Hall voltage, we need to conduct two sets of measurements:
one with a magnetic field in the positive z-direction, and one with it in the negative
z-direction. The voltages recorded with a positive field will have a subscript P (for
instance, Viop = Vop — Vip) and those recorded with a negative field will have a
subscript N. The applied current and the magnitude of the magnetic field must be
kept the same for both measurements. We first apply /;3, and measure V5,p and
then apply /31 p and measure Vj5p. Repeat the steps to find Vi3p and V31 p. Next,
reverse the magnetic field and measure Visn, Vain, Voan, Vien. We can take
advantage of the reciprocity theorem to provide a check on the accuracy of these
measurements, that is, Visy p = Vain p and Vouy p = Vion p. To calculate the

Hall voltage, we start from the difference of the voltages for positives and negative
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magnetic fields:

Vik = Virp — Vien, 7 = 1,25 k=3, 4. (3.23)

and the Hall voltage is:

_ Vis+ Va1 + Voy + Vo
3 )

Vi (3.24)

If Vi > 0, the material is p-type; if Vi < 0, the material is n-type. The sheet

density can be calculated:
IB

Ng = ————. (3.25)
Q|VH|

The unit of B is Wb/cm? if n, is in cm ™2,

The resistivity of a semiconductor is given by:

1

p=——""—
q(nptn + ppip)

(3.26)

where n and p are the concentration of electrons and holes in the material respec-
tively; p,, and p1,, are the mobility of the electrons and holes respectively. In general,

the two concentrations have many orders-of-magnitude difference so that eq.(3.26)
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is approximately equals to:

p=— (3.27)

where n,, and p,, are the doping level and mobility of the majority carrier respec-
tively. For a semiconductor film, the sheet resistance p = R,/t, where t is the

thickness of the film; and n, = nt. Eq.(3.27) can be expressed as:

1
Ry = (3.28)
qnshm
and we can calculate u,, by rearrange eq.(3.28):
_ ! (3.29)
Hm qRSns .
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3.5 Other Apparatus

3.5.1 Photo Lithography System

Figure 3.12: The photo lithography system in our laboratory.

Figure 3.12 is the photo lithography system in our laboratory. Photo lithography
is an important technique to our research, we use it to make electrodes on our
samples so that we are able to measure the thermoelectric properties of the sample.

The following steps are the photolithography process: (1) Spin coating pho-
toresist on the sample. Photo resistance can be divided into two kinds, the positive
photoresist, and the negative photoresist. Since the photoresist is sensitive to white
light, we have to do photolithography in a yellow light environment. The posi-

tive photoresist will dissolve in the developer after exposure; while the negative
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photoresist is in contrast. We usually use the positive photoresist. (2) Design the
pattern of the electrodes and then use the projector to expose the pattern on the
sample. (3) Washing the sample by the developer and DI water. Then check the
sample, we should see that the electrode pattern part is not covered for the positive

photoresist case.

3.5.2 Thermal evaporator

Vacuum chamber

\. Substrate holder

—— Substrate

—— Vapor flux

Crucible —i—'—:

containing >
target material

B | l ]

To pumping system

Figure 3.13: The schematic diagram of the thermal evaporator.
[68]

After we made the pattern of electrodes, we need to coat some metal on the
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sample to fill those patterns. We are using a thermal evaporator to reach the target.

We put a metal nugget, for instance, gold, on a crucible and there is a sample
holder above the crucible, the sample will be put on the sample holder face to the
crucible. Then we are pumping the system to a low pressure (10~¢ Torr) so that
there are fewer other molecules. The crucible is connected to an electronic current
source, the current will heat the crucible to melt the metal and make the metal
evaporates. Those evaporated metal atoms move to the sample. There is a coating
thickness gauge that shows the film thickness and the coating rate. To make an
electrode, the film thickness should be 40 nm - 100 nm. Figure 3.13 shows the
schematic diagram of the thermal evaporator.

After the thickness is reaching our requirement, we stop the heating process
and take the sample out. Then remove the photoresist by taking an acetone bath.

The rest part is the electrodes on the sample.
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Figure 3.14: The thermal evaporator system in our laboratory.
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Chapter 4

Result and Discussion

In this work, we provide a new way to synthesis SnSe, at low temperature by CVD
method. In this chapter, we will discuss separately in two main sections: (1) the
synthesized material’s characterization and (2) the applications in photodetector

and strain gauge.

