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Colloidal Synthesis of Ge Nanocrystals and Bi;Tes, ShoTes and
Bi,Se; Nanoplates

Abstract

Colloidally synthesized nanocrystals (NCs) play important roles in research studies and industry.
Nanotechnology as a field of research has provided new materials for various applications due to their
electrical, optical, and magnetic properties which depend on their size and shape. For example,
nanoparticles are a wide class of materials whose dimensions are less than 100 nm and spherical in shape.
Many nanoparticles are of interest for their optical or optoelectronic properties. Nanoplates are 2D materials
that have anisotropic properties that may be of importance for electronic, magnetic, and thermal properties.
During my PhD, different studies have been carried out on optimizing the colloidal synthesis of Ge NCs,
exploring the synthesis and thermoelectrical properties of Bi,Tes/Sh,Tes core-shell nanoplates, and
discovering the ambipolar effect on solution-synthesized Sh-doped Bi,Ses; nanoplates with high carrier

mobility. Both fundamental and advanced reaction principles and characterizations were investigated.

Chapter 1 provides an overview of fundamental concepts in the synthesis, nucleation, growth processes,
and composition manipulation of NCs and a summary of Ge NCs. Fundamental concepts of property

measurements of thermoelectric materials and topological insulators are also briefly discussed.

Chapter 2 presents a two-step microwave-assisted reaction that produced single crystalline and
monodispersed Ge NCs. The as-synthesized Ge NCs showed high crystallinity with single crystal nature as
indicated by powder X-ray diffraction, selected area electron diffraction and high-resolution transmission
electron microscopy. The Tauc plot derived from photothermal deflection spectroscopy of Ge NCs thin
films showed an increased bandgap of the Ge NCs obtained from Gel, compared with that from Gels with
similar particle size, indicating the single crystal nature of the particles prepared via a two-step reaction
from Gela. Solutions involved in this two-step reaction were investigated with *H NMR spectroscopy, high-

resolution mass spectrometry (MS). One possible reaction pathway is proposed to unveil the details of the



reaction involved Gel, and oleylamine (OAm). This two-step synthesis produced high quality Ge NCs and

provided new insight on nanoparticle synthesis of covalently bonding semiconductors.

Chapter 3 discusses the thermoelectric properties of successfully synthesized Bi,Tes/Sb,Tes (BTST)
nanostructured heterojunctions via a two-step solution route. Samples with different Sh.Tes to Bi,Tes ratios
could be synthesized by controlling the reaction precursors. Scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopy were used to study the
nanostructure and composition. The powder samples were pressed into pellets by spark plasma sintering
(SPS). Thermoelectric properties were measured with two different directions, in-plane and out-of-plane,
and show anisotropic properties due to the nanostructure alignment of the nanoplates within the pellets. The
highest overall zT was observed with BTST1-3 (1-3 represents the ratio of Bi.Tes (BT) to Sb,Tes (ST))

sample in the out-of-plane direction at 500 K.

Chapter 4 presents a solution-synthesized Sb-doped Bi,Ses nanoplate with enhanced electronic transport
properties. Sb doping was used to suppress the bulk carriers, and an atomic percentage ~ 6% of Sb was
demonstrated by energy dispersive X-ray spectroscopy (EDS). The 2D electron carrier concentration for
Sh-doped Bi,Ses nanoplates was lowered to 5.5 x 102 cm, reducing the concentration by a factor of 3
compared to the undoped Bi,Ses nanoplate sample with an average 2D carrier concentration of 16 x 10
cm?. At 2 K, pronounced ambipolar field effect was observed on the low-carrier-density Sh-doped Bi,Ses
nanoplates, further demonstrating the flexible manipulation of carrier type and concentration for these

single-crystal nanoplates.
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Chapter 1

Introduction

Section 1.3 resulted in one review article that has been accepted for publication to RSC Chemical
Society Review in 2021. | contributed to the section on germanium nanocrystals which is included

in this chapter.

S. M. Kauzlarich, Z. Ju, E. Tseng, J. Lundervold, “Recent developments in germanium containing
clusters in intermetallics and nanocrystals.” RSC Chem. Soc. Rev.2021, DOI:
10.1039/d1cs00538c.



1.1. Overview

Colloidally synthesized nanocrystals (NCs) play important roles in many applications, both in
fundamental research and industrial applications such as electronics, coatings, catalysis,
biomedicine and biotechnology. Nanotechnology impacts various fields of study such as
chemistry, physics, environmental engineering and biomedical engineering. Colloidal synthesized

NCs also show great potential as biosensors, and in drug delivery and bioimaging.

During my PhD, different studies have been carried out optimizing the colloidal synthesis of Ge
NCs, exploring the synthesis and thermoelectrical properties of Bi;Tes/Sh,Tes core-shell
nanoplates, and uncovering the ambipolar effects of solution-synthesized Sh-doped Bi»Ses
nanoplates with high carrier mobility. Detailed characterization, along with fundamental and

advanced principles of transport behavior were investigated.

In this chapter, four foundational topics will be introduced to provide a framework for the
understanding of the synthesis and properties described in the following chapters. The foundational
topics include nucleation principles; opportunities and challenges with colloidal synthesized Ge
NCs; introduction of thermoelectricity and V2VIs materials; and introduction of a topological

insulator and Bi,Ses.

1.2. Nucleation

1.2.1. Introduction to Nucleation

Nucleation is the process of forming a new thermodynamic phase or a new structure. It can happen
in gas, liquid, or solid phase. In nucleation theory, clusters of crystalline atoms (or particles or
molecules) of any size are treated as a macroscopic object, which is a homogeneous crystalline

phase separated from a surrounding liquid phase by a thin interface. This apparently trivial



assumption is known as the capillarity approximation. According to the capillarity approximation,
crystal nucleation can be fully described by the combination of the interfacial free energy, ys, and
the difference in free energy between the liquid and the crystal, Auy. The free energy of crystal

nucleation of a spherical particle with a radius of r can be described as:

AG = 4mr? -y, —imr® - Ap,  Equation 1.1

interfacial

energy ~ r°

AG |

AG

AG |

Figure 1.1 Schematic illustrating the change of total free energy as a function of the nuclei radius.

From Figure 1.1, we can see the newly formed nucleus is stable when its radius is larger than the
critical size r*. A nucleus smaller than r* will dissolve back into the solution to reduce the overall

free energy. When it exceeds r*, the nucleus can keep growing to reduce the overall free energy.

-, . . dAG 2 16myg3
At the critical point, = = 0, S0 7 *= = and AG *= — ==,
dr A 34Uy

Hy

whereAG xis the energy barrier that

a nucleation process must overcome.!?
The interfacial free energy, ys, is assumed depend linearly on temperature, whereas the free energy

difference between the liquid and solid phases, 4uv is proportional to the supercooling, AT = T,,, —

T (or the supersaturation) and has the form:



Ap, = % Equation 1.2

where Hm is the latent heat of melting. Therefore,

_ (2YsTm i H
T*= (—AHm )AT Equation 1.3

and

16my3Tm2. 1

AG x= S
( 34H,,> AT?

Equation 1.4
Both of r* and AG *decrease with increasing undercooling as shown in Figure 1.2. In other words,
the furthest temperature (T2) from the melting temperature Tm (Or more supersaturated), the larger

the thermodynamic driving force for nucleation is.

AG

Figure 1.2 Schematic illustrating the relation of AG = and r * with different undercooling
temperatures, Trand To.

Normally, nucleation can be categorized into two types: heterogeneous nucleation and
homogeneous nucleation. Heterogeneous nucleation occurs at nucleation sites on surfaces
contacting the liquid or vapor or on suspended particles or minute bubbles. Homogeneous
nucleation normally occurs spontaneously and randomly without preferential nucleation sites, but

it requires superheating or supercooling of the medium.>3#



1.2.2. Heterogeneous Nucleation

When nucleation occurs on account of the presence of a foreign phase, it is called heterogeneous
nucleation. Compared with homogeneous nucleation, heterogeneous nucleation has a lower free
energy barrier AG *;,; because of the presence of foreign substances in contact with the liquid.

Specifically,

AG *per= AG *pom o S(0) Equation 1.5

where the S(0) <1is the shape factor.

nucleus

yLC 0 /LS

SC
b

Figure 1.3 Heterogeneous nucleation occurring on the container surface.

Consider a basic situation of heterogeneous nucleation with a spherical capped nucleus on a wall
of a container. There will be three interfacial energies: liquid-container interface yic, liquid-solid
interface yis, and solid-container interface ysc as shown in Figure 1.3. Balancing the interfacial

tensions in the plane of the container wall gives

Yic = Vsc + Yis - €os(0) Equation 1.6

(Young’s equation) and the wetting angle 6 is defined by



COS( 0) = (YIC - YSC)/Yls- Equation 1.7

The formation of the nucleus leads to a Gibbs free energy change of:

AGpey = —Vs-Apy, + A - Vi + Asc " Vse — Asc * Vie Equation 1.8
Here, Vs =mr3(2 + cos(0))(1 — cos(0))?/3, Ay = 2nr?(1 — cos(6)),and A, =

r? sin®(0)

Thus, AGpee = (4112 - Yoy — 7013 - Ap,) - S(8) = AGpom o - S(6), Equation 1.9
S$(0) =(2+cos0)(1—cos0)?/4<1. Equation 1.10

At the critical point, % =0,S07 *= j”s

, Which is the same as for homogeneous nucleation, and
v
__ 16mys°

AG *p o=
het 34,2

-S5(0) = AG *pom o S(8). In other words, as shown in Figure 1.4, heterogeneous

nucleation occurs at a lower undercooling temperature or lower supersaturation, but with the same
critical size as homogeneous nucleation. In addition, in most cases, the shape of the nucleus will
not be spherical, but have more complicated geometries. Typically, many different nucleation

sites with different morphologies exist on the same impurity.

AG® agl T/

Active nucleation

, * starts AG o
AG . AG hom «
het
AG het

[
AT < AT AT

het hom

Figure 1.4 Heterogeneous nucleation starts at a lower undercooling temperature with lower critical
overall free energy, but the same critical size compared with homogeneous nucleation.



1.2.3. Homogeneous Nucleation in Nanoparticle Synthesis

For the formation of nanoparticles by homogeneous nucleation, a supersaturated solution is
required. A reduction of temperature of an equilibrium mixture would lead to supersaturation. The
more common method is to generate supersaturation through chemical reactions by converting
highly soluble chemical reagents to less soluble chemical products. A solution with the solute
exceeding supersaturation will produce a high Gibbs free energy which will be reduced by the
nucleation of the solute from the solution into solid particles. This reduction of free energy is the
driving force for both nucleation and growth.> The free energy per unit volume depends on the

concentration of the solute:

Ap, = _Tlen(C—CO), Equation 1.11

where C is the concentration of the solute, Co is the equilibrium concentration, k is the Boltzmann

constant, T is the temperature, Q is the atomic volume. If the nucleation particle is spherical, the
total free energy change can be described as AG = 4mr? -y, — gnr3 - A, (same as discussed in

part 1), except here Au,, depends on the concentration of solute rather than on the undercooling

. . . 2 16mys>
temperature. Therefore, the critical size can be described as r * = ﬁ and AG * = %. To
v v

reduce the particle size, one should increase the change of free energy, Az, , and reduce the surface
energy of the new phase y,. Equation Au,, = _Tlen(Ci) indicates that Az, can be increased by
0

increasing the supersaturation. Temperature can significantly affect the supersaturation and also
the surface energy. With higher temperature, supersaturation becomes more difficult and surface
energy also increases which lead to larger critical size and total free energy. As shown in Figure
1.5, fast reduction induces a rapid buildup of supersaturation. If the concentration of solute is

considered as a function of time, then nucleation will happen when the supersaturation reaches the



.. - 16
critical pointas AG = - Vs

3
, after which the concentration will decrease. When the concentration

Apy?
drops below the critical point, no more nuclei would form, but the growth will continue until the

concentration attained the equilibrium concentration.®
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0O

max

O

min

saturation
O
w

time

Figure 1.5 Schematic illustrating the process of nucleation and subsequent growth. Adapted with
permission from (CrystEngComm, 2015, 17, 6809-6830).” Copyright (2015) Royal Society of
Chemistry.

Aside from these thermodynamic considerations, nucleation is also controlled by kinetic
parameters. The rate of nucleation Rnuc is proportional to the probability P that a nucleation event
can happen with a critical free energy AG*, the number of growth species per unit volume that can
be utilized n (in homogeneous nucleation, n equals to the initial concentration Co), and the
frequency of growth species I'that successfully overcome the energy barrier. So, the probability

P can be given as

P = exp(——) Equation 1.12
k is Boltzmann constant, and T is the temperature. I' = 3:;11, where A is the diameter of the growth

species and n_is the viscosity of the solution. Thus, in total the rate of nucleation Rnuc can be



CokT
3mA3n

described as R, = nPI' = ( ) - exp(%). From this equation we can conclude that higher

starting concentration, low viscosity and low critical energy barrier favor higher nucleation speed.

For a given concentration, a larger number of nuclei means smaller size.®®

1.3. Overview of Colloidal Synthesized Ge Nanocrystals

1.3.1. Introduction of Ge

A tremendous amount of effort has been put into the studies of conventional compound
semiconductor nanomaterials. Nanostructures of group 1V (Si and Ge) semiconducting materials
are of significant interest due to their promising properties in a broad range of applications.***3
Compared with metal chalcogenides and group Il1-V quantum dots, Ge NCs are less toxic
alternatives and have been widely studied by different research groups with a goal of tuning their
optical and electronic properties by controlling size, morphology, surface functionality and
compositions.+*214-22 However, optimization and design of improved synthesis protocols are still

required to achieve well-defined and high-quality Ge nanostructures for the targeted applications.

Ge, with its narrow bulk bandgap of 0.67 eV, can be tuned through the quantum confinement effect
by controlling the particle size and has been investigated broadly over decades.*>*82% High carrier
mobilities, large absorption coefficient and exciton Bohr radius (~24 nm) makes nanostructured
Ge a promising candidates for solar energy conversion,21":2425 an anode material in lithium ion
batteries,'®2?° and in optoelectronics?®-2® and bioimaging.?? Another important outcome of research
on Ge NCs is the fact that they could have many of the important near-IR (near-infrared) emission
capabilities that are demonstrated in the heavy element, such as Pb, Hg, or Cd, or As containing

nanocrystals without the environmental hazards. Demonstration of multielectron generation in Ge



nanostructures (Ge NCs embedded in silica) suggests that with the proper surface capping, Ge NCs
may provide a new generation of highly efficient detectors or photovoltaics.?® Nanoscale Ge also
has shown a high capacity for energy storage (4.4 Li per Ge and 1 Na per Ge).**3! Ge NCs have
great potential with a large absorption coefficient (~2 x 10° cm™ at 2 eV) and large exciton Bohr
radius (25 nm) that provides strong confinement and a large tunable bandgap. With effective

capping, Ge NCs show near-IR photoluminescence.®?

As a result, many methods have been developed to optimize synthesis conditions with the goal of
producing Ge NCs with uniform size, shape, and surface-ligand distribution. Previous review
articles on the colloidal synthesis of Ge NCs have included reduction of Ge halide precursors,
metathesis reactions of Ge Zintl salts, thermal decomposition of organogermane precursors, and
one-pot methods.*1?8313% The synthesis of Ge NCs through the reduction of organogermanium

precursors and via microwave-assisted reduction will be briefly highlighted.

1.3.2. Colloidal Chemistry of Ge Nanocrystals

1.3.2.1.Reduction of organogermanium precursors

Organogermanium precursors for the synthesis of Ge nanoparticles have relied on the thermal
reduction of these precursors. Here, the term nanoparticle will be employed to indicate amorphous
or mixed amorphous and crystalline forms of Ge nanoparticles. Since most of these reagents
contain Ge in the highest oxidation state, Ge(IV), decomposition of the organogermanium
precursor typically involves temperatures above 300 °C. In order to obtain better control of the
size and crystallinity of these nanoparticles, the organometallic Ge(1V) precursors—Ph2GeCly,
PhsGeCl, and PhsGeBr—were reduced at a temperature of 300°C by employing sulfur as the

reducing agent to produce Ge nanoparticles.® The effect of solvent, either oleylamine (OAm) or
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hexadecylamine (HDA), as the primary amine solvent provided some control over crystallinity.
Amorphous nanoparticles ranging from 3.5 to 8.2 nm in diameter, depending on the sulfur
concentration, were prepared with OAm as the solvent. Synthesis in HDA vyielded crystalline
diamond structured Ge nanoparticles ranging from 7 to 16 nm in diameter, depending on the sulfur
concentration (Figure 1.6). It was proposed that sulfur radicals were important for the crystalline
formation and that in HDA a [Ph:Ge(IV)NH2R]*CI" species interacts with H»S, reducing the
species from IV to 11, PhoGe(II), and at temperatures above 140°C, spontaneous disproportionation
to Ge(0) and Ge(1V) with the formation of Ge NCs.% In OAm, sulfur leads to polymeric products

that were confirmed by NMR and therefore does not provide a crystalline product.

a): i [——OAm[Ge:S]1:05 b) — ——HDA [Ge:S] 1.0.25

- P~ ¢ [——OAm [Ge:S] 1:1 -~ - —— HDA [Ge:S] 1:0.5
2 o i [——OAmI[Ge:s]1:2 2 = —— HDA [Ge:S] 1:1
g s .8—.—7 £ § -~

b= ! £ ? =
g N = € X 2
< ~ o < A
2 2
£ 2
c c
2 3
£ £
° °
S N
® s
E E

T T v T v T v T v T

30 40 50 60 30 40 50 ) 60
Angle (Coupled 26/6) Angle (Coupled 26/6)

Figure 1.6 X-ray powder diffraction patterns for Ge nanoparticle samples prepared with three
[Ge:S] molar ratios in oleylamine (OAm) (a) and hexadecylamine (HDA) (b). The nanoparticles
prepared in OAm are amorphous and those in HDA are crystalline. The Bragg peaks for diamond
structured Ge are indicated by dashed-dotted lines and Miller indexes in (a). Reprinted with
permission from (Inorg. Chem. 2019, 58, 8, 4802-4811). Copyright (2019) American Chemical
Society.
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1.3.2.2.Microwave-assisted synthesis

Microwave-assisted synthesis has become a more common method for the preparation of
semiconductor nanomaterials.3*3" Microwave heating requires either a microwave absorbing
solvent or polar reagents and provides rapid heating with little temperature gradient and can
provide high quality nanomaterials.®® The importance of microwaves to the crystallinity of the
final product is shown by carrying out identical reactions by conventional thermal heating.®®
Samples prepared via microwave are crystalline and that those via conventional heat treatment at
the same temperature (210 °C) are not as indicated by powder X-ray diffraction.® This difference
is attributed to local heating of polar and ionic species in the solution by microwaves along with
the fact that Ge has a high dielectric constant. Once the Ge particles nucleate, the high dielectric
constant of Ge allows the nuclei to absorb electromagnetic radiation and gives rise to additional
local heating. Microwaves interact directly with the reaction solution where the energy transfers
more efficiently than with conventional heating techniques such as conduction or radiation and
convection heating. The conventional heating generally relies on the thermal conductivity, where
the heat transfers firstly from the source to the container and then from the container to the reaction
solution. This process is slow and less efficient, taking longer to reach thermal equilibrium. Figure

1.7 shows a schematic comparison of conventional and microwave heating.
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Figure 1.7 Scheme of conventional heating vs. microwave heating. The arrows stand for the direct
heating transfer by conventional heating, and the wavy lines represent the microwave heats the
solution directely.

