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ABSTRACT OF THE DISSERTATION 

 

Investigating the solution process for constructing high-performance electronic and 

thermoelectric materials 

 

by 

 

Zhaoyang Lin 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2016 

Professor Xiangfeng Duan, Chair 

 

The ability to deposit and modulate conducting and semiconducting bulk materials and films on 

various substrates, including silicon and plastics, is of central importance for contemporary and 

future solid-state electronics, thermoelectrics and photovoltaics. Current approaches to these 

materials typically rely on high temperature chemical vapor deposition (CVD) or high vacuum 

physical vapor deposition (PVD) processes, which are usually too costly and require too high 

processing temperature, and are not typically compatible with the growing demand of low-cost 

and large-area electronics, such as the emerging wearable devices. Additionally, to prepare thin 

films using CVD or PVD processes in over large area has always been a challenge due to the 

limited size of vacuum chamber, furnace and uniformity of the heating zone. As a result, solution 

processes, with the potential advantages of low cost, low temperature and compatibility with 
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plastic substrate, have emerged as an attractive approach for next-generation flexible electronic 

devices and thermoelectrics, wearable computers and large-area displays/photovoltaics. The key 

component of the solution process is the formulation of an easy-to-handle ink with a suitable 

solvent and soluble precursor. Therefore, in my dissertation, we mainly investigated two types of 

method to prepare semiconducting or conducting ink solution, including utilizing two-dimensional 

(2D) nanoplates dispersion in solvent and a formulated co-solvent based on amine and thiol. In the 

first part, 2D nanoplates (Bi2Se3, Bi2Te3, SnS2, SnSe2, etc.) were synthesized with a ultra-small 

thickness (~ 6-15 nm) and dispersed in solvent to form a stable ink solution which could be 

processed into highly uniform thin films with superior electrical performance, by means of coating 

techniques such as spin coating and printing. In the next chapter, we employed the heterostructure 

based on 2D nanoplates to fabricate thermoelectric device with significantly reduced thermal 

conductivity and enhanced figure of merit (ZT). Another attractive discovery is the symmetry-

mismatched epitaxial growth of PbSe on Bi2Se3, which benefits from the unique layered nature of 

the van der Waals Bi2Se3 nanocrystal. The following chapters discuss the preparation of a co-

solvent which could directly dissolve a variety of semiconductor solid to form ink solution at room 

temperature within a short period of time (~ 10 min) and greatly simplified procedure. The ink 

solution could be used to fabricate highly uniform electronic thin films with excellent performance 

via conventional solution deposition approaches. At last, we demonstrated that such ink solution 

could produce a flexible high-performance thermoelectric Cu2Se thin film. The development of 

those new fabrication strategies for the solution processable ink is an exciting advancement and 

offers great opportunities in the facile fabrication of semiconducting and conducting thin 

films/bulk for large-area high-performance flexible electronics, thermoelectrics and photovoltaics 

with high throughput, greatly reduced cost and improved safety. 
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Chapter 1. Introduction 

1.1 Vapor phase deposition of thin films: The limitations 

         The ability to deposit and modulate conducting and semiconducting films on various 

substrates, including silicon, glass and plastics, is of central importance for contemporary and 

future solid-state electronics and photovoltaics.1-5 For example, the semiconducting thin film of 

copper indium gallium selenide (CIGS) represent the most efficient material for thin film solar 

cells, with the highest solar-to-electricity power conversion efficiency of around 20% and greatly 

reduced active material compared with the traditional crystalline silicon solar cells.6 Conducting 

metal and metal oxide thin films are widely used as the electrode or active components in touch 

screens and photovoltaics, which require a high electrical conductivity.7-9 Besides, epitaxial 

gallium nitride (GaN) film is grown on the sapphire substrate for the commercial white light-

emitting diodes (WLEDs).10 It is the sole reliable method for the production of high-quality GaN 

thin films for bright blue light emission.  

 

Figure 1.1. (a) Schematic illustration of the thermal evaporation process which is carried out under 
high vacuum and high temperature. (b) Photograph of the heated source material during the 
evaporation, showing the extremely high temperature in the process. Adapted from 
https://en.wikipedia.org/wiki/Evaporation_(deposition). 
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         Current approaches to these thin films typically rely on high temperature chemical vapor 

deposition (CVD) or high vacuum physical vapor deposition (PVD) processes (Fig. 1a).11-13 For 

example, in a typical PVD process, the solid source materials are heated to a very high temperature, 

approaching the melting point (Fig. 1b). At the same time, the chamber is maintained under a high 

vacuum so that the material vapor could come out and deposit to the substrate, which is usually on 

top of the source material. The thin film is prepared by the deposition of the material vapor. In 

other vapor based deposition method, such as CVD, usually high temperature and high vacuum 

are also necessary in order to generate the vapor phase of the desired materials.14 In industry, the 

vapor based deposition is widely used in areas, such as electronics, thermoelectrics, sensors, 

photovoltaics, and so on, since it could produce high-quality materials to fulfill the high 

performance required in those devices.10 

         However, the disadvantages of such technique are also obvious, that are the high cost and 

limited scalability.3 Due to the high temperature used to melt the solid (Fig. 1b) and high vacuum 

to maintain the material vapor, the overall price of the final product becomes quite high. Besides, 

the size of the processed film is restricted by the dimension of the deposition chamber and 

uniformity of the heating zone. For example, the largest commercial wafer widely used in the 

industrial deposition is 12 inch. So the small size further increases the unit price of the each device 

on the substrate and impedes the application in solar cells and displays in which a large-area thin 

film materials are desired. Another drawback is the rigidity of the fabricated thin film. In materials 

prepared by the vapor based vacuum deposition, the majority of them are not flexible and will 

readily fail after even several cycles of bending or folding.15 Now with the growing demand of the 

low-cost and large-area flexible electronics, such as the emerging wearable devices, flexible 
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computers, large-area bendable solar cells and displays, those conventional approaches become 

incompatible.  

1.2 Solution processable materials: Requirements and promise 

         To solve those problems, solution processes, with the potential advantages of low cost, low 

temperature and compatibility with plastic substrate, have emerged as an attractive approach for 

next-generation flexible electronic devices, wearable computers and large-area displays.3, 16 A few 

solution-based deposition processes, such as electrophoretic deposition and chemical bath 

deposition, have been successfully used to form semiconductor films for electronic device 

applications.17-20 CdS thin film grown by chemical bath deposition with a multi-dip method has 

yielded a carrier mobility of 4.6 cm2·V-1·s-1.17 However, although these methods are considered to 

be solution-based, generally they are not as high-throughput as the standard spin coating or various 

printing processes that require a truly soluble precursor and a suitable solvent to formulate a 

processable ink material.  

 

Figure 1.2. The fabrication of thin film materials with solution processing. (a) Photograph of the 
large-quantity stable ink. (b) The schematic showing the roll-to-roll fabrication. (c) Photograph of 
the fabricated films on plastic substrate. Adapted from ref. 21 and 
http://www.solarserver.com/solarmagazin/solar-report_1109_e.html. 

         A true solution processing method, which exhibits the advantages mentioned above, such as 

low cost, low temperature and compatibility with plastic substrate, must involve the use of a stable 

and easy-to-handle ink that could be coated on various substrates with techniques like the lab-scale 
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spin coating or industry-scale printing/roll-to-roll fabrication (Fig. 2).3 First, for the ink material, 

the solution with molecular solute (polymer, small organic molecules, hydrazinium-based metal 

chalcogenide salt, etc.) or stable nanostructures (quantum dots, Ag nanowires, etc.) is preferred. 

The basic requirement for the ink is that it must be stable for a quite long period of time and yield 

the desired materials upon the evaporation of solvent and thermal annealing (optional). And in 

order to accommodate with the practical industrial fabrication, the ink material is expected to be 

able to be made in a large scale. Then to deposit the ink on the substrate, several well-established 

techniques are already present in both lab scale and industry scale. For wafer-scale fabrication, 

spin coating, blade casting or drop casting have been demonstrated to be simple and effective in 

abundant researches. In industry, large-scale ink-jet printing and roll-to-roll fabrication have been 

developed to continuously process materials in a scalable fashion which could significantly reduce 

the unit price for the film and is promising to produce films for large-area devices. 

         In the current stage, the formulation of suitable ink solution is the key step in the solution 

processing since the deposition techniques are relatively mature. The lacking in an appropriate ink 

for a variety of materials has hindered the growth of the fabrication of applicable low cost, large 

area and flexible electronic devices. However, in the past two decades, remarkable progresses have 

been made in the preparation of diverse operable ink materials. In the following parts, we will 

review the development of solution processable ink with the focus on inorganic materials. 

1.3 The ink materials 

1.3.1 Zero-dimensional nanostructures 

         Individual molecules22, 23 and quantum dots,24-26 which can be classified as zero-dimensional 

(0D) structures, are attractive building blocks for bottom-up assembly of thin films and nanoscale 

electronic devices. These OD structures have been intensively pursued over the past decade since 
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they represent the smallest building blocks with corresponding high potential for massive 

integration. Truly soluble molecules will be discussed later and here we focus on the 0D quantum 

dots.  

 

Figure 1.3. (a) Cross-sectional scanning electron microscopic (SEM) image of the PbSe quantum 
dots film deposited on SiO2/Si substrate. (b) Transmission election microscopic (TEM) image of 
the PbSe quantum dot. (c) Schematic showing the structure of the quantum dots based thin film 
transistor, with a back gate. (d) Electrical performance of the film constructed from PbSe quantum 
dots. Adapted from ref. 27. 

         Quantum dot usually has an ultra-small size in three dimensions and thus possess a very large 

surface area to volume ratio (Fig. 1.3a,b). To passivate the dangling bond of the outer layer atoms, 

the quantum dot surface is usually covered with a compact layer of ligand which makes it highly 

soluble in the solvent (hexane, etc.). The quantum dot dispersion could be deposited onto various 

substrates to form a continuous layer which have been demonstrated to perform well as electronic 

devices (Fig. 1.3c,d).27 Departing from the initial report of CdSe nanocrystal transistor with 

electron mobility of 1 cm2·V-1·s-1 in 1999,28 tremendous efforts have been made on the 
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improvement of performance of such films. CdSe quantum dot based film with a short thiocyanide 

ligand achieved a mobility up to 27 cm2·V-1·s-1.29 In 2015, with a composition-matched molecular 

“solders” for semiconductors, Talapin et al realized a room temperature mobility of over 300 

cm2·V-1·s-1 at room temperature with quantum dots.30 

         However, the main disadvantages of quantum dots include the high toxicity of the Pb and Cd 

element, sensitivity to the air and complex synthetic control which limits the application in a broad 

area.31 Furthermore, the extremely high performance of those quantum dots based transistor could 

only be achieved in certain materials and also require sophisticated manipulation.32, 33 

1.3.2 One-dimensional nanostructures 

         One-dimensional (1D) nanostructures have also been the focus of extensive studies 

worldwide due to their unique physical properties and potential to revolutionize broad areas of 

nanotechnology.8, 34-36 1D nanostructures represent the smallest dimension structure that can 

efficiently transport electrical carriers.   

 

Figure 1.4. (a) Ag NW ink in ethanol solvent with concentration of 2.7 mg/mL. (b) Meyer rod 
coating setup for scalable Ag NW coating on plastic substrate. The PET plastic substrate is put on 
a flat glass plate and a Meyer rod is pulled over the ink and substrate, which leaves a uniform layer 
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of Ag NW ink with thicknesses ranging from 4 to 60 m. (c) Finished Ag NW film coating on PET 
substrate. The Ag NW coating looks uniform over the entire substrate shown in the figure. (d) A 
SEM image of Ag NW coating shown in panel c. The sheet resistance is 50 Ω/. Reprinted with 
permission8 © American Chemical Society. 

         1D nanostructures include nanowires (Si, CdS, Ag, etc.), nanoribbon (CdS, Bi2Se3, etc.), 

nanotube (carbon nanotube, etc.) and other structures with 1D or quasi-1D shape. 1D 

nanostructures could be synthesized with flask based wet chemistry or furnace based vapor 

deposition.37, 38 Then the nanostructures are dispersed into suitable solvent to form a stable ink. 

For example, silver nanowires (Fig. 1.4) have shown great promise in the next-generation flexible 

transparent conductor due to the high electrical conductivity/optical transmittance and relatively 

abundant element (comparing with indium-based materials). The conductivity reaches ~ 50 Ω/ 

with an optical transmittance ~ 80% at 550 nm.8 Semiconducting Si and CdS nanowires or 

nanoribbons have been shown to assemble into high-performance thin film transistor with room 

temperature mobility over 283 cm2·V-1·s-1 (Fig. 1.5).34 

 

Figure 1.5. (a) Diagrams illustrating the NW-TFT fabrication process. (b) Optical micrograph of 
flow aligned NW thin film. Scale bar, 80 mm. Inset, a picture at higher magnification. Scale bar, 
20 mm. The micrographs show that the NW thin film is nearly a monolayer of NWs, but 
occasionally a few NWs cross over each other. The average space between parallel NW arrays is 
estimated to be 540 nm. (c) Optical micrograph of NW-TFTs fabricated on NW thin films. Scale 
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bar, 100 mm. Inset, a schematic view of the NW-TFT configuration. (d) Optical micrograph of a 
NW-TFT, where parallel arrays of NW are clearly seen to bridge the full distance from the source 
to the drain electrodes. Scale bar, 5 mm. (e) Transfer curve of the fabricated CdS NW transistor. 
(f) Complementary inverter constructed from Si NW and CdS nanoribbon TFTs. Adapted with 
permission34 from Macmillian Publishers Ltd: Nature, 2003. 

         There are also several drawbacks in the nanowire based thin films. First, the nanowires tend 

to assemble into a network with a large portion of void in the film. It is beneficial for transparent 

conductor in order to achieve high transmittance.39 However, the non-compact nature would 

deteriorate the electrical performance, including the limited current delivering capacity due to the 

incompletely covered surface. And the contact resistance between each nanowire remains an issue 

which severely decrease the overall conductivity.40 Alternatively, the nanowires could be carefully 

assembled into ordered film to achieve superior performance which however, requires 

sophisticated manipulation of the nanowire and thus not scalable or compatible with practical 

applications.34, 41 

1.3.3 Dimension reduction solvent 

         Aside from synthesizing nanostructures first and then dispersing them into, another more 

simple and straightforward method is to directly dissolve the targeted materials bulk into a liquid 

which naturally provides an ink. Strictly speaking, the soluble ions also belong to 0D building 

block which is similar to quantum dots. But the preparation strategy and processing conditions are 

quite different and we would discuss them into separate sections. 

         The covalent bond in the majority of the semiconductors (metal chalcogenides, silicon, etc.) 

which provides the benefit of the desired electronic properties (e.g., high electrical mobility), 

represents an important barrier for solution processing.42 Therefore, only several examples have 

been reported to dissolve chalcogenides and recover them after coating onto substrate. To date, 

there are merely two general liquid which could dissolve a wide range of semiconductor solid, 
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namely, hydrazine and co-solvent based on amine/thiol pair.43-45 The breaking down of covalent 

lattice in crystal solid is called “dimension reduction” since the three-dimensional lattice are 

essentially reduced to zero-dimensional ions after dissolution. The co-solvent based on amine/thiol 

pair will be thoroughly discussed in the following chapters. Here we will mainly mention the 

progress in hydrazine and other few examples. 

5 2 2 	→ 	 4  (X= S, Se)                   (1) 

→ 4 2 2 	 	 ,                                       (2) 

         Hydrazine is capable of dissolving metal chalcogenide, including SnSe2-xSx, In2Se3, GeS2, 

GeSe2, Cu2S, Sb2Se3, Sb2Te3, CuInSe2, Cu(In1-xGax)Se2, CuInTe2, Ga2Se3, KSb5S8, ZnTe, LiAsS2, 

and MoS2 (Eq. 1).42 The formation of truly soluble ion in hydrazine produces a high quality ink 

solution (Fig. 1.6a). Upon heating, decomposition of the precursor to the crystalline semiconductor 

occurs through the pathway in Eq. 2 and yields a high-quality thin film (Fig. 1.6b). The byproduct 

are all in a gas phase (N2H4 and H2X) which easily leave the final film. Therefore, the obtained 

films usually exhibit high electrical and photovoltaic performance due to the absence of significant 

impurities (Fig. 1.6c-f). Actually the hydrazine processed semiconductor is a large family which 

have been extensively investigated with very nice performance been achieved.5, 46-48 Besides, 

various thiol or organic ligand have been used to react with metal oxide to form a soluble 

precursor.49, 50 But usually such a conversion of one material to another is considered as dimension 

reduction here. 
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Figure 1.6. (a) Cu2S dissolved in N2H4 assisted by sulfur, with a serial of Cu/S ratio from 1:1.5 to 
1:0.66. (b) Cross-sectional TEM image of the SnS2 film deposited on SiO2 substrate using N2H4. 
(c) Drain current, ID, versus drain voltage, VD, as a function of gate voltage, VG, for a spin-coated 
SnS2 channel layer. (d) Plots of ID and ID

1/2 versus VG at constant VD = 85 V, used to calculate 
current modulation, Ion/Ioff, and saturation regime mobility, for the SnS2 channel. (e)Plots of ID 
versus VD, as a function of VG, for a spin coated SnS1.4Se0.5 channel. (f) Plots of ID and ID

1/2 versus 
VG at constant VD = 85 V for the SnS1.4Se0.5 film. Adapted from ref. 5 and 51. 