4.1 Characterizations of Material

In this section, we discuss the differences between SnSes film with and without
porous carbon promoter. Those differences include absorbance intensity, Raman

intensity, Urbach energy, EDX analysis, and the AFM image. The absorbance
67
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spectra mapping shows the distribution of thickness, the thicker thickness has
higher absorbance intensity for the same material with the same absorption coeffi-
cient. The Urbach energy mapping can be extracted from the absorbance spectra
mapping so that we may find the best crystalline region. Raman mapping reveals
the distribution of SnSe, growth situation. SEM and EDX give us the sample
surface structure and stoichiometric composition. The AFM image provides the

morphology of the SnSe, film.

4.1.1 Absorption Spectra Mapping

First is the absorption spectra mapping.

After the synthesis experiment, we found that only the substrate on the 10 cm
to 18 cm has SnSe; film. Based on the result, in further experiments, we put the
porous carbon at 15 cm from the precursor. The synthesized sample’s outward
appearance is shown in figure 4.1. In figure 4.1 We may see that near the porous
carbon, the coverage range is larger than the no promoter-assisted one and the
film color is also darker than the no promoter-assisted one. A darker color can
be attributed to thicker film thickness. Meanwhile, from the absorption mapping

(figure 4.2, bottom) we may see that the absorption is gradually increasing on the
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interval of 130 mm to 145 mm from the precursor; while the absorption of the no

promoter sample is decreasing to a small value in the same interval.

: With Porous Carbon

Without Porous
Carbon

-

Figure 4.1: The outward appearance of the two samples with/without a promoter.
The black rectangular is where the porous carbon is located. We may see that near
the porous carbon, the coverage range is larger than the no promoter-assisted one

and the film color is also darker than the no promoter-assisted one.

The absorption lines for both samples on the interval of 120 mm to 130 mm

have the same trends. It shows that the promoter has less effect in the region. The

less effect can be attributed to two possible: (1) the distance is too far from the

promoter and here is the upstream region so the intermediates or products are hard

to arrive here. (2) The temperature in this region is around 310°C' which is higher

than that in 130 mm to 140 mm intervals (only around 250°C') so the temperature

effect is higher than the promoter effect.

Next is the Urbach energy mapping (figure 4.2, top) also shows a considerable
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Figure 4.2: The bottom plot is the absorption spectra mapping of the sample with

(wine solid line and scatter)/without (navy dashed line and scatter) porous carbon

at 532 nm wavelength. The top plot is the extracted Urbach energy.
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difference in the 130 mm to 145 mm low-temperature interval. The Urbach energy

is related to the energy states generated by defects in the crystal. A lower Urbach

energy material has less defect. The porous carbon-assisted SnSe, film has much

smaller Urbach energy than that of no promoter one. The minimum value of the

Urbach energy for the porous carbon-assisted film has been found at 137 mm from

the precursor which is 0.27 eV, however, in the same position, the Urbach energy

for the no promoter-assisted film has a value of 0.88 eV. The Urbach energy fitting

is shown in figure 4.3(b). It shows that the porous carbon promoter is increasing

the crystalline quality of the SnSe; film.

3.0 0.5
J Porous Carbon
N |l No Promoter

4 At137mm

Porous Carbon
— No Promoter

At137mm

E,=0.27 eV

E,=0.88 eV

In(A)

e
® ——
s

Absorbance (OD)

0.5

| . T v T T T T v T T
1 2 3 4 ] 6 7 8 1.5 2.0 25
Energy (eV) Energy (eV)

(a) (b)

Figure 4.3: (a) The absorbance spectra for with/without promoter SnSes film at 137
mm from the precursor. (b) The Urbach energy fitting for with/without promoter
SnSe, film at 137 mm from the precursor. The Urbach energies for with/without

promoter sample are 0.27 eV and 0.88 eV respectively.

The increase of crystalline quality and thickness can be attributed to three
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main possible: (1) the carbon reduce the activation energy of the reaction 2.2 that
increasing the reaction rate of the SnSe, film. (2) The porous structure of porous
carbon has a large surface area to make the reaction more easily and (3) the porous
structure also traps the gas flow and slows the flow rate so that the precursor has

more time to react and form the thicker and good quality film.