It has been shown that oleylamine will reduce Ge?* ions and multi-valent precursors (Gel2/Gels)
or halogen concentration can be used to gain control over nucleation and subsequent growth of Ge
NCs.233839 QOleylamine is a reducing agent for the preparation of a number of transition/noble
metal and main group element nanocrystals.*%#> Oleylamine serves a triple function of solvent,
binding ligand, and reducing agent for both Ge(ll) and Ge(IV) containing precursors.®® There are
two important recent advances in amine reduction synthesis: (1) employing organic bases*? and
(2) the effect of an amide promotor.*® The application of microwaves** provide an efficient route
to Ge NCs and recent publications demonstrated that Ge amide intermediates are initially formed
in this reaction and that when Ge NCs are nucleated, hydrogen and ammonia gas are
simultaneously formed.*>** Figure 1.8 shows typical sizes of oleylamine-capped Ge NCs obtained
from a microwave reaction at 210 °C. Thiol ligands (dodecanethiol) provide stable Ge nanocrystal
colloids.?® Thiol-capped Ge NCs are stable when exposed to air and moisture for weeks whereas
the oleylamine-capped nanocrystals prepared at 210°C degrade within 24 h upon ambient
exposure. Preparing Ge NCs at slightly higher temperatures in the microwave provide more

efficiently capped nanocrystals.** NMR spectroscopy show that there are two types of ligands
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associated with the surface: oleylamide ligands that are strongly bound and can be characterized
as covalent X-type bonds and or physisorbed, weakly bound, oleylamine. The weakly bound ligand
can freely exchange with the solution, oleylamine. As the reaction temperature increases the
amount of X-type bound oleylamide ligands increases and provides better colloidal stability of the
nanocrystals. Thiol and carboxylic acid ligands were also investigated and at room temperature,
there was no NMR evidence for binding to the Ge nanocrystal surface. These more acidic ligands
only showed exchange at higher temperatures and only with either the weakly bound oleylamine
or open surface sites.*® This NMR study confirm earlier electrochemical experiments*® that showed

that the Ge NCs prepared from the microwave reaction are not fully passivated.

0.4 mmol Gel, 0.35 mmol Gel,, 0.05 0.3 mmol Gel,, 0.1
mmol Gel, mmol Gel,

Figure 1.8 Ge NCs prepared via microwaves at 210 °C with a heating time of 60 minutes with
varying Gels/Gel, precursor ratios. Insets show HRTEM of a single particle with lattice fringes.
Adapted with permission from (Chemistry of Materials 2013, 25 (8), 1416-1422). Copyright
(2013) American Chemical Society.
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1.3.2.3. Multimetallic Ge Nanocrystals

Incorporation of other atoms into the structure of semiconducting nanoparticles can result in
changes in the crystal structure as well as the electronic and optical properties.*’ ! Expanding the
range of dopants and substitutions that can be incorporated in the structure can be extremely useful
and may enhance the ability to apply these nanoparticles to a range of applications such as
photovoltaics, energy storage, and biological probes.?>4°1-53 | jterature of doped and alloyed Ge
offer a wide range of synthesis techniques and elements, including alloy nanostructures,*®%%
transition metal doped Ge nanoparticles,®® and binary phase transition metal-Ge intermetallic

nanocrystals.>>®

Intentional impurities in a structure can result in changes in properties of the material, including
optical, electronic, and magnetic properties; however, there are many challenges for enabling this
new functionality with semiconductor nanoparticles.>” The addition of an element with one less
valence electron than that of the semiconductor is a p-dopant, while an element with one more
valence electron is an n-dopant. More electrons or holes in a semiconductor can greatly influence
the band structure of the material. In conjunction with size and shape control, dopants can aid in
tuning the bandgap. Similarly, alloy structures can result in changes to properties through the
introduction of another element. In some examples, metastable new compositions can be

obtained.#9:50:58:59

Traditional dopants such as boron and phosphorus can be incorporated into Ge NCs through a
nonthermal plasma approach.®®%2 A variety of other dopants, such as antimony, aluminum,
indium, and gallium, have also been reported with between 1.5 and 0.41 mol % dopant inclusion
into Ge NCs prepared via a colloidal route in oleylamine.®® McLeod et al. reported a simple and

versatile solution method on synthesis of transition metal (Cu, Ni, Co, Mn) doped Ge NCs.*® In
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the study on transition metal dopants, NaBHa is used as the reducing agent. The incorporated
transition metal dopant amount was characterized by energy dispersive spectroscopy (EDS). X-
ray diffraction patterns confirmed that the nanocrystals are diamond structured Ge with diameters
of 18-20 nm with no evidence for intermetallic phases or impurities. Elemental mapping with EDS
can determine the composition of a nanocrystal and in turn determine the distribution of a dopant
or other element. EDS is used with either transmission electron microscopy (TEM) or scanning
transmission electron microscopy (STEM). Both types of microscopies can be used to examine the
size, shape, and distribution of nanocrystals. Figure 1.9(A) shows a schematic reaction of the
synthesis, and Figure 1.9(B-F) show the EDS mapping of pristine Ge and transition metal doped
Ge NCs. With the two-step synthesis employed here the transition metal atoms are more possible
to be deposited on the surface of the nanocrystals rather than incorporated in the interior of the
nanocrystals. EDS mapping and elemental analysis shows the highest dopant amount with Ni
which may be attributed to the comparatively higher diffusion rate of Ni compared with other first-

row transition metals.%®
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Figure 1.9 Schematical synthesis route of pristine and transition metal doped Ge NCs, A. EDS
mapping of plain Ge and Cu, Co, Ni and Mn doped Ge NCs, B-F. Reproduced with permission
from (J. Phys. Chem. C 2019, 123, 1477—1482). Copyright (2019) American Chemical Society.

Semi-metal-doped, Bi and Sb, Ge NCs were obtained from solution using a microwave assisted
heating method.>*®* Figure 1.10 shows a HRTEM image of the Bi-doped Ge NCs with an inset
showing the fast Fourier transform (FFT) of the particle outlined in red. The calculation based on
the FFT gives an average lattice parameter of 0.320 nm which corresponds very well with that of
XRD refinement for these Bi-doped Ge NCs. The highest incorporation of Bi was 1.46 mol % Bi
which was confirmed through inductively coupled plasma- mass spectrometry (ICP-MS). As the
amount of Bi precursor added increased, the size of the Bi-doped NCs also increased and resulted

in a wider size distribution of size of the resulting nanocrystals. The bandgap of the nanocrystals
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also decreased with increasing Bi concentration.>® Figure 1.11 shows the EDS for Bi doped Ge

NCs.

Figure 1.10 An HRTEM image of Bi-doped Ge NCs prepared from a microwave-assisted route
with crystalline particles indicated by the blue circle and red square. The average incorporation of
Bi was approximately 1.5 mol% and the inset shows the FFT form of the area indicated with the
red square, consistent with diamond structured Ge. Reprinted with permission from (Chem. Mater.
2017, 29, 17, 7353-7363). Copyright (2017) American Chemical Society.
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Figure 1.11 STEM-EDS images of Ge, Bi, and oxygen (a-c) from an agglomeration of Bi-doped

Ge NCs. Integrated EDS spectra color coded for the two regions extracted from the inset (d).

Reprinted with permission from (Chem. Mater. 2017, 29, 17, 7353-7363). Copyright (2017)
American Chemical Society.

While doped and alloyed nanoparticles can be prepared, these nanomaterials face challenges in
structural characterization which originate from disorder. The large surface-to-volume relationship
in nanocrystals makes surface states dominate as the particle becomes smaller. Dopants of
significantly different size compared to the host structure can introduce strain further impacting
the electronic properties and details of the density of states. Structural characterization is a
necessary component for providing insight into the electronic properties. Powder X-ray diffraction
can provide changes in lattice parameters and confirm the crystal system. EDS can provide the

information concerning the distribution of dopants. However, HRTEM images with great quality
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are required; however, HRTEM also has limitations that limit the unveiling of details important
for bonding and structure information. Extended X-ray Absorption Fine Structure (EXAFS)
Spectroscopy can be an important tool for characterizing structures. This technique can distinguish
local structure and can be sensitive to very low levels of dopant and therefore is ideal for
investigating the structure of Bi and Sb doped Ge NCs.'®% There are two major parameters that
are obtained from the EXAFS analysis, that is the peak shift (r-shift) due to backscattering of the
photoelectrons which informs on the distance between the absorbing atom the near neighbors and
amplitude which informs on the number of nearest neighbors. Table 1.1 summarizes the reported
number of near-neighbors (NN) determined from the Ge K edge for Ge NCs with different
dopants.'85455 The Sn-alloyed Ge NCs have the highest 1st Ge-Ge NN which is close to bulk Ge.
This result indicates a successful synthesis of a diamond structured Ge-Sn solid solution without
creating vacancies. The Sn-alloyed Ge NCs at the reaction temperature of 250°C shows a high
number of NN from the 2nd Ge-Ge distance. While the Sn-alloyed Ge NCs made at lower
temperatures show a higher Sn content, they are likely less crystalline as the NN numbers,

especially for the 2"Y NN are low. Other data will be discussed in the following sections.

Table 1.1 Number of Neighbors around Ge from Fits to the Ge K Edge for Bulk Ge and OAm -
Capped Pure and Doped Ge NCs from References'®64%

Dopant/ Alloy Reaction E mol % | Crystallite Ge-Ge Ge-Ge
Temperature | . .

Element (E) C) in Ge NCs | Size? (nm) (1st NN)P (2nd NN)P
Ge (bulk) - - Bulk Ge 4.0 12
250 0.00 3.4 3.0 6.5
Pristine Ge 250 0.00 35 3.3 6.8
(NCs) 250 0.00 3.9 3.4 72
250 0.00 9.7 3.6 8.4
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250 0.50 3.5 3.2 6.9
Bi 250 1.0 5 3.5 8.2

250 1.5 8.6 3.4 8.8

250 0.50 3.1 2.6 4.8
Sb

250 1.5 4.4 2.8 5.1

250 13.9 4.6 3.7 7
Sn 240 16.2 4.0 3.7 4

230 16.7 3.3 3.8 2

Crystallite sizes are calculated based on the Scherrer method employing the (220) reflection.

PErrors on the number of neighbors are 15%.

1.3.2.4.Structural Characterization of Multimetallic Ge Nanoparticles

While Sb is a well-known dopant in Ge, Bi has no solubility in bulk Ge, yet can be kinetically
stabilized in Ge nanoparticles and remain in the structure even after hydrazine treatment and ligand
exchange.'®° Similarly, Sn, another element that has no solubility in bulk Ge, can be introduced
in fairly high amounts in Ge NCs.244%5066 powder X-ray diffraction is consistent with an increasing
lattice parameter with Bi, Sh, and Sn incorporation into Ge NCs,16:244950596566 EXAFS
characterization of Bi and Sbh doped Ge NCs shows that there is expansion in the first NN bond

distances, consistent with the larger sized dopant atom.®

For Bi-doped Ge, smaller peak shift in EXAFS is observed while the distance between dopant and
the second and the third neighbor increased.'® The peak shifts of the Bi-Ge path for Bi-doped Ge
NCs with different doping percentage (0.5% - 1.5%) and capping ligand (oleylamine-
trioctylphosphine mixtures and dodecanethiol) were analyzed in the work. A large r-shift of 0.28

A 10 0.29 A from the fitted first peak in the EXAFS matches the covalent radius difference between
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Bi and Ge of 0.28 A. The r-shift decreases for the second and third peak indicates the distortion
induced by Bi in the nanocrystal relaxes with increased distance to Ge. The large r-shift of the first
peak and less shift for the second and third peaks suggests that the Bi dopants are mostly

incorporated on (or near) the surface of Ge NCs.

The small amplitude of the Bi near neighbors provides additional evidence supporting the model
where Bi is on or near the surface of the nanocrystal. As reported in Table 1.1, the amplitude values
(number of neighbors) are significantly smaller than that of bulk Ge.!® Compared with interior
atoms, surface atoms should have roughly half the neighboring atoms and that is consistently
observed in the analysis. Due to the high surface-to-volume nature of nanocrystals, the effect of
the surface atoms is not negligible. With the large size of Bi atoms and the lack of incorporation
in bulk Ge, it is likely that Bi is only incorporated near or at the surface of the Ge NCs. This result
is also confirmed by the STEM-EDS data shown in Figure 1.11, where the Bi signals are mostly
distributed on the edges. A simulation of the first and the second nearest neighbor number with
the nanocrystal size is shown in Figure 1.12. The calculated amplitudes of the Ge edges of pure
and doped samples are overlaid and follow the trend of the simulated amplitudes (the green curve).
This result indicates the size difference of Bi vs Ge atoms on the EXAFS amplitude is significant.
Another reason for the low amplitude is that Bi atoms may provide a significant amount of disorder
to the structure. The Bi atoms could be incorporated in an amorphous phase which is commonly
observed on the surface of Ge NCs, providing a small and broadened EXAFS signal for the first
peak and will have no significant contribution to further peaks. The relatively high amplitudes
calculated for the first shell neighbors of Ge edges in Figure 1.12 indicates that the maximum

amount of an amorphous contribution is less than 20%.'®
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Figure 1.12 First shell (a) and second shell (b) amplitudes for simulated spherical distorted Bi-
doped Ge NCs (quantum dots, QDs) of different sizes. Adapted with permission from (ACS
Applied Nano Materials 2020, 3 (6), 5410-5420). Copyright (2020) American Chemical Society.

Sb is another element from Group 15 that has been successfully incorporated in Ge NCs by
colloidal synthesis with a percentage up to 1.5%.54 Similar to Bi-doped Ge NCs, EXAFS of the
Ge edge of Sb-doped Ge NCs showed lower peak amplitudes (number of nearest neighbors)
compared with that of bulk Ge as shown in Table 1.1. The ratio of first to second nearest neighbor
amplitude is calculated and compared among bulk and synthesized pristine and Sbh-doped Ge NCs.
Pristine Ge NCs show a ratio of 0.43-0.49 while bulk Ge has a ratio of 0.33. The ratio of first to

second nearest neighbor amplitude decreases with an increase of the Ge particle size and becomes

23



closer to that of bulk Ge. These results confirm the idea that bigger nanocrystals have lower
surface-to-volume ratio and allow a better opportunity to separate the effect of the surface from
location of the dopant. Sh-doped Ge NCs have much higher calculated ratios of 0.54-0.60. What
is more, the second nearest neighbor amplitudes of doped Ge NCs are lower than that of pristine

Ge. Both results indicate high disorder for the site occupation for Sb in Ge NCs.®

To understand the details of the Sb incorporation in Ge NCs, different structural models were
tested to fit the Sh K-edge EXAFS data. The model that put the Sb atom off center in the diamond
structure within the crystallite and adjacent to a vacancy provided the best fit. This Sh-vacancy
defect pair (E center) has been reported in thin films.®’ Figure 1.13 shows a simplified illustration
of this model. Different paths of the second near neighbors are shown in different colors. In this
model, Sbh-vacancy pairs contribute to the lower amplitude and broadening of the EXAFS peaks.
The data indicates that with increasing particle size and Sb dopant concentration, that the fraction
of Sb atoms on the surface also increases, although modeling the amount of the surface vs Sb-

vacancy pairs with the current data was not possible.54

== Shortest 27 NN distance
=== Medium 2" NN distance
== = Longest 2" NN distance

O Sh atom, displaced

.‘/-- --\\I Sb atom on the Ge
/ diamond lattice site

-

TN
{ \"| Vacancy adjacent to the

“____/ Sbatom

. 1 NN to the Sb atom
. 27 NN to the Sb atoms

Figure 1.13 Illustration showing the splitting of the EXAFS functions for an Sb atom located
within the Ge lattice and adjacent to a vacancy, with first and second near neighbor (NN) distances
indicated. Adapted with permission from (ACS Nano 2021, 15 (1), 1685-1700).%* Copyright (2021)
American Chemical Society.
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Unlike the dopants, Sb and Bi, which can only be incorporated into Ge NCs in a small amount (<
2 mol %), group 14 Sn has been reported to alloy successfully into Ge NCs with various
percentages that span 0-95%. The incorporation of Sn in a cubic Ge1xSnx alloy structure is

expected to result in an indirect-to-direct bandgap crossover.*%68-7

Ramasamy and coworkers reported a solution synthesis on SniGeix.>* In this work, Gel. and
Bis[bis(trimethylsilyl)amino]tin(ll), Sn(HDMS)2, were used as the precursors in a colloidal
synthesis of Ge1xSny nanocrystals. It was reported that no reductant was required in the synthesis
of SnxGe1x with x below 0.18. With the assistance of n-BuL.i, the alloy percentage of Sn increased
to 42 %. STEM-EDS element mapping was utilized to scope the homogeneity of the as-
synthesized SnyGei.x nanocrystals, as shown in Figure 1.14 a-c. In a later work, Ramasamy
reported another solution synthesis route on SnGeix with the assist of n-BuLi.”* SnGeix
nanocrystals with a compositional range of 0 < x < 0.95 have been successfully synthesized. XRD
and TEM-EDS were used to characterize the as-synthesized SnyGe1x NCs. A shift of XRD peak
to the smaller angle indicates the incorporation between Sn and Ge as shown in Figure 1.14d. The
authors also found that instead of altering the precursor ratios, the composition was easier to be
controlled by reaction temperature and the durations. The composition percentage of Sn decreased
with higher temperature or longer reaction duration time. A similar compositional trend was

observed in microwave assisted reaction reported by Newton et al.®®
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Figure 1.14 a-c. EDS mapping of solution synthesized SnxGe1.x NCs with an x of 0.36. d. XRD
patterns of SnxGe1.x NCs with different compositions. Adapted with permission from (Chem. Mater.
2015, 27 (13), 4640-4649.) copyright (2015) American Chemical Society.

The refinement of the EXAFS data on microwave synthesized GeSn nanocrystals prepared at
different temperatures of capped with dodecanethiol is also provided in Table 1.1.% In this study,
EXAFS of dodecanethiol-capped GeSn alloy nanocrystals made at three different temperatures
(230 °C, 3.5 A, 14 % Sn; 240 °C, 5.1 A, 17.9 % Sn; and 250 °C, 5.1 A, 15.4 % Sn; reaction
temperature, nanocrystal diameter, nanocrystal Sn composition; respectively) were compared and
analyzed. The distance of the second near neighbors of the Ge-Ge pair (4.04 A-4.07 A) from the
Ge edge and Sn-Ge pair (4.03 A-4.04 A) from the Sn edge are almost the same. This observation
is in great agreement with the average distance of second near neighbor reported for GeSn thin
alloy films.”? However, the first near neighbor distances are quite different for Ge-Ge and Sn-Ge,

suggesting that the Sn is alloyed in Ge structure by local bond changing.
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The second near neighbor distances from both Ge and Sn edges are much smaller than that of
pristine Ge sample, indicating significant disorder beyond the first nearest neighbors in the GeSn
nanocrystal alloy. Of the GeSn alloy nanocrystals prepared at the three different temperatures, the
sample prepared at 250 °C gives the largest amplitude for the second nearest neighbor, suggesting

the least disorder within the structure.®

Figure 1.15 shows a comparison of the bond expansion (r) for incorporation of the Bi, Sh and Sn
atoms in Ge NCs. The bond expansions of Bi and Sb match the differences of covalent radius of
the dopant indicates the dopant atoms are located on a Ge site in the diamond structure. As
discussed above, Bi atoms are incorporated mostly on the surface of Ge NCs which minimizes the
expansion and disorders of the Ge lattice. Sb doping introduces vacancies into the crystals and
causes the disorder of the structure that is noted in the fitting of the peak of second and third near
neighbors. Different from Bi and Sb, the bond expansion of the GeSn alloys is only 0.1 A.
However, this number is much smaller than the expected expansion of 0.14-0.19 A, calculated
form the ionic and covalent radius. This may attribute to the high Sn incorporation in the Ge NCs
(as high as 15 %), at which the Sn alloyed lattice is expected to result in not only Sn-Ge bonding

but also Sn-Sn bonding (0.6 out of 4).5°

27



0.3

0.25 @ Bismuth
E 0.2 @ Antimony
=0 @ ®Tin
= 0.15
C

0.05 .