1.4 Overview of the dissertation 

         In this dissertation, I will mainly focus on two different methods to produce solution 

processable ink to construct high-performance electronic and thermoelectric devices. First in 

chapter 2, I will introduce the two-dimensional (2D) nanoplates as a new type of ink material 

which possess the ideal geometry film construction. The ultra-small thickness renders the 

nanoplates high solubility in solvent while the large lateral size significantly reduces the number 

of grain boundaries and thus enable a high electrical performance. 



11 

 

         In chapter 3, a heterostructure based on Bi2Se3 2D nanoplates and PbSe is investigated. 

Interestingly, we highlight the symmetry-mismatched epitaxial growth of PbSe on Bi2Se3 in which 

the two contacting planes, PbSe (001) (square) and Bi2Se3 (0001) (trigonal), do not share the same 

symmetry. The dangling bond free surface of Bi2Se3 nanoplates attributed to be the main reason 

to allow such epitaxial growth to happen. Furthermore, the fabricated PbSe/Bi2Se3 heterostructure 

exhibits a significantly reduced thermal conductivity and an enhanced figure of merit (ZT) in the 

thermoelectric test. 

         In chapter 4, a co-solvent based on amine and thiol is used to directly dissolve a wide range 

of semiconductor solids at room temperature in about 10 min. This method solves many problems 

of nanostructure ink, including the complex synthetic control of nanostructure, long process period 

and generation of a large quantity of organic waste. The true molecular precursor leads to high 

perfection in the film structure and superior electrical performance. 

         In chapter 5, I demonstrate the application of the co-solvent by fabricating a flexible high-

performance thermoelectric Cu2Se thin film. The Cu2Se thin film presents s high power factor of 

0.62 mW/m·K2 at 684 K, which is much higher than the values obtained from other solution 

processed Cu2Se thin films (< 0.1 mW/m·K2) and among the highest values in all the flexible 

thermoelectric films reported to date (~ 0.5 mW/m·K2).  Besides, the film is highly flexible which 

could be integrated with the emerging flexible computers and wearable electronics. At the end, I 

will summarize the merits in the discussed methods that produce solution processable ink materials.  
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Chapter 2. Colloidal Two-dimensional Nanoplates as Building Blocks 

2.1 Introduction 

Plastic substrates have become the preferred substrates for large area electronics and 

optoelectronics because of the light weight, flexibility, shock resistance and low cost.1, 2 To this 

end, the deposition of conducting or semi-conducting thin films on plastic substrates is of central 

importance. For example, semiconducting thin film (e.g., polycrystalline or amorphous silicon) is 

the base material for thin film transistors, which are the fundamental building blocks for all large-

area electronics.3 The transparent conducting thin film (e.g., ITO: indium tin oxide) is an essential 

component for diverse optoelectronic devices that simultaneously require the high electrical 

conductivity and optical transparency, including liquid crystal displays, touch screen, organic 

light-emitting diodes (OLEDs) and solar cells.4 Current approaches to these thin films usually 

involve high temperature chemical vapor deposition (CVD) processes or high vacuum physical 

vapor deposition (PVD) processes, which are often too costly and/or require too high processing 

temperature to be compatible with plastic substrates.5-8 

For example, indium tin oxide (ITO) is the dominant material for transparent conductor today 

and is typically prepared by costly PVD approaches.9 However, the limited natural abundance of 

indium and the brittle nature of the ITO film pose a potential challenge for its application in future 

flexible devices. Additionally, ITO shows poor transparency in near-infrared (NIR) region due to 

the free carrier absorption, and thus unsuitable for infrared imaging, sensing, emission devices, or 

NIR-sensitive solar cells.9-12 On the other hand, it has been recently shown that CVD grown Bi2Se3 

thin films can function as an excellent infrared transparent conductor.6, 8 Bi2Se3 is a layered narrow-

bandgap semiconductor, and also a typical topological insulator with metallic surface state.13, 14 



17 

 

Theoretical and experimental studies have revealed that the conducting surface states in Bi2Se3 are 

concentrated within a few quintuple layer thickness (< 6 nm)15. Therefore, Bi2Se3 nanostructures 

may represent an ideal material for the construction of highly conductive electronic thin films. 

Additionally, the topological insulator Bi2Se3 thin films can also exhibit a unique infrared 

transparency property due to the forbidden direct photoexcitation within the surface state to make 

it an excellent NIR transparent conductor for infrared optoelectronics.6 However, these Bi2Se3 thin 

films studied to date are typically obtained by CVD approach, which requires stringent synthetic 

conditions including specific substrate (e.g. mica), high temperature and vacuum, which are 

difficult and costly to scale for large area production on plastic substrates.6, 8  

To reduce the processing temperature for plastic electronics, there is a growing interest in 

solution dispersible materials (ink) that can be processed into conducting or semiconducting thin 

films on plastic substrates using low-temperature and low-cost approaches such as spin coating, 

dip coating, or inkjet printing.5 To this end, organic semiconductors (or conducting polymer) 

represent a classical example of solution processible material for the formation of conducting thin 

films.16, 17 These solution-processed organic thin films, however, typically exhibit a low charge 

carrier mobility < 1-10 cm2·V-1·s-1.18 Alternatively, solution processible inorganic nanostructures 

has emerged as a new class of materials that can be processed like organic materials at low 

temperature while at the same time retain the excellent electrical properties of crystalline inorganic 

materials for high-performance electronic and optoelectronic devices on flexible substrates.7, 19, 20 

To date, zero dimensional (0D) nanostructures (e.g., quantum dots) and one-dimensional (1D) 

nanostructures (e.g., nanowires and nanotubes) have been synthesized with nearly perfect 

crystalline structure. These nanostructures can often be dispersed in solution to form a stable and 
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easy-to-handle colloidal ink to allow solution processing of conducting thin films.1, 4, 21 The most 

commonly used inorganic colloidal ink is based on quantum dot materials, which can readily form 

thermodynamically stable colloidal solutions and be processed into thin film materials on diverse 

substrates through a simple spin-coating or dip-coating process.5, 7, 22 Although the electrical 

performance (e.g., carrier mobility) of the resulting films is generally greatly better than that of 

organic thin films, it is however still limited by the severe scattering from a very large number of 

grain boundaries within the quantum dots thin films due to the nanoscale grain size (Fig. 1a).5, 22, 

23 Using 1D nanowire- or nanotube-ink can greatly reduce the number the grain boundaries 

between the source-drain electrodes.1, 24-28 However, thin films obtained from these 1D 

nanostructures usually have a limited surface coverage with limited current delivering ability 

and/or require sophisticated assembly approaches to optimize the surface coverage for desired 

delivering current (Fig. 1b).29  

Here we propose the two-dimensional (2D) nanoplates as a new colloidal ink for the assembly 

of high-performance electronic thin films for flexible electronics and optoelectronics. We believe 

that 2D nanoplates represent an ideal geometry for the assembly of continuous thin film with 

essentially 100 % surface coverage and at the same time greatly reduced grain boundaries to enable 

high-performance solution processible electronic thin films (Fig. 1c). To demonstrate the potential 

of 2D colloidal nanomaterials for thin film materials, here we report the solution-phase synthesis 

and assembly of topological insulator Bi2Se3 and Bi2Te3 nanoplates to form high-performance 

electronic thin films on versatile substrates, including silicon, glass and plastic. We show Bi2Se3 

(or Bi2Te3) nanoplates can be synthesized with the controlled thickness down to single unit cell to 

form a stable colloidal solution, and used for the assembly of highly conductive thin films with the 

conductivity of 772 S·cm-1 and the carrier mobility of 113 cm2·V-1·s-1. The conductivity and 
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mobility of the films in this work, to the best of our knowledge, are the highest among all of the 

solution-processed Bi2Se3 thin films (including those from chemical bath deposition and 

nanocrystal in solution).29-31 and are comparable to the best vacuum-deposited thin films32-34 due 

to the unique 2D geometry effect, i.e., large lateral crystalline length and thus few lateral grain 

boundaries. Significantly, the Bi2Se3 nanoplate thin film can be readily fabricated onto plastic 

substrates with the excellent flexibility. Our study presents a first demonstration of using solution-

phase synthesized colloidal nanoplates for the assembly of high-performance conducting thin films 

on flexible substrates. 

 

Figure 2.1. Schematic illustration for thin films based on 0D (a), 1D (b) and 2D (c) nanostructures. 

2.2 Experimental section 

Chemicals: Bismuth nitrate pentahydrate (Bi(NO3)3·5H2O, >99.9%), Sodium selenite 

(NaSeO3, >99%), Sodium tellurite (NaTeO3, >99.5%), Sodium hydroxide (NaOH, >99%), 

Poly(vinyl pyrrolidone) (PVP, MW≈40,000) and Ethylene glycol (EG) were all purchased from 

Sigma-Aldrich. All the chemicals were used as received without further purification.  

Synthesis of bismuth selenide nanoplates. For 6 nm-thick-nanoplates, 0.2 mmol  Bi(NO3)3·5H2O 

(0.0970 g) , 0.3 mmol NaSeO3 (0.0519 g) and 2 mmol PVP (0.2223 g) were dissolved in 10 mL 

ethylene glycol. The mixture was stirred for 10 min and then heated to 190 oC (in about 12 min) 

in a 25 mL three-neck flask equipped with thermal couple and reflux condenser in a heating mantle. 
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After 2.5 hr, the heating mantle was removed and the mixture was allowed to cool down to room 

temperature naturally. The mixture was then centrifuged at 10 K rpm for 8 min after the addition 

of 20 mL isopropanol and 10 mL acetone. The supernatant was discarded and the solid was 

dispersed in another 40 mL isopropanol. The washing steps were repeated with isopropanol for 

two more times. The final product was dispersed in isopropanol for further characterization. The 

synthesis of thicker bismuth selenide nanoplates was similar to the 6 nm-thick-nanoplates except 

that no or a very small amount (< 0.1 mmol) PVP was added to the mixture. The reaction 

temperature and washing procedure were the same. 

Synthesis of bismuth telluride nanoplates. 0.2 mmol Bi(NO3)3·5H2O (0.0970 g), 0.3 mmol 

NaTeO3 (0.0665 g), 4 mmol NaOH (0.1600 g) and 2 mmol PVP (0.2223 g) were dissolved in 10 

mL ethylene glycol. The mixture was stirred for 10 min and then heated to 190 oC in a 25 mL 

three-neck flask equipped with a thermal couple and reflux condenser in a heating mantle. After 3 

hr, the heating mantle was removed and the mixture was allowed to cool down to room temperature 

naturally. The washing procedure was similar to that of Bi2Se3 nanoplates. 

Deposition of thin film and post-treatment. The dispersion of Bi2Se3 or Bi2Te3 in isopropanol 

was centrifuged at 3 K rpm for 3 min. The upper dispersion was carefully taken out with pipette 

and the bottom precipitated solid was discarded. This step, which can remove the aggregated 

nanocrystals, is very important to get high-quality thin film. The dispersion was spin coated onto 

an oxygen-plasma-treated 300 nm SiO2/Si substrate, glass slide or polyimide substrate (90 W, 8 

min) at a speed of 2000 rpm. To get thicker films, multiple spin coating processes were repeated. 

For the post deposition thermal treatment, the films were typically annealed on a hot plate inside 

of an argon-filled glove box at 350 oC for 30 min. With a 45 oC isopropanol soak process prior to 

the thermal treatment, an alternative lower temperature (240 oC, 6 hrs) annealing process was also 
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developed to produce nanoplate thin films with essentially the same electrical performance. The 

lower temperature annealing can allow more choices for plastic substrates besides polyimide.  

Furthermore, we have developed a rapid laser annealing process as an example of other 

potential annealing methods. By raster scanning a defocused laser beam (785 nm, 12 mW, 10 m 

spot size and 0.1 s exposure time), we can readily achieve the same conductance as those obtained 

by thermal annealing process. Importantly, with its unique IR transmission and visible absorption 

properties, the visible laser can be largely absorbed by the Bi2Se3 nanoplate thin film and transmit 

through the transparent PET substrate. Along with the rapid laser annealing process, it can allow 

a more localized heating of the Bi2Se3 nanoplate thin film without increasing the substrate 

temperature beyond the melting point.  

Device fabrication. For the Hall effect measurement, small square Ti/Au (50 nm/50 nm) 

electrodes were deposited onto the corners of the film with mask using E-Beam evaporator. For 

the transport property measurement on single nanoplate, a standard E-beam lithography followed 

by E-beam evaporation of metal electrodes was performed. For the sheet resistance, small round 

Ti/Au (50 nm/50 nm) dot-like electrodes were deposited onto the thin films using a shadow mask 

with E-beam evaporator. The sheet resistance were measured using a four-probe method.  

Characterization. Characterizations were carried out using scanning electron microscopy (SEM, 

JEOL JSM-6700F FE-SEM) with energy dispersive spectroscopy (EDAX), transmission electron 

microscopy (TEM, T12 Quick CryoEM and CryoET FEI; acceleration voltage, 120 KV. Titan 

S/TEM FEI; acceleration voltage, 300 KV), X-ray diffraction (XRD, Panalytical X'Pert Pro X-ray 

Powder Diffractometer), atomic force microscopy (AFM, Bruker Dimension 5000 Scanning Probe 

Microscope), UV-Vis-NIR spectroscopy (Shimadzu 3100 PC). The cross-sectional sample with 

prepared by cutting the film on the SiO2/Si substrate using focused ion beam (FIB). The Hall 
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measurements were performed in a PPMS (Quantum Design). Other transport characteristics 

measurements were conducted with a probe station and a computer-controlled analogue-to-digital 

converter at room temperature. 

2.3 Results and discussion 

Layered Bi2Se3 has a rhombohedral crystal structure in the space group of (R-3m) with a large 

unit cell (~ 3 nm along c axis) consisting of 15 layers of atom which are divided into 3 quintuple 

layers. The Bi2Se3 nanoplates were grown in the ethylene glycol (EG) solution using 

poly(vinylpyrrolidone) (PVP) as the surfactant and capping agent. The synthetic is process is rather 

robust and similar Bi2Se3 nanostructure has been investigated by a number of groups.31, 35-42 Note 

that ethylene glycol and PVP, unlike the bulky oleylamine and oleic acid, do not form a close-

packed layer on the surface which usually inhibits the electron transfer between the particles and 

severely undermines the performance of the resulting electronic devices.5, 23 The clean solvent and 

less compact surfactant are important for stronger interaction and more facile charge transfer 

between nanoplates and therefore ensure the excellent electronic properties of the prepared thin 

films.43 
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Figure 2.2. Characterization of the Bi2Se3 nanoplates. (a) Powder X-ray diffraction pattern of the 
6 nm thick Bi2Se3 nanoplates. (b) Typical SEM image of the 6 nm thick Bi2Se3 nanoplates. Scale 
bar, 1 µm. (c) AFM image of an individual Bi2Se3 nanoplate. Scale bar, 300 nm. (d) Typical TEM 
image of a 6 nm thick Bi2Se3 nanoplate. Scale bar, 300 nm. (e) Corresponding high-resolution 
TEM image for the part highlighted by the yellow square in (d). Scale bar, 2 nm. Inset is the fast 
Fourier transformation (FFT) of the HRTEM image. (f) Energy dispersive spectroscopy result of 
Bi2Se3 nanoplates obtained under an SEM. 

The powder X-ray diffraction (XRD) pattern of the as-synthesized sample shows a pure phase 

of rhombohedral Bi2Se3 (Fig. 2a). The morphology and structure of the as-synthesized Bi2Se3 

nanoplates were further characterized using scanning electron microscopy (SEM) (Fig. 2b), atomic 

force microscopy (AFM) (Fig. 2c) and transmission electron microscopy (TEM) (Fig. 2d, e). The 

majority of the nanoplates display a hexagonal geometry, with the lateral sizes in the range of 0.5-

3 m (Fig. 2b). AFM studies show that most of the nanoplates have a same thickness of 6 nm (Fig. 

2c), which is the approximate length of 2 unit cells along the c axis. A small portion of nanoplates 

have smaller thickness of 3 nm, which corresponds to a single unit cell. The high-resolution TEM 

image (Fig. 2e) shows an atomically resolved lattice spacing of 0.21 nm, corresponding to the (11-
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20) lattice plane. Electron diffraction (or FFT of high resolution image) can be indexed as the 

[0001] zone axis, demonstrating that the upper/bottom surface is the (0001) plane. The energy 

dispersive spectroscopy (EDS) result also confirms the existence of Bi and Se in the sample with 

approximate atomic ratio of 2 to 3 (Fig. 2f).  

 

Figure 2.3. Performance of the uniform Bi2Se3 nanoplate thin film. (a) Photograph for the colloidal 
Bi2Se3 nanoplate ink and as-deposited nanoplate thin film on a standard 4-inch SiO2/Si wafer with 
mirror-like surface (no thermal annealing). (b) SEM image of the Bi2Se3 nanoplate thin film. Scale 
bar, 1 µm. (c) SEM image of the cross-section of the Bi2Se3 nanoplate thin film. Scale bar, 200 
nm. (d) XRD pattern for the highly uniform Bi2Se3 nanoplate thin film. (e) Ids-Vds curve for the 
Bi2Se3 thin film at 300 K and 2 K, respectively. Geometry for the device is length/width (L/W)=1:5. 
(f) Temperature dependence of the mobility and conductivity of the Bi2Se3 nanoplate thin film in 
the range from 2 K to 300 K. 

