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ABSTRACT

Zinc telluride (ZnTe) is an attractive II-VI compound semiconductor with a direct

bandgap of 2.26 eV that is used in many applications in optoelectronic devices. Com-

pared to the two dimensional (2D) thin-film semiconductors, one-dimensional (1D)

nanowires can have different electronic properties for potential novel applications.

In this work, we present the study of ZnTe nanowires (NWs) that are synthesized

through a simple vapor-liquid-solid (VLS) method. By controlling the presence or

the absence of Au catalysts and controlling the growth parameters such as growth

temperature, various growth morphologies of ZnTe, such as thin films and nanowires

can be obtained. The characterization of the ZnTe nanostructures and films was

performed using scanning electron microscope (SEM), energy-dispersive X-ray spec-

troscopy (EDX), high- resolution transmission electron microscope (HRTEM), X-ray

diffraction (XRD), photoluminescence (PL), Raman spectroscopy and light scattering

measurement. After confirming the crystal purity of ZnTe, two-terminal diodes and

three-terminal transistors were fabricated with both nanowire and planar nano-sheet

configurations, in order to correlate the nanostructure geometry to device perfor-

mance including field effect mobility, Schottky barrier characteristics, and turn-on

characteristics. Additionally, optoelectronic properties such as photoconductive gain

and responsivity were compared against morphology. Finally, ZnTe was explored in

conjunction with ZnO in order to form type-II band alignment in a core-shell nanos-

tructure. Various characterization techniques including scanning electron microscopy,

energy-dispersive X-ray spectroscopy , x-ray diffraction, Raman spectroscopy, UV-vis

reflectance spectra and photoluminescence were used to investigate the modification

of ZnO/ZnTe core/shell structure properties. In PL spectra, the eliminated PL in-

tensity of ZnO wires is primarily attributed to the efficient charge transfer process

occurring between ZnO and ZnTe, due to the band alignment in the core/shell struc-
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ture. Moreover, the result of UV-vis reflectance spectra corresponds to the band

gap energy of ZnO and ZnTe, respectively, which confirm that the sample consists of

ZnO/ZnTe core/shell structure of good quality.
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Chapter 1

INTRODUCTION

1.1 Motivation

1.1.1 Energy Challenges

The erratic economics that govern energy supply are based upon the notion that

gas and other liquified energy is undeniably a finite resource and its accessibility is

at the mercy of external effects, such as exponentially increasing consumer demand,

and exponentially decreasing supply, due in some part by speculative political unrest.

Additionally, the recent exit of the United States from the Paris Climate Accord

has spurred a tremendous amount of innovation over new energy resources and tech-

nologies (Foley et al., 2017). As a result, these factors have motivated the scientific

community has taken upon the enormous challenge of exploring novel, cleaner, and

more renewable sources of energy. While there is a strong commercial motivation

for shifted focus on alternative energy, this shift is also demonstrated in academic

pursuits.

1.1.2 Nanowire Photovoltaics

Materials systems for various energy harvesting schemes such as piezo-electric ma-

terials (Kong and Wang, 2003) or those used for water-splitting (Van de Krol et al.,

2008) to create hydrogen fuel cells, have received wide attention, but are unparalleled

to the growth of interest in photovoltaics. “Back of the envelope” calculations have

demonstrated that harvesting the total energy from only one hour of complete solar

radiation would be enough to power the world’s energy consumption for a day (Kayes

1



Figure 1.1: Solar Spectrum of one sun at Air Mass 1.5

et al., 2005). However, therein lies an inherent challenge of finding a system that can

effectively capture the energy from the entire solar spectrum, illustrated in Figure

1.1. Because of quantized band edge transitions from homogenous semiconducting

materials and equivalent pn-junctions, no single material can accomplish the task of

converting the entire solar spectrum into usable energy. A number of photovoltaic

material systems have emerged within the past few decades, including multijunction

cells, nanostructure cells, and organics. The relative performance and evolution of

progress throughout the years. Conversion and external quantum efficiency are, how-

ever, not the only metrics which determine a successful photovoltaic material. While

the efficiency of single crystal silicon and multijunction cells seems to indicate stag-

gering performance, the limiting tradeoffs that stop consumer level production are

the astounding cost and difficulty to fabricate and grow (Kayes et al., 2005; Hu and

Chen, 2007). Organics suffer from low operation lifetimes due to the polymer layers

which are prone to oxidation (Schrier et al., 2007). This leaves a variety of thin film

and nonmaterial technologies which are hopeful options toward low cost of produc-

2



tion, lower cost per raw material (due to greater abundance) and higher performance

than current crystal technologies. This is especially true of oxide materials which are

chemically stable, lack toxicity, and are incredibly abundant. Additionally, nanowire

structures, in particular, offer a number of inherent advantages that set apart from

other traditional photovoltaic technologies (Hochbaum and Yang, 2009).

Figure 1.2: Evolution of photovoltaic material systems and power conversion effi-
ciency measures across the last century (from NREL)

Nanowires offer a large surface-to-volume ratio for effective chemical and catalytic

reactions and a large number of surface states to minimize dark current (current level

with no illumination). Nanowires are not limited by their growth substrate because

they have higher tolerance to lattice mismatching, allowing the use of low cost and

amorphous substrates (which also proves to be useful in the formation of heterostruc-

tures) (Soci et al., 2007a). Nanowires in a vertical array formation have very much

improved light trapping mechanisms which are very advantageous for light absorption,

a key component needed for photovoltaics. This configuration enhances light absorp-

tion simply because of the waveguiding effect which reduces surface reflectance and

3



minimizes angular dependence (Kayes et al., 2005). The mechanism and performance

of charge generation/separation in heterogeneous nanowires is also advantageous for

photovoltaic design, however the mechanism for charge collection limits its perfor-

mance, especially in axially oriented heterojunctions. For heterostructure materials,

the different compositions of different semiconducting materials indicates different

effective masses for electrons and holes, which in turn gives rise to a quasielectric

field for the carriers. For a Type II staggering band alignment, the charge separation

suppresses intrinsic recombination at the junction without the need for additional

doping (Capasso, 1986; Wang et al., 2008). On the other hand, charge collection, or

transportation, is plagued by recombination which occurs at the surface, interface, or

at bulk defects. Because of the inherently large surface to volume ratio of nanowires,

surface recombination remains a major challenge to overcome (Bae et al., 2010). Ra-

dially oriented, or core/shell heterostructure nanowires offer advantages very distinct

from the axially oriented heterostructure, which are illustrated in Figure 1.3. First,

the junction interface extends along the length of the nanowire, maximizing interface

area6. Secondly, because the radial configuration produces orthogonal pathways for

light absorption and carrier collection, a carrier collection distance can be made com-

parable or even smaller than the minority carrier diffusion length. This suggests that

photogenerated carriers can reach the p/n regions or electrodes of the surrounding

geometry with high efficiency and low bulk recombination (Hu and Chen, 2007). This

is in stark contrast to planar solar cells which are limited by unwanted recombination.