4.1.2 Raman Spectra Mpping

The Raman mapping provide us the distribution of our material and other informa-
tion, such as film thickness and also crystal quality. Figure 4.4 shows the A;, peak
intensity mapping and the FWHM mapping and figure 4.5 gives the normalized
and averaged Raman spectra around the position of 137 mm from the precursor.
The intensity of the A;, peak and the position of the F, peaks give us informa-
tion on the film thickness. Focus on the region around 137 mm from the precursor.
In figure 4.4 we may see that the A, intensity of promoter assisted sample is higher
than that of no promoter one, which is matching to the absorption mapping, and the
Ay, intensity is also decaying in the interval of 140 mm to 150 mm. Meanwhile,
the peak FWHM also shows more bad crystals in the low-temperature region for

the no promoter-assisted case. Which is also matching the absorption and the

d0i:10.6342/NTU202301860



4.1. Characterizations of Material

73

'l:-' No Promoter
E Porous Carbon
x 3]
8 &
a
2
<
LJ hd J d J
é‘ PorousCarbon-A.;
g Mo Prumuter—A_;
g =
c 3
c &
£
3]
14

120 125 130
Distance to Precursor (mm)

135

Figure 4.4: The bottom plot is the Raman mapping of A, peak for with/without

promoter samples. The top plot is the FWHM of the A, peak.

118

L Average Raman Spectra Around 137 mm

\

S
. b A, 185
m g
2 ﬂFWHM=9.4o
& FWHM=10.31
8 e
= E,
= I FWHM=17.16
QI FWHM=11.57
= | 114
©
=
| .
=]
-

w
o

100 150 200

Raman Shift (cm™1)

250

300

Figure 4.5: The normalized and averaged Raman spectra around the position of

137 mm from the precursor.
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Urbach energy mapping.

Figure 4.5 supports that the thickness of promoter-assisted SnSes film is thicker
than no promoter one and the quality of the crystal is also better than no promoter
one. The E, peak is located in 112 em ™" to 118 ¢m ™, which indicates the phase
of SnSe; is 2H phase. The F, peak of no promoter assisted one has shifted to 114
cm~" and the decreased shifting of F, position points out the thinner thickness of
the film. [31]. The shifting of the £, peak can be attributable to surface effects and
inter- and inner-layer couplings.[69] The FWHM of both peaks for the promoter-
assisted SnSe, are smaller than that of no promoter-assisted one, which also reveals

the better crystal quality of promoter-assisted SnSe, sample.

The intensity ratio of A;, and E, peak for no promoter assisted SnSe film in
figure 4.5 is smaller than that of promoter-assisted one. Which indicates that the
Ay, intensity is higher for the promoter assisted SnSe, and a higher A, intensity
corresponds to a thicker thickness due to the increasing of the van der Waals forces.
The A;, mode is reflecting the out-plane vibration, thicker film has more layers so
that it makes the van der Waals forces increasing and the correspond Raman peak

also intensity increasing.[31]
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4.1.3 Stoichiometric Composition

In this section, we give the stoichiometric composition of the synthesized sample.
We mainly use two kinds of examinations to find the stoichiometric composition,

EDX and XPS.

* SEM & EDX

The SEM image in figure 4.6 shows the polycrystalline structure of the SnSe, film,

we may observe many gaps in the image.

(b)

Figure 4.6: (a) The SEM image for the porous carbon assisted growth SnSe,

sample. (b) The SEM image for the no promoter assisted growth SnSe, sample.

Figure 4.6(a) shows that the porous carbon assisted sample has many thin flakes

on the top of the film. According to the EDX examination, those flakes have a
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Figure 4.7: The tin/selenium atomic ratio of the two regions of the sample. The
upstream is where far from the promoter and has a higher temperature, the down-
stream region is near the promoter and has more effect from the promoter. The
promoter assisted sample has less standard deviation which may be attributed to
higher crystal quality.

ratio of Se:Sn of 2.01:1 and a large size (near 2um to Sum wide and long), they
are SnSe, flakes. In figure 4.6(b), the surface of the SnSe, film covered many tiny
crystals (a few hungers nanometers) and those crystals are growing vertically. The

EDX shows they have Se:Sn ratio of 2.3:1, it shows that some selenium was not

react.