The solution-phase synthesized Bi2Se3 nanoplates can be thoroughly washed to remove the 

excess ligands and dispersed in isopropanol to form a stable colloidal solution. Using the colloidal 

Bi2Se3 nanoplates ink, a uniform thin film of Bi2Se3 can be readily prepared on the standard 4-inch 

Si/SiO2 substrate using a simple spin coating process. Unlike the CVD-grown ones, the solution-

processed film can be easily made into large scale.5, 7, 19 Due to the relatively large lateral 
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dimension and ultra-small thickness, the spin-coating deposited thin films show the excellent 

uniformity with a mirror-like surface (Fig. 3a). To thoroughly remove the solvent residue and 

enhance the interaction between nanoplates, the spin-coated Bi2Se3 nanoplate thin film was treated 

with a 240-350 °C thermal annealing or a rapid laser annealing process (see experimental section 

in supporting information). SEM image of the resulting nanoplate thin film shows that the 

hexagonal nanoplates overlap with each other evenly to form a continuous thin film (Fig. 3b), 

which is also confirmed by the cross sectional SEM image (Fig. 3c). The XRD pattern of the film 

shows that all major diffraction peaks can be indexed to (0001) family planes for rhombohedral 

Bi2Se3 crystals (Fig. 3d). Compared with the XRD pattern for the Bi2Se3 powder (Fig. 2a) and 

other reported results,37, 44 the observation of only (0001) peaks suggests that the nanoplates 

preferentially lie on the substrate with same orientation facing upwards when spin-coated onto the 

substrate. Due to the large lateral length and small thickness, the large but thin nanoplates cannot 

stand vertically on the substrate, not even tilt too much when carefully handled. As a result, only 

the lateral planes, i.e., (0001), can contribute to the XRD pattern. Together, these studies 

demonstrate that Bi2Se3 nanoplates can be assembled into the highly uniform thin film with a 

strong preference in orientation over the large area substrate using the simple spin-coating process. 

To probe the electronic properties of the resulting Bi2Se3 nanoplates thin films, we have 

fabricated two terminal devices with Ti/Au (50 nm/50 nm) thin film electrodes. Electrical transport 

measurements show a linear I-V curve (Fig. 3e), indicating an ohmic contact with the Ti/Au 

electrodes. We have further conducted temperature-dependent measurements to determine the 

conductivity and carrier mobility of the Bi2Se3 nanoplates thin film as a function of temperature 

(Fig. 3f). Our study show that both the conductivity and mobility increase with decreasing 

temperature in the range of 300 K to 2 K, showing a typical metallic behavior.45 Temperature 
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dependent studies on single-nanoplate and double-nanoplate devices also show highly comparable 

characteristics, with higher conductivity at lower temperature for all samples (Fig. 4), indicating 

that the electrical properties of the thin film are not dominated by the grain boundaries, but by the 

intrinsic electronic properties of the nanoplates themselves. Hall measurements were also used to 

determine the carrier mobility and carrier concentration. Significantly, the thin film exhibits an 

exceptional high carrier mobility of 113 cm2·V-1·s-1 at 300 K and 311 cm2·V-1·s-1 at 2 K (Fig. 3f), 

which is surprisingly high as a solution-processed polycrystalline thin film. This is particularly 

significant considering the relatively high carrier concentration (around 1019 cm-3). The mobility 

value achieved here is the highest one among the solution-processed inorganic thin films (typically 

on the order of 1-10 cm2·V-1·s-1 or less).5, 7, 19, 23, 46 The conductivity of the Bi2Se3 nanoplate thin 

film is determined to be 772 S·cm-1 at 300 K and 2083 S·cm-1 at 2 K (Fig. 3f). To the best of our 

knowledge, these values represent the highest conductivity achieved in solution-processed Bi2Se3 

thin films30, 31, 44, 47-49 and are comparable to those of the best CVD-grown ones.32-34 It is also 

important to note that the conductivity for our solution-processed Bi2Se3 nanoplate thin film is 

better than most of solution-processed transparent conducting oxide materials,50-52 reduced 

graphene oxide and carbon nanotube films (See more details in Ref. 61).53, 54  
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Figure 2.4. Temperature dependence of the conductivity for single-, double- Bi2Se3 nanoplate 
devices and the thin film device, in the range of 2-300 K. Inset are the optical microscope images 
for the single-nanoplate (left) and double-nanoplate (right) devices. The scale bars are both 1 m. 

The superior conductivity suggests the possibility to use the nanoplates as a colloidal ink for 

the assembly of highly conducting thin films. The Bi2Se3 has been reported to be highly transparent 

in the near-infrared region (1000 nm to 3000 nm) despite that the photon energy in this region 

exceeds the band gap energy (0.3 eV, ~ 4000 nm). This is mainly attributed to the ultra-thin 

topological nature of the Bi2Se3 nanoplates, which forbids direct photoexcitation in the topological 

surface states.6 Additionally, the free-carrier plasma edge is located in the far-infrared frequency.55 

The CVD-grown Bi2Se3 thin film has been shown to be a promising candidate for near-infrared 

transparent electrode.6, 8 Importantly, our solution-processed Bi2Se3 nanoplates thin film can 

exhibit a similar near-infrared transparency characteristics (Fig. 5a).6, 36, 56 By controlling the 

number of spin-coating processes, it is possible to control the nanoplate thin film thickness and its 

transmittance in the infrared regime. Similarly, the sheet resistance of the corresponding thin films 

can be determined by the transport measurement (Fig. 5b). A tradeoff relationship is clearly 

observed between transmittance and conductance (Fig. 5c). The sheet resistance can reach 340 Ω 

per square with 52 % transmittance (at = 3000 nm).  
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Figure 2.5. Characterization of the transparency and flexibility of Bi2Se3 nanoplate thin films.  (a) 
Vis-NIR spectrum of the Bi2Se3 nanoplate thin films with various deposition times and thickness. 
The black, red, blue, green, pink lines are for thin films obtained by 2, 4, 7, 9 12 times of spin 
coating respectively. (b) Corresponding I-V curve of the Bi2Se3 nanoplate thin film in (a). The 
measurement is based on four probe method. (c) Sheet resistance vs. transmittance at 3000 nm 
relationship for a series of nanoplate thin films with various thickness. (d) Photograph of the Bi2Se3 
nanoplate thin film on polyimide substrate. (e) Relative resistance change in response to the 
bending cycles for the 60 nm-thick Bi2Se3 nanoplate thin film and 60 nm-thick ITO thin film on 
polyimide substrate. The bending radius is 10 mm and the tensile strain is 0.0025. (f) I-V curves 
of the nanoplate thin films before and after the oxygen plasma treatment (90 W, 30 s). 

With the solution processible ink, Bi2Se3 nanoplates can be readily deposited onto flexible 

plastic substrates using a similar spin coating process (Fig. 5d). The flexibility of the ultrathin 

nanoplates and their robust topological surface states may preserve the electrical conduction under 

the large strain and distortions during mechanical bending to exhibit exceptional flexibility.6, 8 

Significantly, the solution processible Bi2Se3 nanoplates thin film exhibits an exceptional 

flexibility when compared with the traditional ITO on the flexible plastic substrates. The plot of 

the thin film resistance as a function of the number of bending cycles (with the radius and strain 

of 10 mm and 0.0025) shows that the resistance of Bi2Se3 nanoplate thin films on polyimide 
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increased by only 10 % (from the original 285 Ω to 315 Ω) after 1000 bending cycles and by 48 % 

(to 423 Ω) after 10000 bending cycles, respectively, while the resistance of the sputtered ITO thin 

films increased by about 518 % (from the original 151 Ω to 933 Ω) and by 1519 % (to 2445 Ω) 

respectively (Fig. 5e). It should be noted that the surface of polyimide substrate is not smooth 

enough and the electrodes on the film may break which may partly compromise the durability of 

the film during the bending process. The intrinsic flexibility of the Bi2Se3 nanoplate thin film may 

be further improved by using smoother substrate.6, 8 

In addition, we tested the effect of oxygen plasma treatment on the films. Fig. 5f demonstrates 

a typical sheet resistance change from the original 458 Ω per square to 553 Ω per square, which 

increases by about 21 %, after directly exposed to a plasma mixture of oxygen/nitrogen (1:4) under 

an input power of 90 W for 30 seconds. This compares favorably to CVD-grown sample with 

roughly a 33 % increase.6 Unlike the single layer graphene transparent electrode, which can be 

readily destroyed in oxygen plasma, the Bi2Se3 transparent conductor is much more robust to the 

extreme environment. The solution assembly of Bi2Se3 nanoplate thin film opens a low 

temperature, low cost pathway to IR transparent conducting materials that may find many 

important applications in diverse IR optoelectronics including IR sensing, imaging and emission 

devices. For example, in forward-looking infrared (FLIR) system, the IR transparent conductor 

can be coated on the surface for defogging, de-icing, destaticization, reducing the electromagnetic 

interference while allowing enough IR light to enter the system.  
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Figure 2.6. Characterization of the Bi2Te3 nanoplate thin film. (a) Photograph of the colloidal 
Bi2Te3 nanoplates ink and as-deposited nanoplate thin film on 4-inch SiO2/Si wafer with mirror-
like reflection (no thermal annealing). (b) Typical SEM image of the Bi2Te3 nanoplate thin film. 
Scale bar, 1 µm. (c) XRD pattern of the uniform Bi2Te3 nanoplate thin film with strong orientation 
preference. (d) Temperature dependence of the mobility and conductivity of the Bi2Te3 nanoplate 
thin films in the range from 2 K to 300 K. 

Importantly, our strategy to use the 2D nanoplates ink as the building blocks for solution 

processable electronic thin films is general and can be extended to other materials. For example, 

we have also synthesized Bi2Te3 nanoplates and used them to form thin films with the similar 

mirror-like surface (Fig. 6a). Bi2Te3 has a similar rhombohedral crystal structure to that of Bi2Se3.31, 

39, 40, 57-60 SEM image demonstrates the hexagonal shape with approximate lateral length of 700 

nm (Fig. 6b). The XRD pattern of the thin film shows only the diffraction peaks of (0001) family 

planes of the standard Bi2Te3 (Fig. 6c), indicating the formation of highly uniform thin film. The 

thin film of Bi2Te3 nanoplates exhibits the conductivity of 300 S·cm-1 and the mobility of 63.7 

cm2·V-1·s-1 at room temperature, which increase to 546 S·cm-1 and 179.8 cm2·V-1·s-1 at 2 K, 

respectively (Fig. 6d). Expectedly, the conductivity and mobility are among the highest numbers 
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achieved in solution-processed Bi2Te3 films. Further examples include SnS2 and SnS2, which both 

exhibit a layered crystal structure (Fig. 7). Similarly, the nanoplates could be assembled along 

(001) direction (Fig. 7c,d). 

 

Figure 2.7. SEM image of the SnS2 (a) and SnSe2 (b) nanoplates. XRD pattern of the SnS2 (c) and 
SnSe2 (d) nanoplates, showing perfect alignment along (001) direction. Scale bars are both 500 
nm. 

Together, we have reported a novel concept using colloidal nanoplates as a unique building 

block with the idealized 2D geometry for the solution assembly of high-performance electronic 

thin films. With the colloidal Bi2Se3 nanoplate ink, we have demonstrated that mirror-like thin 

films can be readily prepared on silicon, glass or plastic substrates over the large scale using a 

simple spin-coating process. The resulting nanoplate thin films exhibit excellent electrical 

conductivity, carrier mobility, NIR transparency and mechanical flexibility that are difficult to 

achieve with other solution-processed thin film materials.  
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Figure 2.8. Cross-sectional TEM characterizations of the Bi2Se3 nanoplate thin film. (a-c) Cross-
sectional TEM images of the Bi2Se3 nanoplate thin film at different magnification show atomically 
flat interface between neighbouring nanoplates. Scale bars, 5 nm in (a), 2 nm in (b) and 1 nm in 
(c). (d) Cross-sectional TEM image of the Bi2Se3 nanoplate thin film near a nanoplate edge show 
bended nanoplate across the step edge to ensure conformal face-to-face contact. Scale bar, 10 nm. 

The excellent conductivity and mobility achieved in the nanoplate thin films are attributed to 

the unique nanoplate geometry. In particular, the large lateral width and small thickness of the 

nanoplates is highly beneficial for the formation of highly uniform thin films with excellent 

electronic properties. With the large aspect ratio (width/thickness), the areal density of grain 

boundaries within the horizontal plane is greatly reduced by a factor ~104-105 when compared with 

the typical quantum-dot-based thin films. Additionally, the grain boundaries in the nanoplate thin 

films are dominated by plane-plane interfaces with a large contact area. The cross-sectional TEM 

studies clearly show large area plane-plane contacts with nearly atomically flat 2D interfaces 

between the neighboring nanoplates (Fig. 8a-c). The large area plane-plane interfaces are 

fundamentally different from the point contacts within 0D or 1D nanostructure thin films, and can 

ensure efficient charge transfer across the neighboring nanoplates to enable unprecedented 
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electronic performance. Furthermore, the ultrathin and highly flexible nature of the 2D nanoplates 

allows the nanoplates to readily bend across the edge steps to make the conformal plane-to-plane 

contact across the nanoplate edge (Fig. 8d), and therefore minimizes the impact of such edge steps 

on the charge transport and enables the formation of highly uniform nanoplate thin films (Fig. 3b). 

In contrast, films based on thicker Bi2Se3 nanoplates show much worse uniformity and much lower 

conductivity (Fig. 9), largely because the thicker nanoplates cannot be dispersed as well in solution, 

and are not flexible enough to form uniform thin films. Therefore, the nanoplates with both large 

lateral dimension and small thickness are highly desirable for fine deposition of uniform thin films 

with reduced grain boundary scattering. In this regard, the dangling bond free 2D Bi2Se3/Bi2Te3 

nanoplates with the topological insulator surface conducting states are particularly relevant since 

the surface conduction is not affected by the thickness of the material, while traditional material 

typically has a surface depletion layer with rather poor conductivity in ultrathin nanostructures due 

the large number of dangling bonds and the associated defects. 
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Figure 2.9. Characterizations of the thicker Bi2Se3 nanoplates. (a) Large-area SEM image of 
thicker Bi2Se3 nanoplates. Scale bar, 1 µm. (b) AFM image of an individual thick Bi2Se3 nanoplate. 
Scale bar, 400 nm. (c) EDS for thick Bi2Se3 nanoplates. (d) XRD pattern for the thick Bi2Se3 
nanoplate thin film. (e) Vis-NIR spectrum for the thick Bi2Se3 nanoplate thin film. (f) I-V curve 
for the thin film based on thick Bi2Se3 nanoplates. The geometry for the device, W/L=1:4.  

Together, the highly flexible conformal 2D face-to-face contact with nearly atomically flat 

interfaces can ensure efficient charge transport across neighbouring nanoplates and enable 

unprecedented electronic properties in the solution-processed nanoplate thin films. It is important 

to note that our 2D Bi2Se3 nanoplate ink can offer several significant advantages to ensure high-

performance electronic thin films at low temperature and low cost. First of the all, the ultra-thin 

2D geometry allows assembling the continuous thin films with the complete surface coverage and 

greatly reduced grain boundaries to ensure the excellent electronic performance. Second, our 

solution coating process does not involve high temperature or high vacuum environment, and can 

therefore enable critical cost reduction. Third, our solution-processed nanoplate thin film can be 

readily applied to diverse materials (e.g. Bi2Se3, Bi2Te3, SnS2, SnSe2, MoS2) and versatile 

substrates, such as Si/SiO2, glass and plastic substrate. In contrast, the CVD method is usually 

highly material specific and requires special substrate (i.e. mica in ref 6), which severely restricts 

the application to different areas. For example, to extend the growth onto plastic substrates is 

particularly challenging. Lastly, our solution coating process can be readily scaled over large-area 

substrates. Unlike CVD-grown samples of which the size are limited by the dimension of the 

furnace and the uniformity of the heating zone or vapor phase reactants, the solution process can 

allow to deposit thin films with nearly any desired size. Other fabrication processes such as roll-

to-roll printing may also be explored for processing of nanoplate thin films over even larger scale 

that is difficult to achieve for processes involving vacuum deposition. Our study therefore defines 
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a new pathway to high-performance electronic thin films using colloidal nanoplate ink and can 

open up exciting potential for future large area electronics and optoelectronics. 