1.2 II-IV Nanowires

Compound II-VI semiconducting nanowires can be produced at relatively low

costs, either by solution or thermal methods. This has increased interest, in the past

years of developing II-VI compound nanowire photovoltaics. These materials enjoy

4



Figure 1.3: Comparison of (a) radial and (b) axial nanowire photovoltaic het-
erostructures

some intrinsic advantages found within most inorganic materials such as high carrier

mobility, robust material stability, and high interfacial area (Schrier et al., 2007).

Unfortunately, II-VI materials are limited by their native defects and controlled dop-

ing is still considered such a challenging milestone (Desnica, 1998). The use of II-VI

nanowires in conjunction with semiconducting dyes or organic polymers for fabrica-

tion of hybrid solar cells may substantially increase the efficiency and viability of

these materials.

ZnO nanowires are the most researched metal oxide semiconductors and have

received a great deal of attention due to ease of growth, rich optical, electrical, and

mechanical properties, and a promising variety of applications. The problem however,

is its band gap (3.37 eV) which limits the absorption of light illuminated on ZnO to the
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UV spectrum, and to date, the best theoretical calculations of photovoltaic efficiency

are 7% while having only experimentally been shown to accomplish 2% (Torchynska

and Polupan, 2002). However, ZnO is highly conductive and intrinsically n-type and

in a nanowire geometry, a large junction area and contact area can be used for electron

collection, as previously described (Wang et al., 2008).

Many techniques have been employed toward using smaller band gap materials

to expand the absorbance, which allows for increased light harvesting and overall

energy-conversion efficiency of the solar cell. One of the most popular methods is to

fabricate a core/shell structure by coating ZnO NWs with a uniform thin film shell of

the II-VI group of materials (Leschkies et al., 2007; Tak et al., 2009). The core/shell

type-II heterojunction between the ZnO nanowire rod and the semiconducting sur-

rounding lead to effective charge separation with the shell acting as an absorber or

generation site and the nanowire core as an electron transporter (Leschkies et al.,

2007; Lévy-Clément et al., 2005). Type-II core/shell heterostructure configurations

provide the advantage of broadening the absorbed solar spectrum through weak in-

terfacial transitions (Leschkies et al., 2007) and increase the carrier lifetime due to

slow electron-hole recombination in the spatially charge separated region (Kim et al.,

2003) and minimize radiative recombination losses (Zhang et al., 2008c). However, for

effective transport of electrons in the ZnO core, and holes in the shell, it is important

to be able to adjust the thickness of the cell to maximize generation of the charge

pairs while maintaining effective transport. Some simulation and experimental work

in this area has been explored via the use of selenide (Bouazzi et al., 1978), sulfide

(Goto et al., 2009), and telluride (Schrier et al., 2007) as a shell material.
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1.3 Literature Review

A review of the literature in regards to ZnTe nanostructures for electronic and

optoelectronic applications is presented as follows.

1.3.1 ZnTe Thin Film and Nanostructural Synthesis

ZnTe thin film and nanostructures have had reported synthesis techniques that

range from molecular beam epitaxy (MBE) (Bozzini et al., 2000), electrodeposition

(Bacaksiz et al., 2009), metal-organic chemical vapor deposition (MOCVD) (Amutha

et al., 2006), thermal evaporation (Tanaka et al., 2009a), sputtering (Spath et al.,

2005a), and solvothermal synthesis (Du et al., 2006). Among these, the technique

of thermal evaporation has been among the most reported due to the ability to de-

posit ZnTe conformally and as a blanket whole, over a large surface, with extreme

facility. While able to produce highly uniform and crystallographically pure ZnTe,

MBE suffers from a large cost with low throughput and makes large scale commer-

cialization difficult (Bozzini et al., 2000). Techniques involving solution-based syn-

thesis, while potentially cost-effective, present difficulties with producing ZnTe that

are stochiometrically pure (due to residual solvent and other impurities), and further

pose difficultues with integrating synthesis directly with processing (Du et al., 2006).

Among these, vapor deposition has shown to trades off with some of these limitations

by forming high quality crystals, with larger throughput, at lower cost.

Devami et al produced a comprehensive model that attempted to correlate mor-

phological structure of synthesized ZnTe with temperature and content percentage.

They were able to demonstrate how maximal length and tapering could be achieved

and largely attributed the variation to the diffusion coefficient of the source ZnTe va-

por. They also noted that the thickness of gold film catalyst largely affected diameter
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and therefore thickness of two-dimensional ribbon structures. Figure 1.4 summarizes

these findings.

Figure 1.4: Schematic of nanostructures grown with different source material tem-
peratures and their approximate percentage. Other conditions are 300 Torr, substrate
heater at 500 ◦C, 25 sccm argon flow (from Devami et al.)

1.3.2 ZnTe Nanostructures for Electronic and Optoelectronic Devices

The study of channel conductance and photoconductive properties was under-

taken by many researchers using 1D ZnTe materials. Doped and undoped ZnTe films

have traditionally been used to realize a variety of optoelectronic devices such as

photodetectors (Chang et al., 2001) and intermediate solar cell layers (Gessert et al.,

2009; Rioux et al., 1993; Spath et al., 2005b). Additionally, ZnTe has often been

compared to GaAs and ZnS systems in regards to its superior electro-optical coeffi-

cient and electron-LO-phonon (polaron) coupling constant (Kumagai and Kobayashi,

2012; Pelekanos et al., 1991; Kaminow and Turner, 1966; Xue and Zhang, 1997), as
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well as GaN/InGaN emitters for circumventing the problem of phase segregation in

compositional band edge engineering (Osamura et al., 1975; Moon et al., 2001). ZnTe

nanowires has led to the successful fabrication of field effect transistors (Cao et al.,

2012; Huo et al., 2006a; Li et al., 2010a, 2011a; Liu et al., 2013a; Wu et al., 2012)

and photodetectors (Zhang et al., 2008a; Liu et al., 2013a). Figure 1.5 illustrates

the earliest reports of two-terminal and three-terminals devices composed of ZnTe

nanowires (Cao et al.).

Figure 1.5: A schematic illustration of an individual ZnTe nanowire configured as a
photodetector. (b) Photoconductivity measurement of a ZnTe nanowire device on a
SiO2/Si substrate. (c) A representative low-magnification and (d) high-magnification
SEM image of a single-crystalline ZnTe nanowire device. (e) Comparative I-V charac-
teristics of the ZnTenanowire photodector illuminated with a light of 400 and 500 nm
wavelength and under dark conditions. (f) Spectral response (left) of the nanowire
measured at a constant bias voltage of 10 V. The normalized room-temperature PL
spectrum (right) of the ZnTe nanowires is also illustrated (from Cao et al.)
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1.3.3 ZnO/ZnTe Core Shell Photodiodes

Experimental demonstrations of ZnO/ZnS and ZnO/ZnTe were found in conjunc-

tion to the above theory work. In the case of ZnS (Wang et al., 2010), a vertically

aligned ZnO/ZnS core/shell nanowire array with type II band alignment was directly

synthesized on an indium-tin-oxide glass substrate and the photovoltaic effect of the

nanowire array was investigated. The report indicates that ZnS coating is found to

quench the photoluminescence of ZnO nanowires but enhance the photocurrent with

faster response in the photovoltaic device, indicating improvement in charge sepa-

ration and collection in the type-II core/shell nanowire. While their work seems to

suggest a photovoltaic effect, no numerical reports of photovoltaic parameters such as

open circuit voltage, short circuit current, nor efficiency were reported. For ZnO/ZnTe