0 [0

neighbor shell
Figure 1.15 The bond expansion (r-shift) for Bi, Sb and Sn atoms in Ge NCs. Reprinted with

permission from Sully, H. R., Structure, and Disorder of Large Dopants in Colloidal Germanium
Quantum Dots. Ph.D. Dissertation UC Santa Cruz, 2020.

Bi, Sb doped, and Sn alloyed Ge NCs are of great interest with unique properties and no bulk
analogue. XRD and STEM-EDS mapping provides information about the incorporation and
homogeneity. EXAFS analysis on doped and alloyed Ge NCs fills the gap of the knowledge about
the local structures of the particles and sheds a light on the future direction for colloidal synthesis
of Ge NCs. Here, we summarized some solution synthesized doped or alloyed Ge NCs in Table
1.2. The incorporation of heteroatoms in Ge structure could significantly modify the
photoelectronic and electric properties. Several comprehensive review papers present and discuss
Ge and the Ge-Sn system.1°%% However, the limited number of examples of aliovalent doping

that have been reported on points towards new avenues of exploration.
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Table 1.2 Overview of Solution Synthesized Ge NCs with Different Dopant or Alloy.

Dopant )
Doping
or
Reducing agent Allo Particle size (nm Ref.
Alloyed | Solvent 999 (Alloy) (nm)
percentage
Element
Bi OAm OAm Upto2% 4.6-9.4 59
Sb OAm OAm Upto2% 3-5.9 64
Al | 051
P 1.1
Al, P, Ga |0.46
Ga, As, n-BuLi in 1-
OAmM As |12 3.34.1 63
In, Sn, octadecene
and Sb In 1.1
Sn |0.91
Sbh |14
1.46:4.
Cu
24
c 1.76;
0
Cu, Co, 4.39
Ni and EtOH NaBH4 18.7-22.1 58
Mn Ni 2.05;
6.71
1.32;
Mn
4.03
OAmM 0~18
Sn OAm 4.4-11.9 24
n-BuLi 18~42
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Sn OAm n-BuLi 0~95 5-16 7
Small: 1-3
S OA n-BuLi in 1- 0-236 .
n m 23 _ .
octadecene Large polydispersed: 5
20
Small: 3.4-4.6
S OA n-BuLi in 1- 0979
" m —el i - 15- 66
octadecene Large polydispersed: 15
23
Sn | OAm OAm 11.8-17.9 35509 o

1.3.2.5. Conclusion

Ge NCs with different dopants have been discussed here with insights into the structures of NCs.
However, solution synthesis on Ge NCs usually provides polycrystalline or amorphous structures
which limits the properties of Ge NCs. In Chapter 2, we are going to discuss a two-step microwave

assisted solution synthesis that provides monodispersed highly single-crystalline Ge NCs.

1.4. Thermoelectric Materials, Bi2Tes and Sh2Tes
1.4.1. Introduction of Thermoelectric Properties
Thermoelectric materials enable direct energy conversion between heat and electricity and hold
promising capabilities of increasing the energy waste harvesting and developing sustainable
energy utilization. Thermoelectric effects can be used as temperature sensing, solid-state cooling,
and solid-state heat-electricity generation. The energy conversion efficiency of thermoelectric

device is expressed as dimensionless thermoelectric figure of merit:

052

zT = TT Equation 1.13
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where S is the Seebeck coefficient, o the electrical conductivity, x the total thermal conductivity
(including contributions from lattice, xiat, and electrons, xe) and T the absolute temperature. In
general, materials with peak zT values above 1 are superior for thermoelectric applications.
Although a lot of effort has been put into improving and discovering thermoelectric materials, the

max zT that has been achieved to date is 2.6.747°

The figure of merit, zT, reflects the metric of the material properties to thermoelectric performance.
However, S, 4, and electronic component of « are inter-related through carrier concentration. It is
disappointedly difficult to manipulate these interrelated properties, and to optimize the overall zT
of a material. The relationship of Seebeck and carrier concentration n is described in Equation

1.14, where m~ is effective mass.’®

2
__ 8m’kj

2
% m.\= .
S = oz M T(E)s Equation 1.14

Electrical conductivity and carrier concentration also related, as seen in Equation 1.15, where p is

carrier mobility.”

o =neu Equation 1.15

Carrier concentration also plays a role in the electronic component of the thermal conductivity,

shown in Equations 1.16 and 1.17, where the L is the Lorenz number.”

K = Kelectronic T Klattice Equation 1.16
Kelectronic = LOT = LneuT Equation 1.17

Thermoelectric devices consist of two types of semiconducting materials, one is p-type whose
major carriers are holes, and the other electrons (n-type). Once the two types of materials are

connected into a circuit in series, and a heat gradient is applied, carriers in the two types of
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materials would be thermally activated and diffuse from the hot side to the cold side, which

generates a current through the circuit.””~"® This is schematically shown in Figure 1.16.

Temperature

Elipe W= Gradient

¥ Current

Direction
X >

Figure 1.16 A scheme of a thermoelectric device consists of a p-type semiconductor leg and a n-
type. While the temperature gradient is applied, the carriers in these two types of semiconductors
move along the gradient and provide electricity.

W

Waste heat energy is usually a byproduct of many industrial productions and accounts for a large
portion of the energy loss. Internal combustion engines and turbines convert thermal energy
produced from chemical energy to mechanical work. However, only a fraction of thermal energy
can be converted, and the rest is rejected as waste heat. Thermoelectric generators are useful in
different applications to recover the energy in the heat waste as they have no moving parts and are
quiet in comparison to other generators. Due to the diverse applications of thermoelectric
generators and the potential to reutilize the waste heat, a need exists for discovering new materials

and improving the properties to access higher zT across many temperature ranges.

To enhance the overall zT, according to the Equation 1.13, the Seebeck coefficient and electrical
conductivity could be increased, and the thermal conductivity reduced. The power factor, a
parameter describes the efficiency of energy generation, is the product of the squared Seebeck
coefficient and the electrical conductivity. However, as described in Equation 1.14 and 1.15, the
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Seebeck coefficient and electrical conductivity are inversely related through carrier concentration.
Thus, an optimum carrier concentration needs to be reached which allows for maximizing the

power factor.

The other approach to enhance overall zT is minimizing the thermal conductivity. Some materials
have inherently low thermal conductivity due to structure complexity, such Yb1sMnSb11,%° which
has a large molecular weight and can reduce the number of phonon modes which carry heat.
Another way is utilizing nanostructuring and alloying, as previously discussed in Equation 1.16,
thermal conductivity has two components, the lattice, and the electronic components. The
electronic term is related to electrical conductivity inherently (Equation 1.17) and will always
increase with increasing electrical conductivity. However, researchers still have some room to
optimize lattice thermal conductivity, which is the only parameter not relevant with the electronic
structure. By alloying or nanostructuring materials, more interfaces that potentially scatter phonons
are introduced into the system, and in turn, reduce the thermal conductivity and improve the overall

ZT.

1.4.2. BizTesand Sb2Tes as Thermoelectric Materials

Bi;Tes and Sh,Tes are two small bandgap semiconductors discovered decades ago since 1960,%1
8 and are still two of the best room-temperature thermoelectric materials. Over the decades, efforts
have been devoted to enhancing the zT of these materials. For instance, using nanostructured
Bi;Tes (nanoparticles,® nanowires®® and nanoplates®®) decreased the thermal conductivity with
enhanced phonon scattering and increased the Seebeck effect by quantum confinement effect.8”:8
Nanopores formed in Bi>Tes may reduce the thermal conductivity.®® Doping Bi.Tes with Se, 0%
and Sb,Tes with Bi®®® modified the band structure and increased the carrier concentrations,

leading to an improvement of overall zT. Dispersing nanoparticles in BizTes®” or Sb2Tes*®%° matrix
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suppressed grain growth and created new interfaces and defects, which reduced thermal

conductivity and enhanced Seebeck coefficient at higher temperature due to carrier filtering effect.

Se-doped Bi>Tes with their enhanced properties are shown in Figure 1.17. While the doping system

efficiently modifies the electronic structure, the nanostructuring and anisotropy of the as-prepared

device provide further decrease on thermal conductivity and enhance the overall zT. Figure 1.18

shows the decreased thermal conductivity in the direction parallel to the pressing direction.
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Figure 1.17 Properties with different Se concentration (x) (a) the electrical conductivity, (b)
Seebeck coefficient, S; (c¢) power factor PF; (d) total thermal conductivity «; (e) thermal
conductivity after subtraction of electronic component, k — ke; and (f) overall figure of merit zT,
of BixTes;—xSex pellets measured in the two directions, parallel (II) (open symbols, o) and normal
(L) (solid symbols, m) to the pressing direction at 438 K. Adapted with permission from (ACS
Nano. 2018, 12 (7), 7174-7184) copyright (2018) American Chemical Society.
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Figure 1.18 (a) Top-view SEM image of a BixSh.-xTez pellet produced at 480 °C. (b) Cross-section
SEM image of the pellet. (¢) SEM image of detailed cross-section. (d) Thermal conductivity of
Bio.sSb1s5Tesz nanomaterial hot pressed at 480 °C (blue squares) measured in two directions, parallel
(open squares) and normal (solid squares) to the press axis; BiosSb1.5Tes nanomaterial hot pressed
at 300 °C (red triangles); and a commercial ingot (black circles) measured in two directions,
parallel (solid circles) and normal (open circles) to the cleavage direction. Adapted with
permission from (Nano Lett. 2018, 18 (4), 2557-2563) copyright (2018) American Chemical
Society.

In recent years, nanostructured heterojunction structures combined these benefits together with
enhanced thermoelectric properties by even stronger energy filtering effect and phonon
scattering 88190101 Different Bi,Tes-based heterojunction systems have been studied and showed
improvement on zT.292-297 |n previous work, Bi,Tes and BiSes core shell heterojunction structure
has been successfully synthesized by a solution method, highly improved the power factor (S%0),
and reduced thermal conductivities.!® Even though there are several studies of the effect on
thermoelectric properties by heterojunction structures, very few p-n junctions (PNJ) have been

reported. PNJ is seldom considered a promising way to improve zT since the potential of
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detrimental ¢ and S. However, introducing appropriate PNJ could also be beneficial to
thermoelectric properties by manipulating carrier concentration to an optimal range. The PNJ also
potentially performs energy filtering effect which could amplify the Seebeck coefficient and
reduce the lattice thermal conductivity (xiat) by introducing interfaces. Bi>Tes and SbhoTez bulk
alloy demonstrated an enhancement on zT with reduced thermal conductivity and enhanced
Seebeck coefficient.®® Figure 1.19 provides the evidence of increased Seebeck coefficient and
decreased electrical conductivity of the alloyed Bi>Tes and Sbh2Tes. High resolution transmission
electron microscopy image clearly shows the interfaces between these two materials. The authors

attributed the enhancement of the Seebeck coefficient to the filtering effect across the interfaces.'%°
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Figure 1.19 (a) Electrical conductivity and (b) Seebeck coefficient of as-sintered samples
(Bi2Tes)x—(Sh2Tes)i—x (x = 0.00, 0.10, 0.15, 0.20, and 0.25). (c) Band alignment at the interface
between p-type ShoTes and n-type Bi>Tes. (d) Scheme of transports for electrons and holes. (f)
HRTEM image of the p-type Sb2Tes matrix in the composite of (BizTes)o.15—(Sb2Tes)oss. (g) IFFT
image of the box area in (f). Adapted with permission from (Nano Lett. 2018, 18 (4), 2557-2563)
copyright (2018) American Chemical Society.
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In Chapter 3, I will discuss the solution synthesized Bi,Tes/Sb2Tes core shell nanostructures and

the corresponding thermoelectric properties.

1.5. Topological Insulators and Bi2Ses

Topological insulators (TIs) are a class of materials that can exhibit robust spin polarization at
surfaces, and as one of the most promising candidate materials for constructing new spintronic
circuits have attracted much attention. Charge transport and spin generation in TIs differ
significantly from traditional three-dimensional (3D) or two-dimensional (2D) electronic systems,

due to the robust topological order protected by time-reversal symmetry.

1.5.1. Introduction to Topological Insulators

Topological phases in condensed matter physics have been studied over decades.*'%!! TIs were
firstly predicted by theorists with topologically protected surface states that have strong spin-orbit
coupling.t*21® The spins of the Dirac fermions on the TI surface are tightly locked with their
momentum, thus the elastic backscattering of nonmagnetic impurities is prohibited. In other words,
topological insulators are semiconducting materials that have a bandgap but have protected
conducting states on their edges or surfaces.!*? Due to the combination of spin-orbit interactions
and time-reversal symmetry, topological insulating states are possible. Novel spin-polarized 2D

Dirac fermions exist on a three-dimensional (3D) topological insulator surface.

1.5.2. Biz2Ses as Topological Insulator
In recent years, a lot of Tls have been predicted and discovered,'*%® one of which is BiSes.

Bi>Ses has been studied as a thermoelectric material’* 1% and a near infrared transparent
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conductor*?>'?2 and more recently as a topological insulator.**612% Bi,Sejs is of interest because of
its simple surface state with a well-defined single Dirac cone and a wide bulk bandgap of 0.34 eV

compared with other Tls, and thus is most promising to achieve room temperature spintronic
devices. BizSes, shown in Figure 1.20, has a rhombohedral crystal structure of space group R3m

(a=b=4.140 A and c = 28.636 A; JCPDF #33-0214) that can be described as a layered structure
where the covalently bonded Bi>Ses sheets are arranged in planar quintuple layers (QLS) of Se(1)-
Bi-Se(2)-Bi-Se(1) atoms (with each QL approximately 1 nm thick). The QLs are stacked and

connected by weak van der Waals interactions along the c-axis.

© Bi o Se

Figure 1.20 A view of the layered rhombohedral structure of Bi>Ses showing the quintuple layers
(QLs) of Se(1)-Bi-Se(2)-Bi-Se(1) with a thickness around 1 nm.

To date, existing theories often only consider charge/spin transport at the TI surface at the low
impurity density limit. However, high density defects naturally occur in some Tl materials, such

as Se vacancies and interfacial defects due to surface oxidation of Bi»Se3.1241%
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Due to the different atomic radii of Bi, Sb, Se and Te, 3D Tl compounds of Bi>Ses, Sb2Tes and
Bi>Tes have different defect types, which make them inherently n-doped or p-doped. In order to
eliminate the possible doping and defects, Bi>Ses, Bi-Tes and Sh,Tes were alloyed together to

neutralize these defects while maintaining the fundamental properties of a 3D T1.126-12°

3D TlIs have typically been prepared by chemical and physical vapor deposition (CVD and
PVD),130-135 molecular beam epitaxy (MBE)**®1*° and solvothermal methods.12%140-142 However,
Tls prepared by CVD or PVD methods normally contain excessive bulk carriers with a
comparatively higher thickness (over 30 nm).127:136137.143 Thinner T1 nanostructures have been
synthesized by solvothermal routes with small lateral sizes (less than 5 um). The small thickness
(6 - 15 quintuple layers) reduces the bulk conductivity and allows stronger gate tunability of the
Fermi level. To further suppress the bulk conductivity, Bi>Ses is doped with Sb to compensate the
excess electrons. Sb has been confirmed as an effective dopant which can significantly reduce
carrier concentration without disrupting the topological surface state.*?°132144 |n Chapter 4, a mild
solution reaction was carried out and synthesized significant amount of Sb doped Bi.Sesz with

pronounced ambipolar field effect.

1.6. Conclusion

This Chapter describes the overall structure of this dissertation, and provides some fundamental
principles of nucleation; opportunities and challenges with colloidal synthesized Ge NCs;
introduction of thermoelectricity and V.V13 materials; and introduction of a topological insulator

and Bi2Ses.
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Abstract

Colloidal germanium (Ge) nanocrystals (NC) are of great interest with possible applications for
photovoltaics and near-IR detectors. In many examples of colloidal reactions Ge(ll) precursors are
employed and NCs of diameter ~3 — 10 nm have been prepared. Herein, we employ a two-step
microwave-assisted reduction of Gels in oleylamine to prepare monodispersed Ge NCs with a size
of 18.9 + 1.84 nm. More importantly, the as-synthesized Ge NCs showed high crystallinity with
single crystal nature as indicated by powder X-ray diffraction, selected area electron diffraction
and high-resolution transmission electron microscopy. The Tauc plot derived from photothermal
deflection spectroscopy measurement on Ge NCs thin films shows an increased bandgap of the Ge
NCs obtained from Gels compared with that from Gelz with similar particle size, indicating higher
crystallinity of the samples prepared with the two-step reaction from Gels. The calculated Urbach
energy indicates less disorders in larger NCs. This disorder might correlate with the fraction of
surface states associated with decreased particle size, or with the increased molar ratio of ligands
to germanium. Solutions involved in this two-step reaction were investigated with *H NMR
spectroscopy, high-resolution mass spectrometry (MS). Two possible reaction pathways are
proposed to unveil the details of the reaction involved Gels and oleylamine (OAm). Overall, this
two-step synthesis produces high quality Ge NCs and provides new insight on nanoparticle

synthesis of covalently bonding semiconductors.

2.1. Introduction
Ge, with its narrow bulk bandgap of 0.67 eV, can be tuned with the quantum confinement effect
by controlling the particle size, has been investigated broadly over decades.® High carrier

mobilities, large absorption coefficient and exciton Bohr radius (~24 nm) make nanostructured Ge
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a promising candidate for solar energy conversion,*’ anode material in lithium batteries,®

optoelectronics'®*? and bioimaging.*®

Colloidal methods have been developed for the synthesis of Ge NCs in the past decades. However,
a solution-based method with precise control on Ge NCs size and morphology is still a challenge
compared with noble metal nanocrystals and Cd- and Pd- based semiconductors, because of the
high crystallization temperature required for the formation of diamond structured Ge.*214%> As a
result, some of the solution routes reported to date produce amorphous particles or particles with
amorphous surfaces that are easily oxidized. To avoid amorphous products, highly reactive
reducing agents such as LiAIH4, NaBH4, hydrazine and n-BuLi can be employed to produce
crystalline Ge NPs.1216-1° The disadvantage of using strong reducing agents is complexity of the

synthesis and for those employing a hydride reagent, toxic byproducts.

Ge NCs have been successfully prepared from Gel. via a microwave-assisted route that has been
shown to be a highly reproducible method.??%%! While size control by employing the mixed
halides, Gel, and Gels, or Gelz and halogens has been demonstrated,®2%2! the microwave-assisted
synthesis of Ge NCs directly from Ge(IV) halides as the single source has not been well-studied
to date. This is largely due to the different reduction potential of Ge(ll) compared with Ge(IV).
The two-electron reduction potential of Ge (1) to Ge (0) is +0.247 V and is easily reduced under
mild conditions. On the other hand, the four-electron reduction potential of Ge (IV) to Ge (0) is

+0.124 V, suggesting that it is more difficult to reduce and requires more extreme conditions.>?

Even though great progress has been made on the size control of Ge NCs, the crystallinity is not
as well developed because of the strong covalent nature of the Ge-Ge bond. The crystallite size
calculated from X-ray diffraction (XRD) is commonly reported to be significantly smaller than the

particle size measured from transmission electron microscopy (TEM) images.?*?2" This
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observation may be attributed to an amorphous Ge surface giving rise to a larger particle size in
TEM images as well as the polycrystalline nature of the NCs. Ge NCs with high crystallinity
should be well capped with surface ligands providing fewer defects at the surface and enhancing
carrier mobility and photoluminescence and may be further beneficial to the application of various

electronics.