2.4 Conclusion 

In summary, we reported the two-dimensional (2D) colloidal nanoplates as a new ink material 

for the assembly of high-performance electronic thin films. We show that ultrathin Bi2Se3 and 

Bi2Te3 nanoplates can be synthesized with well-controlled thickness (6-15 nm) and lateral 

dimension (0.5-3 m). These Bi2Se3 (or Bi2Te3) 2D nanoplates represent an ideal geometry for the 

assembly of continuous thin films with greatly reduced grain boundaries and a full surface 

coverage. Additionally, the topological insulator Bi2Se3 possess highly conducting surface states 

concentrated within a few quintuple layer thickness (< 6 nm) from surface, and exhibit a unique 

infrared transparency property (due to the forbidden direct photoexcitation within the surface 

states) to make it an ideal material for ultrathin NIR transparent conductor. Using Bi2Se3 nanoplate 

ink through a simple spin coating process, we show highly uniform mirror like thin films can be 

prepared on diverse substrate including silicon, glass and plastics with the unprecedented 

performance, including a room temperature conductivity of 772 S·cm-1, the carrier mobility of 113 

cm2·V-1·s-1, the excellent near-infrared transparency and mechanical flexibility, which is difficult 

to achieve with other solution-processed thin film materials. Our study defines a general strategy 

to use 2D nanoplates as a unique building block for the construction of unprecedentedly high-

performance electronic thin films on plastic substrates for future flexible electronics and 

optoelectronics. This work was published on Nano Lett. in 2014.61 
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Chapter 3. Symmetry-mismatched Epitaxial Growth 

3.1 Introduction 

Epitaxy, or the growth of single-crystalline epitaxial layers, has become a major technique 

for the production of various device-quality semiconductor materials1, 2 and for fine-tuning the 

optical or catalytic properties.3-8 The growth of a thin crystalline layer on an existing single-

crystalline substrate where the atoms in the growing layer mimic the arrangement of the underlying 

substrate enables higher perfection and purity as well as a better control over composition gradients 

than direct solidification from the melt.9 Therefore, the epitaxy approach plays a central role in the 

fabrication of functional electronic materials with superior performance. For example, epitaxial 

gallium nitride (GaN) film is grown on the sapphire substrate for the commercial white light-

emitting diodes (WLEDs).10 It is the sole reliable method for the production of high-quality GaN 

thin films for bright blue light emission. Recently, the epitaxial heterostructures fabricated from 

two-dimensional (2D) crystals including MoS2/WS2, MoS2/MoSe2, and WS2/WSe2 via the 

chemical vapor deposition were reported to promise a strong localized photoluminescence 

enhancement 11 and the application in high voltage gain complementary inverter.12 

The first recorded successful attempt of epitaxy was reported in 1836 by Frankenheim,13 who 

demonstrated the now well-known case of the parallel oriented growth of sodium nitrate on calcite 

(calcium carbonate). The early extensive and systematic studies on a wide variety of overgrowths 

suggested that the identical or nearly identical crystals with small misfit in lattice parameters are 

essential for epitaxy. In general, the limit of lattice constant mismatch between the two materials 

in the heterogeneous epitaxy is generally ~ 5-10% due to the chemical bond formation although 

exceptions have been demonstrated in several special cases, such as domain matching epitaxy 
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where integral multiples of major lattice planes match across the interface.14-16 Large lattice 

mismatch usually leads to excessive accumulation of strain at the interface and labilize the obtained 

heterostructures.17, 18 However, there are several pioneering studies in bimetallic nanostructure 

synthesis, including the epitaxial growth of Ni shell on Au core despite of the lattice mismatch as 

large as 13.6% .19-21 Alternatively, epitaxial growth between layered materials,22-27 defined as van 

der Waals epitaxy, continues to expand the boundary of lattice match facilitated by the effective 

strain relaxation resulting from the weak van der Waals interaction in the crystals. For example, 

layered transition metal dichalcogenide MoSe2 was successfully grown on the cleaved mica 

substrate aligned along (0001) plane by molecular beam epitaxy (MBE) in spite of the large lattice 

constant misfit up to 58%.28 However, even though the lattice mismatch tolerance has been 

significantly promoted by various means, the requirement on the symmetry similarity between the 

interface planes of both crystals remains rigid in the most solution phase growth of nanocrystals. 

That is, the two crystal lattices must possess an identical or nearly identical symmetry at the 

interface to allow epitaxial growth to occur in nanocrystals.17, 29-34 The symmetry match rule 

greatly limits the category of compounds that can be produced by means of epitaxy in a scalable 

fashion that is desirable for practical applications. A few examples with incommensurate epitaxial 

growth have been recently shown on mica substrate.35, 36 So far, stable solution phase 

heteroepitaxial growth was limited by the symmetry/dimension compatibility, which restricts the 

flexibility in the design and fabrication of diverse heterostructures for practical applications. 

The dangling-bond-free surface in the two-dimensional atomic crystals shows the promise 

for opening up a new possibility of epitaxy to bypass the symmetry match requirement.23, 25 The 

weak van der Waals force has been proven to exert a minimum restriction on the deposition of the 

crystalline layer in which epitaxial growth could happen even with an unexpectedly large lattice 
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constant misfit (> 50%).28 The absence of effective chemical bond formation at the interface and 

facile strain relaxation loosen the restriction on the structure similarity that is indispensable for the 

conventional epitaxy. Therefore, the clean surface in van der Waals crystal could be further 

expected to break the symmetry match rule by manipulating the interaction between the substrate 

and the growth layer. 

Herein, we report a solution phase symmetry-mismatched epitaxial growth of cubic PbSe 

crystal (Fm3m) on rhombohedral Bi2Se3 2D nanoplate (R3m) in which the square PbSe (001) layer 

forms on trigonal/hexagonal (0001) plane of Bi2Se3 nanoplates. The (001) plane of face centre 

cubic (fcc) PbSe crystal exhibits a typical four-fold symmetry while that of the rhombohedral 

Bi2Se3 occupies a three-fold atom arrangement. Each atomic layer within the quintuple layer 

possesses a six-fold rotational axis although the rhombohedral Bi2Se3 crystal (R3m) does not really 

have one. And hereafter we would call Bi2Se3 (0001) layer to have a six-fold symmetry for 

simplification. But we also note that the symmetry of the three-dimensional crystal is distinct from 

that of the individual crystal plane and thus they are expressed in different terms for better 

illustration (Hermann-Mauguin notation are used for the bulk crystal and the rotational axis of 

individual atomic layer are mainly discussed). Despite of the distinct lattice geometry, PbSe (001) 

grows on Bi2Se3 (0001) uniformly with a moiré pattern of six-fold symmetry. The 2D Bi2Se3 

nanoplate functions as a “soft” template in which interface Bi2Se3 layer expands to accommodate 

the PbSe lattice while the rest remains intact so that the internal strain in the heterostructure is 

minimized. Benefiting from the dangling-bond free, clean surface of the 2D Bi2Se3 nanoplates, the 

rule of symmetry match could be relaxed in the epitaxial growth of solution phase nanocrystals. 

To further understand the mechanism of the unique epitaxial relationship, a density function theory 

(DFT) calculation was adopted to simulate several possible relative orientations between the two 
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crystals. The calculation results suggest the lowest interfacial energy for the PbSe (001)//Bi2Se3 

(0001) structure, which is consistent with the observed experimental result. With nearly perfect 

epitaxial interfaces, the obtained heterostructures exhibit a reduced thermal conductivity (~ 0.30 

W/m·K at room temperature) without significantly sacrificing the electronic properties and thus 

enable an improved thermoelectric performance, opening an affordable and scalable approach to 

bulk quantities of epitaxial nanostructures with precisely engineered electronic, optoelectronic, 

thermal, and thermoelectric properties.  

3.2 Experimental section 

Synthesis of lead selenide/bismuth selenide heterostructure. For the bismuth selenide 

nanoplates, 0.2 mmol Bi(NO3)3· 5H2O (0.0970 g) , 0.3 mmol NaSeO3 (0.0519 g) and 2 mmol 

Polyvinylpyrrolidone (0.2223 g) were dissolved in 10 mL ethylene glycol (EG). The mixture was 

stirred for 10 min and then heated to 190 oC (in about 12 min) in a 25 mL three-neck flask equipped 

with a thermal couple and a reflux condenser in a heating mantle. After 3 hrs, the temperature was 

decreased to 180 oC and allowed to stabilize for 20 min. 1 mL of 0.1 M Pb(CH3COO)2·3H2O in 

EG solution and 1 mL of 0.1 M Na2SeO3 in EG solution were simultaneously injected into the 

flask using a dual syringe pump with a rate of 250 µL/min. After maintaining the temperature at 

180 oC for 3 hrs, the heating mantle was removed and the mixture was allowed to cool down to 

room temperature naturally. The mixture was then centrifuged at 12 K rpm for 10 min after the 

addition of 30 mL isopropanol. The supernatant was discarded and the solid was dispersed in 

another 40 mL isopropanol. The solid was washed with isopropanol and centrifuged for three times 

before the final product was dispersed in isopropanol for further characterization.  
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DFT modelling. Vienna Ab initio simulation package (VASP) with the projector-augmented wave 

(PAW) method using the Perdew-Becke-Ernzerhof (PBE) generalized gradient approximation for 

the exchange-correlation (xc) functional were used to perform structural optimization and 

electronic structure calculation. A plane wave basis with cutoff energy of 450 eV and Γ-centered 

k-point meshes of constant density were used to fully relax both bulk and slab structures with 

energy convergence threshold of 10-5 eV and residual forces less than 10-2 eV/Å. For example, Γ-

centered k-point meshes of 16×16×1 were used for single quintuple layer of Bi2Se3.  

Our DFT modeling of stability of interface structures mainly consists of two parts, namely 

constructing interface structure and calculating interfacial energy. In order to theoretically confirm 

the energetic preference of PbSe (001)-Bi2Se3 (0001) interface, we constructed various 2D periodic 

interfaces that contain commensurate slabs of Bi2Se3 and PbSe. Since PbSe grows on Bi2Se3 

substrate and quintuple layers in Bi2Se3 are separated by van der Walls gap, we choose single 

quintuple layer of Bi2Se3 as the substrate. Three typical surfaces of PbSe, namely (001), (011) and 

(111) were then connected with the single quintuple layer to form interfaces. In constructing the 

2D periodic interfaces we expand the lattice parameter (4.185 Å) of fully relaxed single quintuple 

layer of Bi2Se3 to be the nearest Pb-Pb distance of 4.389 Å. PbSe (001) and PbSe (011) slabs were 

slightly expanded by 1% and 2% along [110] and [001] directions respectively in the 

corresponding supercell interface structures to satisfy the commensurate requirement. The 

orientation inside the interface was determined by setting the bonds between Pb from PbSe slab 

and Se from Bi2Se3 slab in the z-direction and the distance between PbSe and Bi2Se3 slabs was 

further assumed as the Pb-Se bond length (3.103 Å) in PbSe bulk phase. The 2D PbSe (111)-Bi2Se3 

(0001) interface structure has the same periodicity as that of single quintuple layer and each unit 

has 2 Pb, 2 Bi and 5 Se atoms. Both 2D PbSe (100)-Bi2Se3 (0001) and PbSe (011)-Bi2Se3 (0001) 
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interface structures have an orthorhombic unit cell with lattice parameter of a (a=4.389 Å) and 

4 3a  along the interface axis. And each unit cell contains 21 Pb, 16 Bi, 45 Se and 15 Pb, 16 Bi, 

39 Se atoms respectively. Then we fully relaxed these structures and calculated the total energies. 

To compare the relative stability of various interfaces, we estimate the interfacial energy without 

considering the entropic and volumetric contributions. All interface structures are further assumed 

in chemical and thermal equilibria with bulk phases. The formation energy per area, defined as the 

interfacial energy, can be expressed as 

 b
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where SBi2Se3PbSe  is the area of the interface, E i
Bi2Se3PbSe,  EBi2Se3

b and EPbSe
b  are the energies of 

interface structure, bulk phases of Bi2Se3 and PbSe. The x and y represent the numbers of formula 

unit of bulk phases contained in the interface structure. 

The fully relaxed interface structures are shown in Fig. 8. We find that the interface bonds 

between Pb and Se are all elongated after full relaxation, which means additional bonds along the 

growing axis are not preferred. This might be due to the coordination nature of outmost-layer Se 

in the single quintuple layer of Bi2Se3. For the PbSe (111)-Bi2Se3 (001) interface the Pb-Se bond 

increases from 3.103 Å to 3.588 Å. This dramatic change indicates the instability, which is further 

confirmed by the formed layered structure of PbSe slabs. The calculated interfacial energies are 

shown in Fig. 8. Our result shows that the PbSe (001)-Bi2Se3 (001) interface has the lowest 

interfacial energy, which naturally confirms the experimental measurements. This is mainly due 

to the larger interfacial energy needed to cleave the bulk phase of PbSe either through the (011) or 
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(111) planes. This would directly give rise to higher formation energy since there is no obvious 

bonds found between Pb and Se in the interface region. 

Thermoelectric measurement. In order to characterize the thermoelectric properties in out-of-

plane direction, disk (12.7 mm (D) × 2 mm (H)) and cylinder (4 mm (D) × 10 mm (H)) specimens 

were separately prepared for thermal conductivity and power factor measurement. For disk 

specimens, the dried powders were ground and loaded into a graphite die with an inner diameter 

of 12.7 mm (for cylinder samples, the inner diameter of the die is 4 mm) in glove box under argon 

atmosphere with oxygen level below 3.5 ppm. Then, the graphite die with loaded powder was 

removed from glove box and immediately sintered by direct current-induced hot pressing at 663 

K for 15 min at the force of 1.4 ton (for cylinder samples, the force is ~ 0.1 ton to ensure a similar 

pressure). The hot pressed disks have a thickness about 2 mm and the cylinder specimens have a 

length around 10 mm. 

The hot pressed disks were employed for out-of-plane thermal conductivity characterizations 

while the cylinder specimens were used directly for the measurement of out-of-plane electrical 

properties. The electrical conductivity of the samples was measured by a four-point dc current 

switching technique, and the Seebeck coefficient was measured by a static dc method based on the 

slope of the voltage versus temperature-difference curves using the commercial equipment (ZEM-

3; ULVAC Riko) under helium atmosphere. The out-of-plane thermal conductivity was measured 

on the disk specimens. Thermal conductivity κ = dDCp was calculated using the measured density 

(d) by Archimedean method, specific heat (Cp) by differential scanning calorimetry (DSC 404C; 

Netzsch) and thermal diffusivity (D) by the laser flash method (LAF447 Nanoflash; Netzsch). The 

errors of measurement for electrical resistivity, Seebeck coefficient, and thermal conductivity are 
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±5%, ±5%, and ±7%, respectively. All of the reported value here are measured and compared in 

out-of-plane direction of Bi2Se3 and PbSe/Bi2Se3 samples. 

Characterization. Characterizations were carried out using high-resolution transmission electron 

microscopy (HRTEM), selected area electron diffraction (SAED), the high-angle annular dark-

field scanning transmission electron microscope (HAADF-STEM)-energy-dispersive X-ray 

spectroscopy (EDS) (TEM, T12 Quick CryoEM and CryoET FEI; acceleration voltage, 120 KV. 

Titan S/TEM FEI; acceleration voltage, 300 KV), powder X-ray diffraction (PXRD, Panalytical 

X'Pert Pro X-ray Powder Diffractometer). The cross-sectional sample was prepared by covering 

the film sample on the SiO2/Si substrate with a layer of polycrystalline Pt and then cleaving with 

focused ion beam (FIB). 

3.3 Results and discussion 
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Figure 3.1. Schematic illustration for the symmetry-mismatched epitaxial growth of PbSe crystal 
on Bi2Se3 nanoplate. (a) Bi2Se3 nanoplate was first grown in solution. (b) Controlled injection of 
Pb and Se precursor into the Bi2Se3 nanoplate dispersion initiates the nucleation of PbSe on the 
nanoplate. (c) Final PbSe/Bi2Se3 heterostructure is produced after the reaction reaches the 
equilibrium in 3 hours. (d) The deposition of PbSe on Bi2Se3 nanoplate continues as the reaction 
proceeds. 

Layered Bi2Se3 nanoplates were produced following our previously reported polyol 

method,37 which served as the substrate for the epitaxial growth of the cubic PbSe crystal. After 

the formation of Bi2Se3 nanoplates in the solution, Pb and Se precursors were slowly injected into 

the flask to allow the initial and continued growth of PbSe under a relatively mild condition. A 

schematic illustration for the epitaxial growth of the cubic PbSe crystal on the rhombohedral 

Bi2Se3 nanoplate is shown in Figure 1. 

 

Figure 3.2. Powder XRD pattern for the PbSe/Bi2Se3 heterostructure. 

The powder X-ray diffraction (XRD) pattern of the as-synthesized sample can be indexed as 

two crystal phases including the rhombohedral Bi2Se3 (R3m. JCPDS card No.00-033-0214) and 

cubic PbSe (Fm3m. JCPDS card No.03-065-0300) (Fig. 2). The morphology and structure of the 

as-synthesized heterostructure were further characterized with transmission electron microscopy 

(TEM). Figure 5a presents a typical TEM image of the heterostructure in which PbSe layer 

partially covers the surface of the Bi2Se3 nanoplate. The boundary between the pure Bi2Se3 and 

PbSe/Bi2Se3 regions was labeled with a blue dashed line. A uniform moiré pattern with an 
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approximate hexagonal symmetry is clearly observed in the area with the deposition of PbSe layer 

on Bi2Se3 (Figs. 5a,b). The high resolution TEM image shows clearly resolved lattice fringes that 

is dominated by the hexagonal Bi2Se3 crystal lattice (Fig. 5b). In contrast, no similar pattern was 

observed in the area without PbSe (Fig. 3). The moiré pattern was also identified in the scanning 

transmission electron microscopy (STEM) image (Fig. 4).  

 

Figure 3.3. (a,b) High resolution TEM image of the pure Bi2Se3 region in the PbSe/Bi2Se3 

heterostructure as shown in Fig. 2a. Scale bars are 5 nm and 2 nm in (a) and (b). (c) SAED taken 

from the area in (b) with the guiding label to feature the symmetry of the diffraction spots. 

The selected area electron diffraction (SAED) patterns unraveled the relative 

crystallographic orientation of the PbSe layer and Bi2Se3 crystals in the heterostructure. SAED 

patterns on the region with moiré pattern (Fig. 5b) gives two sets of diffraction spots with a 

hexagonal and a square symmetry, respectively (Fig, 5c). Each diffraction spot in the hexagonal 

pattern corresponds to the (11-20) family plane of the Bi2Se3 nanoplate (Fig. 3c) and each 

diffraction spot in the square pattern can be index to the (110) family plane of the cubic PbSe layer. 