(Zheng et al., 2010) structures, large area, well-aligned type-II nanowire arrays were

fabricated on sapphire substrate. Luo et al most recently formed ZnO/ZnTe core

shell structures with a process flow described in Figure 1.7 and the proposed band

alignment is shown in Figure 1.6. The ZnO nanowires were grown in a furnace

by chemical vapor deposition and then were coated with a ZnTe shell on the ZnO

nanowires surface by a metal-organic chemical deposition chamber. The morphol-

ogy and size distribution of the ZnO/ZnTe core-shell nanowire arrays were studied by

scanning electron microscopy (SEM) and the crystal structure was examined by x-ray

diffraction (XRD). Transmission measurement was used to study the optical proper-

ties of the core-shell nanowires. The results indicated that the ZnO/ZnTe core-shell

nanowire arrays have good crystalline quality. The report further indicates that the

nanowire arrays have good light absorption characteristics making it suitable for mak-

ing photovoltaic applications. However as in the ZnS case, no actual measures were

taken to fabricating a standard solar cell and the important figures of merit charac-
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terizing the cell were certainly not measured. This is probably an indication that the

experimental performance of these devices is currently very poor. While the reports

of ZnTe are very few and far between, there are in fact many ZnO/ZnS reports but

they all seem to be permutations of the same report, delivering no useful photovoltaic

parameters. This seems to suggest that much experimental work needs to be done in

order to reach the predicted levels of simulations, worthy of publication.

Figure 1.6: Band alignment modification upon the formation of a ZnO/ZnTe het-
erostructure and the corresponding charge transfer process upon illumination (from
Luo et al.)

1.4 Research Goals

1.4.1 ZnTe for Electronic and Optoelectronic Applications

ZnTe has been demonstrated in a variety of applications, and serves as a funda-

mental semiconduting material to achieve these ends. There are still several obstacles

that stand in the way of any form of ZnTe usage in microelectronic and solar cell ap-

plications. The first includes controlled morphological and electronic properties from

source materials and synthesis conditions. The second includes optimization of these
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Figure 1.7: Process flow of preparing the vertically aligned ZnO/ZnTe heterostruc-
ture based solar cell. There is a transparent hot-melt ring between Pt counter elec-
trode and ZnO/ZnTe based photoanode (from Luo et al.)

physical and chemical properties toward better electronic and optoelectronic perfor-

mance. Lastly, it is important to understand how ZnTe can be incorporated to modify

ZnO nanowires for a type-II band alignment, for potential solar cell applications.

1.4.2 Objectives

This study aims to focus on:

• High temperature vapor phase transport for high quality ZnTe nanostructures

and controlled morphology

• Evaluation of nanostructured geometry in relation to electronic and optoelec-

tronic performance

• Integration of ZnTe in vertical ZnO nanowire arrays for type-II band alignment
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1.4.3 Research Approach

This work aims to answer a set of questions leading to an overall understanding of

ZnTe nanostrucutures. A summary of some of these findings is discussed as follows:

• Chapter 2

– Hypothesis: The use of catalyst and the variation of growth temperature
can significantly affect the kind of ZnTe nanostructure that emerges
∗ Observation 1 : The presence of catalyst forms nanostructures includ-

ing nanowires and nanosheets.
· Experimental Design: A synthesis of ZnTe was undertaken with

Au catalyst
· Fundamental Physical Interactions Uncovered: ZnTe undergoes

vapor-liquid-solid growth mechanism during formation to create
a eutectic that facilitates aligned growth.

∗ Observation 2 : Growth temperature has a strong influence over
· Experimental Design: ZnTe was grown in a single zone furnace ca-

pable of producing multiple temperatures in a single growth trial.
· Fundamental Physical Interactions Uncovered: ZnTe undergoes a

scaffolding and filling effect that creates 2D sheets from a single
ZnTe wire.

• Chapter 3

– Hypothesis: ZnTe nanomaterial geometry has no significant difference in
electrical and optoelectronic performance responses.
∗ Observation 1 : Field effect mobility, subthreshold swing, and contact

barrier found to be larger for ZnTe nanosheets, as compared to ZnTe
nanowires
· Experimental Design: IV characteristics across ZnTe nano-geometry

(categories), for varying gate voltages (numerical ratio scale).
· Fundamental Physical Interactions Uncovered: Conformal and in-

timate contact between ZnTe nanosheets and gate oxide. NWs
have a single line conduction path with a larger density of surface
oxygen states impeding transport.

∗ Observation 2 : Nanowires exhibit larger photoconductive gain than
nanosheets
· Experimental Design: IV measurements under different illumina-

tion power density (ratio scale), across two geometries (categori-
cal).
· Fundamental Physical Interactions Uncovered: Smaller power ex-

ponent of maximum current relation (for nanowires) indicates a
greater abundance of trap states, from surface oxygen formation.
Larger surface to volume ratio of nanowires magnifies this effect.
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• Chapter 4

– Hypothesis: ZnTe can conformally cover ZnO nanowire arrays
∗ Observation: ZnTe conformally covers ZnO nanowire arrays
· Experimental Design: ZnTe growth was undertaken on ZnO nanowire

array
· Fundamental Physical Interactions Uncovered: ZnTe covers ZnO

at the reaction limited regime such that it blankets ZnO wires
without forming into secondary substructures

1.4.4 Merit

This work is important because ZnTe is a robust material and capable of realizing

advanced solar cell technology. This study aims to inform future generations of ZnTe

nanostructure researchers of the variety of considerations and pitfalls that may emerge

when studying ZnTe. ZnTe has been described as a highly promising material for

commercialization, and yet many road-blocks exist within realizing it on such an

industrial scale. While this work does not necessarily “move mountains” in terms of

influencing industries committed to their own set of materials and workflow, it will

inform the general public of what the material is capable of achieving.

1.5 Organization of the dissertation

The organization of this dissertation is such that the Chapter 2 discusses the syn-

thesis of ZnTe including the use of catalyst and modulation of growth temperature to

create thin films and nanostructures. Chapter 3 discusses the fabrication of ZnTe de-

vices and how the morphological structure affects functional performance. Chapter 4

discusses ZnO/ZnTe core/shell nanostructures. Chapter 5 concludes this dissertation.
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Chapter 2

FROM POLY-CRYSTALLINE THIN FILMS TO SUBMICRON STRUCTURES:
MORPHOLOGICAL EVOLUTION OF ZNTE THROUGH CATALYST

CONTROL

2.1 Abstract

Zinc Telluride (ZnTe) poly-crystalline thin films and submicron, single-crystal

features (wires and sheets) were synthesized by a vapor deposition technique. The

morphology of grown structures were controlled through the absence and the presence

of gold (Au) catalyst deposited as a seeding layer atop substrates prior to growth.