Figure 4.7 shows the average atomic ratio of tin and selenium. The Se/Sn ratio

and the standard deviation for with/without promoter-assisted SnSe, samples in

the upstream region (10.5 cm to 12.5 cm) are worse than that in the downstream

region. The no promoter sample in the upstream region has a higher Se/Sn ratio,
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which may be due to non-reacted selenium or SnSe, . crystal. Let’s focus on the

downstream region, the Se/Sn ratio is close to 2.0 for both samples, which gives

the stoichiometric composition of SnSe,. However, the without promoter-assisted

sample shows a higher standard deviation than the promoter-assisted sample. That

provides a shred of evidence to prove that porous carbon can improve crystal

quality.

* XPS

Figure 4.8(a) and figure 4.8(b) are the XPS spectrum of selenium and tin for

the porous carbon-assisted SnSe,. In figure 4.8(a), the XPS spectrum shows two

main peaks for Sn-Se bonds: Se 3d3/,, at 54.60eV, and Se 3ds /5, at 53.70 eV. The

separation between the two peaks is 0.9 eV.[31] There is the other peak in this

spectrum, the peak belongs to the non-reacted selenium,[70] which is corresponds

to the deviation error of the EDX. In Figure 4.8(b), the XPS shows two main peaks,

at 494.94 eV and 484.50 eV, correspond to Sn 3d3/, and Sn 3ds,, respectively.

Those peaks belong to the Sn-Se bond.[71]

Figure 4.8(c) and figure 4.8(d) are the XPS spectrum of selenium and tin for

the no promoter-assisted SnSe,. In figure 4.8(c), the XPS spectrum shows two
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Figure 4.8: (a) and (b) are the bonding energy of selenium and tin for the porous

carbon-assisted SnSe, film. (c) and (d) are the bonding energy of selenium and tin

for the no promoter-assisted SnSe, film.
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main peaks for Sn-Se bonds: Se 3ds/,, at 54.76 €V, and Se 3d5 2, at 53.80 eV. The

separation between the two peaks is 0.96 eV. There also exists the peak belongs to

the non-reacted selenium. In Figure 4.8(d), the XPS shows two main peak groups,

one group at around 495 eV and the other group at around 484 eV, the two peak

groups correspond to Sn 3d3/, and Sn 3d5/, respectively. The peaks at 495.8 eV

and 487.2 eV can be attributed to the Sn-O bonds, the formation of SnO, may be

due to the oxidation of the sample.[72] The peaks at 494.82 eV and 486.34 eV

belong to the Sn-Se bond.[71]

From the ratio of peak area/RSF correlation of Sn-Se bonds in tin and selenium

XPS spectrum, the stoichiometric composition for the porous carbon assisted

sample is Sn:Se=1:1.98; while for the no promoter assisted sample, the Sn:Se

ratio is 1:1.94. Both of them are close to 1:2, which is matched the stoichiometric

composition of SnSe,.

4.1.4 AFM Characterization

The AFM image gives us the morphology of the film grown on the quartz slides.

The SEM image is hard to see the detail of the film structure because the SnSe,

sample and fused quartz substrate are not good conductors. When we magnified
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Figure 4.9: (a) The optical microscopic image of the low coverage SnSe; film

grown on the fused quartz. (b) The AFM image of the SnSe; film.
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the scan region, the charges accumulate on the sample surface and we can get a

good image in this condition. Even we coating Pt for a few nanometer still couldn’t

solve this problem. To get a high-quality morphology image, we have to use AFM

to scan the surface. We chose a low-coverage area to scan so that we may avoid

the vertical flakes on the surface of the film interfering with the scan.