The crystal structure of PbSe and Bi2Se3 as well as the relative orientation are illustrated in Figures 

5d,e based on the electron diffraction analysis. Again, the single Bi2Se3 quintuple layer is 

considered as six-fold symmetric, rather than three-fold for simplification. The [11-20] direction 

of Bi2Se3 aligned well with the [110] direction of PbSe with essentially overlapping diffraction 
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spots, suggesting an epitaxial relationship. The inter-plane distance of PbSe (110) and Bi2Se3 (11-

20) plane are 4.29 Å and 4.14 Å respectively, which are close enough (3.5% mismatch) for the 

epitaxial growth to occur. Therefore, the PbSe layer that deposited on the Bi2Se3 nanoplates with 

(001)/(0001) plane paralleled to each other and [110]/[11-20] axis aligned (Fig. 5f) were 

unequivocally determined. 

 

Figure 3.4. STEM characterizations on PbSe/Bi2Se3 heterostructures. Scale bars, 100 nm (a) and 
(b), 50 nm for (c). 

Typical moiré patterns observed in TEM image are originated from the mismatch between 

two distinct periodic lattices.38-42 However, overlapping (001) plane of PbSe with (0001) plane of 

Bi2Se3 could not produce the six-fold symmetric moiré pattern observed in our experiments (Fig. 

5a). As a result, additional lattice needs to be present in the heterostructure to produce the six-fold 

moiré pattern. The higher order diffraction spots for Bi2Se3 on the heterostructure suggests the 

existence of an expanded Bi2Se3 lattice besides the pristine one. In the higher order diffraction 

spots, each of the hexagonal spots split into two (Fig. 5h). The brighter diffraction spots match 

well with the (11-20) lattice spacing of pristine Bi2Se3 crystal (Fig. 5g). In contrast, the weaker 

spots indicate an expanded Bi2Se3 lattice by about 3.5% (from 4.14 to 4.29 Å). The spacing of the 

enlarged Bi2Se3 (11-20) plane, 4.29 Å, coincides with the lattice spacing of (110) planes in PbSe 

crystal. Consequently, the expansion in Bi2Se3 layers is attributed to the lattice constant mismatch 
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in the [110] direction along which PbSe and Bi2Se3 crystal align with each other. The Bi2Se3 layers 

at the interface are thus expanded in order to accommodate the larger PbSe lattice.  

 

 

Figure 3.5. Transmission electron microscopy study of the PbSe/Bi2Se3 heterostructure.  (a) A 
top-view transmission electron microscopy (TEM) analysis of the interface of the PbSe/Bi2Se3 and 
pristine Bi2Se3 region as indicated by a blue dashed line. Scale bar is 20 nm. (b) High resolution 
TEM image of the PbSe/Bi2Se3 region. Scale is 5 nm. (c) Selected area electron diffraction (SAED) 
taken from the area in part b with the guiding label to feature the symmetry of the diffraction spots. 
(d) Atomic crystal structure of the (001) plane in PbSe with a blue square to display the symmetry. 
(e) Atomic crystal structure of the (0001) plane in Bi2Se3 with a red hexagon to display the 
symmetry (six-fold, instead of three-fold, is used to simplify the visualization). (f) Side view of 
the heterostructure with the relative orientation indicated by the electron diffraction. (g) Electron 
diffraction pattern of the pristine Bi2Se3 region. Inset are the zoom-in images on two separate 
diffraction spots. (h) Electron diffraction pattern of the PbSe/Bi2Se3 region. Inset are the zoom-in 
images on two separate diffraction spots, both showing a doublet split. (i) Simulated moiré pattern 
based on a pristine Bi2Se3 and expanded Bi2Se3 (0001) plane that exhibits the same symmetry and 
periodicity as that observed in (a) and (b). Scale bar is 5 nm. 
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The deformation of the existing lattice in underlying substrate, instead of the incoming 

epitaxial layers, to ensure a lattice match is distinct from most of the conventional epitaxy. Herein, 

the layered nature and weak van der Waals inter-layer interaction play a key role in the special 

expansion of the atomic layer on the underlying Bi2Se3 substrate and make it a unique soft 

template. Between each quintuple layer in the Bi2Se3 crystal, only the weak van der Waals force 

is present to hold the crystal together, which is considered to be much weaker than the typical 

chemical bonds. During the expansion or contraction of one layer of atoms, the adjacent quintuple 

layers are not strongly coupled to match the deformation that is typical in conventional epitaxy 25. 

The “soft” nature of the 2D Bi2Se3 crystal renders the opportunity that only the first interface layer 

of the atomic crystals expands (Fig. 6) to accommodate the larger PbSe lattice while the rest layers 

remain intact. Compared with the deformation of the three-dimensional PbSe crystal, the 

expansion of 2D Bi2Se3 layers at the interface introduces weaker overall strain in the 

heterostructure, which is thermodynamically preferred. Furthermore, the elastic constant of 

deformation within (001) plane of Bi2Se3 and PbSe are 103.2 GPa and 120.8 GPa.43, 44 respectively. 

Therefore, in the perspective of stiffness, Bi2Se3 is more likely to deform compared with PbSe 

under the same strain existing at the interface. To confirm the proposed atomic model, the moiré 

pattern was simulated by combining the pristine (0001) plane of Bi2Se3 (4.14 Å) with an expanded 

lattice (4.29 Å) (Fig. 6). Expectedly, the resulted moiré pattern exhibits a six-fold symmetry (Fig. 

2I) that is highly consistent with the experimentally observed moiré pattern in our heterostructure 

(Fig. 5a,b).  
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Figure. 3.6. Atomic crystal structure for the intrinsic (a) and expanded (b) Bi2Se3 (0001) layers. 

We have further conducted the cross-sectional TEM (Fig. 7a) and STEM (Fig. 7b) studies to 

further confirm the atomic structure of the PbSe/Bi2Se3 epitaxial heterostructure. The composition 

line-scan profile across the interface obtained shows that Pb and Bi content are solely present in 

PbSe and Bi2Se3 region respectively while Se exists in both materials (Fig. 7c). Since Se density 

in Bi2Se3 (2.47 g/cm3) is higher than that in PbSe (2.24 g/cm3), the Se amount increases slightly 

from PbSe to Bi2Se3 crystal. Two-dimensional mapping of Pb, Bi, and Se element (Fig. 7d) further 

provides an explicit distribution of each element. In both line scan and elemental mapping, The 

HRTEM of the interface (Fig. 7e) indicates that both segments exhibit excellent crystallinity with 

an atomically sharp interface. The clear fringe in the PbSe showed a period of 0.31 nm, as expected 

for the fcc PbSe (001) plane. The line scan profile and elemental mapping of Bi and Pb show a 

gradual transition across the interface which might be due to the resolution of STEM image. 

Together, the cross-sectional TEM studies further confirm the epitaxial growth of highly 

crystalline PbSe layer on top of the Bi2Se3 nanoplate, as illustrated by the schematic in Figure 7f. 



55 

 

 

Figure 3.7. Electron diffraction and moiré pattern analysis of the PbSe/Bi2Se3 heterostructure. (a) 
Cross-sectional TEM image of the PbSe/Bi2Se3 heterostructure prepared by focused ion beam 
(FIB). A polycrystalline Pt layer was deposited on top of the nanoplate for sample preparation. 
Scale bar is 5 nm. (b) Cross-sectional high-angle annular dark-field scanning TEM (HAADF-
STEM) image of the PbSe/Bi2Se3 heterostructure. Scale bar is 10 nm. (c) Composition line-scan 
profile across the interface (along the dashed red line in (b)) obtained by the energy-dispersive x-
ray spectroscopy integrated with high-angle annular dark-field scanning TEM (HAADF-STEM-
EDS), with normalized intensity. (d) Elemental mapping of Pb, Bi, Se in the region indicated by 
the red square in (b). (e) Cross-sectional HRTEM analysis of the interface. Scale bar is 1 nm. (f) 
The schematic illustration on the atomic structure of the PbSe/Bi2Se3, corresponding to the 
perspective in (e).  

The symmetry-mismatched epitaxy observed in the PbSe/Bi2Se3 system is a special crystal 

growth in solution phase synthesized nanocrystals.36 The atoms in (001) plane of the fcc PbSe 

crystal exhibit a square symmetry while the (0001) plane of the rhombohedral Bi2Se3 has a 

trigonal/hexagonal lattice (for single atomic layer). Here we are discussing the symmetry of 

individual atomic layer instead of the three dimensional crystal. To date, most of the epitaxial 

growth reported in the solution phase rigidly follow the rule of lattice symmetry matching 

requirement, including the typical cases of four-fold fcc Pd (100)//fcc Pt (100),45 six-fold fcc Pt 

(111)//hexagonal MoS2 (001),46 and six-fold wurtzite CdS (001)//wurtzite CdSe (001).47 The alike 
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symmetry between the crystals or the specific growth planes is mandatory to saturate the dangling 

bonds that are present at the interface. However, the dangling bond-free surface in the 2D atomic 

crystals promises a totally new possibility of epitaxial growth. The cleavage of the 2D layered 

compounds, such as Bi2Se3 and MoS2, could create a clean surface that is free of unsaturated atoms. 

The weak van der Waals force applies a weaker regulation than the unsaturated chemical atoms 

on the surface of typical crystalline layer, as demonstrated by several successful epitaxial growth 

with large lattice misfit (up to > 50%).22, 24, 25, 28, 35 In this case, the layered Bi2Se3 nanoplate guides 

the growth of PbSe layer but does not required an exactly conformal lattice with one-to-one bond 

matching. Importantly, the “soft” nature of the layered Bi2Se3 allows the deformation of the atomic 

layers near the interface without causing severe distortion of the entire nanoplates. The interface 

Bi2Se3 layers expand to match the larger PbSe lattice (by 3.5%) and ensure the energy minimum 

epitaxial growth that could not be realized in the traditional rigid substrates. Accordingly, the 

layered crystals that are held together by the loose van der Waals force are demonstrated to 

function as the unique “soft” substrate for the epitaxial growth of highly dissimilar materials. The 

discovery of the new epitaxy mode would open up new possibilities to enable the atomic scale 

integration of materials with highly disparate crystal structures and functions. 

Considering the similar six-fold symmetry of (0001) surface of the underlying Bi2Se3 and 

(111) surface of the cubic PbSe, a symmetry-matched epitaxial relationship of PbSe (111)//Bi2Se3 

(0001) would have been a logic expectation instead of our observed symmetry-mismatched PbSe 

(001)//Bi2Se3 (0001). To better understand the unique symmetry-mismatched epitaxy, we have 

constructed a series of atomic models for PbSe/Bi2Se3 heterostructures and conducted density 

functional theory (DFT) calculations to probe the interfacial bonding and energy. In particular, 

three types of PbSe planes including (001), (011), and (111) were considered for epitaxial 
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interfacing with Bi2Se3 (0001) surface (Fig. 8) and the corresponding interfacial energy is 

calculated. Significantly, the DFT calculation indicates that PbSe (001)//Bi2Se3 (0001) is the most 

preferred epitaxial relation with the lowest interfacial energy of 0.031 eV/Å2, followed by 

interfacial energy of 0.046 eV/Å2 in PbSe (111)//Bi2Se3 (0001) and then 0.056 eV/Å2 in the PbSe 

(011)//Bi2Se3 (0001) (Fig. 8). Additionally, the smallest equilibrium atom distance in PbSe 

(001)//Bi2Se3 (0001) and PbSe (011)//Bi2Se3 (0001) are 3.30 Å and 3.27 Å, respectively, 

comparable to the typical Pb-Se bond distance, suggesting the effective bond formation between 

PbSe (001) or (011) plane with Bi2Se3 (0001) plane. It is worth noting that the interfacial Pb-Se 

distance (3.30 Å) is smaller than the distance of selenium atoms between two van der Waals layers 

(3.49 Å), indicating that the top Bi2Se3 layer has a strong coupling to the epitaxial PbSe layer. In 

contrast, the smallest equilibrium atom distance in the PbSe (111)//Bi2Se3 (0001) interface is 3.59 

Å, which is too large for effective bond formation. Therefore, no chemical bond is expected to be 

present in this model, further confirming that the PbSe (111)//Bi2Se3 (0001) epitaxial relationship 

is unfavorable, in spite of a similar six-fold symmetry (Fig. 4c). Another factor that influences the 

epitaxy selectivity is the dangling bond density at the interface. Based on the simulated bonding 

configuration (Fig. 8), the dangling bond density for PbSe (001), (011), and (111) surface on Bi2Se3 

(0001) surface are 0.093/Å2, 0.113/Å2, and 0.185/Å2, respectively. The PbSe (001) exhibits the 

lowest dangling bond density, further suggesting the PbSe (001)//Bi2Se3 (0001) is the preferred 

epitaxial relationship. Considering all the above factors, the PbSe (111)//Bi2Se3 (0001) model 

exhibits the largest number of non-bonded electrons which induces a great lability in the structure. 

In contrast, the PbSe (001)//Bi2Se3 (0001) model shows improved stability with fewer dangling 

bonds. Together, the DFT calculation results well support our interpretation of the experimentally 

observed epitaxial relationship in the PbSe/Bi2Se3 heterostructure. 
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Figure 3.8. DFT calculation of heterostructure models with various orientations. (a-c) Atomic 

structure with Bi2Se3 (0001) parallel to PbSe (001) (a), (011) (b) and (111) (c), after energy 

relaxation. The table shows the interfacial energy, bond length, and dangling bond density for each 

type of interface. 

The formation of the heterointerface in the nearly perfect epitaxial heterostructures could 

suppress the thermal transport while largely retaining the electronic properties, which is desirable 

for thermoelectric applications. In particular, previous studies have shown that the lamellar 

nanostructures or superlattices could enable significant thermal conductivity reduction and 

thermoelectric enhancement.48-50 The assembled PbSe/Bi2Se3 heterostructures exhibit superlattice-

like structure in local region and therefore may offer unique opportunities in thermoelectric 

devices. To explore the thermoelectric properties of the high-quality PbSe/Bi2Se3 heterostructures, 

the nanostructured powders were processed into bulk pellet using hot pressing to enable 
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thermoelectric property measurement. At room temperature, both the values of electrical 

conductivity and Seebeck coefficient of PbSe/Bi2Se3 heterostructure are lower than those of the 

pristine Bi2Se3 nanoplate, which leads to a smaller power factor (Fig. 9a-c). Notably, with 

increasing temperature, the power factor of PbSe/Bi2Se3 rises rapidly and becomes about 70% 

higher than that of pristine Bi2Se3 at 575 K due to the simultaneous increase in both electrical 

conductivity and Seebeck coefficient (Fig. 9c). The most interesting property of the heterostructure 

is the extremely low thermal conductivity within the measured temperature range (Fig. 9d,e). At 

the temperature between 298 K and 575 K, the thermal conductivity of PbSe/Bi2Se3 pellet ranges 

from 0.30 to 0.29 W/m·K, which is considerably lower than that of the Bi2Se3 nanoplate pellet 

(0.57-0.50 W/m·K) and PbSe (0.9-1.4 W/m·K).51, 52 The efficient phonon scattering at the PbSe 

and Bi2Se3 heterointerface is considered to be mainly responsible for such a low thermal 

conductivity, 49, 53-55 which is similar to the mechanism in PbTe and Bi2Te3 nanowire 

heterostructure.56 On the basis of the measured electrical conductivities, Seebeck coefficients, and 

thermal conductivities, we have calculated the temperature-dependent thermoelectric figure of 

merit (ZT = S2σT/κ) of both nanostructured pellets (Fig. 9f). Significantly, the PbSe/Bi2Se3 

heterostructures exhibit considerably higher ZT value than the pure Bi2Se3 with a 3 times 

enhancement at 575 K, which can be largely attributed to the ultra-low thermal conductivity and 

increased Seebeck coefficient of the epitaxial heterostructures. Together, the PbSe/Bi2Se3 epitaxial 

heterostructure could successfully suppress the thermal transport without seriously sacrificing the 

electrical conductivity via enhanced phonon scattering, and increase the Seebeck coefficient, and 

thus leading to significantly improved thermoelectric performance. 
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Figure 3.9. Thermoelectric performance of pristine Bi2Se3 nanoplate and the heterostructure. (a-f) 
The electrical conductivity σ (a), Seebeck coefficient S (b), power factor σS2 (c), thermal diffusivity 
α (d), thermal conductivity к (e), figure of merit ZT (f) of pristine Bi2Se3 nanoplate and 
PbSe/Bi2Se3 heterostructure bulk which were prepared by hot pressing under same conditions. 

3.4 Conclusion 

In summary, we have reported an example of symmetry-mismatched epitaxial growth of 

PbSe (001) plane on 2D Bi2Se3 nanoplate (0001) plane in the solution phase. The dangling-bond-

free (0001) plane of Bi2Se3 exerts a weak regulation on the growth of PbSe layer due to the absence 

of one-to-one atomic chemical bond formation and results in a unique soft template for epitaxy. 