As the growth temperature increased from 349 ◦C to 562 ◦C, the grain sizes of poly-

crystalline thin films increased from an average of 1.12 µm to 4.35 µm. Coupled

with X-ray diffraction (XRD) analysis, the Williamson-Hall model was employed to

discern a reduction of microstrain leading to increased crystallite size. Furthermore

analysis of grain size as a function of growth temperature indicate an increase of

grain boundary mobility with increased grain size. For nanostructures, field emission

scanning electron microscopy (FESEM) reveals a variety of morphological features

from single-dimensional wires to two-dimensional sheets. High-resolution transmis-

sion electron microscopy (HR-TEM) and XRD of the ZnTe nanostructures reveal

single-crystallinity, with a moderate preference for the (111) growth orientation due

to lower surface energy. Strong band edge emission from photoluminescence (PL)

and absorption from light scattering of ZnTe nanostructures was observed and the

intensity ratio of the band edge peak to the O2 defect related peak (550 nm/725

nm) increases with the growth temperature, indicating the suppression of unintended

oxygen-related defects.
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2.2 Introduction

Wide band gap II-VI semiconductors have been studied extensively due to interests

in potential applications from modifying fundamental crystal structure as related to

electrical, and optical properties (Jie et al., 2010). Among them, Zinc Telluride (ZnTe)

is an attractive compound semiconductor with a direct band gap of 2.26 eV at room

temperature (Garcia et al., 2001), and exhibits a cubic, zinc blende lattice structure.

ZnTe has been integrated in several optoelectronic device applications including light-

emitting diodes (LEDs), laser diodes (LDs), photodetectors, and solar cells (Tanaka

et al., 2009b; Liu et al., 2013b; Fan et al., 2011; Gunshor et al., 1996). ZnTe typically

exhibits p-type conductivity due to self-compensation (Zhang et al., 2008a; Li et al.,

2010b, 2011a), and is therefore a choice material in forming p-n heterojunction diodes

with preferentially n-type semiconductors (Reiss et al., 2009).

ZnTe has been reportedly grown from several techniques including molecular

beam epitaxy (MBE), electrodeposition, metal-organic chemical vapor deposition

(MOCVD), thermal evaporation, sputtering, and solvothermal synthesis (Bozzini

et al., 2000; Bacaksiz et al., 2009; Shan et al., 2002; Amutha et al., 2006; Tanaka

et al., 2009a; Spath et al., 2005a; Du et al., 2006). Thermal evaporation is the most

commonly employed method for synthesizing ZnTe thin films due to its simplicity of

blanket deposition onto large surface area. MBE, while highly pure and highly uni-

form, suffers from high cost and low throughput and making commercialization and

mass production difficult. Solution-based techniques pose difficulties in device fab-

rication, due to the complexity of integrating synthesis directly into the processing

sequence. Furthermore, ZnTe nanostructures formed by solution-based techniques

typically yield smaller lengths and correspondingly smaller aspect ratios. Solution

based techniques also tend to produce lower crystal quality due to residual solvent
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and impurities (Du et al., 2006). Vapor deposition, however, trades off with some of

these limitations by forming high quality crystals, with larger throughput, at lower

cost.

In this work, the synthesis of both ZnTe thin films and submicron structures

via vapor deposition is presented as a function of Au catalyst. Poly-crystalline thin

films were found to exhibit grain sizes up to 4.35 µm, which increased with increasing

growth temperature due to reduced microstrain. Single-crystalline submicron features

were found to exhibit suppressed O2 defect related emission with growth temperature.

The submicron structures were found to grow as long as 150 µm, facilitating the

creation of embedded percolative networks for device fabrication.

2.3 Experimental Details

Growth of ZnTe thin films and submicron features were conducted in a horizontal

single-zone quartz tube furnace via vapor deposition. Si (100) substrates were initially

cleaned with isopropyl alchohol, acetone, and rinsed in deionized water. Prior to

growth a subset of Si substrates were coated with a catalyst seed layer of sputtered

30 nm Au films. The growth furnace was then loaded with the Si substrates: a

single trial with Au catalyst, and another trial without catalyst. After evacuating

the furnace, the substrates were then “pre-baked” at 100 ◦C overnight to remove

residual gas and moisture on the surface of the substrate and the inner wall of the

tube furnace. Additionally, for trials with catalyst, the substrates formed islands of

Au particles, facilitating wire growth. Before commencing growth at elevated furnace

temperature, ZnTe powder (Alfa Aesar, 99.99%) was loaded into a ceramic boat as the

source material. The ceramic boat was placed at the center of the tube furnace with

highest temperature of 750 ◦C. This experimental setup of ZnTe growth is illustrated

in Fig. 1, along with a summary of results from this work.
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Figure 2.1: Experimental setup and summary of ZnTe growth

Argon was introduced as the carrier gas while the furnace temperature increased

and a growth time of 1 hour was maintained. Gas flow was subsequently ceased as

the furnace was cooled to room temperature. The characterization of the ZnTe thin

films and nanostructures was performed using field emission scanning electron mi-

croscopy (FESEM), energy-dispersive X-ray spectroscopy (EDX), X-ray diffraction

(XRD), High-resolution transmission electron microscopy (HR-TEM), photolumines-

cence (PL), and light scattering spectroscopy. Measurement of grain size distributions

was conducted in imageJ software by tracing features from electron micrographs.
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2.4 Results and Discussion

2.4.1 Poly-crystalline Thin Films

Figure 2.2: The SEM micrographs of the as-synthesized ZnTe thin films at growth
temperatures of (a) 349 ◦C (b) 504 ◦C (c) 533 ◦C (d) 562 ◦C.

Fig. 2a, 2b, 2c and 2d show the SEM micrographs of the as-synthesized ZnTe

thin films deposited on Si (100) substrate at substrate temperatures of 349 ◦C, 504
◦C, 533 ◦C, and 562 ◦C , respectively, absent of a Au catalyst seeding layer. Nu-

cleation, growth, and coalescence processes take place as temperature rises. Fig. 2a

presents the nucleation of ZnTe small crystals in the early stages of film growth.

As the growth temperature increases and crystallites grow (Fig. 2b-2d), the space

between them decreases and poly-crystalline ZnTe films are formed through the co-

alescence of isolated ZnTe crystals on the Si surface. Furthermore, the increase in

growth temperature also reduces the density of nucleation centers due to atoms on
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the surface of the substrate having greater mobility. Substrate temperature is one of

the key parameters in the vacuum deposition because it influences the crystallinity

and composition of the deposited ZnTe thin films (Rao et al., 2009).

Figure 2.3: XRD pattern of the ZnTe layers on Si (100) substrates grown at (a) 533
◦C and (b) 194 ◦C. (c) The EDX spectrum of ZnTe layers grown at 533 ◦C.

Fig. 3a shows the XRD pattern of the ZnTe thin films grown at 533 ◦C. The

diffraction peaks at 2θ = 25.26◦, 41.8◦, 49.5◦appear in the XRD pattern, which can be

assigned to the (111), (220), and (311) planes of ZnTe repectively, and are consistent

with reports of ZnTe thin films (Salem et al., 2008; Shaban et al., 2016; Mote et al.,

2012). Fig. 3a, 3b revealed that as-deposited films are poly-crystalline in nature and

belonged to the zinc blende phase with a strong preferred orientation along the (111)

direction. The crystallinity preference is largely a result of the silicon surface tending

to reduce its surface energy, stemming from the lattice mismatch between the Si (100)

substrate surface and the ZnTe crystal.