Herein, a two-step microwave-assisted solution synthesis route is designed and processed. Pristine
Ge NCs with different sizes were synthesized from Gels and investigated with temperature,
reaction duration and concentration. As-synthesized Ge NCs are characterized by powder XRD,
TEM, scanning transmission electron microscopy (STEM) and selected area electron diffraction
(SAED). NMR spectroscopy, high-resolution mass spectrometry (HRMS), and gas
chromatography (GC) were applied to analyze and understand the liquid and gas phases of the
reaction. This work demonstrates a new route synthesizing single crystalline Ge NCs with
enhanced quality which could be further developed for applications. The studies on the two-step
reaction provide insight to improve the nanocrystal synthesis not only for Ge but also for other

metal or semimetals.

2.2. Experimental Methods:

2.2.1. Chemicals

Germanium (IV) and (Il) iodides, Gels, and Gelz, were purchased from Prof. Richard Blair’s
laboratory (University of Central Florida) and confirmed to be phase pure from powder XRD.?*
Oleylamine (OAm, (Z)- octadec-9-enylamine, technical grade, >50%, TCI America) was degassed
under vacuum for longer than 2 hours at 150 °C before use. Methanol, toluene (HPLC grade, Fisher

Scientific) were purified using a solvent purification system and stored in a glovebox under argon.
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2.2.2. Two-step Synthesis of Ge NCs

Microwave heating was applied to all Ge NCs reactions by employing a CEM microwave reactor
(Discover SP) under dynamic mode. Gels stock solution (35 mM) was prepared by dissolving 1.2
g (2.1 mmol) of Gels in 60 mL OAm and stirring in an Ar-filled glove box for a few days. The as-
made colorless solution was kept in the glove box until used in reactions. Different concentration

stock solutions were prepared following the same process.

In a typical synthesis of OAm-capped Ge NCs, 6 ml of the prepared Gels stock solution was
transferred into a 35 mL borosilicate microwave tube (purchased from CEM Corporation). In the
first step of a reaction, the microwave tube with the solution, sealed with a CEM Teflon cap, was
removed from the glove box and heated to 250 °C in the microwave reactor with a maximum
heating power of 150 W. After 40 min at 250 °C, the microwave tube was automatically cooled to
60 °C by the reactor and a clear light-yellow solution was observed. Since the microwave cap is
not fully airtight, to avoid any contamination with the air, the tube with the as-made yellow
solution was parafilmed and transferred into the glove box. Parafilm is moisture resistant but has
gas permeability. Thus, during the vacuum, the gases in the headspace should be removed. The
microwave tube cap was removed, and 2 mL of the as-prepared yellow solution was transferred to
a clean and dry microwave tube. The 2 mL yellow solution was then transferred out and heated to
260 °C for 30 min also with a maximum power of 150 W to finish the synthesis. A caramel brown
colored solution was obtained. Samples for device fabrication were synthesized slightly different
as described in the following section. To isolate the Ge NCs, the microwave tube containing the

final product was transferred to an argon-filled glovebox.

In the glove box, the brown colored solution was transferred into a 50 mL centrifuge tube and 2

mL of anhydrous toluene and 3 ml of anhydrous methanol as an antisolvent were added. For the
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samples with smaller particle size, a total of 10 ml of anhydrous methanol was required for the
isolation. The solution in the centrifuge tube was taken out and centrifuged at 5000 rpm at room
temperature for 3 min, then the tube was transferred back into the glove box and the pale yellow
or pale brown supernatant was discarded. This wash process was carried out two more times in
order to fully remove extra free OAm ligands and other impurities. The final precipitation was
well dispersed in 1 ml toluene and kept in the glove box for further characterizations. For some
characterization, the supernatant after the second step was acquired. After reacted at 260 °C, the
as-prepared brown colored solution was directly transferred into centrifuge tube in the glove box
and then transferred out and centrifuged at 5000 rpm for 5 min. The Ge NCs could be precipitated,

and a pale-yellow solution was obtained for further characterization.

Gelz-reduced Ge NCs (10 nm). The method was modified from previous work.?%?® 0.2 mmol of
Gel, was dissolved in 6 ml of degassed OAm by stirring in the glove box overnight. A yellow
solution was obtained once the Gel; fully dissolved. The obtained solution was then microwave
heated to 260 °C with 150 W applied power. After 60 min reaction, the obtained dark brown

colored solution was isolated by the method described above.

Gels-reduced Ge NCs (10-nm). 6 ml of as-prepared 35 mM Gels/OAm stock solution was
transferred into a 35 ml microwave tube. The solution went through a two-step reaction as
described above except a set temperature of 240 °C was applied for the second step. A selective
isolation was carried out. In the glove box, the as-obtained brown solution was transferred to a
centrifuge tube without adding any solvents. The centrifuge tube was pumped out and centrifuged

at 3000 rpm for 3 min followed with the same isolation as described above.
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Gels-reduced Ge NCs (18-nm). 6 ml of as-prepared 35 mM Gels/OAm stock solution followed
the procedure above for the two-step reaction. We kept the volume as 6 ml for the second step at

260 °C for 30 min. The same isolation process was carried out.

2.2.3. Characterization

Ge NCs products were characterized by XRD, TEM, STEM, selected area electron diffraction
(SAED), NMR spectroscopy, high-resolution mass spectrometry (HRMS) and gas
chromatography (GC). The Ge NCs were prepared into thin films and measured with photothermal

deflection spectroscopy (PDS) and photo current.

X-ray Diffraction (XRD). XRD patterns were obtained by drop-casting and drying the toluene
dispersion of prepared Ge NCs on quartz substrate holder. The obtained dark brown thin film was
then scanned using Bruker D8 Advance diffractometer (Cu-Ka, 40 kV, 40 mA, L= 1.5418 A) with

a two theta range of 10° — 80°.

Transmission Electron Microscopy (TEM) and Dark-field Scanning Transmission Electron
Microscopy (DF-STEM). Both TEM and DF-STEM samples were prepared by drop-casting the
dilute dispersion of Ge NCs in toluene onto lacey carbon supported by a 400 mesh copper grid
(Ted Pella). The grids were dried completely to avoid carbon contamination of the vacuum
chamber during electron beam irradiation. TEM/DF-STEM images were acquired using a FEI
ThemIS 60—300 STEM/TEM (Thermo Fisher Scientific, US) operated at 300 kV at the National
Center for Electron Microscopy within the Molecular Foundry in Lawrence Berkeley National
Laboratory. The ThemlS is equipped with image aberration corrector optics, and a Ceta2 camera

(4k x 4k pixels, and 14-bit dynamic range).
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NMR Spectroscopy. Samples for tH NMR were prepared by transferring 50 pL of sample solution
and mixing with 600 uL of CDCls solvent under an inert atmosphere. *H NMR spectra were
obtained at room temperature on a 400 MHz Bruker Advance IIIHD Nanobay Spectrometer.

Chemical shifts were referenced to residual undertreated CHCIs (7.26 ppm).

Gas Chromatography (GC). A Varian 3800 GC was used to identify the gases produced during
the reaction. The instrument is equipped with a thermal conductivity detector and a Carboxen 1010
PLOT fused silica column (30 m x 0.53 mm) (Supelco) using nitrogen (99.999%, Praxair) as the
carrier gas. The microwave tubes were parafilmed. 2 pL of gas was taken and injected into the GC

by a borosilicate glass syringe.

High-Resolution Mass Spectrometry (HRMS). As prepared solvents or solutions were analyzed
by flow-injection analysis into a Q-Exactiv HF Orbitrap (Bremen, Germany) operated in the
centroid mode. Samples were injected into a mixture of 50% methanol and 0.1% formic acid/H20
at a flow of 200 pL/min. Source parameters were 4.5 kV spray voltage, the capillary temperature
of 275 °C, and sheath gas setting of 20. Spectral data were acquired at a resolution setting of

100,000 FWHM with the lock mass feature, which typically results in a mass accuracy <2 ppm.

Photothermal Deflection Spectroscopy (PDS). Samples were prepared in a nitrogen glovebox.
Thin-film samples were prepared by spin-coating the Ge NC colloidal solution on a glass substrate,
at 400-1000 RPM for 60 s. While details of this system are similar to previously reported
procedures,?3” what follows is a brief description of this spectroscopy technique. The thin-film
was placed securely in a quartz cuvette filled with Fluorinert FC-72 (3M). Light from a tungsten
halogen arc lamp was used to pump the sample. The light was chopped at 5 Hz and scanned from
2.1 eV to 0.6 eV, in steps of 0.01 eV, by using a Princeton Instruments Acton monochromator,

resulting in a pumping signal with a full-width-half-maximum of 15 nm. Using a beam splitter,
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this pumping light was partially sent into a reference detector, for signal scaling purposes, and
partially made to be incident on the sample, normal to the substrate. A 2 mW He—Ne 633 nm laser
(JDSU) was aligned parallel to the surface of the sample and used as a probe beam. As the
modulated pump beam excites the sample, heat from nonradiative relaxation causes the probe
beam to be deflected. The deflection was registered with a Thorlabs PDP90 position-sensitive
detector, whose signal was read by a lock-in amplifier to reduce noise and allow for high-

sensitivity absorption measurements The absorbance is given by the expression

a=- %ln 1- Z:—chorm) Equation 2.1
where a is the absorption coefficient, d is the sample thickness, Vsig is the signal amplitude from
the PSD, Ve is the signal from the reference detector, and Chorm IS @ normalization constant.
Bandgap estimates were made through linear fits on the Tauc plot (a-E)*" vs E, where E is the
photon energy, and n is a constant that is ¥ for direct semiconductors and 2 for indirect

semiconductors. The x-intercept of the linear fit of the mid-gap region provides an estimate of the

bandgap energy. Urbach energy, a characterization of the collective disorder in the system, was

E
Eurbach

found by fitting to the relation a ~ exp( ) in the mid-gap region. In practice, the Urbach

energy is obtained through a linear fit of In(«) vs E, where the best-fit slope is 1/ Eurbach.

Device Fabrication and Photo-current Measurement. All devices were prepared indium tin
oxide-patterned glass substrates (Thin Film Devices, Inc.). Substrates were cleaned with alconox
and deionized water before being placed in fifteen-minute sonication baths of first acetone and
then isopropyl alcohol. The compact blocking-layer TiO. layer (Solaronix, Ti-nanoxide
BL150/SP) was doctor bladed onto the ITO. It was then dried on a 115 °C hot plate for five minutes

before being sintered in an oven at 500 °C for 30 min. Next, the mesoporous TiO2 layer (Solaronix,
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Ti-nanoxide T165/SP) was applied, dried, and sintered in the same manner. Next, the Ge NCs
solutions were spin-coated atop the TiO> layers in a nitrogen-filled glovebox at 400 RPM for 45 s.
After being dried on a hot plate at 60 — 80 C for 5 min, the devices were placed in a thermal
evaporation chamber built into the glovebox to avoid oxygen exposure. Approximately 60 — 80
nm of Ag (Kurt J. Lesker) was patterned on our devices at a rate of 1 A/s. Current density-voltage
measurements awerere made using a Keithley 2400 source meter. During light measurements,
devices were exposed to light from a solar simulator (Oriel) passing through an AML1.5 filter. All

device measurements were made in the glovebox.

2.3. Results and discussions:

2.3.1. Syntheses and characterizations

OAm, a primary unsaturated amine with a high boiling point of 350 °C, is widely applied in the
synthesis of various nanomaterials.?® It is a versatile solvent that can serve as both a reducing agent
and passivating ligands. Compared with shorter chain amines, one advantage of OAm is that it
stays in liquid form at room temperature which simplifies the purification process after the
synthesis.?® While the as-received OAm may contain trans isomers over 43 %,2° in this work, there
were no noticeable differences in products obtained using OAm with different grades of purity.?
Herein, we used OAm of over 50 % purity with a further degassing process. Ge NCs have been
successfully synthesized through a variety of colloidal routes, most of which employ the reduction
of Ge(ll) containing molecules, mostly the halides.>?%*° OAm can reduce Gel, to form Ge NCs at
temperatures slightly above 200 °C.>?° However, to my knowledge, no studies to date have

demonstrated a successful reduction of Ge(IV) reagents with OAm alone to form Ge NCs.

In this work, we designed a two-step microwave assisted colloidal reaction to prepare highly

crystallized Ge NCs by the reaction of OAm and Gels. In a typical synthesis of Ge NCs, 6 ml stock

67



solution (35 mM) was firstly heated by CEM microwave at 250 °C for 40 minutes. A power of
150 W was applied on both steps to provide a moderate ramping rate. A pressure of 40 psi was
detected in the microwave tube indicating the formation of gases during the synthesis process. We
noticed the pressure produced is correlated with the process of this step. A light-yellow solution
obtained after the first step indicated the possible formation of a Ge(ll) species. We didn’t observe

significant Tyndall effect nor any nucleation of Ge particles under TEM.

The yellow solution was pumped in and out of the glove box and then microwave heated to 260
°C and held for various lengths of time. After cooling to room temperature, a brown colored
solution indicated the successful formation of Ge NCs. The product was isolated by the widely
used solvent/nonsolvent method as described in the experimental methods section. The

precipitated product is dispersed in toluene for further characterization.

Reactions were stopped at 5, 15 and 30 min at 260 °C in the second step to determine the growth
process. Brown colored products were obtained in all reactions. Representative dark-field STEM
(DF-STEM) images of different reaction times are shown in Figure 2.1a-2.1c. The particles size
becomes larger and size distribution smaller with longer reaction time in the second step. At the
early stage (5 min reaction), both small (~6 nm) and large (~18 nm) particles were observed which
indicates the growth process is in progress and nucleation happens immediately. With a longer
reaction time (15 min and 30 min), there are large particles while the amount of the small particles
decreased. The uniformity and size all increased as the reaction proceeds while the small particles
(<10 nm) disappeared. This result indicates an Ostwald ripening process where the large particles
grow at the cost of the small ones. No small particles observed after 30 minutes indicating the
nucleation process was terminated at certain point during the reaction. Over 200 Ge NCs were

selected randomly to calculate the size distribution histograms of these three different stages as
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shown in Figure 2.2. The 30-min reaction gave a large average size and narrow dispersity range of
18.9 + 1.84 nm. The as-synthesized NCs show explicit particle edges in the DF-STEM image. The
quality of these images is significantly improved compared with our previously published work
where NCs obtained by reducing Gel, in OAm. Particles prepared wth Gel, in OAm show vague
edges around the particles in the DFTEM images which can be attributed to the amorphous layer
on the surface of the NCs.2324% Similar results are also reported in several other studies on solution
synthesized Ge NCs, demonstrating the difficulties of making Ge NCs with high crystallinity.33!
The corresponding selected area electron diffraction (SAED) pattern (inset of Figure 2.1c) matches
the expected pattern for the crystalline diamond cubic structure of Ge. The high intensity of the
SAED rings further verifies the high crystallinity of the NCs. High resolution transmission electron
microscopy (HRTEM) (Figure 2.1d) shows clear lattice fringes on several NCs without any
interfaces indicating the single-crystal nature and the d-spacing was calculated to be 0.335 nm
which is consistent with the lattice spacing of diamond cubic Ge (111) phase. Atomic resolution
TEM image (inset of Figure 2.1d) of one Ge NC also demonstrates the high crystallinity and single
crystal nature. Other high resolution TEM images are provided in Figure 2.3. Most of the as-
synthesized Ge NCs are single crystal with some NCs showing lattice interfaces indicating a

possible twin defect in the NC.
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Figure 2.1 DF-STEM images of two-step reactions stopped at different time at the second step,
(@) 5min, (b) 15 min, (c) 30 min. Inset of (c) is the SAED image of Ge NCs, sharp diffractions are
assigned to the cubic Ge phase. (d) HRTEM image of 30 min reaction shows high crystallinity and
single crystal nature of as-synthesized Ge NCs. Inset is an atomic resolution image. Upper right

corner of panels in (a)-(c) show the particle size and standard deviation of the statistics over 200
particles.
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Figure 2.2 Size distribution histograms for two-step reactions stopped at different time at the
second step, (a) 5min, (b) 15 min, (c) 30 min.

70



Figure 2.3. High resolution TEM images of Ge NCs by a two-step reaction. (a)-(f) images show
the single crystal nature of the as-synthesized Ge NCs. (g)-(i) Some NCs also show a twin defect
within the lattice.
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The PXRD pattern (Figure 2.4) shows a pure phase of cubic diamond structured Ge NCs.
Diffraction peaks at 27.3, 45.4, 53.8, 66.1 and 72.9° two-theta correspond to the (111), (220),
(311), (400) and (331) lattice planes, respectively. The sharp peaks and high signal to noise ratio
indicate the high crystallinity of the as-synthesized Ge NCs. The crystallite size is calculated by
Scherrer Equation on the peak broadening of (220) peak instead of (111) to eliminate errors from
peak asymmetry and background removal.?3? A crystallite size of 16.5(3) nm obtained by
Scherrer equation is very similar as the particle size calculated by TEM. As the Scherrer equation
tends to underestimate the particle size when prominent size dispersions exist, the similar particle
sizes calculated by two different methods indicates the high crystallinity and monodispersity of

the Ge NCs prepared by this method.3232

( 1 1 1) As-synthesized Ge NCs
Ge - PDF# 04-0545
8
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> (220)
2
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- \\J (400) (331)
10 20 30 0 50 60 70 80

2-Theta (degree)

Figure 2.4. PXRD pattern of the Ge NCs synthesized at 260 °C for 30 minutes compared to the
reference pattern (PDF #04- 0545) showing the (111), (220), (311), (400), and (331) reflections of
cubic Ge.

To compare with the two-step reactions, a one-step reaction of the same amount of Gels stock

solution was carried out by microwave-heating at 250 °C. After one-hour holding at the set-
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temperature, dark brown to black colored product was obtained. This reaction shows that Gels can
be reduced by OAm without the assistance of any other reducing agents. The dark color indicates
a large particle size of the Ge NCs. The same isolation process as described above was followed.
Rather than well dispersed NCs, the TEM images of the product (Figure 2.5a) show agglomerates
of around 100 nm in diameter. The as-synthesized sample is unable to form a stable colloidal
solution which is attributed to the poor ligand capping and thereby formation of agglomerates. The
agglomerates are formed with many small crystalline nanoparticles as shown in Figure 2.5b. This
suggests a fast nucleation process as well as poor ligand capping. While the reaction happens in a
short period with continuous heating, the small Ge NCs formed at the early stage aggregate
together directly rather than continuing to grow into larger NCs. Similar results were reported in
other work involving Gels.>?! The advantage of the two-step reaction is that it prevents the

uncontrolled aggregation and provides a homogenous Ge NCs colloid.

Figure 2.5. (a) TEM image of a one-step reaction with Gels and OAm shows large agglomerates
with a size around 100 nm. (b) HRTEM image of (a) shows the large agglomerate is formed by
the aggregation of highly crystalline small particles.
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To investigate the relationship between concentration and particle growth various concentrated
stock solutions (17.5, 35, and 70 mM) were prepared as described in the Experimental Section.
The same reaction process was carried out on these different concentrated stock solutions. The
reactions were all held at the set temperature for 30 min for the second step. We noticed that with
higher concentration, it took shorter time to reach the set temperature in both steps. The relation
of time required to reach the set temperature versus the solution concentration of both first and
second steps are plotted in Figure 2.6a. Heating profiles of these reactions are plotted in Figure
2.6Db. It has been shown that the nonpolar OAm is a poor microwave absorber.?%2! The heating rate
of the solution relies on the type and concentration of precursors and the volume of solution. Gels
has been observed to be a better microwave absorber than Gel> due to the formation of ionic and
possibly polar species. In this work, the same volume of OAm solvent is used in all parallel
reactions and Gels serves as the single Ge source. Thus, the heating rate is controlled by precursor

concentrations.
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Figure 2.6. (a) Time required to reach 250 °C for the first step and 260 °C for the second step
versus different concentrations of Gels OAm solution. (b) Temperature profiles for microwave
heating of reactions with different concentrations of Gela.