The DFT calculations suggest the lower interfacial energy in the PbSe (001)//Bi2Se3 (0001) model 

than PbSe (011)//Bi2Se3 (0001) or PbSe (111)//Bi2Se3 (0001) models and thus a more 

thermodynamically stable structure. Our study on the symmetry-mismatched epitaxial growth in 

liquid phase nanomaterials enriches the toolbox for the fabrication of high-quality heterostructures 

via the epitaxy method and opens up new possibilities in engineering the interface within 
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composite materials to enable high-performance electronic, optoelectronic and thermoelectric 

devices. In particular, the growth of PbSe/Bi2Se3 heterostructures or superlattices could effectively 

reduce the thermal conductivity by the interface scattering of phonon and therefore provides a 

scalable approach to bulk quantities of epitaxial nanostructures with precisely engineered 

thermoelectric properties. This work was published on Sci. Adv. in 2016.57 
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Chapter 4. Co-solvent Approach for Solution Processable Electronic Thin Films 

4.1 Introduction 

The ability to deposit and modulate conducting and semiconducting films on various 

substrates, including silicon and plastics, is of central importance for contemporary and future 

solid-state electronics and photovoltaics.1-5 For example, the semiconducting thin film of copper 

indium gallium selenide (CIGS) represent the most efficient material for thin film solar cells, with 

the highest solar-to-electricity power conversion efficiency of around 20% and greatly reduced 

active material compared with the traditional crystalline silicon solar cells.6 Conducting metal and 

metal oxide thin films are widely used as the electrode or active components in touch screens and 

photovoltaics, which require a high electrical conductivity.7-9 Current approaches to these thin 

films typically rely on high temperature chemical vapor deposition (CVD) or high vacuum 

physical vapor deposition (PVD) processes, which are usually too costly and require too high 

processing temperature, and are not typically compatible with the growing demand of low-cost 

and large-area electronics, such as the emerging wearable devices. For example, to fabricate the 

CIGS thin film on desired substrates, the most common vacuum-based process is to co-evaporate 

or co-sputter copper, indium and gallium onto a substrate (e.g., glass), followed by a thermal 

annealing process in a selenium vapor.6, 10 The vacuum deposition and high temperature annealing 

in toxic vapor are not favored from a cost and safety point of view. Additionally, to prepare thin 

films using CVD or PVD processes in over large area has always been a challenge due to the 

limited size of vacuum chamber, furnace and uniformity of the heating zone. As a result, solution 

processes, with the potential advantages of low cost, low temperature and compatibility with 

plastic substrate, have emerged as an attractive approach for next-generation flexible electronic 

devices, wearable computers and large-area displays.2, 11-13 
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A few solution-based deposition processes, such as electrophoretic deposition and chemical 

bath deposition, have been successfully used to form semiconductor films for electronic device 

applications.12, 14-16 CdS thin film grown by chemical bath deposition with a multi-dip method has 

yielded a carrier mobility of 4.64 cm2·V-1·s-1.15 However, although these methods are considered 

to be solution-based, generally they are not as high-throughput as the standard spin coating or 

various printing processes that require a truly soluble precursor and a suitable solvent to formulate 

a processable ink material.  

To this end, deposition of surface functionalized nanocrystals using spin coating or printing 

processes has become a potential alternative approach due to the excellent dispersibility and 

controlled properties.4 With the advance in material synthesis at nanoscale, zero dimensional (0D) 

(e.g., quantum dots), one-dimensional (1D) (e.g., nanowires and nanotubes) and two-dimensional 

(2D) nanostructures (e.g., nanoplates and nanosheets) have been synthesized with nearly perfect 

crystalline structures.17-25 These nanostructures can often be dispersed in a solution to form a stable 

and easy-to-handle colloidal ink to allow solution processing with general coating methods. These 

solution processes offer the advantages of low temperature, low cost and excellent scalability for 

large-area electronics on glass or plastic substrates.4, 26 However, the preparation of these 

crystalline nanostructures usually involve sophisticated synthetic control of the shape/size, 

complicated surface modification and a large quantity of organic waste, which all add to the 

complexity and cost of the overall process.27, 28 Ideally, the direct dissolution of semiconductors in 

a proper solvent and recovery on a substrate is one of the most favorable and efficient methods for 

the fabrication of large-area thin films with greatly simplified procedures and reduced cost. 

Unfortunately, due to the strong covalent bonding in most inorganic semiconductors, solvents that 

can be readily used to process these materials were lacking until hydrazine was reported to be 
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capable of dissolving SnS2 and Sn(S, Se)2 with the assistance of excess chalcogen (S or Se) in 

2004, which is also the sole general solvent for various semiconductors including In2Se3, Cu2S, 

CuInSe2, Cu(In1-xGax)Se2 and so on.2, 29 However, the high toxicity and instability of anhydrous 

hydrazine is extremely unfavorable in practical applications and massive production processes. 

Seeking an alternative solvent for semiconductor ink materials has been an important research 

direction in the past decade.30, 31 For example, a non-hydrazine based solvent mixture has been 

recently explored as an effective solvent to dissolve chalcogen and As2X3, Sb2X3 and Bi2X3 (X = 

S, Se, Te).32, 33 

Here we report a general co-solvent approach for the dissolution of a wide range of inorganic 

semiconductors to produce solution processable semiconductor ink. We have previously shown 

that a co-solvent approach can be used to exfoliate two-dimensional layered materials in simple 

mixture solvent of water and alcohols.34 Here we show that a mixture of amine and thiol can 

function as a general solvent to dissolve a large number of inorganic semiconductors, including 

Cu2S, Cu2Se, In2S3, In2Se3, CdS, SnSe and more. With this approach, high concentration 

semiconductor ink (> 200 mg/mL) can be produced at room temperature and atmospheric pressure, 

and be used to prepare semiconductor thin films on SiO2/Si wafer, glass and plastic substrates with 

extremely high uniformity over large areas. Electrical transport studies of the resulting Cu2S and 

Cu2Se thin films demonstrate the highest conductivity compared with all of those prepared by 

other solution methods, including nanocrystal deposition and chemical bath deposition, 

demonstrating the superior performance of our solution processed semiconductor thin films. 

Furthermore, the co-solvent approach can also be used to process many other significant 

semiconductors, like CuIn(SxSe1-x)2 (0≤ x ≤1), SnS, CdSe, ZnSe and MoS2. The capability to 

process semiconductors at room temperature and atmospheric pressure using a simple “dissolve 
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and recover” solution process, with a relatively safe solvent, is an exciting advancement and offers 

great opportunities in the facile fabrication of semiconductor thin films for large-area high-

performance electronics, thermoelectrics and photovoltaics with high throughput, greatly reduced 

cost and improved safety. 

4.2 Experimental section 

Chemicals: Ethylenediamine (H2NCH2CH2NH2, >99%), Ethanedithiol (HSCH2CH2SH, >98+%), 

Copper (I) sulfide (Cu2S, >99.5%), Indium sulfide (In2Se3, >99.95%) and Indium selenide 

(In2Se3, >99.99%) were all purchased from Alfa-Aesar. Copper (I) selenide (Cu2Se, >99.95%), 

Cadmium sulfide (CdS, synthesis grade, fluffy powder) and Tin (II) selenide (SnSe, >99.995%) 

were all purchased from Sigma-Aldrich. All the chemicals were used as received without further 

purification.  

Dissolution of semiconductors. To prepare typical semiconductor ink solutions, 100 mg of 

semiconductor powder (Cu2S, Cu2Se, CdS, In2S3, In2Se3, SnSe) were weighed and transferred to 

glass vials. 2 mL ethylenediamine was added into the vial followed by the addition of 0.2 mL 

ethaneditionl in a nitrogen-filled glovebox. The volume of solvents does not need to be precise. 

After 10 min magnetic stirring for Cu2S, Cu2Se and CdS, while longer for In2S3, In2Se3 and SnSe, 

a clear solution formed indicating the complete dissolution. A gentle warming during the 

dissolution (e.g. 40 oC on hotplate) can facilitate the process. All of the above process were done 

in a nitrogen-filled glovebox. 

Deposition of semiconductor thin films. Before the deposition, the obtained semiconductor inks 

were passed through a 0.45 µm syringe filter to remove all of the possible impurities. The 300 nm 

SiO2/Si substrate was used after the repeated wash with acetone and IPA followed by a 5 min 
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oxygen plasma treatment. 20 µL of ink solution was spin coated onto the silicon substrate with a 

speed of 2500 rpm for 60 s inside of the glovebox. Then the coated substrate was heated on a 

hotplate at 300 oC for 1 hr with a slow ramp time of 30 min or more. All of the process were 

performed in a nitrogen-filled glovebox. 

Device fabrication. For the Hall effect measurement, small Ti/Au (50 nm/50 nm) electrodes were 

deposited onto the four corners of the patterned square films with a mask using the E-Beam 

evaporator. The sheet resistance were calculated based on van der Pauw method.  

Characterization. Characterizations were carried out using scanning electron microscopy (SEM, 

JEOL JSM-6700F FE-SEM) with energy dispersive X-ray spectroscopy (EDAX), X-ray 

diffraction (XRD, Panalytical X'Pert Pro X-ray Powder Diffractometer), UV-Vis-NIR 

spectroscopy (Shimadzu 3100 PC), Raman spectroscopy (Horiba, 514 nm laser wavelength) and 

X-ray photoelectron spectroscopy (XPS, AXIS Ultra DLD). The Hall measurements were 

performed in a PPMS (Quantum Design) cooled down by liquid helium. Other transport 

characteristics measurements were conducted with a probe station and a computer-controlled 

analogue-to-digital converter at room temperature. 

4.3 Results and discussion 

Our studies demonstrate that amine or thiol alone could not dissolve the semiconductor 

powders. Solid could be identified in both solutions when Cu2S and Cu2Se powder were added 

into amine without thiol (or thiol without amine). The Cu2Se particles settle down at the bottom of 

the vial while Cu2S powder suspends in the liquid due to its ultrafine nature (Fig. 1a). With the 

addition of a small amount of thiol (~10% in volume), the powder starts to dissolve immediately 

and the liquid quickly turns to dark for Cu2S and brown for Cu2Se. After a stirring for 10 min, the 

clear dark Cu2S and brown Cu2Se solution are obtained without any precipitate that can be 
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identified by naked eyes (Fig. 1b), indicating a complete dissolution. The dissolution power of the 

mixed amine-thiol solvent is attributed to the RS- species existing in the mixture that can bind to 

the metal ions. The fast ink preparation process is of great importance in terms of the fabrication 

efficiency, which is crucial in industrial processes. Ultraviolet-visible (UV-Vis) studies show two 

absorption peaks for both solutions (with the equal concentration of Cu), at around 400 nm and 

520 nm, respectively (Fig. 1c). The absorption in UV region is generally much higher than that in 

visible light, which is partially due to the strong absorption of UV light from the solvent itself 

(both amine and thiol) (Fig. 1c). The overall shape of the absorption spectra for both solutions is 

quite similar other than a slight difference in peak position. Despite that, the overall absorption of 

the Cu2S solution is generally higher than that the Cu2Se solution and thus appears darker.  

 

Figure 4.1. Characterization of the semiconductor ink solutions. (a) Photographs of the 
semiconductors powder in ethylenediamine before the addition of ethanedithiol. (b) Photographs 
of the semiconductor solutions after the addition of ethanedithiol. (c) UV-Vis spectrum for the 
diluted Cu2S, Cu2Se ink solutions, ethylenediamine (En) and ethanedithiol (Edt) respectively. 

With the formation of soluble semiconductor ink, the corresponding semiconductor thin 

films could be readily prepared by the deposition of Cu2S and Cu2Se solutions on various 

substrates via a spin coating or drop casting method followed by a thermal annealing step. The 

powder X-ray diffraction (XRD) patterns of the resulting thin films show the pure phase of 

tetragonal Cu2S and cubic Cu2Se, respectively (Fig. 2a, b). The energy-dispersive X-ray 

spectroscopy (EDS) confirms the existence of Cu and S in Cu2S, Cu and Se in Cu2Se, with the Cu 
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to S and Cu to Se ratio around 2:1, indicating the presence of Cu (I) in the thin films (Fig. 2c). X-

ray photoelectron spectroscopy (XPS) was also conducted to probe the oxidation state of Cu in the 

thin films. The XPS spectra for both Cu2S and Cu2S films exhibit two peaks matching well with 

Cu (I) 2p binding energy (Fig. 2d, e). Furthermore, the peaks can be perfectly fit with the sole 

existence of Cu (I) species without any shoulder peaks, demonstrating that there is no or negligible 

amount of Cu (II) species in the prepared thin films. The UV-Vis spectrum shows the indirect and 

direct band gap absorption edge at around 600 nm and 1000 nm for Cu2S (Fig. 2f), which agree 

well with the previously reported data.35 The Cu2Se has a similar spectrum with the indirect and 

direct band gap absorption at around 700 nm and 1000 nm.36 Together, these studies demonstrate 

that these solution processed thin film exhibit expected Cu2S and Cu2Se crystalline structures with 

no sign of the oxidation of Cu (I). 

 

Figure 4.2. Characterization of the recovered Cu2S and Cu2Se thin films. (a) and (b) Powder X-
ray diffraction pattern of the recovered thin films on glass substrates for Cu2S (a) and Cu2Se (b) 
respectively. (c) Energy dispersive X-ray spectra for recovered thin films. (d) and (e) X-ray 
photoelectron microscopy for Cu2S (d) and Cu2Se (e) film on the SiO2/Si substrate. (f) UV-Vis 
spectra for Cu2S and Cu2Se films on the glass substrate. 
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Using the semiconductor ink, thin films of Cu2S and Cu2Se can be readily prepared on the 

standard 4-inch Si/SiO2 substrate via a simple spin coating process. Compared with the 

conventional CVD or PVD process, the solution-processed thin films are easily scalable. 

Importantly, with the truly soluble precursor in the solution, the prepared thin films show a mirror-

like surface (Fig. 3a, d), indicating excellent uniformity and smoothness of the resulting films. The 

scanning electron microscopy (SEM) studies revealed closely packed nanoparticles in the Cu2S 

thin film (Fig. 3b), while the nanoparticle nature in the Cu2Se film is less obvious (Fig. 3e). The 

cross sectional SEM images confirmed the flat and compact nature of the prepared thin films on 

SiO2/Si substrate (Fig. 3b, e). Together, our studies show that high-quality Cu2S and Cu2Se thin 

films can be prepared on the substrate with a high degree of uniformity and the absence of 

significant voids. To take a step further, we have deposited uniform Cu2S (Fig. 3c) and Cu2Se (Fig. 

3f) thin films on a flexible plastic substrate via the same spin coating process, which demonstrates 

their potential applications in flexible and wearable electronics. 
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Figure 4.3. Structural characterization of the recovered Cu2S and Cu2Se thin films. (a) and (d) 
Photograph for the Cu2S (a) and Cu2Se (d) ink solution and as-deposited thin films on a standard 
4-inch SiO2/Si wafer with a mirror-like surface. (b) and (e) SEM image of Cu2S (b) and Cu2Se (d) 
thin films. Inset is the cross-sectional SEM image for the respective thin film. Scale bar is 100 nm 
for all images. (c) and (f) Photograph for the as-deposited Cu2S (c) and Cu2Se (f) thin films on the 
flexible polyimide substrate. 

To probe the electronic properties of the resulting Cu2S and Cu2Se thin films, we have 

fabricated two terminal devices with Ti/Au (50 nm/50 nm) thin film electrodes. Electrical transport 

measurements show linear I-V behaviour at both 300 K and 2 K for both Cu2S (Fig. 4a) and Cu2Se 

(Fig. 4d) thin films, indicating an Ohmic contact with the Ti/Au electrodes. We have further 

conducted temperature-dependent measurements to determine the conductivity and carrier 

mobility of the semiconductor thin films as a function of temperature (Fig. 4b, e). For the Cu2S 

thin film, the conductivity decreases with decreasing temperature in the range of 300 K to 2 K (Fig. 

4b), showing a typical semiconductor behaviour.37 During the cooling down process, the carrier 

mobility initially decreases and then increases below 100 K, which is also a common behaviour of 

Cu2S. For the Cu2Se thin film, the overall conductivity does not change significantly with the 

temperature variation (Fig. 4e). The carrier mobility in Cu2Se shows similar behaviour to that of 

Cu2S, which decreases first and then increases at low temperature. More importantly, the 

conductivities of the thin films (127 S·cm-1 for Cu2S and 1168 S·cm-1 for Cu2Se) prepared from 

our semiconductor ink solution are the highest among all of the solution-processed thin films for 

both Cu2S (Fig. 4c) and Cu2Se (Fig. 4f).36-46 The carrier mobility values (2.4 cm2·V-1·s-1 for Cu2S 

and 3.9 cm2·V-1·s-1 for Cu2Se) are also among the highest ones reported for solution-processed 

Cu2S and Cu2S films. We attribute the superior electrical performance to the truly soluble precursor 

in the solution that enables a highly uniform, compact and void-free thin film. Although previous 

studies have shown a quite high conductivity in the Cu2S films from electrophoretic deposition 
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and chemical bath deposition (Fig. 4c),37, 41 these approaches are intrinsically limited due to the 

difficulties in scalable processing of large area thin films. In another case, it has been shown that 

the Cu2Se thin films have been prepared from the deposition of pyridine-modified nanocrystals 

with a decent electrical performance (Fig. 4f),43 which is complicated by sophisticated nanocrystal 

shape and size control. Additionally, post-synthesis or post-deposition surface functionalization or 

ligand exchange is usually required to activate the electrical performance, which introduces extra 

complexity and adds to the fabrication cost.27, 47 The ultimate goal of solution processes is to 

prepare the large-area high-performance thin film with a low cost and simple procedure.4, 11 To 

this end, our strategy to use the directly dissolved semiconductor ink, at room temperature and 

atmospheric pressure, followed by spin coating or other high-efficiency deposition methods in 

industry, such as printing or roll-to-roll coating process, is the most desirable process.  