The XRD spectrum of ZnTe thin films shown in Fig. 3b reveal the presence of a

small tellurium (102) peak at 2θ = 38.15◦ for growth temperatures of 194 ◦C. This

pattern indicates that as the substrate temperature is lower than 194 ◦C, there is

not enough compensation for native tellurium interstitials to completely eliminate

deviation from perfect stoichiometry. One possible origin for this deviation is due

to the fractionation of zinc (Zn) and tellurium (Te) atoms during the evaporation
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process. Te has a much lower vapor pressure compared to Zn at any given temperature

(Khawaja et al., 2005). The spectrum (Fig. 3c) of EDX confirm this trend with ZnTe

thin films grown at 533 ◦C. Because the saturated vapor pressure of Zn is higher

than that of Te, the ZnTe films will be Zn deficient. The average crystallite size

(sometime referred to as sub-grain size), can be inferred through XRD by assessing

Coherent Scattering Domains (CSD), i.e. regions of materials that scatter coherently

(Opanasyuk et al., 2012; Escobedo et al., 2010). In the present study, XRD peak

broadening analysis was used to estimate the crystallite sizes (D) and microstrain (e)

by the Williamson-Hall (W-H) analysis. The method was based on the assumption

that the crystallite size and strain line profiles are both presumed to exhibit a Cauchy

dispersion relationship, and thus, crystallite sizes and microstrain can be modeled by

the following relation (Shaban et al., 2016; Mote et al., 2012; Shaaban et al., 2009):

∆(2θ)cos(θ0) = λ

D
+ 4esin(θ0) (2.1)

Where ∆(2θ) is the full-width at half maximum (FWHM) of the diffraction peak,

θ0 is the diffraction angle, λ is the excitation wavelength of X-ray (1.5418 Å), D

is the average crystallite size, and e is the microstrain. The FWHM of the zinc

blende (111) peaks were calculated from recorded XRD data and decreases as the

substrate temperature increases, as shown in Table 1. These results suggest that

the crystallinity and preferential orientation increase with the increasing substrate

temperature. The crystallite size increases with increasing substrate temperature,

while the microstrain decreases. Shaaban et al. also reported this behavior and

suggest that it may be due to the decrease in lattice defects among the crystallite

boundaries with the crystallite size increasing (Shaaban et al., 2009). The average

crystallite sizes of ZnTe thin films grown on glass had been reported to be in the

range of 25-80 nm (Salem et al., 2008; Rao et al., 2010; Balu et al., 2010; Kumar
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et al., 2014; Rathod et al., 2011; Syed Basheer Ahamed et al., 2010). However, ZnTe

thin films grown on Si (100) single crystal substrates have much smaller FWHM,

indicating larger crystallite sizes. In this work the average crystallite sizes was found

to be up to 465 nm. The crystallite sizes, distribution of crystallite sizes, and surface

morphology of poly-crystalline thin films are among the key factors that affect the

performance of devices built on ZnTe thin films. Better performance may be expected

from larger crystallite of poly-crystalline ZnTe thin films because of reduced carrier

scattering from the boundaries.

Temperature

∆ 2 θ

Crystal size (D, nm) Microstrain (e)(111) (220) (311)

194 ◦C 0.159 0.218 0.311 151.16 0.001688

533 ◦C 0.149 0.201 0.249 465.42 0.002565
Table 2.1: Extracted FWHM, crystallite size, and microstrain of ZnTe thin films
grown at varying growth temperature.

In a poly-crystalline aggregate, the grain size and the crystallite size are seldom

the same because the crystallite size is the size of the single crystal, whereas a grain

may contain one or more than one crystallites. Traced SEM micrographs (Fig. 2)

were analyzed in order to evaluate the average grain size of poly-crystalline thin films

grown at different growth temperatures (Fig. 4). At higher growth temperatures,

the average grain size of the ZnTe thin flims increased exponentially. The inset of

Fig. 4 shows the Arrhenius plot of an average grain size of ZnTe thin film growth

as a function of growth temperature, where E is the activation energy for boundary

mobility or the migration energy. The average activation energy of the grain growth

is calculated by regression analysis and a first order fit is found to be ≈0.26 eV (Fig.

4 inset). The activation energy E of different materials depend on the elementary

22



process of their atomic motion and generally it will be different for different elements

and crystal structures. By using similar approach, Cho (Cho et al., 2012), and Nieto

(Nieto et al., 2015) reported the activation energy of the grain growth for mesoporous

TiO2 structure and graphene nanoplatelet, respectively. Farkas et al. suggested a size-

dependent grain boundary model by using molecular dynamics (Farkas et al., 2007).

In their model, grain growth occurs by the movement of grain boundaries and the

mass transport is mainly determined by the grain boundary diffusion. Their model is

similar to that proposed by Zhou et al. (Zhou et al., 2005) in a study of size effects on

grain boundary mobility in thin films. Their simulations of grain boundary migration

in thin films show that the grain boundary mobility decreases with decreasing film

thickness. The mobility decrease of thinner films is due to the boundary regions near

the surface have a lower mobility. The simulation results provide clear evidence that

grain boundary mobility is a function of the size of the system (Farkas et al., 2007).

The results of the inset of Fig. 4 imply a significant size effect, as the mobility of

the boundaries increases as the grain size increases. The results can be explained

by the model proposed by Zhou et al. that considers a size effect in the boundary

mobility (Zhou et al., 2005; Farkas et al., 2007). As the growth temperature increase

from 349 ◦C to 562 ◦C, an increased slope is observed, which implies there are fewer

spaces between atoms at higher growth temperature, and therefore higher degree of

crystallinity. The films deposited at higher substrate temperatures were found to

have larger grains thereby enhancing optical and electrical properties of the ZnTe

thin films.

2.4.2 Submicron Structures

Drastic morphological transitions occur when ZnTe is grown on substrates pre-

pared with Au-coated catalyst seeds. Submicron features are illustrated in the SEM
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Figure 2.4: Average grain size as a function of growth temperature (inset: Arrhenius
plot).

micrographs of Fig. 5a-d, where ZnTe wires were grown at temperatures of 504 ◦C,

511 ◦C , 526 ◦C, and 548 ◦C, respectively. Fig. 5e shows the SEM micrographs of ver-

tical ZnTe wires grown on Si (111) substrate at 526 ◦C, which support vertical device

fabrication. The predominant mechanism that drives ZnTe nanostructural formation

is that of the vapor-liquid-solid (VLS) growth phenomenon (Li et al., 2011a; Devami

et al., 2011a). Several hundreds of micron to millimeter long ZnTe wires protruding

from edge of the silicon substrates are shown in the inset of Fig. 5d. The SEM mi-

crographs clearly indicate that the top of ZnTe wires still contain an unreacted gold

catalyst, indicating VLS mechanisms in effect. Several other reports have confirmed

growth of ZnTe wires that range from 10-150 µm (Liu et al., 2013b; Li et al., 2011a;

Davami et al., 2012; Cao et al., 2011a) and the lengths of ZnTe wires grown at 548
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◦C, from this experiment extend even longer than 150 µm. Between 504-548 ◦C, the

increase of temperature causes longer diffusion distance of the Zn and Te atoms along

wire surface and increases the equilibrium concentration of adatoms. This effect in-

creases the diffusion flux to the base of wires, and consequently to the top of wires

thereby increasing the length of the wires.