To obtain a yellow solution after the first step, we noticed different holding times are required for
different concentrated solutions. Holding times of 20 minutes, 40 minutes, and 80 minutes were
applied on double (70 mM), standard (35 mM) and half concentrated (17.5 mM) solutions during
the first step of the reaction. As shown in Figure 2.7, the as-prepared solutions show color

differences from dark to light yellow with decreasing stock solution concentration. The yellow
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solutions were transferred into the glove box and 2 ml of the obtained yellow solution was

transferred out in a capped microwave tube for the next reaction step.

Figure 2.7. Solutions from left to right: double concentrated Gels solution after first-step reaction;
standard concentrated Gels solution after first-step reaction; half concentrated Gels solution after
first-step reaction; a Gels stock solution and a degassed OAm solvent as references.

The tubes were microwave-heated and held at 260 °C for 30 min, and products were synthesized
and isolated from all three concentrations. Figure 2.8 displays the DF-STEM images of Ge NCs
synthesized with different Gels concentration stock solutions after the second step. Statistic
histograms are reported in the Figure 2.9. Half concentrated stock solution (17.5 mM) gave a NCs
average size of 11.9 + 1.89 nm, much smaller than that of standard concentrated (35 mM) solution
(18.9 + 1.84 nm). This result suggests that the lower concentration solution contains less
molecular precursors which reduces the growth rate and in turn limits the particle size. With the
same reaction time of the second step, the particle size distribution range of the sample prepared
from the half-concentrated solution is wider than that from the standard concentration. This
observation on the sample prepared from the half-concentrated solution indicates that the growth

process is slow and not finished after 30 minutes due to the low concentration of molecular
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precursors. We extended the reaction time to 45 minutes for the second step of the half-
concentrated sample. The NC size increased to 14.5 nm, and the size dispersity also improved to
a narrower range indicating an Ostwald ripening process in this step. The DF-STEM image and
corresponding histogram were shown in Figure 2.10. Interestingly, the particles from the double
concentrated (70 mM) solution were aggregated together (Figure 2.8c) and shows a similar
structure and morphology to that of particles synthesized by one-step reaction (Figure 2.5a). High
concentration stock solution kinetically improved the reaction rate. However, a fast nucleation and
growth rate caused the particles formed with poor lattice alignment and ligand capping. And the

small particles aggregated to make large agglomerates with sizes over hundreds of nanometers.

Figure 2.8. The DF-STEM images of Ge NCs synthesized with different Gels concentration stock
solutions after the second step at 260°C for 30 minutes. Stock solutions with Gels concentration
of (a) 17.5 mM, (b) 35 mM and (c) 70 mM.
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Figure 2.9. Size distribution histograms for Ge NCs synthesized with different Gels concentration
stock solutions after the second step at 260°C for 30 minuntes. (a) 0.2 mmol of Gels in 6 ml OAm.
(b) 0.4 mmol of Gels in 6 ml OAm.
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Figure 2.10. The (a) DF-STEM image and (b) corresponding histogram of the half concentrated
Gely solution running with an extended second step of 45 minutes.

Reactions with different times and concentration were explored as discussed above. Increasing the
reaction time for a solution with a suitable concentration moderated the growth and ripening of the
Ge NCs. Another factor that may affect the growth of the nanoparticle is the temperature. Here,

different reaction temperatures for the second step were investigated to further understand the
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nucleation and growth process. Besides 260 °C, reactions were carried out at 240°C, 220 °C, 200
°C, 180 °C and 160 °C for the second step. In order to provide enough reaction time for particle
ripening at lower temperatures, samples were all held 45 minutes for these temperatures. Brown
colored products were all successfully obtained indicating the nucleation and growth could happen
at temperatures as low as 160 °C. However, the yield of Ge NCs after 45 min at 160 °C is very
low. This low temperature for nanoparticle formation was also recently reported for the
thermolysis of a bis(amidinato)germylene(ll) complex and suggests that these species might be
present in the reaction mixture after the initial heat treatment.3* To our knowledge, this is the first
example of Ge NCs being prepared at a temperature lower than 200 °C without any additional
reducing agents in solution and suggests further research to determine whether small molecular
clusters may be participating in this reaction as is noted for other semiconductor nanoparticle

growth, such as the case of InP.*®

Figure 2.11 displays Ge NCs synthesized at different temperatures with corresponding histograms
shown in Figure 2.12. The particle size increases with higher heating temperature. When the
temperature is lower than 220 °C, aggregation occurs as shown in Figure 2.11c and 2.11d, which
is attributed to the poor surface capping of OAm. The capping of OAm on Ge has been studied by
NMR and OAm on the surface of Ge is transformed from an L-type amine ligand to the stronger
X-type of oleylamide, the fraction of which increases with increasing temperatures.® The stronger
binding X-type ligands result in more stable capped NCs and colloidal suspensions. The particle
boundaries became indistinct at low temperatures indicating that either insufficient heating
produced an amorphous Ge surface, or possibly that the dative bonding of the L-type ligand allows
for surface reconstruction by reaction with oxygen/water and thereby amorphization. The NCs

synthesized at 240 and 220 °C show high crystallinity and single crystal nature as shown in the
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inset images. With a different reaction temperature for the second step, we can tune and control

the size of the synthesized particles.
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Figure 2.11. The DF-STEM images of Ge NCs synthesized at different temperature for the second
step. (a) 240 °C. (b) 220 °C. (c) 200 °C. (d) 180 °C.
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Figure 2.12. Size distribution histograms of Ge NCs synthesized at different temperature for the
second step. (a) 240 °C. (b) 220 °C. (c) 200 °C.

2.3.2. Photothermal Deflection Spectroscopy (PDS) and Photocurrent Measurements

Photothermal deflection spectroscopy (PDS) is used as a sensitive measurement of band-to-band
absorbance. In brief, the thin-film is placed securely in a quartz cuvette filled with Fluorinert FC-
72 (3M).%37 The sample’s surface is then aligned with the probing beam of a 2 mW He-Ne laser.
Normal to the surface, the sample is pumped by monochromatic light modulated at 5 Hz. This
modulation allows the sample’s optically excited charge carriers to non-radiatively relax and
release heat. This heat is absorbed by the Fluorinert, which is known for having an index of
refraction that is sensitive to temperature. Therefore, the heat released by increased absorbance
leads to the probing beam’s path through the cuvette deviating further from a straight line, and this
deviation is measured by a position sensitive light detector. This allows for an indirect

measurement of absorption, without interference from reflected or scattered light.
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Figure 2.13. PDS measurements of 10 nm Gelz-reduced, 10 nm Gels reduced and 18 nm Gels
reduced Ge NCs. Inset is the Tauc plot with the estimation of indirect bandgaps of these three Ge
samples.

To investigate how improved crystallinity affects the optoelectronic properties of the Ge NCs, neat
thin-films of Gelz-reduced NCs and Gels-reduced NCs were prepared for photothermal-deflection
spectroscopy (PDS), as shown in Figure 2.13. The Gel.-reduced NCs with an average size of 9.76
+ 1.98 nm were synthesized following published work and described with details in Experimental
Section.?%% The Gels-reduced NCs were synthesized via the two-step reaction reported in this
work. Two samples of Gels-reduced NCs were measured to be 10.2 £ 2.21 nm and 18.1 + 1.78
nm, respectively. The DF-STEM images of Ge NCs measured with PDS are shown in Figure 2.14.
Corresponding XRD patterns of these three samples were presented in Figure 2.15 and the crystal
sizes were calculated with Scherrer Equation. Even the 10 nm Ge NCs from Gel, and Gels gave a

similar particle size, the broader peaks in the XRD pattern of Gel, sample indicates a possible
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smaller overall crystal size or more defects in the NCs. This result could be attributed to a higher

degree of the amorphization of the Ge NCs surface of Gel, sample.

Figure 2.14. HR-STEM images of (a) 10 nm Gel.-reduced Ge NCs from a modified one step
reaction and (b) 10 nm Gels reduced and (c) 18 nm Gels reduced Ge NCs synthesized by the two-

step reaction reported in this work.
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Figure 2.15. XRD patterns of 10 nm Ge NCs reduced from Gel; and Gels and 18 nm Ge NCs
reduced from Gels. the corresponding crystal sizes are 7.2 nm, 9.1 nm and 17 nm, respectively

from the Scherrer equation.
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Bandgap estimates were made through linear fits of a Tauc plot by (a-E)Y? for indirect
semiconductors. The x-intercept of the linear fit of the mid-gap region provides an estimate of the
bandgap energy. Fits to Tauc plots indicate the energetic bandgap to be 0.89 + 0.05 eV for Gel,
NCs and 0.73 £ 0.03 eV for Gels NCs with similar particle sizes around 10 nm (Figure 2.13 inset).
The simulated bandgap of Ge NCs from Gel, matches well with the reported data of Ge NCs with
similar sizes.?>% While the particle sizes in each sample were similar, the Gelz NCs have a smaller
crystalline core which is attributed to the less crystallinity and amorphous layer on the surface,
decreasing the effective confined space an electron experiences and thus increasing the bandgap
in the material. The more bulk-like bandgap of the Gels NCs indicates that the quantum
confinement effects associated with NCs is strongly dependent on the crystallite size, as measured
by XRD, rather than the particle size measured in TEM. Tauc fits to the larger 18 nm Gels samples
show a more bulk-like bandgap of 0.67 eV + 0.02 eV. The increased accuracy for our larger-sized
samples is likely due to the narrower size distribution found above, as described above. Ruddy et
al. showed similar bandgap trends with increasing particle size, though direct comparisons are

difficult, as they did not estimate the size of their crystalline core.®

The Urbach energy of a sample is a measure of disorder, and may be due to surface states, structural
disorder, or doping. Additional disorder in NC and quantum dot (QD) systems is consequent from
the increased surface area and size dispersion. For reference, crystalline silicon has been measured
to have Eurach < 20 meV, amorphous silicon ~ 45 meV, and up to 200 meV for CdSe QDs.3940
This disorder results in energy states available below the band edge, represented by an
exponentially decreasing absorption coefficient a ~ oo EXp(E/Eurbach) below the bandgap edge. As
shown in Figure 2.16, Urbach energies for the similarly sized Gel, and Gels were both 145 + 5

meV, while the 18 nm Gels sample have a smaller Urbach energy of 95 meV = 5 meV. This
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indicates that disorder might correlate with the fraction of surface states associated with decreased
particle size, or perhaps the increased molar ratio of ligands to germanium, rather than the

crystallinity of the individual nanocrystal.
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Figure 2.16. Urbach energy from a linear fit of In(a) vs E with the best fit slope is 1/ Eurbach.

To investigate our synthesis method’s impact on conductivity, we fabricated heterojunction thin-
film optoelectronic devices, using either Gel> QDs or Gels NCs as the active layer. To control for
interparticle spacing, both NC samples were prepared to have an average particle size of about 10
nm. All devices used a compact blocking TiO2 layer (c-TiO2), followed by a mesoporous TiO>
layer (m-TiO2) that aids in electron extraction. NCs solutions were spin-coated atop these layers,

with Ag capping the devices (Figure 2.17 inset). Figure 2.17 shows average photocurrent for a set
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of Gel, and Gels devices, with the inset displaying semi-log plots of both photocurrent and dark
currents. A comparison of the average photocurrents extracted from our devices suggests increased
performance in conductivity. It has been shown in perovskite heterojunction planar devices that
increased crystallinity of the active layer leads to increases in photocurrent.** Similarly, the
improved crystallinity in the Gels samples likely leads to a reduction in trap states and an overall
improvement in charge extraction. Photocurrents showed a five-decade change in magnitude in

comparison to dark currents, a favorable characteristic for photodetectors.
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2 _ === Gel, dark current (avg.)
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Figure 2.17. Average photocurrents for a set of Gel> and Gels devices made of Ge NCs with
similar average sizes. The inset displays the semi-log plots of both photocurrent and dark currents.
A schematic image of the as-fabricated device presents as the right inset.

86



2.3.3. Investigation of the two-step reaction

OAm is a widely employed capping ligand that prevents aggregation, coalescence and termination
of particle growth.320213642 As mentioned previously, Smock et al. systematically studied the
surface of solution synthesized Ge NCs by NMR and concluded that the strongly bound native
ligands are X-type Ge-NHR covalent bonds whose fraction increased with higher reaction
temperature.®® When it comes to redox mechanisms involving OAm, different viable pathways
have been proposed.®28314344 |t has been reported that when OAm is the only reducing agent in
the reaction, the lone pair of electrons in the amine group is necessary for the reduction process*
and the carbon double bond in OAm does not play a significant role in the reactions.*® In some
syntheses of metal nanoparticles involving OAm and a metal oxide precursor, a catalytic
hydrodenitrogenation reaction occurs and results in a cleavage of C-N bond of the amine.* Amino
radicals formed at a relatively high temperature and could transform to imine or nitrile through
deprotonation reaction.*® Tabatabaei et al. proposed a different pathway for the reducing process
to form Ge NCs by OAm with the formation of hydrogen gas. Supported with FT-IR and NMR,
evidence was observed for the existence of imine nor nitrile groups to serve as capping ligands on

the surface of Ge NCs.?!

Ruddy et al. reduced mixed valence Ge precursors, Gel, and Gels, to synthesize Ge NCs with the
assistance of reducing agent, BuLi.® It was proposed Ge(IV) could also be reduced to Ge° at a
relatively high temperature (> 250 °C).2 In this work, another pathway was discovered showing
that Ge(1V) can be reduced to Ge(ll) which is then further reduced to Ge®. We investigated possible
mechanisms behind the reactions of germanium precursors with OAm employing MS, GC, and

NMR.
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High-resolution mass spectrometry (HRMS), Figure 2.18 shows OAm, the Gels stock solution,
Gelz stock solution and these solutions after the first microwave heating, the Gels stock solution
after the second heating, along with an OAm + I solution after heating. The OAm solution shows
a typical mass spectrum with the main peak at 268.30 m/z. The Gela stock solution shows the OAm
peak and two new peaks: an exact mass of 663.5 amu which could be assigned to an ammonium-
lodide complex ((RNH3)21)" and 516.55 amu which could be assigned to an imine group R’-
CH=N-CH2-R’. Here, R’ is CH3(CH2);CH=CH(CH>)7- as the same carbon chain in OAm without
NH2CH>- group. These two peaks are also seen in a Gel, stock solution at room temperature, as
shown in Figure 2.18c. It is unexpected that an imine formed at room temperature in the Gels stock
solution. The possibility should be considered that the imine could be produced during the MS
process in an intense gas phase.*” However, after the first heating of the either the Gels stock
solution, a peak with 518.56 m/z arises, indicating the presence of the product of the dimerization
of OAm, ((CH3(CH2)7CH=CH(CH)7;CH>-)2NH). During the heating reaction, ammonia gas is
produced, identified by GC, see below. The peak intensity of the 518.56 m/z increased dramatically
after the second heating process (Figure 2.18e) demonstrating a higher degree of dimerization. The
same MS peak (518.56 m/z) was reported for a Gel, microwave reaction.?! All MS peak and
possible species are summarized in Table 2.1. The MS signal provides evidence that Ge(IV)/I" ions
might play an important role in the formation of imine group at room temperature, and the I ion

triggers the dimerization reaction of amines.

Table 2.1. High-resolution mass spectrometry peaks and possible species. Here, R’ is
CHz3(CH2)7CH=CH(CHy>)7-.

Empirical Formula change from
m/z; z=1 Possible species

Formula parent
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Figure 2.18. HRMS spectra of (a) degassed OAm, (b) Gels stock solution, (c) Gel> stock solution,
(d) Gels stock solution after first step heating at 250 °C for 40 min. (e) Supernatant of Gels stock
solution after second step heating at 260 °C for 30 min. All the reaction mixtures were analyzed
as prepared with no additional work up.
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Gas chromatography (GC) was also used to qualitatively determine the gases produced during both
steps of the reaction by injecting the gas taken from the headspace of the sealed microwave tubes.
In both steps, H2 and NH3 gas were detected, confirmed by the pure gas injection as a comparison
(Figure 2.19). The formation of NHs is consistent with the MS data of the formation of the OAm
dimer. The pathway of the production of H> gas during the reaction is still unsolved. One possible
hypothesis is that H. is released from the deprotonation reaction of OAm induced by 1-.2 Another
possible pathway is that the amine could undergo a nucleophilic substitution reaction with
protonated amine (ammonium), followed with a dehydrogenation reaction.*” Both NH3 and H;

gases were produced in this process.
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Figure 2.19. Gas chromatography spectra of (a) hydrogen gas injection as reference, (b)argon gas
reference and (c) NHz gas reference. Gas injection of the head space of the microwave tube after
(d) the first step reaction and (e) the second step reaction of Gels/OAm solution. The insets in (d)
and (e) show the expansion regions for the elution of NHa.
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The function of Hz gas in the reaction was investigated by running a reaction with conventional
heating. The yellow solution obtained after the first-step microwave heating was transferred into
a flask. The flask was heated by a heating mantle and assembled with argon gas flow to remove
the produced gases. After 30 min holding at 260 °C, a brown solution was obtained, demonstrating
the formation of Ge NCs. As indicated previously, while GC shows the production of H(g), it is

not the reducing agent for the formation of Ge nanoparticles.?*
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Figure 2.20. (a) Overall NMR spectra of degassed OAm, Gel, stock solution, Gels fresh solution
and stock solution and the supernatant of Gels/OAm after first and second steps of reaction. (b)
Enlarged spectra with the range of 0.75 — 1.75 ppm. (c) Enlarged spectra with the range of 2.55 —
2.75 ppm.
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'H NMR spectra (Figure 2.20a) was obtained from different solutions to study the chemical
changes during the reaction. The spectra of the Gel, and Gels stock solutions, freshly prepared
Gels solution and Gels solution after first and second reaction steps are compared with OAm in
Figure 2.20b. In the order of OAm, Gel> stock and Gels stock solutions, the peak corresponding
to the amine proton (labelled with *) moves downfield. Shifting of the amine protons with
protonation has been observed previously, for example, in a mixture of sulfur and octylamine
assigned to the formation of (RNH3z")(RNH-Ss).*® The amine group of OAm has been reported to
serve as an electron donor (L-type) ligand and coordinates with transition metal ions to form a
reactive precursor.*®°° Ge(1V) is a hard Lewis acid according to the hard and soft acid and base
(HSAB) theory. lodide, I, compared with an amine group, is soft. Thus, when Gels dissolved in
OAm, I" ligands are partially substituted by OAm and [Ge(OAmM)xlsx]** forms. In the presence of
I, the amines could undergo a protonation process and form oleylammonium iodide as indicated
by the shifting of amine proton peak in the NMR. Gel> in OAm undergoes the same process.
However, compared with Ge(1V), Ge(Il) is comparatively soft due to the larger atomic radius, and
only possesses two coordinative positions and hence a lower degree of protonation. The peak shift
in TH NMR also correlates with the existence and intensity of the protonated amine peak observed
in the MS (Figure 2.18b). Compared with the OAm reference, the amine proton peak is sharper in
precursor stock solutions attributed to the coordination between Ge(1V) and OAm that reduces the
amine-amine interaction. The protonation is a fast process as the amine proton peak of a freshly

prepared Gels solution shows the same chemical shift as that of the Gels stock solution.

An extra peak with small upfield shift from the original position of OAm is clearly exhibited in

the enlarged range 2.5 — 2.8 ppm in the NMR (Figure 2.20c). The new peak with an upfield shift
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that is smaller than 0.1 ppm are likely from a derivative product of OAm such as the dioleylamine
that is identified by MS. The increasing intensity of this NMR peak correlates with the increasing
amount of dioleylamine after the two-step reaction. The proton peaks of the amine broaden and
shift slightly upfield after the two-step heating. The broadening is caused by multiple environments
of amine. The shifting is attributed to the formation of dioleylamine which has a more shielded
amine group. Detected and presumed species are summarized in Table 2.2 according to MS, GC,

and NMR.