 

Figure 4.4. Electrical characterization of the prepared Cu2S and Cu2Se thin films.  (a) I-V curve 
for the Cu2S thin film at 300 K and 2 K. (b) Temperature dependence of the mobility and 
conductivity of the Cu2S thin film in the range from 2-300 K. (c) Comparison of the conductivity 
among Cu2S thin films from typical solution-based methods. NP: Nanoparticle. DDT: 
Dodecanethiol.45 ODT: octadecanethiol.46 MPA: Mercaptopropionic acid.44 OA: Oleylamine.37 
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EPD: Electrophoretic deposition.37 CBD: Chemical bath deposition.41 (d) I-V curve for the Cu2Se 
thin film at 300 K and 2 K. (e) Temperature dependence of the mobility and conductivity of the 
Cu2Se thin film in the range from 2-300 K. (f) Comparison of the conductivity among Cu2Se thin 
films from typical solution-based methods. NP: Nanoparticle. NW: Nanowire.39 OA: 
Oleylamine.38 TOP: Trioctylphosphine.40 Pyr: Pyridine.43 EPD: Electrophoretic deposition.42 CBD: 
Chemical bath deposition.36 

Importantly, our co-solvent approach to formulate inorganic semiconductor ink is general 

and can be extended to many other materials. For example, we have demonstrated that In2S3, In2Se3, 

CdS and SnSe can also be dissolved in the same solvent, with a high concentration (> 200 mg/mL) 

(Fig. 5a). Other materials, such as SnS, CdSe, ZnSe and MoS2, are also processable using the 

binary solvent, while with a lower solubility. To extend the potential application of our 

semiconductor ink, we have shown that by mixing an equal molar amount of Cu2Se and In2Se3 ink 

solutions, we can readily prepare high quality thin films of CuInSe2, the most popular material 

used in the thin film solar cells. Importantly, the resulting CuInSe2 film exhibits a pure crystal 

phase as confirmed by the XRD (Fig. 5b) and Raman spectroscopy (Fig. 5c), with a similar mirror-

like reflection as the Cu2S and Cu2Se films. Our studies also show the electrical performance of 

the CuInSe2 film is comparable to previously reported results (Fig. 5d).48 Similarly, more complex 

alloy CuIn(SxSe1-x)2 (0≤ x ≤1) films can be produced. Importantly, with our approach, the exact 

composition of the resulting CuIn(SxSe1-x)2 (0≤ x ≤1) thin films can be readily tuned by varying 

the mixing ratio of Cu2S/Cu2Se and In2S3/In2Se3, which is fairly difficult to achieve in nanocrystal, 

chemical bath deposition and physical vapour deposition. The CuIn(SxSe1-x)2 (0≤ x ≤1) thin films 

show a tunable bandgap absorption (Fig. 5e,g) and crystal structure (Fig. 5f, h). Varying the content 

of S and Se results in a series of alloy between CuInS2 and CuInSe2 with controllable composition 

and property. The facile mixing method could significantly simplify the fabrication process of 

complex CuIn(SxSe1-x)2 (0≤ x ≤1) material and thus reduce the overall complexity and cost. 
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Therefore, the truly soluble precursor of semiconductors in amine-thiol co-solvent can offer 

exciting opportunities in practical fabrication of semiconductor-based electronics and 

photovoltaics. 

 

Figure 4.5. Solution processing of ternary and quaternary semiconductor alloy thin films. (a) 
Photograph of the In2S3, In2Se3, CdS and SnSe ink solutions formulated with the co-solvent 
approach. (b) XRD pattern of the CuInSe2 thin films prepared by mixing Cu2Se and In2Se3 ink 
solution with 1:1 molar ratio, exhibiting the pure phase. (c) Raman spectroscopy for the prepared 
CuInSe2 thin film, showing the expected A1 mode. (d) I-V behavior for the CuInSe2 film measured 
at room temperature. Geometry for the device is width/length (W/L) =1:2. (e) Optical absorption 
for CuIn(SxSe1-x)2 films with tunable x value, fabricated by mixing Cu2S, Cu2Se, In2S3 and In2Se3 
ink solutions with different ratio. (f) X-ray diffraction peak evolution for the CuIn(SxSe1-x)2 films 
with tunable x value in (e). (g) The compositional dependence of the optical band gap energy for 
CuIn(SxSe1-x)2 films. (h) The compositional dependence of the crystal lattice constant for (112) 
plane in CuIn(SxSe1-x)2 films. 

4.4 Conclusion 

In summary, we have reported a general solution process for the facile fabrication of various 

high-performance semiconductor thin films by using an amine-thiol co-solvent. The co-solvent 

could dissolve semiconductors at room temperature and atmospheric pressure as a solution 

processable ink material for large-area fabrication of high-performance electronic thin films. We 
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show this method can be used to process a wide range of semiconductors, including Cu2S, Cu2Se, 

In2S3, In2Se3, CdS, SnSe, SnS, CdSe, ZnSe and MoS2. The amine-thiol co-solvent is safer and more 

accessible than the toxic hydrazine solvent. Using the semiconductor ink through a simple spin 

coating process, we show highly uniform mirror-like thin films could be prepared on diverse 

substrates, including silicon, glass and plastic with a room temperature conductivity of 127 S·cm-

1 for Cu2S, and 1168 S·cm-1 for Cu2Se, respectively. The obtained conductivities for Cu2S and 

Cu2Se thin films are the highest among all solution-processed Cu2S and Cu2Se thin films, including 

nanocrystal deposition and chemical bath deposition. Furthermore, many other interesting 

complex materials, like CuIn(SxSe1-x)2 (0≤ x ≤1), can also be processed by simply mixing precursor 

solutions in proper molar ratio. Together, the facile dissolution process at room temperature and 

atmospheric pressure greatly simplifies the ink formulation process and avoids the massive 

production of organic waste in nanocrystals synthesis, which is of great significance in practical 

applications. Our study defines a new strategy to dissolve semiconductors using a safe solvent as 

ink materials at room temperature and atmospheric pressure, for the construction of low-cost, 

large-area and high-performance electronic thin films on diverse substrates for future flexible 

electronic, thermoelectrics and photovoltaics. This work was published on ACS Nano in 2015.49 
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Chapter 5. Solution Processable Thermoelectric Copper Selenide Thin Film 

5.1 Introduction 

Thermoelectric (TE) power conversion is a solid-state and environmentally friendly energy 

conversion technology with broad applications in cooling, power generation, and waste heat 

recovery.1, 2 The thermoelectric device exhibits many attractive features, including cleanness 

without noise or emission of any hazardous substance, high reliability, a long life time, safe and 

stable electricity output.3, 4 The thermoelectric efficiency of a given material is determined by the 

non-dimensional figure of merit ZT, defined as ZT 	 /   where S, σ, κ and T are the Seebeck 

coefficient, electrical conductivity, thermal conductivity and absolute temperature respectively. 

Considerable efforts have been devoted to improving the ZT by tailoring electron and phonon 

transport via nanostructuring in the past two decades.5, 6 Nanostructures can reduce the phonon 

thermal conductivity through interface scattering, while concurrently maintaining or even 

improving the electronic transport through quantum confinement or interface energy filtering.7-11 

Indeed, significant ZT enhancement has been realized in both thin film structures such as 

superlattices and nanostructured bulk (nanobulk) materials containing nanostructures in a bulk 

matrix.12-14 Despite of the considerable progress, it remains a significant challenge to implement 

these approaches for large-scale commercialization due to the high material cost (e.g., using the 

expensive rare materials, Bi, Te, etc.) and complex fabrication processes.15, 16 With the rapid rise 

of miniature sensors and flexible electronics, flexible thermoelectric unit may offer an attractive 

solution for power supply.17-22 To this end, a flexible thin film thermoelectric device based on low-

cost earth-abundant elements is highly desired. 
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Copper selenide (Cu2Se) has been receiving much attention as a promising thermoelectric 

material for its excellent thermoelectric performance and affordable cost.23-26 The simple crystal 

structure and low cost of the starting material offer many exciting opportunities in industrial 

production. Liu et al. reported a ‘liquid-like’ behaviour of copper ions around a crystalline 

sublattice of Se, resulting in an intrinsically low lattice thermal conductivity, enabling an enhanced 

ZT of 1.5 at 1000 K in bulk Cu2Se synthesized with vacuum melting followed by consolidation 

using spark plasma sintering (SPS).23 Recently, a ZT of 1.6 at 973K has been achieved by hot 

pressing Cu2Se powder prepared from high-energy ball milling.25 Importantly, both the Cu and Se 

are more abundant than Bi and Te, which could lead to a great cost reduction for practical 

applications. However, despite of the high performance realized in the bulk form, the Cu2Se thin 

films usually exhibit a much lower thermoelectric performance, mainly arising from structural 

imperfections, including voids and defects in the films.27-29 

Herein, we report a high-performance flexible thermoelectric Cu2Se thin film prepared by a 

low-cost and scalable solution process. Benefiting from previously reported co-solvent that is 

capable of directly processing a variety of semiconductor solids,30-32 Cu2Se powder is readily 

dissolved in the mixture of ethylenediamine and ethanedithiol in several minutes at room 

temperature. The formulated Cu2Se ink solution could be readily used to process smooth and 

crystalline thin film on Al2O3 or plastic substrates, via wet-deposition methods such as spin 

coating. The fabricated Cu2Se thin film exhibits a power factor of 0.62 mW/m·K2 at 684 K, which 

is considerably higher than those of solution processed Cu2Se thin films (< 0.1 mW/m·K2) reported 

previously and among the highest values in all flexible thermoelectric films (~ 0.5 mW/m·K2) 

reported to date. Furthermore, the Cu2Se thin film shows excellent flexibility, with a resistance 

increase of only 8% after 1000 bending cycles. The ultrafast optical spectroscopy reveals a thermal 
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conductivity of 1.2-1.5 W/m·K at room temperature which is comparable to that of the Cu2Se in 

the bulk form. The prepared flexible Cu2Se thin film thermoelectric materials presents an exciting 

advancement in flexible thermoelectrics for the next-generation flexible electronics and sensors. 

5.2 Experimental section 

Chemicals: Ethylenediamine (H2NCH2CH2NH2, > 99%), Ethanedithiol (HSCH2CH2SH, > 98+%), 

were all purchased from Alfa-Aesar. Copper (I) selenide (Cu2Se, > 99.95%) was purchased from 

Sigma-Aldrich. All the chemicals were used as received without further purification.  

Deposition of Cu2Se film on Al2O3, SiO2/Si and plastic substrates. 50 mg of Cu2Se powder was 

weighed and transferred to a glass vial. 2 mL ethylenediamine was added into the vial followed by 

the addition of 0.2 mL ethaneditionl in a nitrogen-filled glovebox. After 10 min of magnetic 

stirring, the complete dissolution of the powder indicates the formation of the ink solution. The 

gentle warming during the dissolution (e.g., 35 oC on hotplate) can facilitate the process. The 

substrates (Al2O3, SiO2/Si and polyimide) were used after washing with isopropyl alcohol followed 

by a 5 min oxygen plasma treatment to increase the hydrophilicity of the substrate surface. A 

certain volume of ink solution was spin coated onto the substrate with a speed of 2000 rpm for 70 

s. Then the coated substrate was heated on a hotplate at temperature between 300- 500 oC (573-

773 K) for 1 hr with a slow ramp. All of the above processes were performed in a nitrogen-filled 

glovebox. 

Structural and compositional characterizations. Characterizations were carried out using 

scanning electron microscopy (SEM, JEOL JSM-6700F FE-SEM) with energy dispersive x-ray 

spectroscopy (EDAX), transmission electron microscopy (Titan S/TEM FEI; acceleration voltage, 

300 KV), atomic force microscopy (AFM, Bruker Dimension Icon Scanning Probe Microscope), 
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X-ray diffraction (XRD, Bruker D8 Discover Powder X-ray Diffractometer), and X-ray 

photoelectron spectroscopy (XPS, AXIS Ultra DLD). The cross-sectional sample was prepared by 

cutting the film on the Al2O3 substrate using focused ion beam (FIB).  

Thermoelectric measurement.  The temperature-dependent in-plane electrical conductivity and 

Seebeck coefficient of the Cu2Se films were measured simultaneously using a commercial Linseis 

Seebeck and resistivity instrument in a helium atmosphere. The resistivity measurement is 

conducted using a linear four-probe configuration. The Seebeck coefficient is determined by 

measuring the Seebeck voltage and the temperature difference established in parallel to the sample 

surface. The measurement uncertainties are less than 2% for the electrical conductivity, and less 

than 3% for the Seebeck coefficient, respectively. 

Ultrafast optical spectroscopy. The Cu2Se thin film was prepared on the 300 nm SiO2/Si substrate, 

followed by the deposition of an 80-nm aluminium (Al) thin film using the electron-beam 

evaporator. Thermal transport was characterized using the TDTR technique. The basic set-up is 

presented in Ref. 40. A tunable Ti:sapphire laser emits a train of 100 fs pulses at a repetition rate 

of 80.7 MHz and a central wavelength of 800 nm. The light is divided into pump and probe beams 

by the first beam splitter, with a large power ratio between the two beams. The pump beam (with 

spot size of 50 μm) passes through an electro-optic modulator with a sine-wave modulation up to 

20 MHz and then through a bismuth triborate (BIBO) crystal, where its frequency is doubled to 

400 nm. The probe beam (with spot size of 10 μm) is controlled with a delay time delay (up to 6 

ns) by a time-delay stage, and its reflected intensity is measured by a photodiode detector (Thorlabs 

PDA36A). 

5.3 Results and discussion 
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Figure 5.1. Characterization of the solution processed Cu2Se thin film on Al2O3 substrate. (a) 
Photograph of the deposited Cu2Se thin film on a standard 2-inch c-plane Al2O3 substrate, showing 
a mirror-like reflection. (b) X-ray diffraction (XRD) pattern of the film annealed at 423 K and 
573K. (c) Energy dispersive x-ray spectrum (EDS) of the film annealed at 573 K. 

To prepare the Cu2Se thin film, an ink solution is first prepared using a co-solvent approach 

by dissolving Cu2Se powder in a mixture of ethylenediamine and ethanedithiol at room 

temperature. The ink solution could be coated onto different substrates, including SiO2/Si, Al2O3, 

glass and plastic, in a scalable fashion by using a spin coating or printing process. The coated 

substrate was next treated with thermal annealing to yield a pure phase Cu2Se thin film. For 

thermoelectric measurement, the continuous Cu2Se thin film was spin-coated on the Al2O3 

substrate. The resulting film shows a high degree of uniformity over a large area with mirror-like 

reflection (Fig. 1a), similar to previously reported smooth films.31, 33 X-ray diffraction (XRD) 

studies show that the as-coated film is not crystalline, which can be readily converted into highly 

crystalline thin film with a moderate thermal annealing at 573K or higher (Fig. 1b). The energy 

dispersive x-ray spectrum (EDS) indicates the existence of Cu and Se in ~ 2:1 ratio, consistent 

with the formation of Cu2Se crystalline thin film (Fig. 1c).  
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Figure 5.2. Structural characterization of the Cu2Se thin films. (a) Scanning electron microscopic 
(SEM) image of the surface of the film. (b and c) Atomic force microscopy (AFM) analysis of the 
surface roughness (b) and thickness of the film (c). (d) Cross-sectional SEM analysis of the film 
on Al2O3 substrate. (e) Cross-sectional high resolution TEM analysis of the nanocrystals in the 
film. The dashed lines highlight the grain boundaries. (f) Fast Fourier transform (FFT) of the TEM 
image in (e). 

The scanning electron microscopic (SEM) studies (Fig. 2a) suggests that the resulting thin 

film consists of compact ultrafine nanoparticles (~10 nm), which is also confirmed by atomic force 

microscopy (AFM) analysis (Fig. 2b). The as-prepared thin film on Al2O3 substrate shows a 

thickness of 55 nm and a surface roughness Ra= 3.1 nm (Fig. 2b,c). The cross-sectional SEM image 

(Fig. 2d) further confirms the relatively smooth thin film and demonstrates that the film is free of 

obvious voids. The high-resolution transmission electron microscopic (TEM) image of the cross-

sectional view of the thin film (Fig. 2e) show that the film is constructed by multiple crystalline 

nanoparticles that stack compactly with each other. The polycrystalline nature is further confirmed 

by the corresponding fast Fourier transform (FFT) (Fig. 2f). The close contact and strong coupling 
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between each crystalline grain is expected to be beneficial for the electron transport across the 

interface which would enable excellent electrical performance.34, 35 

 

Figure 5.3. X-ray photoelectron spectroscopy analysis of the Cu2Se thin film. (a) Survey. (b) Cu 
2p. (c) Se 3d. (d) Se 3p and S 2p. 

To further identify the elemental valence states and purity of the resulted film, the x-ray 

photoelectron spectroscopy (XPS) measurements were performed. The survey spectrum (Fig. 3a) 

indicates the existence of both Cu and Se content. As illustrated in Fig. 3b, the Cu 2p core level 

spectrum has two peaks (Cu 2p3/2 and 2p1/2) that are symmetric, narrow, and free of satellite peaks, 

indicating that the valences of Cu elements is pure +1.31 As for Se 3d spectrum, a broad peak at 

52-56 eV was observed (Fig. 3c), which is the characteristic shape of Se2- in a consistent bonding 

environment.36-38 The broad peak for Se 3d can be fitted into two symmetric peaks to be assigned 

to Se 3d5/2 and Se 3d3/2, respectively. The XPS studies also reveal an atomic ratio of ~ 2:1 for 

Cu:Se, which coincides with the results from XRD (Fig. 1b) and EDS (Fig. 1c). The S 2p peaks 



89 

 

could be resolved although partially overlapping with the Se 3p double peaks. The existence of S 

might result from the ethanedithiol residue that was not fully removed during the thermolysis.30, 32 

While XRD and EDS did not show detectable amount of S, it is likely that the overall S content is 

rather low and mainly concentrates on the surface of the film to give a more obvious signal in the 

surface sensitive XPS technique.  