Figure 2.5: Morphological Variation of nanostructures as a function of growth tem-
perature and Au size

As seen in Figure 2.5, the wire diameters also have a strong dependence on the

substrate temperature, and can be attributed to two predominate mechanisms. First,

higher substrate temperatures will increase the size of catalyst islands before growth

due to coalescence. During the VLS growth process, the melting point of nanoclusters

as catalysts decreases with the decreasing size in the nanometer region; therefore,

catalysts with larger diameter will tend to condense in the higher temperature zone

(Devami et al., 2011a). Secondly, the contact angle between the wires and catalyst

droplet decreases at higher temperature, thus leading to increased wire thickness

(Devami et al., 2011a). In this work, when the growth temperature rises from 504Âř
◦C to 548 ◦C, the diameter of ZnTe wires increases from 90 nm to 230 nm.

From the HR-TEM image (Fig. 6) of a single ZnTe nanowire, an identical periodic
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Figure 2.6: SEM micrographs of the ZnTe wires that were grown on Si (100) at
temperatures of (a) 504 ◦C, (b) 511 ◦C, (c) 526 ◦C, and (d) 548 ◦C with optical image
of grown wires (inset). (e) Cross sectional micrograph of the ZnTe wires, grown on
Si (111) at 526 ◦C.

orientation is found along the length of the wire, revealing its single crystallinity and

uniformity. The HR-TEM image also shows the nanowire having planes with a lattice

spacing of 3.5 Å, corresponding to the spacing of the (111) plane of the ZnTe cubic

structure. ZnTe crystals grow via close-packed planes {111} and this has also been

observed by others (Li et al., 2011a; Cao et al., 2011a; Meng et al., 2008a). Synthesis

of materials in nano-scale are driven by the tendency of surfaces to reduce their surface

energy. Li et al. has discussed the lower-energy (111) planes of ZnTe nanostructures

(Li et al., 2011a), indicating that the crystal preferentially grows via close-packed
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Figure 2.7: HR-TEM of single ZnTe wire.

planes {111} to minimize the surface energy. Because surface energy has an impact

on the liquid dynamics and nucleation, ZnTe nanowires form along the {111} plane

to minimize the surface energy, and align its {111} facets upward in the initial stage.

Photoluminescence spectroscopy was also used to characterize the optical property

of the synthesized ZnTe nanostructures. Reports of strong band edge emission in PL

from ZnTe films deposited by pulsed laser deposition techniques has been notably

difficult to obtain at room temperature (Ghosh et al., 2012; Xu et al., 2016). It has

often been attributed to the increase of zinc vacancy (VZn) density and deviations

from stoichiometry (Ghosh et al., 2012; Xu et al., 2016). With the growth techniques

employed in this work, ZnTe nanowires have shown clear band edge emission at room

temperature (Fig. 7). A strong green emission peak centered at about 550 nm is

observed in the PL spectra of Fig. 7. As shown in Fig. 7, a series of PL spectra of
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ZnTe wires grown at 504 ◦C, 511 ◦C, 519 ◦C, 526 ◦C, 533 ◦C, 541 ◦C, 548 ◦C, 555
◦C, 562 ◦C, 570 ◦C, and 577 ◦C is demonstrated. The PL peak centered at 550 nm

(2.26 eV) is due to the band-edge transition. The low-energy portion of the PL data

corresponding to peaks energies below 2.26 eV have been attributed to the effects of

oxygen incorporation and its phonon replicas (Ye et al., 2014). The broad PL band

centered at 725 nm (1.71 eV) is attributed to emission from an exciton bound to

isoelectronic oxygen substituting Te atoms (OTe) (Kang et al., 2006a; Zhou et al.,

2014). It was reported that the red emission in the PL spectrum of ZnTe was found

at the wavelength range of 660-810 nm (Pak et al., 2012; Wang et al., 2009).

Figure 2.8: Room-temperature PL spectra of ZnTe wires grown at varying temper-
ature, (inset: ratio of relative intensity of band edge peak (550 nm) to oxygen defect
related peak (725 nm) as a function of temperature).

Although the band edge peak intensities vary with different growth temperature,

the variation from different growth temperature is only approximately 1-3 nm, and

these peak energies agree with reported values of bulk-ZnTe (Garcia et al., 2001).
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The 550 nm peak intensity increased with increasing growth temperature, indicating

higher crystal quality with less impurities and defects. In relation to ZnTe growth,

higher growth temperature may reduce the oxygen content during and after deposi-

tion.

Figure 2.9: (a) The SEM micrograph of ZnTe sample grown at a 570 ◦C (inset:
optical image of ZnTe sheets). (b) HR-TEM of a single ZnTe submicron sheet. (c)
Light scattered spectrum of ZnTe sheets. (d) Raman spectrum of ZnTe sheets.

The inset of Fig. 7 illustrates the increasing ratios of the PL peak intensities

at the band edge of ZnTe (550 nm) to that of O2 related defects (725 nm) peak,

for increasing growth temperature increase. As previously discussed, when growth

temperature decreases oxygen defects form along the ZnTe wires. Nam et al. reported

similar observations, in which ZnTe epilayers grown on thermally preheated at 430-

630 ◦C GaAs substrates by hot wall epitaxy (HWE) (Nam et al., 2000). The thermal
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preheating temperature dependence of the ratios of the intensities of oxygen-bound

exciton peak to band-edge exciton peak was examined, and they found that with

increasing preheating temperature, the intensities of the oxygen-bound exciton peak

related to an oxide layer on the GaAs surface generally decreased, suggesting that

thermal preheating of substrates play an important role in determining the crystal

quality of epilayer. Moreover, Kang et al. suggest that even small amounts of oxygen

in ZnTe may exacerbate the low-energy portion of the PL spectra (Kang et al., 2006b).

The presence of oxygen is most likely due to oxygen or water residue in reaction

chamber. The peak intensity ratio increases with the growth temperature, indicating

that higher growth temperature can prevent the unintended oxygen related defects.

A variety of other submicron ZnTe features, apart from wires, were also observed.

Fig. 8a shows optical and SEM micrographs of large ZnTe micro-sheets of about

150-200 µm in length grown at a 570 ◦C, in addition to a heterogeneous mixture of

other nano structures. Once again, the growth temperature has a strong influence on

the morphology of the ZnTe and in this temperature regime, a range of structures in-

cluding nanowires, sheets, springs can emerge. The growth morphologies are sensitive

to the substrate temperature, and consequently higher temperatures usually lead to

the growth of ZnTe sheets with micron-scale sizes. Previous reports of sheets grown

by vapor transport attribute the morphology to high substrate temperature and high

source temperature (Devami et al., 2011a; Fasoli et al., 2006). Source temperature

regulates the amount of source material impinging on the sample and higher source

temperature increases the amount of source material delivery (Fasoli et al., 2006).