Table 2.2. Summary of detected and presumed complexes and species from NMR, MS and GC.

NMR MS GC
Gel stock solution [Ge(OAM)xlax]**; R’-CH=N-CH2-R’; -

RNHs* ((RNH3)21)*
Gels/OAm after first Dioleylamine Dioleylamine NHs; H
step
Gels/OAm after second Dioleylamine Dioleylamine NHzs; H2
step

Based on the summarized species, we propose a possible mechanism for the reduction of Ge(1V)
to Ge(Il) in OAm. It was reported decades ago that Ge(IV) can be easily reduced by different
amines such as ethylamine and aniline.>*>® The reactions pathways are listed below in Equation
2.2, 2.3. Followed with the disproportion reaction (Equation 2.4), Ge undergoes nucleation and

growth under the control of the concentration of Ge(1V).
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[Ge(NH,CH,R"),]** + 4 NH,CH,R' — Ge(NHCH,R'), + 4 (NH;CH,R")* Equation 2.2
Ge(NHCH,R"); — Ge(N = CHR), + 2NH,CH,R’ Equation 2.3
Ge(ID) 5 Ge® + Ge(IV) Equation 2.4

The proposed reduction mechanism is similar to that reported in Nam’s work on synthesis of cobalt
nanoparticles.* The possible reaction pathways are shown in Figure 2.21. The OAm deprotonates
to form a stronger coordinating ligand, oleylamide. The o-carbon atom of the coordinated
oleylamide ligand on Ge(IV) interacts with the relatively electronegative nitrogen atom in another
oleylamide ligand binding on the same center Ge atom. This results in the cleavage of N-C bond,
also known as denitrogenation reaction. The subsequent reaction undergoes a B-hydride
elimination which forms an imine and Ge hydride bond. The Ge(IV)-amine-hydride complex will
be quickly reduced to Ge(ll) with the formation of NH3 gas which is observed in GC. While the
imine could react with the observed H> gas and form the dioleylamine (R-NH-R) observed in the
MS, the Ge(ll) species undergoes a disproportion reaction and gives Ge® and Ge(IV) as shown in
Equation 2.4. In this proposed mechanism, the NHz gas is formed from the fast reductive
elimination reaction. Several germanium-amine-hydride complexes have been successfully
prepared and stabilized by bulky coordinates.> These Ge-amine-hydride complexes are confirmed

by single crystal XRD and further efforts on short chain amines might provide further insight.>*
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Figure 2.21. Proposed reaction pathways for the reduction of Ge(IV) to Ge(ll) by OAm. Ge(1V)
is reduced to Ge(l1) by oleylamide from the deprotonation of OAm, with the formation of NH3 and
dioleylamine.

In this work, a two-step reaction was carried out to synthesize Ge NCs from Gela. In the synthesis
section, different reactions demonstrates that the reaction rate is responsible for the nucleation,
growth and dispersion of synthesized Ge NCs. In a prepared Gels/OAm solution, the ligands
exchange and form [Ge(OAm)xlax]**. When the solution is heated up, binding ligands change from
L-type oleylamine to stronger X-type oleylamide (Ge-NHR). Oleylamide is a long chain bulky
ligand with strong binding affinity.*® These two factors decelerate the reaction rate of the center

atom, Ge(IV) and control the nucleation and growth of Ge NCs.2855%

Mixed valent Ge precursors have been employed to control size and improve the crystallinity of
Ge NCs. It was believed that Ge® nucleated from Ge(l1) reduction and grew from Ge(IV) reduction
at a high temperature.® However, in our work, we confirmed that Ge(IV) can be reduced to Ge(l1)

and then undergo the well-documented disproportion reaction at microwave temperatures of 260
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°C and lower providing Ge® and presumably Ge(lV) as shown in Equation 2.4. High concentration
of Ge(IV) in the solution further slowdown the disproportional reaction and result in the highly

crystalline nature of Ge NCs.

2.4. Conclusions

A two-step microwave-assisted solution method was designed to synthesis Ge NCs from Gels as
the single Ge precursor. The process was investigated with different reaction time, temperatures,
and concentrations. Monodispersed Ge NCs with a large average particle size of 18.9 + 1.84 nm
have been successfully produced through this two-step reaction. Both XRD and HRTEM images
showed the high crystallinities of the as-synthesized Ge NCs. A high concentration of Gels
precursor or a low temperature of reaction results in large aggregations of small Ge nuclei. Urbach
energies and optoelectronic properties of 10 nm Ge NCs prepared from Gels by this two-step
method was compared with that synthesized from Gel> by a reported method and showed higher
crystallinities and better electrical conductivity. The reaction process was investigated by NMR,
MS, and GC. A possible mechanism was proposed based on the detected species by these
characterizations. Overall, a new method on Ge NCs synthesis was studied and showed improved
qualities of produced Ge NCs. The synthesis could be further modified and applied on not only Ge
based nanostructures but other metal and semimetal nanocrystals. The exploration of the possible
mechanisms involved in this reaction provides new insights on nanoparticle synthesis of covalently

bonding semiconductors.
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Abstract

Thermoelectric materials convert heat energy to electricity, hold promising capabilities of
increasing energy waste harvesting and developing sustainable energy utilization. In this work, we
successfully synthesized Bi>Tes/ShoTes (BTST) nanostructured heterojunctions via a two-step
solution route. Samples with different Sb>Tes to Bi>Tes ratios could be synthesized by controlling
the reaction precursors. Scanning electron microscopy images show well-defined hexagonal
nanoplates and distinct interfaces between Bi>Tez and Sh,Tes. The similarity of the area ratios with
the precursor ratios indicates that the growth of the SboTes shell takes place in the lateral rather
than vertical direction. Transmission electron microscopy revealed the crystalline nature of as-
synthesized Bi>Tes and ShoTes. Energy dispersive X-ray spectroscopy verified the lateral growth
of ShoTes shell on BixTes. The dried BTST powders were pressed into dense pellets by spark
plasma sintering. Thermoelectric properties were measured in two different directions, in-plane
and out-of-plane, and are anisotropic due to the nanostructure alignment within the pellets. All
samples showed semiconductor character with the electrical resistivity decreasing with increasing
temperature. The electrical resistivity decreases with lowering the ratio of Sh,Tes to BizTes.
Thermal conductivity is also lowered due to interfaces and additional phonon scattering. We show
that the out-of-plane direction of the BTST1-3 sample (where 1-3 indicates the ratio of BT to ST)
demonstrates a high Seebeck value of 145 pV/K at 500 K which may be attributed to the filtering
effect across the heterojunction interfaces. The highest overall zT is observed for the BTST1-3
sample on the out-of-plane direction at 500 K. The zT values increase in all range of measured

temperature range, indicating a probable higher value at increased temperatures.

105



3.1. Introduction

Thermoelectric materials, enable the direct energy conversion between heat and electricity, hold
promising capabilities of increasing energy waste harvesting and developing sustainable energy
utilization. The energy conversion efficiency of thermoelectric devices is expressed as the
dimensionless thermoelectric figure of merit zT = S?T/px, in which S is the Seebeck coefficient, p
the electrical resistivity, « the total thermal conductivity (with contributions from lattice, xiat, and
electrons, xe) and T the absolute temperature. Since S, p, and electronic component of « (xe) are
inter-related through carrier concentration, enhancing the thermoelectric efficiency (zT) is

challenging.

Bi;Tes and Sh,Tes are two small bandgap semiconductors discovered decades ago since 1960,
and when alloyed or doped are still two of the best room-temperature thermoelectric materials.
Over the decades, efforts have been devoted to enhancing the zT of these materials further.
Examples include nanostructured Bi>Tes (nanoparticles,* nanowires® and nanoplates®) which show
significantly decreased thermal conductivity due to stronger phonon scattering and an enhanced
Seebeck effect attributed to quantum confinement.”® Bi,Tes with nanopores show reduced thermal
conductivity.® Alloying Bi,Tes with Se,'>1* and Sh,Tes with Bi*>!® modify the band structure and
lead to improvement in overall zT. Dispersing nanoparticles in BizTes!’ or ShoTes'®'® matrix
suppress grain growth, adding new interfaces and defects, which reduced thermal conductivity and

enhance the Seebeck coefficient at higher temperature due to carrier filtering effect.

Recently, nanostructured heterojunction structures show combined benefits with enhanced
thermoelectric properties attributed to strong energy filtering and phonon scattering.82%%! Different
Bi;Tes-based heterojunction systems have been studied and show improvement of zT.22%" In

previous work, Bi>Tesz and Bi>Ses core shell heterojunction structures have been synthesized
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successfully by a solution method with highly improved the power factor (S%), and reduced

thermal conductivities.?®

Several studies exist on the effect of heterojunction structures on thermoelectric properties;
however, few examples of p-n junction heterostructures have been reported. A p-n junction is
seldom considered a promising way to improve zT due to the potential of detrimental ¢ and S.
However, introducing an appropriate p-n junction could be beneficial to thermoelectric properties
by manipulating carrier concentration to an optimal range. The p-n junction also potentially
performs an energy filtering effect which could amplify S and may reduce the lattice thermal
conductivity (xiat) by introducing interfaces. Mixtures of BiTes and Sh,Tes bulk phases
demonstrate enhancement on zT with reduced thermal conductivity and enhanced Seebeck

coefficient.?

Inspired by these reports, we focused on the synthesis of Bi>Tes/ShoTes heterojunction
nanostructures and characterization of the resulting thermoelectric properties. The preferred
orientation of the layered nanostructures provides new insight to the transport properties of bulk
phases. Bi;Tes and Sh,Tes are both a rhombohedral structure with the same space group (R3m).
The lattice parameters for Bi;Tes and SboTezarea=b=4.385 A, ¢ =30.483 Aand a = b = 4.262
A, ¢ =30.450 A, respectively, with a small lattice mismatch for the growth of a heterojunction
structure, 2.8% on the a and b directions and 0.11% on the c direction. It has been reported that
Bi>Tes/ShoTes heterojunction structures could be synthesized successfully by a solvothermal
method.3® However, to obtain abundant product for thermoelectric device fabrication and

measurement, a scalable reaction with well crystallized nanocomposites is required.

In this work, we report a two-step solution synthesis of highly crystalline Bi-Tes/Sh>Tes lateral

heterojunction structures with different core/shell (Bi>Tes/Sbh,Tes) ratios. The as-synthesized
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nanoplates were characterized by powder X-ray diffraction (PXRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopy
(EDS). The as-synthesized samples were annealed and pressed into pellet by spark plasma

sintering (SPS) and their thermoelectric properties were characterized.

3.2. Experimental Section

3.2.1. Synthesis of Bi2Tes Nanoplates

All syntheses of pristine Bi>Tesz and Bi>Tes/Sh,Tes core-shell nanoplates were carried out by
utilizing a bench top solution method. In a typical synthesis of Bi>Tes nanoplates, 12 mmol (5.821
g) bismuth nitrate pentahydrate (Bi(NO3)3-5H20, >99.9%, Sigma-Aldrich), 18 mmol (3.988 g)
sodium tellurite (Na>TeOs, >99%, Sigma-Aldrich) were added into a 1 L 3-neck flask as
precursors, and 0.4 g of poly(vinylpyrrolidone) (PVP, MW~=40,000, Sigma-Aldrich) was added
and served as surfactant. A 200 mL of 0.375 M NaOH solution in ethylene glycol (EG, Sigma-
Aldrich, used as received), which served as both solvent and reducing agent, was slowly poured
into the 3-neck flask containing the mixed precursors. The mixture was stirred and sonicated until
all precursors dissolved. The clear solution was then heated to 190 °C in a heating mantle with the
flask equipped with a thermometer to monitor temperature and reflux condenser. Argon (Ar) gas
flow was applied during the entire synthesis process. After 4.5 hours (including 0.5 h of heating
process), the heating mantle was removed, and the finished reaction was naturally cooled to room
temperature under Ar(g) flow. The product mixture was evenly distributed into eight 50 mL
centrifuge tubes and 25 mL of acetone is added. The solution was centrifuged at 8500 rpm (10016
rcf) at room temperature for 5 min, then the dark supernatant was discarded and the silver-grey
precipitate collected at the bottom of centrifuge tube was redispersed in 30 mL of ethanol. The

precipitate was then washed with ethanol for two to three times to ensure the removal of all
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surfactant and unreacted ions. The final precipitate was dispersed in 30 ml ethanol and kept in the

centrifuge tube for further reaction and characterizations.

3.2.2. Synthesis of Bi2Tes/Sh2Tes Core-Shell Nanoplates

To synthesize Bi>Tes/Sh,Tes core-shell hetero-structure, different ratios of as-synthesized BixTes
and precursors of Sh,Tes were added. In a typical synthesis of the 1:3 ratio of Bi,Tes/ShoTes
nanoplates, 1.5 mmol as-washed Bi>Tez nanoplates (product collected from 2 centrifuge tubes)
were precipitated by centrifugation and redispersed in 30 ml 0.5 M NaOH diethylene glycol
solution. 9 mmol (2.690 g) antimony acetate (Sb(OAc)z, >99.5%, Sigma-Aldrich), 13.5 mmol
(2.991 g) sodium tellurite (Na,TeOs, >99%, Sigma-Aldrich) and 5 g poly(vinylpyrrolidone) (PVP,
MW=40,000, Sigma-Aldrich) were mixed in a one L 3-neck flask adding with 170 ml 0.5 M NaOH
diethylene glycol solution and then added to the Bi>Tes solution. The mixed solution was stirred
and heated to 70°C to premix and dissolve the precursors. After 30 minutes, the solution was then
heated to 215°C for 8 hours. Argon flow and a reflux condenser was equipped during the process.

The product was washed with the same procedure as described for Bi,Tes.

3.2.3. Spark Plasma Sintering (SPS)

The washed sample was centrifuged. The supernatant decanted and the precipitation in the
centrifuge tubes was dried under vacuum to remove all solvent. To totally dry the sample and
remove the surfactant, the dried ingots were then placed in an alumina ceramic crucible boat and
placed in a tube furnace with Ar flow. The tube furnace was flushed with Ar for 30 min at room
temperature and then heated to 315°C and held for one hour. After the heating process, the ingots
were then pumped into an Ar-filled glove box and ground into powder by an agate mortar and
pestle. A 100-mesh sieve was used to exclude any large pieces, yielding ~3.5 - 5 g of fine powder.

The sample was prepared for spark plasma sintering (SPS) and PXRD.
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For all samples with different BTST ratio, powder (~4 g) was loaded into a 10-mm-diameter
graphite die with graphite plungers and eight sheets of graphite foil on each side to ensure air-free
conditions and avoid having the sample stick to the plungers. The die was inserted into a 20-mm-
diameter graphite die with graphite plungers and then put into Dr. Sinter-Lab Jr. SPS-21l LX with
a thermocouple inserted into a hole drilled in the side of the die for precise temperature control.
The BTST core shell powder was initially cold pressed at 31.8 Mpa for 3 min under ~385 Torr of
Ar. After the cold press, the holding pressure was reduced to 19 Mpa. The pressure was increased
to 89 MPa over 5 min and held for the remaining 10 min while the die was simultaneously heated
from room temperature to 270 °C over 3 min and then to 300 °C over 1 min and held at 300°C for
11 min. The die was naturally cooled after the SPS process and a ~8-mm-thick gray/metallic puck
was obtained. The thick puck was firstly cut along the circle plane into a 1-mm-thick disk and a 6-
mm-thick pellet. The 6-mm-thick pellet was then cut along the vertical direction of the circle plane
to get a 6 mm? 1-mm-thick square disc. The two sample disks were then prepared for laser flash
analysis (LFA), Hall effect, and Seebeck coefficient measurements. Sample density was

geometrically determined. All samples were >90% of crystallographic density.

3.2.4. Characterization Methods

PXRD patterns of the as-synthesized solution samples were obtained by drop-casting an ethanol
or isopropanol dispersion of nanoplates onto a fused silica holder. PXRD patterns of the as-ground
powder were performed by solvent smearing the finely ground powder onto a zero-background
diffraction holder. The prepared samples were scanned using Bruker D8 Advance diffractometer
(Cu—Kao, 40 kV, 40 mA, A = 1.5418 A) in a 20 range of 10°— 80°. Electron microscopy analyses
on as-synthesized nanoplates were performed using a Thermo Fisher Quattro S SEM at an

acceleration voltage at 5 kV and a JEOL JEM 2100F-AC transmission electron microscope (TEM)

110



at an acceleration voltage of 200 kV. The SEM samples were prepared by drop-casting nanoplates
solution in isopropanol onto a 1 x 1 cm? silicon substrate, followed by drying at room temperature.
TEM samples were prepared by drop-casting dilute dispersions of Ge NCs in toluene onto either
a continuous carbon film supported by a 400-mesh copper grid, or lacy carbon coated 400 mesh
copper grid (Ted Pella). Digital Micrograph software provided by Gatan Inc. was used to capture
images. To determine the composition and elemental distribution of a single nanoplate, energy

dispersive spectroscopy (EDS) was employed.

Electronic measurements were performed to determine carrier transport. The Seebeck coefficient
(S) was measured on a custom apparatus under high vacuum (<10° Torr) up to 200 °C. The quasi-
steady slope method was employed to determine the Seebeck coefficient. In addition, both the Hall
effect (Rn) and the electrical resistivity (p) were measured on a custom-built apparatus to 200 °C
under same vacuum pressure as that for the Seebeck coefficient meausrement. The van der Pauw

method, using nichrome pressure contacts, was used to deduce Hall and conductivity.

Thermal diffusivity was measured on both ~1-mm-thick round pellet and 6 mm? 1-mm-thick
square disc employing a Netzsch LFA 457 laser flash system. The sample discs were polished flat
and parallel, sprayed with graphite to ensure laser absorption before the measurement. The thermal
conductivity was calculated by k = D - Cp - p, where D is the thermal diffusivity, Cp is the heat
capacity, and p is the mass density of the samples. The constant pressure heat capacity (Cp) was
estimated from empirical formulas by the Dulong—Petit law, and the density (p) values used here

were calculated using the Archimedes’ method at room temperature.
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3.3. Results and Discussions

3.3.1. Nanoplates (NPs)

BixTes NPs with well-defined hexagonal shape were synthesized through a modified polyol
method (see Experimental section).!%33132 The reaction was carried out in a NaOH/EG solution
(0.375 M) with 20 ml scale and could be scaled up to 200 ml reaction which gave out around 4.5
g of Bi>Tes with a yield over 95%. Figure 3.1a shows a typical SEM image of the as-synthesized
Bi>Tes NPs with well-defined hexagonal shapes and narrow dispersity. Over 150 Bi>Tez NPs were
measured and an average lateral size of 0.791 + 0.113 um was obtained. The corresponding
histogram is shown in Figure 3.2. The purity of Bi>Tesz NPs was further characterized by PXRD
(Figure 3.1b). In this polyol reaction, tellurium (Te) impurity in the form of nanorods is one
common byproduct and controlling the reaction time is critical to synthesize pure and well-shaped
BixTes NPs. We noticed that if the reaction time was not enough (less than 4 hours) at the set
temperature of 190 oC, Te is present in the final product. Both PXRD patterns and SEM images
showed the presence of Te (Figure 3.3a and 3.3b). If the reaction was held at the set temperature
for over 6 hours, NPs with nanopores were obtained (Figure 3.4). Bi;Tez NPs with nanopores were
reported when the NPs were heated in EG (ethylene glycol).3® They found that both temperature
and reaction time are critical to the formation of the nanopores.®® This result correlates with our

observation in this work, even for the reaction in NaOH/EG solution.
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Figure 3.1. a. SEM image of as-synthesized Bi>Tes nanoplates with narrow size distribution. b.
XRD pattern of Bi;Tez shows high purity.
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Figure 3.2. Histogram of as-synthesized Bi,Tes nanoplates showing a narrow size distribution.
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Figure 3.3. a. XRD pattern and b. SEM image of Bi,Tes reaction for times shorter than the critical
time and showed an impurity of Te nanorods.
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Figure 3.4. SEM image of NPs with nanopores from the reaction where the reaction time was too
long.