 

Figure 5.4. Thermoelectric properties of the solution processed Cu2Se film annealed at various 
temperature. (a) Seebeck coefficient S, (b) electrical conductivity σ, and (c) power factor σS2 of 
the film measured in the helium atmosphere.  

The in-plane Seebeck coefficient and electrical conductivity of Cu2Se thin films were 

measured using a commercial Linseis Seebeck and resistivity instrument. Figure 4 shows the 

temperature-dependent thermoelectric properties of four samples annealed at different 

temperatures ranging from 573 K to 773 K, measured up to the corresponding annealing 

temperature to avoid any additional undesired structural change during the measurement. In 

general, the electrical conductivity decreases while the Seebeck coefficient grows higher with 

increasing temperature in all thin films (Fig. 4a,b). Together, the combined power factor increases 

with the temperature and does not reach the peak that usually appears beyond 800K.25, 39 This trend 

is similar to those observed in the previously reported Cu2Se bulk pellets. As expected, the 

annealing temperature plays an important role in tuning the thermoelectric performance of the 

resulting films. The higher annealing temperature leads to a reduced electrical conductivity and an 
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improved Seebeck coefficient, which likely suggests a decreasing carrier concentration. Most 

significantly, the film annealed at 703 K was found to exhibit the highest power factor among the 

four samples, which is 0.62 mW/m·K2 at 684 K (Fig. 4c). As far as we know, this value is much 

higher than other solution processed Cu2Se thin films (< 0.1 mW/m·K2) and among the highest 

ones in all flexible thermoelectric films (~ 0.5 mW/m·K2) reported to date.18, 27-29 The superior 

thermoelectric performance is mainly attributed to the highly compact crystalline thin film with 

close contact between nanoparticles, which would result in excellent electron transport 

properties.34, 35  

 

Figure 5.5. Thermal transport measurement of the Cu2Se film using ultrafast optical spectroscopy. 
(a) Schematic illustration of the measurement setup, showing the Al transducer film on the top, 
pump laser to heat the local area of the film and probe laser to monitor the thermoreflectance 
change. (b) Normalized TDTR phase change versus time, fit by the diffusive model. Experimental 
curves (black circles) and the best fitting from the multilayer thermal transport model (red line). 
(c) Thermal conductivity values measured in multiple samples annealed at different temperature. 
Error bars indicate the standard deviations from 10 measurements.   

The thermal conductivity was measured using the time-domain thermoreflectance (TDTR) 

technique. TDTR is now a standard technique for measuring the thermal conductivity of a wide 

range of material.40-42 In the measurement setup, a femtosecond pulse laser is split into a pump and 

a probe beam (Fig. 5a). An instantaneous temperature rise on the sample surface is generated due 

to the pump laser impulses (λ= 400 nm), and the time-dependent temperature decay is monitored 
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by the probe beam (λ= 800 nm). Such a transient decay curve is subsequently fit with a multi-layer 

thermal model to obtain the thermal conductivity. Figure 5b shows typical TDTR data and fits to 

the thermal model. The best-fitted thermal conductivity values are plotted in Fig. 5c for samples 

with different annealing temperatures. Thermal conductivity of the film slightly increases when 

the annealing temperature increases from 573 K to 773K. At room temperature, the thermal 

conductivity value of all films fall within the range between 1.2 and 1.5 W/m·K. Such small 

thermal conductivity is comparable to the previously reported value for bulk Cu2Se,23, 25, 43 and 

indicates that our solution processed thin films retains the intrinsic thermal property of Cu2Se 

material. 

Importantly, our solution processed Cu2Se thin films can be readily implemented on plastic 

substrate to create flexible thermoelectric thin films. To this end, we have performed the flexibility 

test on the same thin film deposited on the polyimide substrate (Fig. 6a), which was annealed at 

623 K. The Cu2Se film shows a resistance change of only 8% after 1000 bending cycles, in contrast 

to > 600% resistance increase in a typical sputtered indium tin oxide (ITO) thin film (Fig. 6b). The 

excellent flexibility is most desired for the integration with the flexible electronics and sensors for 

attaching to curved heating surfaces. This work has been submitted. 

 

Figure 5.6. Flexibility test of Cu2Se thin film on plastic substrate. (a) Photograph of the Cu2Se thin 
film prepared on the polyimide substrate. (b) Relative resistance change in response to the bending 
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cycles for the 60-nm thick solution processed Cu2Se thin film and 60-nm thick sputtered ITO thin 
film on polyimide substrate. The bending radius is 10 mm and the tensile strain is 0.0025.  

5.4 Conclusion 

In summary, we have reported a high-performance thermoelectric thin film fabricated from 

a low-cost and scalable solution process. The ink solution was prepared by the direct dissolution 

of Cu2Se powder into a co-solvent at room temperature. Smooth and void-free crystalline thin 

films on Al2O3 or plastic substrates could be readily obtained by a spin coating process. The 

fabricated Cu2Se thin film exhibits a power factor of 0.62 mW/m·K2 at 684 K, which is much 

higher than other solution processed Cu2Se thin films (< 0.1 mW/m·K2) to date and among the 

highest ones in all the reported flexible thermoelectric films (~ 0.5 mW/m·K2). The ultrafast optical 

spectroscopy reveals a room-temperature thermal conductivity of 1.2-1.5 W/m·K, comparable to 

that of the Cu2Se in bulk form. Besides, the Cu2Se thin film coated on plastic substrate shows 

superior flexibility for integration with flexible electronics. The low-cost and scalable fabrication 

process, together with a remarkable thermoelectric performance obtained in relatively earth-

abundant elements, offer great opportunities in powering the next generation flexible electronics 

and sensors. 

5.5 References 

1. Bell, L. E. Science 2008, 321, 1457-1461. 

2. Rowe, D. M., Thermoelectrics Handbook, Macro to Nano. CRC Press: Boca Raton, FL, 2006. 

3. Sootsman, J. R.; Chung, D. Y.; Kanatzidis, M. G. Angew. Chem. Int. Edt. 2009, 48, 8616-8639. 

4. Zebarjadi, M.; Esfarjani, K.; Dresselhaus, M. S.; Ren, Z. F.; Chen, G. Energy Environ. Sci. 2012, 

5, 5147-5162. 

5. Hicks, L. D.; Dresselhaus, M. S. Phys. Rev. B 1993, 47, 12727-12731. 



93 

 

6. Wang, Y.; Fan, H. J. J. Phys. Chem. C 2010, 114, 13947-13953. 

7. Yang, H. R.; Bahk, J. H.; Day, T.; Mohammed, A. M. S.; Snyder, G. J.; Shakouri, A.; Wu, Y. 

Nano Lett. 2015, 15, 1349-1355. 

8. Zhang, Y. C.; Stucky, G. D. Chem. Mater. 2014, 26, 837-848. 

9. Harman, T. C.; Taylor, P. J.; Walsh, M. P.; LaForge, B. E. Science 2002, 297, 2229-2232. 

10. Fan, F. J.; Yu, B.; Wang, Y. X.; Zhu, Y. L.; Liu, X. J.; Yu, S. H.; Ren, Z. F. J. Am. Chem. Soc. 

2011, 133, 15910-15913. 

11. Fang, H. Y.; Bahk, J. H.; Feng, T. L.; Cheng, Z.; Mohammed, A. M. S.; Wang, X. W.; Ruan, 

X. L.; Shakouri, A.; Wu, Y. Nano Res. 2016, 9, 117-127. 

12. Biswas, K.; He, J. Q.; Blum, I. D.; Wu, C. I.; Hogan, T. P.; Seidman, D. N.; Dravid, V. P.; 

Kanatzidis, M. G. Nature 2012, 489, 414-418. 

13. Poudel, B.; Hao, Q.; Ma, Y.; Lan, Y. C.; Minnich, A.; Yu, B.; Yan, X. A.; Wang, D. Z.; Muto, 

A.; Vashaee, D.; Chen, X. Y.; Liu, J. M.; Dresselhaus, M. S.; Chen, G.; Ren, Z. F. Science 

2008, 320, 634-638. 

14. Venkatasubramanian, R.; Siivola, E.; Colpitts, T.; O'Quinn, B. Nature 2001, 413, 597-602. 

15. Wang, Z. H.; Yang, L.; Li, X. J.; Zhao, X. T.; Wang, H. L.; Zhang, Z. D.; Gao, X. P. A. Nano 

Lett. 2014, 14, 6510-6514. 

16. He, R.; Sucharitakul, S.; Ye, Z. P.; Keiser, C.; Kidd, T. E.; Gao, X. P. A. Nano Res. 2015, 8, 

851-859. 

17. Suarez, F.; Nozariasbmarz, A.; Vashaee, D.; Ozturk, M. C. Energy Environ. Sci. 2016, 9, 2099-

2113. 

18. Bahk, J. H.; Fang, H. Y.; Yazawa, K.; Shakouri, A. J. Mater. Chem. C 2015, 3, 10362-10374. 

19. Chen, Y. N.; Zhao, Y.; Liang, Z. Q. Energy Environ. Sci. 2015, 8, 401-422. 



94 

 

20. Yang, Y.; Lin, Z. H.; Hou, T.; Zhang, F.; Wang, Z. L. Nano Res. 2012, 5, 888-895. 

21. Hyeongwook, I.; Hyung Geun, M.; Jeong Seok, L.; In Young, C.; Tae June, K.; Yong Hyup, 

K. Nano Res. 2014, 7, 443-452. 

22. Liu, X.; Long, Y. Z.; Liao, L.; Duan, X. F.; Fan, Z. Y. ACS Nano 2012, 6, 1888-1900. 

23. Liu, H. L.; Shi, X.; Xu, F. F.; Zhang, L. L.; Zhang, W. Q.; Chen, L. D.; Li, Q.; Uher, C.; Day, 

T.; Snyder, G. J. Nat. Mater. 2012, 11, 422-425. 

24. Su, X. L.; Fu, F.; Yan, Y. G.; Zheng, G.; Liang, T.; Zhang, Q.; Cheng, X.; Yang, D. W.; Chi, 

H.; Tang, X. F.; Zhang, Q. J.; Uher, C. Nat. Commun. 2014, 5, 4908. 

25. Yu, B.; Liu, W. S.; Chen, S.; Wang, H.; Wang, H. Z.; Chen, G.; Ren, Z. F. Nano Energy 2012, 

1, 472-478. 

26. Liu, H. L.; Yuan, X.; Lu, P.; Shi, X.; Xu, F. F.; He, Y.; Tang, Y. S.; Bai, S. Q.; Zhang, W. Q.; 

Chen, L. D.; Lin, Y.; Shi, L.; Lin, H.; Gao, X. Y.; Zhang, X. M.; Chi, H.; Uher, C. Adv. Mater. 

2013, 25, 6607-6612. 

27. Ghosh, A.; Kulsi, C.; Banerjee, D.; Mondal, A. Appl. Surf. Sci. 2016, 369, 525-534. 

28. Deka, S.; Genovese, A.; Zhang, Y.; Miszta, K.; Bertoni, G.; Krahne, R.; Giannini, C.; Manna, 

L. J. Am. Chem. Soc. 2010, 132, 8912-8914. 

29. Zhang, Y.; Hu, C. G.; Zheng, C. H.; Xi, Y.; Wan, B. Y. J. Phys. Chem. C 2010, 114, 14849-

14853. 

30. Webber, D. H.; Brutchey, R. L. J. Am. Chem. Soc. 2013, 135, 15722-15725. 

31. Lin, Z. Y.; He, Q. Y.; Yin, A. X.; Xu, Y. X.; Wang, C.; Ding, M. N.; Cheng, H. C.; Papandrea, 

B.; Huang, Y.; Duan, X. F. ACS Nano 2015, 9, 4398-4405. 

32. Webber, D. H.; Buckley, J. J.; Antunez, P. D.; Brutchey, R. L. Chem. Sci. 2014, 5, 2498-2502. 



95 

 

33. Lin, Z. Y.; Chen, Y.; Yin, A. D.; He, Q. Y.; Huang, X. Q.; Xu, Y. X.; Liu, Y. A.; Zhong, X.; 

Huang, Y.; Duan, X. F. Nano Lett. 2014, 14, 6547-6553. 

34. Kagan, C. R.; Murray, C. B. Nat. Nanotechnol. 2015, 10, 1013-1026. 

35. Talapin, D. V.; Lee, J. S.; Kovalenko, M. V.; Shevchenko, E. V. Chem. Rev. 2010, 110, 389-

458. 

36. Liu, S. L.; Zhang, Z. S.; Bao, J. C.; Lan, Y. Q.; Tu, W. W.; Han, M.; Dai, Z. H. J. Phys. Chem. 

C 2013, 117, 15164-15173. 

37. Riha, S. C.; Johnson, D. C.; Prieto, A. L. J. Am. Chem. Soc. 2011, 133, 1383-1390. 

38. Zhu, J. B.; Li, Q. Y.; Bai, L. F.; Sun, Y. F.; Zhou, M.; Xie, Y. Chem. Eur. J. 2012, 18, 13213-

13221. 

39. Zhao, L. L.; Wang, X. L.; Wang, J. Y.; Cheng, Z. X.; Dou, S. X.; Wang, J.; Liu, L. Q. Sci. Rep. 

2015, 5, 7671. 

40. Schmidt, A. J.; Chen, X. Y.; Chen, G. Rev. Sci. Instrum. 2008, 79, 114902. 

41. Cahill, D. G. Rev. Sci. Instrum. 2004, 75, 5119-5122. 

42. Hu, Y. J.; Zeng, L. P.; Minnich, A. J.; Dresselhaus, M. S.; Chen, G. Nat. Nanotechnol. 2015, 

10, 701-706. 

43. Chen, X. Q.; Li, Z.; Dou, S. X. ACS Appl. Mater. Interfaces 2015, 7, 13295-13302. 

44. Lin, Z.; Hollar, C.; Kang, J.; Yin, A.; Wang, Y.; Shiu, H.; Huang, Y.; Hu, Y.; Zhang, Y.; Duan, 

X. Submitted. 

  



96 

 

Chapter 6. Conclusion 

         Here I have presented two method to fabricate solution processable ink materials to construct 

high-performance electronic and thermoelectric thin films and bulk. The 2D nanoplates possess an 

ultra-small thickness which allows the excellent dispersion in solvent and a large lateral size which 

contributes to the significantly reduce grain boundaries and superior electrical performance. The 

fabricated highly uniform Bi2Se3 and Bi2Te3 thin films exhibit a mirror-like reflection, as well as 

high room temperature electrical conductivity of  > 700 S/cm and mobility of > 100 cm2·V-1·s-1. 

Besides, the concept of using 2D nanoplates to construct highly uniform thin films could be 

extended to other materials, including SnS2, SnSe2, MoS2, and so on. 

         Based on the obtained Bi2Se3 nanoplates, I investigated the fabrication of heterostructures. 

In the production of PbSe/Bi2Se3 heterostructure, I discovered a symmetry-mismatched epitaxial 

growth in which the two contacting planes, PbSe (001) (square) and Bi2Se3 (0001) (trigonal), do 

not share the same symmetry. The dangling bond free surface of Bi2Se3 nanoplates attributed to 

be the main reason to allow such epitaxial growth to happen, which benefits from the layered 

structure in the van der Waals nanocrystals. Furthermore, the fabricated PbSe/Bi2Se3 

heterostructure exhibits a significantly reduced thermal conductivity and an enhanced figure of 

merit (ZT) in the thermoelectric test. Our study on the symmetry-mismatched epitaxial growth in 

liquid phase nanomaterials enriches the toolbox for the fabrication of high-quality heterostructures 

via the epitaxy method and opens up new possibilities in engineering the interface within 

composite materials to enable high-performance electronic, optoelectronic and thermoelectric 

devices. 

         Alternatively, a co-solvent based on amine and thiol is introduced to directly dissolve a wide 

range of semiconductor solid at room temperature within just several minutes. In the ink solution 



97 

 

based on nanostructures, the complex synthetic control of nanostructure, long process period and 

generation of a large quantity of organic waste are always serious problems to solve. In comparison, 

the formulation of ink by simple dissolution of the original solids presents a more simple and 

convenient pathway. The true molecular precursor leads to high perfection in the film structure 

and superior electrical performance. More importantly, with multiple ink solutions, complex 

materials, such as CuIn(SxSe1-x)2 (0≤ x ≤1), can also be processed by simply mixing precursor 

solutions in proper molar ratio, which is much more difficult to realize in the evaporation based 

technology. 

         To further demonstrate the applicability of the ink solution based on the co-solvent, I 

fabricated a flexible high-performance thermoelectric Cu2Se thin film. The Cu2Se thin film 

presents s high power factor of 0.62 mW/m·K2 at 684 K, which is much higher than the values 

obtained from other solution processed Cu2Se thin films (< 0.1 mW/m·K2) and among the highest 

values in all the flexible thermoelectric films reported to date (~ 0.5 mW/m·K2). Another 

advantage is the relatively low cost by using the earth-abundant Cu and Se element, comparing 

with the rare Bi and Te employed in the conventional thermoeletrics. Besides, the film is highly 

flexible which could be integrated with the emerging flexible computers and wearable electronics. 

Together, my PhD dissertation has helped to advance the development of solution processable low 

cost, large area and flexible electronic and thermoelectric devices, which I believe to be the future 

direction of functional electronics.  

 