Figure 4.9(a) shows the optical microscopic image of the low coverage SnSe,

film grown on the fused quartz, and figure 4.9(b) shows the AFM image of the

SnSe, film in the red circle region in figure 4.9(a). The AFM image reveals the

morphology of the SnSe; film is composed of many small SnSe, nanoflakes. The

thickness of each flake is around 1.2 nm to 1.6 nm, which corresponds to the

thickness of a few layers SnSes.[35] Other AFM analysis shows the film thickness

near the porous carbon is around 40 nm to 100 nm; compare to the no promoter-

assisted sample, the film thickness is only 30 nm to 80 nm. Figure 4.10 shows the

thickness of SnSe; film grown on a fused quartz slide, the thickness of the film is

70 nm. This result is also matching the mapping result in the previous sections.
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Figure 4.10: The AFM image shows the thickness of SnSe, film grown on the

quartz substrate is approximately 70 nm.
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4.1.5 SAED

Figure 4.11(a) and 4.11(b) shows the selected area electron diffraction, SAED,
pattern for without/with promoter assisted SnSe, film. The diffraction pattern
shows a good crystalline quality for the SnSe, samples.

The d-spacing formula for hexagonal lattice is:

N R

p 3( . )+ 4.1)

e
where 1/d is the d-spacing length in unit of nm ™, (hik) is the plane orientation
and a, ¢ are lattice constants. For SnSe,, the lattice constants are: a = 3.81 A,
¢ = 6.14 A. Here, we show two planes, (100) (1/d = 3.031 nm~") and (110)

(1/d = 5.249 nm™1), of the SnSe, film.

4.2 Applications

After we checked the characterizations of the synthesized SnSe,, we are going to
find their applications of them. Previous research has investigated the thermoelec-
tric properties of the porous carbon-assisted SnSe film.[2] Those thermoelectric

properties include the Seebeck coefficient, the ZT value, and thermal conductivity.
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Porous Carbon

No Promoter

(b)

Figure 4.11: The SAED diffraction pattern of (a) the no promoter assisted SnSe,

and (b) the promoter assisted SnSe, film.

In this work, we will focus on the applications of the photodetector and the future

possible application development goal: flexible device, for instance, strain gauge.

4.2.1 Thermoelectric Properties of The Promoter Assisted SnSe,

Film

Figure 4.12(a) shows a negative Seebeck coefficient with value —131.93 uV/ K,
which reveals the n-type nature of the synthesized SnSe, film.[73] Figure 4.12(b)
shows the ZT value equals to 0.543, which is measured by the Harman method.[74]
We may see the fast-decreasing region in figure 4.12(b) has two segments, the top

one is the voltage due to Ohm’s law, Vi, and the bottom one is due to the thermal
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reaction, V;;,. The ZT value can be calculated by Harman method:
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Figure 4.12: (a) The Seebeck coefficient of porous carbon assisted SnSes. (b) The

ZT value of the SnSe; film measured by the Harman method.[2]

The thermal conductivity, x, can be obtained by using LASER to heating the
SnSe; sample and using the relation:

- xrW

= 4.3
" 2tLx, 4.3)

where xr and Y, are coefficient of temperature and power respectively, ¢ is the

thickness of the film, IV is the width of the film and L is the length of the film. The
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calculated r is 5.83 W/mK.[2]

4.2.2 1I-V Measurements
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Figure 4.13: The current-voltage measurement of with/without promoter samples.

The inset image is the dimension of the electrodes and material coverage area.

The current-voltage measurement, shown in figure 4.13, shows the resistances

of the SnSe, films with/without promoter assisted are 3.884 k{2 and 21.711 k2

respectively. From the inset image in figure 4.13, the material area is 120 pum X

500 pum, and by AFM measurement the thickness of the film is approximately 70

nm. According to eq.3.15, the conductivity of the with/without promoter assisted
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SnSe, films are 883 S/m and 156 S/m respectively. The better crystalline quality
of the promoter-assisted one has better conductivity. Here, we set [ = 120 um,

w = 500 pm and t = 70 nm.

We also trying to measure the mobility via two kinds of method: the van der

Pauw method and liquid-ion gate method.

First, from the van der Pauw method, the sheet resistance of the sample is
around 90 k{2 to 120 k(2 and the calculated carrier mobility is in the range of 12
cm?/V's to 104 em?/V s for the porous carbon promoted SnSe, film; the sheet
resistance of the sample is around 110 k€2 to 130 k€2 and the calculated carrier
mobility is in the range of 14 cm?/V's to 57 ecm?/V's for the no promoter assisted
SnSe, film. The measured sheet resistances are very large and the calculated carrier
mobilities are very unstable, this instability may be attributed to the bad contact of
electrodes and probe or the discontinuous of the film. To avoid the disturbance we
mention above, we use another way to get carrier mobilities. That is the liquid-ion

gate method.