On the other hand, substrate temperature determines the sample surface kinetics and

higher substrate temperature enhances the surface mobility of the adsorbed atoms,

allowing side growth and forming the sheets. When surface mobility is high enough

to ensure proper migration and incorporation for adsorbed atoms, epitaxial growth
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occurs and leads to a sheet morphology. As reported, Park et al. demonstrated ul-

trawide ZnO nanosheets with their formation mechanism (Park et al., 2004b), and

suggested the possible growth mechanism of the sheet structure by a “1D branching

and 2D filling” process. As the substrate temperature and the oxygen content in-

creases, the nanostructures evolve from nanowires (1D) to combs (2D), concluding

with sheets (2D) through planar fill-up mechanism. Importantly, this fill-up process

occurrs under higher supersaturation state of reactant vapors (Park et al., 2004b),

and sheet formation occurs with additional epitaxy on axially growing wires at higher

temperatures. Fig. 8b shows the HR-TEM image of a small piece of ZnTe sheets. The

growth direction of the sheet is along the [111] direction and the TEM confirms the

single crystalline nature of the ZnTe sheets. The inset of Fig. 8b shows the diffraction

pattern of the sheet and the result is consistant with other report (Yim et al., 2009).

A few nanometer thick amorphous shell is also visible on the sheet walls.

Light scattering measurements of ZnTe sheets is shown in Fig. 8c, which is used

to characterize material surfaces. Strong light absorption near the energy band gap

of ZnTe (550 nm) indicate high optical quality of ZnTe sheets. A Raman spectrum

at room temperature of single ZnTe sheet grown at 570 ◦C is shown in Fig. 8d. ZnTe

has a cubic crystal structure of the zinc blende type with two atoms per unit cell.

The first order Raman spectrum consists of two lines. The highest in frequency is

denoted the longitudinal optical (LO) branch and the lowest is the doubly degenerate

transverse optical (TO) branch. In Fig. 8d, the Raman shift indicates the 1LO(Γ),

2LO(Γ), 3LO(Γ) and 4LO(Γ) modes, found at 214 cm−1, 420 cm−1, 625 cm−1, 830

cm−1, respectively. The frequency of the modes correspond to the values typical

of high-quality ZnTe single crystals and indicate high optical structural quality of

the sheets. It has also been demonstrated that under a resonant excitation on the

exciton, several ZnTe LO mode replicas can be observed in good quality crystals
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(Utama et al., 2013a; Zhang et al., 2012). In short, the ZnTe sheets in this work are

single-crystalline, and ranged in size from 50-200 µm in length and 1-10 µm in width,

which may facilitate further transistor applications (Zhang et al., 2008b).

2.5 Conclusion

In summary, poly-crystalline ZnTe thin films and submicron single-crystalline fea-

tures have successfully been synthesized via vapor deposition technique. The different

morphologies were controlled through either the absence or the presence of gold (Au)

catalyst deposited as a seeding layer on silicon (100) substrates before growth. These

results indicate that the ZnTe thin films exhibited poly-crystalline structure, and the

grains imply a significant size effect, as the mobility of the boundaries increases as the

grain size increases. Submicron wires and sheets exhibited single-crystal structures

and the preference for the (111) orientation indicates that the crystal preferentially

grows via close-packed planes {111} to minimize the surface energy and the peak

intensity ratio (550 nm/725 nm) of PL increases with the growth temperature indi-

cated that the growth temperature plays an important role in the crystal quality. The

high quality single crystal submicron features, which extend up to several microns in

length can facilitate device applications through percolating networks. The vapor

deposition approach with the use of Au catalyst, can synthesize ZnTe thin films and

submicron structures at low cost.
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Chapter 3

SYNTHESIS AND FABRICATION OF ZNTE NANOSHEET FIELD EFFECT

TRANSISTORS AND PHOTODETECTORS

3.1 Abstract

In this work, we report the fabrication of ZnTe nanosheet devices grown by a high

temperature growth process followed by low temperature fabrication process. Single

crystal ZnTe nanosheets were grown on Si by heating ZnTe powder in a tube fur-

nace, promoting the synthesis of high quality of ZnTe nanosheets. Scanning electron

microscopy, atomic force microscopy, and transmission electron microscopy indicate

ordered and single crystalline sheets have been obtained. Transistor devices were then

fabricated with the nanostructures. The current-voltage characteristics were used to

study the transport behavior of single ZnTe nanowires and nanosheets. Predominant

p-type behavior was observed, an on/off ratio of 3.7 × 103 was found, and a field

effect mobility of 4.11 cm2/V-s. The photoconductivity of these nanosheets was also

investigated under the illumination of a green diode laser with varying intensity. A

responsivity of 2.62 × 105 A/W and a photoconductive gain of 6.10 × 105 was de-

termined for nanowires, as well as 110.59 A/W and a photoconductive gain of 257.76

for nanosheets. These values are quite comparable to similar ZnTe nanodetector de-

vices. The mechanism for photoconductive gain in ZnTe has largely been attributed

to surface states creating trap recombination centers leading to longer carrier life-

times. These results reveal that single ZnTe nanowires are excellent candidates for

applications for nanoscale photoconductive detectors.
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3.2 Introduction

Single and two dimensional nanostructures have garnered much interest in regards

to their realization toward functional devices (Lieber and Wang, 2007; Agarwal and

Lieber, 2006; Wang, 2009). Two-dimensional nanostructures possesses very unique

advantages by nature of their geometry, including mesoscopic assembly, planar sur-

faces, and the ability to be utilized as miniature substrates (Park et al., 2004c; Zhang

et al., 2011). Synthesis techniques of such nanostructures, including nanowires and

nanosheets, have been widely studied, and these structures have been utilized for a

variety of applications including sensors (Ramgir et al., 2010; Belagodu et al., 2012;

Cui et al., 2001), field effect transistors (Xu et al., 2012; Cui et al., 2003), photo-

voltaics (Tian et al., 2009, 2007), and photodetectors (Yu et al., 2012; Young and

Liu, 2015; Soci et al., 2007b). Certain interest has been placed on Zinc Telluride, a

II-VI compound semiconductor, with a band gap of 2.26 eV and exhibits preferential

p-type doping (Ruda, 1991; Larach et al., 1957). Doped and undoped ZnTe films

have traditionally been used to realize a variety of optoelectronic devices such as

photodetectors (Chang et al., 2001) and intermediate solar cell layers (Gessert et al.,

2009; Rioux et al., 1993; Spath et al., 2005b). Additionally, ZnTe has often been

compared to GaAs and ZnS systems in regards to its superior electro-optical coeffi-

cient and electron-LO-phonon (polaron) coupling constant (Kumagai and Kobayashi,

2012; Pelekanos et al., 1991; Kaminow and Turner, 1966; Xue and Zhang, 1997), as

well as GaN/InGaN emitters for circumventing the problem of phase segregation in

compositional band edge engineering (Osamura et al., 1975; Moon et al., 2001). Most

recently, the growth mechanisms describing the formation of various ZnTe nanostruc-

tures have been heavily explored (Devami et al., 2011b; Li et al., 2005; Janik et al.,

2007; Meng et al., 2008b; Guo et al., 2008; Yong et al., 2007; You-Wen et al., 2007).
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Additionally the use of ZnTe nanowires has led to the successful fabrication of field

effect transistors (Cao et al., 2012; Huo et al., 2006a; Li et al., 2010a, 2011b; Liu et al.,

2013a; Wu et al., 2012) and photodetectors (Zhang et al., 2008a; Liu et al., 2013a; Li

et al., 2011b). However, the this discussion and an adequate comparison have been

scarce among ZnTe structures exhibiting a unique, 2D nanosheet configuration. In

this study, ZnTe nanowires and nanosheets have been synthesized and characterized.