Both Bi,Tes and ShoTez are layer structured materials with rhombohedral crystal structure. The
covalently bonded Bi>Tez and SboTes sheets are arranged in quintuple layers. And those quintuple
layers are stacked by weak van der Waals interactions along the c-axis. The mismatches on the a
and b axis (lateral direction) are less than 3 % and negligible (< 0.1%) on the ¢ axis (vertical
direction). The isomorphic structure and small lattice mismatch both make epitaxial growth

possible.

Bi>Tes/ShoTes core/shell structures were synthesized starting with as-prepared pure Bi>Tez as the
core. In the discussion of these samples, we use BTST1-X to represent the Bi>Tes:Sh,Tez samples
with different core to shell ratios, where the ‘X’ is the multiples of the theoretical SboTes precursor
amount to that of Bi,Tes. Figure 3.5 represents PXRD patterns of all synthesized BTST samples

with the ratio from 1-2 to 1-9 and compared with a pure Bi-Tes sample as a reference. No
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impurities were detected in any of these samples indicating a complete reaction of the shell. A

moderate heating with a rate of 5 ~ 7 °C is essential for obtaining a small size distribution.
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Figure 3.5. Representative XRD pattern of pure Bi>Tez NPs and BTST solution synthesized NPs
with different Bi>Tes: SboTes ratios with the standard Bi>Tes (PDF#15-0863) and ShoTes
(PDF#15-0874) XRD patterns as references. An expanded XRD pattern with the range of (27—
29°) is shown on the right, and referenced to the pristine structures showing the change of the peak
intensities for different BioTes: SboTes ratios.

The patterns between the range of 27° - 29° clearly show the relative ratio of Bi,Tes:Sh,Tes. The

red and black vertical lines at the bottom are the standard peak position of the (015) planes

belonging to Bi>Tes and Sh>Tes, respectively. It can be clearly observed that with increasing

amount of ShoTes shell, the SboTes peak shifts to higher 2-theta angleand closer to the standard,
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while the Bi>Tez peak intensity remains the same and shifts slightly to higher 26 for the higher
ratio BTST 1-5 and 1-9 samples. The shifting of the Sh.Tes peak is not consistent with cation
diffusion between Bi and Sh. Since the radius of Bi is larger than that of Sb, the cation exchange
should induce a shifting to the left (larger unit cell) for Sb.Tes and to the right (smaller unit cell)
for BixTes. If there was cation diffusion, both should be shifting in a compensating manner. We
attribute the left shift of the XRD peak to the lattice expansion of the Sh,Tesz shell. When the
ShoTes grows on the surface of Bi>Tes in the solution, the first few attached atoms of Sh,Tes would
expand to match the lattice of Bi>Tes, which may cause the lattice expansion of SboTes. As the
ShoTes shell amount increases, the interaction of the SboTes compared to the Bi>Tes decreases and
the XRD peak become closer to the standard. This lattice expansion has been observed across the
interface between Bi>Tez and Sh,Tes in a similar core/shell structure synthesized via a

solvothermal method.%°
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Figure 3.6. SEM images of BTST core-shell NPs with different Bi>Tes:Sh,Tes ratios indicated.

SEM images of these core-shell NPs are presented in Figure 3.6. As synthesized core-shell NPs
show distinct hexagonal shapes indicating the crystalline nature of the shells. Clear interfaces were
observed on almost every single NP, demonstrating the homogeneous growth of the Sh,Tes shell
on the a and b crystal directions. The area ratios of the shells to cores are calculated by squaring
the lateral length, and are very close to that of the employed precursor amount. Calculated
precursor ratios and the area ratios measured on over 50 nanoplates are summarized in Table 3.1.
The similarity of the area ratios with the precursor ratios, indicating the growth of the Sb,Tes shell

takes place mostly on the lateral direction rather than the vertical of the Bi>Tes plate. This can be
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explained by the different bond types. Lateral growth forms stronger covalent bonds than the
weaker van der Waals interactions that are required for the vertical growth direction. The
surfactant, PVP, also facilitate the lateral growth by the attachment to the surface. It has been
reported that PP serves as a surface stabilizer, growth modifier and nanoparticle dispersant under
many different conditions.®* More importantly, it is a shape control agent by binding to some facets
and thereby promoting growth of others.>>=7 PVP, as the surfactant, plays an important role in the

synthesis of many two dimensional nanostructures.3-4!

Table 3.1. Stoichiometric (precursor) ratio Bi>Tes: Sb,Tez and the core shell NP ratios calculated
by the areas from SEM images

Stoichiometric Area ratios calculated
(precursor) ratio from SEM images
Bi2Tes: ShoTes Bi2Tes: ShoTes

1:2 1:2.02(x0.17)

1:3 1:3.13 (+0.34)

1:4 1:4.05 (+ 0.25)

1:5 1:5.22 (+ 0.44)

1:9 1:9.56 (x0.87)

Scanning transmission electron microscope (STEM) was employed to further characterize the
BTST NPs samples. A sharp contrast of the core and the shell is shown in Figure 3.7a of a BTST

1-3 sample. High resolution TEM (HRTEM) images are taken on both the core and the shell area,
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which show the highly crystalline nature of Bi,Tes and Sh2Tes. The lattice fringes are clearly

observed and measured as 0.219 nm and 0.214 nm for core and shell, corresponding to the lattice

parameter of (1120) phase of Bi2Tes and Sh2Te3, respectively. We conducted energy dispersive
X-ray spectroscopy (EDS) mapping on a single BTST 1-3 core-shell NP. Figure 3.7b-3.7d
represent the EDS results showing clear elemental mapping with bismuth located on the core
region and antimony mostly on the shell region. Tellurium is uniformly distributed over the entire
NP. Selected area EDS spectrum (Figure 3.8) also indicates the Bi>Tes nature of the core and
Sb>Tes on the shell with the elemental ratio close to the nominal values. To investigate the
sharpness of the interface, a line scan across the NP was taken. As showed in Figure 3.7¢, a sharp
decrease of bismuth and an increase of antimony are observed in a length scale of 40 nm as the
scan crosses the interface region. 4 % of the Sb signals are also detected on the core region,
indicating not only lateral growth but also vertical growth of the shell. While there is enough
thermal energy, in the form of temperature for this reaction to drive the growth in both directions,
the formation of covalent bonds better decreases the overall potential energy. Thus, the lateral
growth dominates over the vertical one resulting in a very thin shell of Sb.Tes across the top of the

Bi>Tes core.
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Figure 3.7. (a) EDS mapping image of a typical Bi>Tes/Sb,Tes coreshell (BTST1-3) NP. Bismuth
is mainly located on the core region and antimony is on the shell region, tellurium is evenly
distributed on the entire NP, indicates a lateral heterojunction structure. (b) The line scan EDS
across the whole NP. While the scan across the interface of core and shell, a sharp change of
bismuth and antimony amounts are observed, indicates the strong sharpness of interface.

121



Cu Element At%

Te 63.20
Te sb | 36.26
Bi 058

Te Cu
Bi {l Bi Bi

Te | 63.49
4 Sb 2.53
Bi Bi 33.08

Counts

15

10
Energy (keV)

Figure 3.8. Selected area EDS spectrum indicates the Bi>Tes nature of core part (green) and ShoTes
on the shell (red) with the elemental ratio close to the nominal values.

3.3.2. Characterization of pressed pellet

All synthesized NPs were precipitated by centrifugation, followed with vacuum drying at room
temperature and annealed at 315 °C under Ar flow for 60 min in a tube furnace to remove excess
surfactant, similar to that described in previous work by Liu et al.***® Subsequently, the annealed
products (~4 g) were ground into fine powder in an Ar filled glove box with an agate mortar and
pestle. The annealed powder was characterized with PXRD, and corresponding patterns are shown
in Figure 3.9. The enlarged 26 range from 27— 29° shows the (015) peaks of Bi>Tes and ShaTes
from the as-grown solution products (middle) and the annealed samples (right). As shown in the
enlarged range, we observed the SboTes peak is well-aligned with the (015) peak, while the Bi>Tes
(015) peak shifts to the right with the increasing amount of SboTes shell. This may result from
strain release of the Sh.Tes shell structure upon heating, which transfers the strain to the Bi>Tes

lattice. If ion migration was happening, the two peaks should be moving closer together in unison.
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Figure 3.9. Representative XRD pattern of annealed pure Bi>Tes NPs and BTST NPs powders
with different Bi>Tes: ShoTes ratios. The standard Bi>Tes (PDF#15-0863) and Sh,Tes (PDF#15-
0874) XRD patterns as references. An enlarged XRD pattern is shown on the right with the range

of (27— 29°) and compared with the XRD of solution synthesized samples in the same range, as
shown in the middle.

Wang et al. reported in 2018 that (Bi>Tes)x-(Sh2Tes)1x performed with the highest figure of merit
zT when x = 0.15.2° Thus, in this work, we start with the core-shell nano heterojunction samples
with similar ratios. The as-prepared powders were hot pressed at 400 °C through spark plasma
sintering (SPS), resulting in cylindrical pellets. To obtain a dense pellet from the nanostructured
powder ~85 MPa was applied during the SPS process. Density of the as-pressed pellets were
measured by Archimedes’ principle. Densities over 91% were obtained for all pressed samples

compared with theoretical density of a mixture of ShoTes and Bi>Tes with respective ratios.
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Since NPs naturally aligned with preferred orientation,*® and previous work showed strong
anisotropic properties for different directions (parallel and perpendicular to pressure),''628 we
also characterized the as-pressed pellet in both directions, in-plane (lateral) and out-of-plane
(vertical). As described in the Experimental section, a cylindrical pellet was cut from the 10 mm
diameter sample puck and a square sample cut along the press direction. Therefore, the properties
of each sample puck are measured along the (00I) planes for the in-plane direction, while for the

out-of-plane direction is vertical to (00I) planes.

XRD patterns of a typical BTST1-3 sample with different directions confirmed the strong preferred
orientations with [001] crystallographic direction aligned parallel to the press direction (Figure
3.10a). SEM images of the cross section of consolidated pellet showed layered microstructures,
double verified the aligned NPs, shown in Figure 3.10b. Hexagonal nanoplates could be observed
in top view of the SEM image (Figure 3.10c) of a cracked pellet indicating the SPS process did

not remove the nature of nanoplates of these heterojunction structures.
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Figure 3.10. (a) XRD patterns for a typical BTST 1-3 sample with the sample oriented in two
directions, as diagramed for each diffraction pattern. The black pattern is out-of-plane direction
and red is in-plane. (b) A cross view of the SEM image showing the layered stacking of nanoplates
with a strong preferred orientation. Scale bar is 2 um (c) Top view SEM image of a pressed pellet.
Some hexagonal nanoplates can be observed (red dashed areas), which indicates the SPS process
did not melt the nanoplates.

3.3.3. Thermoelectrical Characterizations

Temperature dependence of electrical resistivity (p) and Seebeck coefficient (S) of two directions
of BTST 1-3, BTST 1-5, BTST 1-9 and Sh>Tes (ST) samples from room temperature, 300 K, to
500 K are illustrated in Figure 3.11. The carrier concentration (nn) and the calculated mobility ()
are plotted in Figure 3.12. And thermal conductivity (x), the total thermal conductivity subtracted
the electronic component (x - xe) and the overall thermoelectric figure of merit (zT) of these

samples are provided in Figure 3.13.

As shown in Figure 3.11a, all the BTST samples and pure ST sample show the electrical resistivity
decreasing with the increasing temperature over the measured temperature range, consistent with

a degenerate semiconductor. The pure ST sample only has the interfaces between the nanoplates
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while in the BTST samples, additional interfaces of the core/shell are added. The electrical
resistivity (p) is low for the pure ST sample and upon the formation of core/shell interfaces,
increases for BTST 1-3, after which all samples decrease systematically with the increasing ShoTes
amount. Whereas Bi>Tes is generally an n-type semiconductor with the positively charged anti-
site defects of Tegi, ShoTes is typical p-type.*>* In our BTST samples, carriers of holes from
Sh,Tes dominate and make the samples overall p-type. Increasing the Sh,Tes shell introduces more

p-type carriers and hence reduces the electrical resistivity.
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Figure 3.11. Thermoelectric properties of Sb,Tez (ST) and BTST 1-x (x = 3, 5 and 9) samples
measured in the in-plane and out-of-plane directions. The measurement direction and sample are
schematically shown in the figures. a. In-plane electrical resistivity, pin-piane. b. Out-of-plane
electrical resistivity, pout-of-plane. C. IN-plane Seebeck coefficient, Sin-piane. d. Out-of-plane Seebeck
CoefﬁCient, Sout-of-plane.
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Figure 3.12. Transport properties of SboTes (ST) and BTST 1-x (x = 3, 5 and 9) samples measured
in the in-plane and out-of-plane directions. The measurement direction and sample are
schematically shown in the figures. a. Carrier concentration, nu. b. Carrier mobility, un.

As expected, the p of the in-plane direction, along the a,b crystal plane, is almost half that of the
out-of-plane direction, along the c¢ axis. Similar observations were reported in highly
crystallographically textured nanoplate samples.**® The highly aligned nanoplates in the pressed
pellet have less interfaces along the in-plane direction. Naturally, out-of-plane samples have larger
resistivities than their in-plane counterparts likely due to an increase of scattering as a result of
additional interfaces within the system. Both Bi>Tes and Sh,Tes are layered structures with
covalently bonded in-plane and weak Van der Waals interactions out-of-plane. Samples with
decreasing ShaTes ratios yield higher resistivities as evident from BTST 1-3 out-of-plane sample
exhibiting a room temperature resistivity near 2.3 mQ-cm. As the ratio of Sh,Tes to Bi,Tes

increases, the resistivity decreases likely due to the increased homogeneity of the system.

The carrier concentrations, nn, measured by the Van der Pauw method show an unexpected trend.
The carrier concentration of the Sh,Tes sample is relatively low for the measured temperature
range. While the ny increases with more Sh,Tes in BTST 1-9 and 1-5 samples, it shows a

significant drop in BTST1-3. The nn increase from ST to BTST1-9 and BTST1-5 samples may be
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attributed to bipolar conduction: the sum of both the p and n carriers. The drop of ny in sample
BTST 1-3 compared to ST may be attributed to changes in band alignment for the nanostructured
BTST sample. In BTST 1-3, the Bi>Tes core may serve as a trap for p carriers and reduced the
overall ny. Further characterization and simulation are required to understand this non-systematic
trend of the ny. The mobility measurement indicates a strong anisotropic transport in the two
different directions. The pure Sb,Tes (ST) samples show a high mobility, un, of 207 cm?-V 1.5
in-plane and 108 cm?-V1-s7* out of plane at 300 K. While the other BTST samples demonstrate

decreasing mobility attributed to the introduction of heterointerfaces between Bi,Tez and Sh,Tes;

the anisotropy of the two different directions is conserved.
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Figure 3.13. Thermoelectric properties of ShoTes (ST) and BTST 1-x (x = 3, 5 and 9) pressed
samples measured in the in-plane and out-of-plane directions. The measurement direction and
sample are schematically shown in the figures. a. In-plane thermal conductivity, xin-plane. b. Out-
of-plane plane thermal conductivity, xout-of-plane. C. In-plane figure of merit, zTin-plane. d. Out-of-
plane figure of merit, zTout-of-plane.
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Positive Seebeck coefficient values were obtained in all measured BTST samples over the
temperature range, in agreement with the overall p-type character of the SboTes matrix. However,
no clear trend could be extracted from the plots, since the Seebeck coefficient, S, not only involves
the carrier concentration but also the nanostructure alignment and compositions. The BTST 1-3
sample shows the highest Seebeck value on the out-of-plane direction. This could be attributed to
the filtering effect by the p- and n- junction.?® Similar to what is observed for the electrical
resistivity, the Seebeck coefficient is consistently lower for cross-plane samples. This result
supports the suggestion provided above that increased scattering interactions are leading to a large

change in transport.

With the preferred orientations of the pressed pellets, all samples showed anisotropic transport
properties between in-plane and out-of-plane. Unsurprisingly, similar observations are shown for
thermal conductivities (k). The x measured out-of-plane is significantly lower than that of in-plane
with all BTST ratios. For example, BTST 1-5 sample gives a ratio of ~3 of the xin-plane/kout-of-plane-
The x decreases with the increasing temperature, which can be attributed to the high e at high
temperature. Within the measurements along the same directions, lower x was obtained with lower
ratio SboTes to BiTes samples. With lower shell ratios, the overall interfaces in the system
increases, and the increased amount of heterojunction interfaces enhanced the phonon scatterings

and reduce the thermal conductivity.

Overall, all the different BTST samples measured showed anisotropic properties and enhancement
of the overall zT was calculated. BTST 1-9 sample showed a slight enhancement on the overall zT
with a value of 0.52 at 500 K along the in-plane direction. BTST 1-3 sample gave out a relatively
large increase of zT with a value of 0.94 at 500 K for out-of-plane. This result may be attributed to

the high Seebeck coefficient value that derives from a strong filtering effect. Out-of-plane zT
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values were systematically higher than that of in-plane zT values, due to both the enhanced Seebeck
coefficient and decreased thermal conductivity along the out-of-plane direction. All the zT values
increase in the measured temperature range of 300 - 500 K without reaching a peak point,

indicating a possible higher zT at a higher temperature.

3.4. Conclusion

This work provides a scalable solution route for the successful synthesis of Bi>Tes/Sh,Tes lateral
core-shell nanostructured heterojunctions with different ratios. The samples are characterized by
XRD and show lattice expansion of Sb2Tes which may be attributed to the lattice mismatch. With
annealing, the stress is relieved and transferred to Bi>Tes lattice. SEM and TEM images clearly
showed the interfaces between the shell and core. The shell to core ratios calculated by the areas
in SEM images indicates the preferred lateral growth versus vertical growth. The Bi;Tes/ShoTes
nanostructures in the SPS pressed pellets showed strong preferred orientation which was
confirmed by SEM and XRD. The alignment of the nanoplates created anisotropic transport
properties: in-plane, and out-of-plane. All samples showed degenerate semiconductor character in
measurements. The electrical resistivity and thermal conductivity decreased with increasing the
Sh>Tes to Bi,Tes ratio. The Seebeck coefficient depended on both the direction and composition.
We found that the out-of-plane direction of the BTST1-3 sample provided a high Seebeck value
which could be attributed to the filtering effect across the heterointerfaces. The highest overall zT
was observed with BTST 1-3 sample on the out-of-plane direction at 500 K. The zT values
increased over the measured temperature range, indicating a probable higher value at higher

temperatures.
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Abstract

Topological insulators (TIs) are a class of materials that can exhibit robust spin polarization at
surfaces and have attracted much attention towards spintronic applications. Here, we optimized a
solution route to synthesize ultrathin Bi,Sez and Sh-doped Bi>Ses nanoplates with a thickness of 6
- 15 nm and an average lateral size around 5 pm, up to a maximum of 10 pm. Solution chemistry
provides high quality nanoplates of Tls with options to manipulate the surface states. We have
synthesized Bi»Ses and Sb-doped Bi>Sez and characterized single nanoplates. Sb doping is used to
suppress the bulk carriers, and an atomic percentage ~ 6% of Sb is demonstrated by energy
dispersive X-ray spectroscopy (EDS). The 2D electron carrier concentration for Sb-doped Bi>Ses
nanoplates is lowered to 5.5 x 102 cm™, reducing the concentration by a factor of 3 compared to
the undoped Bi,Ses nanoplate sample with an average 2D carrier concentration of 16 x 10?2 cm™.
At 2 K, pronounced ambipolar field effect is observed on the low-carrier-density Sb-doped Bi>Se3
nanoplates, further demonstrating the flexible manipulation of carrier type and concentration for
these single-crystal nanoplates. Large out-of-plane magnetoresistance is measured, with a gate

tunable phase coherence length.