To measure mobility by the liquid-ion gate method, we need to make a MOS-
FET device on our sample. We made two electrodes on the SnSe, film as drain

and source. Then coating a layer of photo-resistance on the sample. Next, remove
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the photo-resistance on the top of the channel and electrode pads for landing the

probes. The device image is shown in figure 4.14(a), the light rectangular region

is the channel without photo-resistance. The channel size is W = 226 pm and

L = 20 pm. The measurement set-up is shown in figure 4.14(b). We dropped

some PEO:LiClO, (20:1 wt) solution on the channel as the gate, the solution was

contacting the SnSe; film in the region without photo-resistance.

L~20 pm

W~226 pm 100 um

Figure 4.14: (a) The OM picture of the MOSFET device. The whole region in this
image were covered photo-resistance except the light rectangular region. (b) The

I-V measurement set-up for the liquid-ion gate.

The I-V curve of the liquid-ion gate for with/without promoter-assisted SnSeo

films are shown in figure 4.16(a) and figure 4.16(b) respectively. The curve can

be separated into three parts corresponding to three work regions of a MOSFET:

(1) Cutoff region, (2) Triod region, and (3) Saturation region. We fixed the voltage

between the drain and source of the MOSFET, Vg, and changed the voltage
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Figure 4.15: The frequency-depend capacitance for the PEO:LiClO, solution. The

capacitance at 1 Hz is 1.26 pF'/em?.

between the gate and source of the MOSFET, Vg, then measure the current pass
through drain and source, /pg. The slopes of the triode region are positive and
the saturation regions are at positive Vg region for both with/without promoter-
assisted samples, which shows the synthesized films are n-type semiconductors

just like SnSes.

Let’s focusing on the triode region. The /g in the triode region of a n-MOSFET
is:

VQ
Ips = kn((Vas — Vi)Vps — %) (4.4)
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where V; is the threshold voltage, which is a constant; and

W
kn = ,unco:r:(

f) 4.5)

where 1, is the carrier mobility, C,,. is the unit capacitance of the oxidation layer,

W and L are the width and length of the channel of the MOSFET.

Since the Vps = 1 V and V; are constant, eq.(4.4) can be rewrite in the form:

Ips =k, Vs + k (4.6)

where k is a constant. We can find k,, form the slope of linear fitting of the triode

region.

The k,, values for with/without promoter assisted SnSe, are 10 pA/ V2 and
2.20 uA/V? respectively. And from figure 4.14(a), the aspect ration W/L is
approximately 11.0; also from figure 4.15, the C,, of the PEO:LiCIO, at low
frequency is 1.26 pF'/cm?. The mobilities of the with/without promoter-assisted
SnSe, are 0.72 ¢m?/V's and 0.16 cm?/V s respectively. The promoter-assisted

SnSe, film has 4.54 times better mobility than no promoter-assisted one. It may
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due to the better crystal quality or thicker film thickness. The low mobility of the

SnSe,; may be attributed to the layer-by-layer structure, the gaps between layers

create more barrage for the transfer of the free electrons.
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Figure 4.16: (a) The I-V curve for the liquid-ion gate of promoter assisted SnSe,.

(b) The I-V curve for the liquid-ion gate of no promoter assisted SnSes,.

The summary of the electric properties of with/without promoter assisted SnSes

films are listed in table.4.1.

Table 4.1: The measured electric properties of with/without promoter assisted
SnSe, film.

Without Promoter With Promoter
Semiconductor Type n-type n-type
Conductivity (S/m) 156 883
Mobility (cm?/V's) 0.72 0.16
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4.2.3 Photoresponse and Figures of Merit

In this part, we demonstrate the application of the SnSe, film on the photo detector.

Figure 4.17 shows the photocurrents of with/without promoter SnSe, film at
different power density levels, and figure 4.18 shows the I-V curve of the SnSe,
with/without promoter assisted for dark and the incident power density at 108

mW /cm?. We can see that the photocurrent of promoter-assisted SnSe, film is
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Figure 4.17: The photocurrent v.s. incident light power density of no promoter

assisted SnSe, film, (a), and promoter assisted SnSe; film, (b).

more than 60 times larger than that of no promoter-assisted one. There are many

factors to affect the magnitude of photocurrent, but the most apparent one is the

conductivity. From the previous section, we have known that the conductivity of

promoter-assisted SnSe, 1s much better than that of no promoter one due to a better

crystalline quality and thicker thickness.
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Figure 4.18: The I-V curve of with/without promoter assisted SnSes film for dark
and the incident power density at 108 m7//cm?. The inset plot is the magnified

plot for the no promoter assisted SnSe film.

Figure 4.19(a) is the photo-response on-off test for the SnSe, films, biased at
1V; figure 4.19(b) and 4.19(c) shows the rise time and decay time for the on-off
current change. We normalized the photocurrent so that we can compare the rise
time and decay time more efficiently and the response time is defined as the time
between 10% to 90% height of the on or off edge. The rise time and decay time for
the no promoter-assisted SnSe, sample are 77.70 ms and 62.40 ms respectively;
while the rise time and decay time for the promoter-assisted sample are only 7.11
ms and 22.30 ms. The rise time and decay time of the promoter-assisted SnSe,

sample are shorter than that of the no promoter-assisted one. From eq.(1.1), we
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may attribute the shorter response time to the higher mobility.

In figure 4.18 we have seen that as bias voltage equals to 1V and incident
light power density equals to 108 mW/cm? at 532 nm, the photocurrents of the
with/without promoter samples are 263 11 A/4.50 A, and the effective device area
is also 500 pm x 120 pum, by eq.(1.3), we have the responsivity, #Z = 4.29 A/W
and 0.09 A/W for the sample with/without promoter respectively. The EQE and
detectivity can also be found by eq.(1.4) and eq.(1.5). The EQE for with/without
promoter assisted sample are 1002% / 21.02%, and the detectivities of them are
11.5G Jones / 1.84G Jones. Those figures of merit shows the promoted SnSe, has
a good performance in responsivity and EQE. Table.4.2 listing the figures of merit

for the with/without promoter assisted SnSe,.

The good resposivity can be attributed to the good photocurrent. The pho-
tocurrent is generated by two steps (for n-type semiconductor, the main carriers
are electrons): (1) Incident photons with a energy higher than the band gap of
the material absorbed and excite the electrons to generate electron-hole pairs. (2)
The electron-hole pairs is separated by the bias voltage, electrons and holes are
moving in a opposite direction. This way to generate photocurrent is called the

photoconductive effect.
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Figure 4.19: (a)The on-off test for SnSe, films.(b) and (c) shows the rise time and

decay time respectively.
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Table 4.2: The figures of merit of photodetector of with/without promoter assisted
SnSe, film.

Figures of Merit Without Promoter With Promoter
Rise Time (ms) 77.70 7.11
Decay Time (ms) 62.40 22.30
Dark Current (4 A) 4.5 263
Photocurrent™ (11 A) 0.76 36
On-Off Ratio 0.169 0.137
Responsivity** (A/W) 0.09 4.29
EQE (%) 21.02 1002
Detectivity™* (Jones) 1.84 x 10° 11.5 x 10°

*Measured at Z =14 mW/cm? and A = 532 nm.

**The device area is 6 X 104 cm2.

Since our sample has some trap states generated by the defects, those trap states

also affect the photocurrent and lifetime. For more trap state material, electrons

are trapped in the localized states located at defects and/or at surface adsorbates.

Consequently, one type of carrier is transferred to the channel, leaving oppositely-

charged carriers trapped in the surface adsorbates or traps. These trapped carriers

act as local gates and effectively modulate the conductance of the semiconductor

due to electrostatic interactions. The carriers in the semiconductor can recirculate

many times during the lifetime of the trapped carriers, leading to a high gain. This

way to generate photocurrent is called the photogating effect, a special case of

photoconductive effect.[75]. Although photodetectors with a photogating effect
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can have a higher on-off ratio than photoconductors, they usually have a slower

response speed.