4.1 Introduction

Tls have attracted a great deal of attention due to their exotic properties and the potential for
providing spin-polarization of the carriers at the surface.>® Many novel applications with no
analogue among traditional semiconductors are possible such as spintronic devices and new-
generation electronic devices.”® To date, existing theories often only consider charge/spin
transport at the TI surface at the low impurity density limit. However, high density defects
naturally occur in some TI materials, such as Se vacancies and interfacial defects due to surface

oxidation of Bi,Ses.>'% A new mechanism predicts that moderate surface disorder can induce spin
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accumulation at the T surfaces.!! The topological nature of the band structure leads to a transverse

spin current through the bulk and spin accumulation at the surface under an external electric field.**

Bi.Ses has been studied as a thermoelectric material>*>1* and a near infrared transparent
conductor>1® and more recently as a topological insulator.!’ Bi;Ses is of interest because of its
simple surface state with a well-defined single Dirac cone and a wide bulk bandgap of 0.3 eV

compared with other Tls, and thus is most promising to achieve room temperature spintronic
devices. BizSes, shown in Figure 4.1a, has a rhombohedral crystal structure of space group R3m

(a=b=4.140 A and c = 28.636 A; JCPDF #33-0214) that can be described as a layer-structure
where the covalently bonded Bi>Ses sheets are arranged in planar quintuple layers (QLS) of Se(1)-
Bi-Se(2)-Bi-Se(1) atoms (with each QL approximately 1 nm thick). The QLs are stacked and

connected by weak van der Waals interactions along the c-axis.

Three-dimensional Tls have typically been prepared by chemical and physical vapor deposition
(CVD and PVD),®2® molecular beam epitaxy (MBE)?*2" and solvothermal methods.?®3!
However, Tls prepared by CVD, PVD methods normally contain excessive bulk carriers with a
comparatively higher thickness (over 30 nm),18:20.22242532.33 Thinner TI nanostructures have been
synthesized by solvothermal routes with small lateral sizes (less than 5 um). Here, we employ a
solution route'®3* to prepare Bi>Ses nanoplates with a large aspect ratio (6 - 15 nm thick and 1 -
10 pm wide). The small thickness (6 - 15 quintuple layers) reduces the bulk conductivity and
allows stronger gate tunability of the Fermi level. To further suppress the bulk conductivity, Bi>Ses
is doped with Sb to compensate the excess electrons. Sh has been confirmed as an effective dopant
which can significantly reduce carrier concentration without disrupting the topological surface
state.23%% Doping Bi,Ses with Sb in solution environment (without pressure as in a solvothermal
environment) is more challenging than vapor deposition methods because of lower reaction

139



temperature. However, it is a low cost, facile, and scalable method capable of producing high
quality single nanoplates that allows for further chemical modification. While ShzSes exists, it
crystallizes in an orthorhombic structure rather than the Bi>Sesz rhombohedral crystal structure
thereby limiting the solubility of Sb in Bi>Ses.* In this manuscript, we show that a significant

amount of Sh can be doped into Bi>Ses via a mild solution reaction.

4.2 Experimental Section

Pristine Bi>Ses nanoplates were prepared by one pot solution synthesis following the synthesis
route from Lin et.al.’® by using bismuth nitrate pentahydrate (Bi(NO3)3-5H20, 0.0970 g, >98%,
Sigma-Aldrich), sodium selenite (Na2SeOs, 0.0517 g, >99%, Sigma-Aldrich) as precursors and
poly(vinylpyrrolidone) (PVP, MW=40,000, 0.22 g, Sigma-Aldrich) as surfactant in 10mL ethylene
glycol (EG, Sigma-Aldrich) which serves as both solvent and reducing agent. The mixed solution
was sonicated for 10 min, and then heated to 194 °C in a 15 mL two-neck flask equipped with
thermocouple and reflux condenser in a heating mantle. To synthesize Sh-doped Bi>Ses, antimony
acetate (Sb(OAc)s, 0.0300 g, >99.5%, Sigma-Aldrich) was added with a reduced amount of
Bi(NO3)3-5H20 (0.0485 g), while the same synthetic procedure was carried out. After 4 hours, the
heating mantle was removed, and the finished reaction was naturally cooled down to room
temperature. The mixture was then centrifuged with 30 mL acetone and 10 mL isopropanol at 8500
rpm for 5 min. After the first wash, the precipitate was dispersed back into 40 mL ethanol and
washed two more times. The synthesized nanoplates were then dispersed into 10 mL isopropanol

for further characterization.

Powder X-ray diffraction was performed on a Bruker D8 Advance diffractometer with Cu Ka lines

(40 kV, 40 mA). PXRD samples were prepared by dropcasting a small amount of the nanoplates
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dispersion on a fused silica holder. Electron microscopy analyses on as-synthesized Bi.Ses
nanoplates were performed on a Thermo Fisher Quattro S scanning electron microscopy (SEM) at
an acceleration voltage at 5 kV and a JEOL JEM 2100F-AC transmission electron microscopy
(TEM) at an acceleration voltage of 200 kV. TEM samples were prepared by dropcasting the
suspension onto carbon films supported by Cu grids. Nanoplates lie flat on the membrane from the

surface tension generated by evaporation of the isopropanol.

As-grown nanoplates in isopropanol were drop-casted onto 300 nm SiO> covered Si substrates,
where single nanoplate field effect transistor (FET) devices were fabricated using a standard
electron beam lithography process. Top metal contacts (5 nm Cr /90 nm Au) were made using an
electron beam evaporator (CHA). Current-voltage curves were measured through a current
preamplifier (DL Instruments, model 1211) and a National Instruments (NI) data acquisition
system. The magnetoresistance measurements were performed in a Quantum Design Physical

Property Measurement System (PPMS).
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Figure 4.1. (a) A view of the layered rhombohedral structure of Bi.Ses showing the quintuple
layers (QLs) of Se(1)-Bi-Se(2)-Bi-Se(1) with a thickness around 1 nm. (b) Scanning electron
microscope (SEM) image shows hexagonal shaped Bi>Sez with a lateral dimension around 5 pm
and 4 pm. The well resolved edge of nanoplate demonstrates the high crystallinity. (c) HRTEM
reveals well crystalline structure of solution synthesized Bi.Ses nanoplate (top right inset) (scale
bar, 1 um). Sharp diffraction spots in the selected area diffraction pattern (bottom-left inset) further
confirm the single crystal nature of nanoplate. (d) X-ray diffraction pattern of Bi.Ses nanoplates
with strong preferred orientation. The red bars represent characteristic reflections for
rhombohedral Bi>Ses, PDF #33-0214. (e) Thickness of a typical solution synthesized Sh-doped
Bi>Ses nanoplate measured by AFM with a measured height of 8 nm. Scale bar, 1 um.

4.3 Results and Discussions

The reaction to produce Bi>Ses was optimized the reaction by increasing the temperature to 194
°C and extending reaction time to 4 hours to obtain nanoplates with large lateral sizes. Reaction
progress was directly observed as the color of the solution changed from a colloidal white solution
to dark gray to highly reflective colloidal gray precipitate, indicating the formation of Bi.Ses
nanoplates. The synthesized Bi>Ses nanoplates are thoroughly washed by ethanol or isopropanol
to remove excess surface ligands and stored as a stable colloid in isopropanol for further

characterization.
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Figure 4.2. Bi2Ses single nanoplate with a lateral size over 10 pum.

Both the SEM and TEMimages show the as-grown nanoplates typically exhibit hexagonal
morphology with 120° edge facets and lateral size of 5 - 10 um as shown in Figure 4.1b, 4.1c inset
(top right) and Figure 4.2. The HRTEM image reveals the single-crystalline nature of the nanoplate
(Figure 4.1c), also confirmed by the selected area electron diffraction (SAED) pattern Figure 4.1c
inset (bottom left). The lattice spacing in HRTEM is ~0.209 nm corresponding to the (110) plane.
The phase purity of the products was characterized by X-ray diffraction (XRD). As indicated in

Figure 4.1d, the nanoplates obtained by this solution route display a pure rhombohedral phase of
Bi»Ses with a space group R3m. All the major peaks can be indexed to (0001) family and the larger

than calculated intensity for the | Miller index direction is due to preferred alignment of the
nanoplates. The calculated lattice constants of a = b = 4.153(5) A and ¢ = 28.612(9) A are in good
agreement with the standard literature values (a = b = 4.140 A and ¢ = 28.636 A; JCPDF #33-
0214). For the synthesis of Sh-doped Bi»Ses, excess Sh precursor was added to overcome the

limited solubility in Bi>Ses rhombohedral structure. The final product contains unreacted Se
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impurity and no other possible impurities such as the orthorhombic form of Bi,Ses,*"*® according
to the XRD of the product from the reaction (Figure 4.3). The thicknesses of the doped Bi.Ses
nanoplates are measured by atomic force microscopy (AFM) and range from 6 to 15 nm. Figure
4.1e shows an AFM image of a typical nanoplate with a smooth surface, which further
demonstrates the surface ligands, such as PVP, have been successfully removed by the washing

process.

= Orthorhombic Bi,Se;, PDF #77-2016
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Figure 4.3. Sb-doped Bi>Ses sample with Se impurity (blue star labelled out main peaks from Se).

The energy dispersive spectroscopy (EDS) spectrum obtained for an undoped BizSes single
nanoplate shows stoichiometry of Bi:Se ~2:3 (Figure 4.4a), confirming the composition. The EDS
spectrum from a single Sb-doped nanoplate shows an Sb atomic percentage of ~ 6% (Figure 4.4b),
which is significantly increased compared to nanoplates obtained from solvothermal synthesis,*

and close to that of vapor-phase-synthesized nanoribbon (~ 7%).2° We found that the amount of

Sh in various nanoplates ranged from 3-6% from the same batch. Further efforts are necessary to
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ensure a consistent maximum doping of the nanoplates. EDS elemental mapping reveals Se, Bi

and Sb are evenly distributed across the entire nanoplate (Figure 4.4c).
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Figure 4.4. (a) EDS spectrum under TEM of a single Bi>Sez nanoplate. (b) EDS spectrum of a Sb-
doped Bi.Sez single nanoplate. Inset shows the stacked EDS spectra of Sb-doped and undoped
Bi,Ses showing a noticeable Sb peak in Sh-doped sample, corresponding to an atomic
concentration of ~6%. Copper signal is from TEM sample grid. (c) Dark-field scanning
transmission electron microscopy (DF-STEM) image and EDS elemental mapping of selenium,
bismuth and antimony on one Sh-doped Bi>Ses nanoplate, indicating a uniform distribution of the

elements.

145



1l — 300k —_ — 300K
4001 7ok g 554 — 79K
200 < 50
— a -1
2 o 3
- 't" 45_
=200 1 .E
-400 S 407
1 1 I 1 1 I 1 T T I“éﬁls,"—.
-0.3-0.2-0.1 0.0 0.1 0.2 0.3 150 -100 -50 0 50
V(V) Vg (V)
c d
300 — 300K ~ 4519 — 300k
— 79K £ 1 — 79K
200+ Z 40
100 ~ 35+
~ 2
) 0 > 30+
— et
100 é 25+
=200 g 20-
-300 o 154
T T T T T T L T T T
-0.3-0.2-0.1 0.0 0.1 0.2 0.3 -150 -100 -50 0 50
V(V) Vg (V)

Figure 4.5. Field effect characteristics of undoped and Sb doped Bi»Ses devices. (a) I-V curves for
a typical undoped Bi>Ses device (#1) at 300 K and 79 K. Inset is the SEM image of a typical device.
Two bright bars are top metal contacts (5 nm Cr /90 nm Au) deposited on single nanoplate. Scale
bar, 2 um. (b) Gate dependence of conductance at 300 K and 79 K. Field-effect mobility and
electron concentration are estimated to be u = 33 cm?Vs, nop = 14 x 102cm? at 300 K and p =
249 cm?/Vs, nzp = 3 x 102 cm2at 79 K. (c)-(d) 1-V curves and gate dependent conductance for Sb
doped Bi>Sez (device #2). Field-effect mobility and electron concentration are estimated to be p =
56 cm?/Vs, nzp = 4.82 x 10%2¢cm2 at 300 K and p = 494 cm?/Vs, nzp = 0.82 x 102cm2at 79 K.

Electronic measurements of single nanoplate field effect transistors (FETs) with undoped (device
#1) and Sb doped (device #2) Bi>Ses are shown in Figure 4.5. Both devices show linear current-
voltage (I-V) curves which indicate ohmic conduction and are more conductive at liquid nitrogen
temperature (Figure 4.5a and 4.5c). Conductivity of device #2 shows a strong temperature
dependence as shown in Figure 4.6. Contact resistance determined by 3-probe measurements is
well below 100 Q (Figure 4.7). Gate dependence at room temperature indicates both undoped and

Sb doped are n-type (Figure 4.5b and 4.5d). The carrier concentration of undoped Bi.Sez is double
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that of Sb doped Bi»Ses. As the temperature is lowered to 79K, both devices show stronger gate
response (Figure 4.5b and 4.5d). We then extract the field effect mobility and carrier concentration
by using a parallel plate capacitance model. Note that this model only provides an estimation of
the exact mobility value, because of the fringe effects near the metal contact and the often-irregular
shapes of the nanoplate channels. The possible field screening at the SiO2 nanoplate interface may
also lead to an underestimation of the mobility. From this model, the 2D carrier concentration in

the Sb doped Bi,Ses nanoplate is as low as 0.82 x 102 cm2,
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Figure 4.6. Conductivity of device #2 vs temperature from 79 K to 300 K.
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Figure 4.7. 3 probe measurements of contact resistance. (a), IV curves of a three-probe device at
300 K. Inset: optical image of the device. Scale bar: 5 um. (b) IV curves at 79 K. Contact resistance
is calculated by Ry = (Rap + Roc — Rac)/2. Ry is calculated to be 70 Q and 90 Q at 300 K and 79 K,
respectively.
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Figure 4.8. (a) Distribution of electron concentration and (b) field effect mobility of undoped and
Sb doped Bi>Ses nanoplate devices at 300K and 79K respectively. The horizontal lines indicate
the average and the boxes indicate the standard deviation. Sh-doping effectively lowered the
electron concentration by half at both 300K and 79K.
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Table 4.1. Statistics of Carrier Concentration and Field Effect Mobility of Undoped and Sh-Doped
Bi>Ses Devices.

Undoped Average Sb doped Average
1(300K) cm?/Vs 60 + 29 94 + 56
n(300K)x10*2/cm? 16.3+2.38 5.5+20
1(79K) cm?/Vs 422 + 146 450 + 212
n(79K) x10'%/cm? 3.7+16 20+1.1

To further confirm the doping effects, we measured 11 undoped Bi>Sez and 19 Sb-doped Bi>Ses
single nanoplate devices. Statistics of carrier mobility and concentration are shown in Figure 4.8
and Table 4.1. On average, as-prepared undoped Bi>Ses nanoplates have a mobility p=60.4 + 28.9
cm?/Vs and carrier concentration nzp = (16.3 + 2.8) x 102 cm™ at 300 K, while Sb doped Bi,Ses
nanoplates have a mobility p=93.5 + 56 cm?/Vs and carrier concentration nzp = (5.5 + 2.0) x 10*2
cm2. At low temperature, the field-effect mobility in both types of devices increases greatly up to
10% cm?/Vs for the best devices and the carrier concentration is further reduced. Our data clearly

demonstrate that by Sh doping, the carrier concentration of Bi>Ses can be effectively reduced.
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Figure 4.9. (a) Gate voltage dependence of resistance of device #2 at 2 K, which indicates
ambipolar conduction. (b) Magnetoresistance of device #2 as a function of out-of-plane magnetic
field at various gate voltages at 2 K. (c) Magneto-conductance as a function of magnetic field.
Solid lines are fitting curves with the HLN equation. (d) o and phase coherence length 1, at

different gate voltages. The error bars from fitting are smaller than the size of the data points.

We attribute the lower carrier concentration in Sb-doped Bi2Ses to fewer Se vacancies. Bi>Sez is a
heavily doped n-type semiconductor because of the non-stoichiometric composition with a slight
deficiency of Se.2%%40 The lower carrier concentration in Sh-doped BiSes allows for the
observation of an ambipolar gate response at 2K (Figure 4.9). As gate voltage is scanned to -150
V, the device resistance first increases due to the reduction of electron concentration. Maximum
resistance is observed at -117 V. As the gate voltage continues to decrease, resistance of the device

decreases because of the increasing hole conduction. The gate response is much weaker in the p-
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type regime as seen in Figure 4.9a. This is not understood but may be caused by lower hole
mobility and/or stronger field screening at high gate voltage. The device thickness of this nanoplate
is only around 12 nm. It is likely that both top and bottom surfaces are affected by the gate
simultaneously.? The ambipolar gate response clearly indicates that we can effectively tune the
Fermi level from above the Dirac point to below it. Electron concentration as low as nyp =
3.1x10%/cm? at Vg = -117 V has been realized in this device. This estimated carrier concentration
consists of both surface and bulk contributions. The value is comparable with the reported lowest
carrier concentrations measured in BizSes.?%*! Such low carrier concentration is essential to
minimize bulk transport of TI materials and provides a possible way to study the surface transport

of Bi»Ses.

Magnetoresistance (MR) measurements are also performed on this device (#2). As can be seen in
Figure 4.9b, positive MR responses are observed under all gate voltages, showing weak anti-
localization, which is in consistence with the strong spin-orbital coupling in Sb doped Bi.Ses. MR
as large as 60% is observed at 9 T. According to the Hikami-Larkin-Nagaoka (HLN) theory, for a
2D system, the magneto-conductivity (Ac = 6(B) -c (B = 0)) is given as follows*2:

e? h 1 &

Ao = _
VGt eize

=g——|IN——- Equation 4.1
27°h|  4elZB ) g

where 1, is the phase coherence length, ¥ is the digamma function, #is the reduced Plank’s

constant, and « s a fitting parameter that takes a value of 1/2 for a 2D system with strong spin-
orbit coupling or the surface of a 3D topological insulator.*** The Ac data can be fit with the
HLN equation very well under all gate voltages (Figure 4.9¢). Phase coherence length extracted
from the fitting is around 65 nm, close to previously reported values.**® o obtained from the fitting

is around 0.26, which is a value similar to previous studies**54° and in rough agreement with the
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symplectic limit. The deviation from 1/2 has been generally attributed to the intermixing between
the bulk and surface states*’->° or sample inhomogeneity.*® Additionally, the existence of contact

resistance may also lead to an underestimation of the fitting parameters.

4.4 Conclusions

In summary, an optimized solution method is utilized to prepare Sb-doped Bi>Ses nanoplates with
a lateral size up to 10 um and as high as 6% doping amount which is close to that of vapor-phase
or solvothermal synthesized samples. Sb-doping of Bi>Ses successfully reduced the electron
concentration both at room temperature (300 K) and liquid nitrogen temperature (79 K), compared
with undoped Bi2Ses nanoplates. A pronounced ambipolar field effect is observed in the Sb-doped
Bi>Ses sample, indicating successful Sb incorporation and flexibility to manipulate the Fermi level
from above to below the Dirac point. Magnetoresistance up to 60% is observed in ambipolar
devices where the phase coherent length is around 10 nm. The solution synthesis of high-quality
Sb-doped Bi>Ses nanoplates offers an option for chemically manipulating topological insulators
and exploring the properties of single nanoplates with applications in photoelectric® and spintronic

areas.
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