In this work, we may observe that the no promoter-assisted SnSe, has more

defect states than that of promoter-assisted SnSe, so they have a longer reaction

time and a higher on-off ratio.
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Figure 4.20: Responsivity v.s. response time for a large number of reported
photodetector studies. SnSes in this work are the navy color and the wine color

squares.[3, 4, 5,6,7,8,9, 10, 11, 12, 13, 14]

Figure 4.20 shows the responsivity v.s. response time for a large number of
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reported photodetector studies. The porous carbon-assisted SnSe, film in this

work has a great responsivity than many SnSe, in other reports. In this work,

the response time is longer than in some reports, it’s might due to some reasons:

(1) The low mobility of our sample. In other works, they use a single-layer or

bi-layer SnSe, flake, but our SnSe, film is polycrystalline structure so that the

grain boundaries reduce the carrier mobility. (2) The photodetector channel length

in this work is much longer than other works, longer distance contains more gaps

or grain boundaries in the sample so that we have a longer rise time.

Figure 4.21 shows the responsivity v.s. synthesis temperature for SnSe; in

other works and our works, we have the best responsivity at the lowest synthesis

temperature. We may see that the no promoter assisted SnSe, sample at low

temperature has a worse responsivity than many SnSe; in other works. It’s not a

surprising result because the responsivity is related to the photocurrent and the

photocurrent is related to electronic conductivity. At low temperatures, it’s hard to

synthesize SnSe, with good quality.

However, once we put porous carbon to assist the synthesis process at low

temperatures, the crystal quality is increasing and the conductivity also increases.

The responsivity is increasing more than 47 times and is also better than most
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of the reported SnSe, samples. This result gives us more confidence that the
porous carbon promoter is useful for low-temperature synthesizing SnSes and also
enhances its quality and we may trying to use the new synthesis method to make

SnSe,; grow on other flexible substrates at low temperature.

4.2.4 Outlooks - Applications in Strain Gauges

In the out-look application part, we have made SnSe, grown on a flexible substrate,
Willow glass, via the new porous carbon assisted method. In figure 4.22 we
demonstrate the strain gauge performance. The gage factor for the SnSe,/Willow
glass is 13.46.

The changing of resistance with strain may be attributed to the structure of the
film. Since the SnSe, film is composed of many stacked nano-flakes, as we bend
the substrate, the gap between those flakes would be enlarged. That enlarged gap
makes more barriers for the transfer of electrons and then increases the resistance.

In the future, we may be trying to improve the CVD synthesis process to make
SnSe, grow on other flexible substrates, such as polyamide (PA, M.P.=180°C to
210°C), Polyimide (PA, M.P.=470°C) and poly(ethyl benzene-1,4-dicarboxylate)

(PET, M.P.=260°C), at low temperature by using the porous carbon as a promoter.
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The good thermoelectric properties of the SnSe, have many applications, like a

flexible self-power photodetector or flexible solar cell, etc.
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Figure 4.22: The changing of resistance v.s. strain plot. The inset image is the

schematic diagram of the measurement of the gauge factor.
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Chapter 5

Conclusion

In this work, we provide a new way to synthesize SnSe, at low temperatures by
CVD method. We used a porous carbon, which is obtained by dehydrating the
melamine sponge, as a promoter to assist SnSe, grow on a quartz slide at a low
temperature.

The stoichiometric analysis, EDX and XPS, shows the ratio of Sn:Se is close to
1:2, which is corresponding to SnSe,; the Raman mapping and absorption spectra
mapping show the trends that at the low-temperature region, our porous carbon
promoter is making SnSe, grown on the fused quartz substrate thicker and better
crystalline quality. The Raman spectra also show the SnSe; is 2H phase. Also,

the promoter-assisted synthesized SnSe, has good thermoelectric properties and

103
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104 5. Conclusion

enhanced performance in the photodetector. For the thermoelectric properties
part, the Seebeck coefficient is -131.93 pV//K and the ZT value is 0.534. For
the photodetector part, the responsivity of porous carbon-assisted SnSe, has 48
times higher than that of no promoter-assisted one. The high responsivity may be
attributed to the low mobility due to the stacked flake structure and trap states in
the material.

In future applications, we may try to make SnSe,; grow on other amorphous,
low melting points and flexible substrates by using this new method to make more

wearable devices. This new method has many potential waiting for us to reveal.
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