Their relative performance in terms of electrical conductivity, transfer behavior, and

photoresponse have been compared. It has been found that the pronounced effect of

surface trap states render unfavorable transfer behavior for nanowires, but contribute

to the greater photodetection sensitivity, relative to nanosheets.

3.3 Experimental Details

Zinc Telluride (ZnTe) nanosheets and nanowires were synthesized in a quartz

tube placed in a single zone horizontal tube furnace. Si substrates [100] were cleaned

successively with acetone, isopropanol, and deionized water. Nanostructure synthesis

was facilitated by a VLS growth technique (Huo et al., 2006b; Meng et al., 2008b;

Devami et al., 2011b). ZnTe (99.99%) powder was placed at the center of the quartz

tube and Au-coated (30 nm sputtered) silicon substrates were placed at downstream

from the source material.

After the quartz tube was evacuated, the samples were then held at 100 ◦C

overnight before commencing synthesis. High purity argon was introduced at a rate of

140 sccm (standard cubic centimeters per minute) into the quartz tube. The powder

was elevated to a temperature of 750 ◦C and the temperature of the substrates were

maintained at approximately 570 ◦C for the nanosheets and at 475-530 ◦C for the

nanowires. A pressure of 20 torr was maintained within the tube furnace throughout

the entirety of synthesis. After a growth time of 5 hours, the furnace was allowed to
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Figure 3.1: (a) SEM micrograph of synthesized ZnTe nanostructures. Nanosheets
are observed with the presence of a single nanowire protruding and establishing the
foundation of the nanosheet base. (b) Illustration of growth and filling process forming
ZnTe nanosheets (c) AFM and profile analysis of single ZnTe nanosheet

cool naturally to room temperature, while maintaining the above mentioned flow rate

and pressure conditions. Based on the above growth parameters, both nanosheets and

nanowires were formed. The samples were further characterized with a field emission

scanning electron microscope (SEM, Hitatchi S4700-II), operated at 15 kV, a atomic

force microscope (Digital Instruments) for profile analysis, and a transmission elec-

tron microscope (TEM, JEOL JEM 2010F) attached with an energy-dispersive X-ray

spectrometer (EDAX).

Assembly of single ZnTe nanosheet and nanowire-based devices was accomplished

with a standard microelectronic-fabrication process. Transfer characteristics of the

FET and the current-voltage (I-V) characteristics of the photodetectors were mea-

sured using a probe station connected to a Keithley 4200 Semiconductor Characteriza-

tion System (SCS). Devices were then illuminated under a 532 nm, power modulated,

green diode laser. All electrical measurements were collected at room temperature in

air.
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3.4 Results and Discussion

Figure 3.1(a) shows the scanning electron micrograph (SEM) of various high qual-

ity single crystal ZnTe nanostructures as confirmed by previous XRD analysis. The

ZnTe nanostructures are found to be in different stages of growth, in addition to

dispersed Te precipitates (confirmed with EDX). Measurements from the microcraph

reveal that nanowire length ranges from tens to hundreds of microns that their diam-

eters range from 90-230 nm. Very distinct triangular growth structures, nanosheets,

have also been found throughout the synthesis. AFM (Figure 3.1(c)) analysis confirms

the thickness of the ZnTe nanosheets to be on the order of 100-500 nm. Evidence

of nanowire artifacts are seen throughout each ZnTe nanosheet, as they seem to be

present along the base of each nanosheet formation.

Figure 3.1(b) illustrates the proposed growth formation of ZnTe nanosheets. As

discussed in reports of ZnO nanosheet growth (Park et al., 2004a, 2005), gold cat-

Figure 3.2: EDX Spectrum of ZnTe nanosheet (a) HRTEM Micrograph of ZnTe
nanosheet illustrating the (111) plane spacing of 0.349 nm with (b) corresponding
SAED Pattern
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Figure 3.3: (a) Schematic of ZnTe nanostructure devices and (b) SEM micrograph
of single nanosheet device

alyzed VLS growth has been shown in several cases to lead to secondary dendritic side

branched growth. In the final stages of formation, the dendrites will tend to fill the

interspaces monolithically. This growth is proposed to occur on the Te-terminated

surface in the <111> family of directions because this face has the lowest surface en-

ergy, and higher growth rate than the Zn-terminated surface. The low energy surfaces

grow to decrease the overall surface energy of the crystal.

Previous studies of ZnTe nanostructures growth offer multiple explanations in

regards to planar nanostrucutred ZnTe formation, but not specifically large-scale

nanosheets as described above. One common thread, however is that high tempera-

ture and high vapor pressure lead to a more diffusion-limited growth, which promotes

secondary formation. Utama et. al proposes that nanobelts are formed from 2D

growth at high temperatures from VS in the lateral direction in addition to axial
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growth from VLS. This 2D growth has a pronounced tapering associated with the

structure. In regards to the twinned nanobelts, it has also been found that the Te-

terminated facet is more chemically and catalytically active than Zn, making it an

active facet for lateral crystal growth (Utama et al., 2013b). Devami et. al also note

that the high temperature ribbon/belt formation is from the 2D epitaxy concurrent

with axially growing wires. A combination of increased flow rate, and higher tem-

peratures combined with rate-limited precursor, the nanowires formed are short and

thin in nature while other structures form such as multiple prongs on wire tips. With

an increase in temperature these multi-pronged wires taper and with an increase in

temperature and nanoribbons begin to form (Devami et al., 2011b).

Figure 3.2(a) shows the high resolution TEM (HRTEM) micrograph of a ZnTe

nanosheet, which confirm a single-crystalline lattice structure. The ZnTe spacings

were extracted by a fast fourier transform (FFT) analysis. The zinc-blende ZnTe

structure with a lattice spacing of 0.349 nm which corresponds to the d-spacing of

the (111) plane of the ZnTe structure. Additionally, the lattice spacing of d=0.3 nm

corresponds to the (200) plane of the zinc blende ZnTe structure. An SAED pattern

is also shown in Figure 3.2(b) which indexes the [111] and [220] directions. An EDX

spectrum is also found in Figure 3.2 which confirms the nanosheet composition of Zn

and Te. The presence of the Cu signal arises from the Cu TEM grid.

Both nanostructures were then fabricated into transistor devices through a con-

ventional photolithographic patterning process on a heavily doped p+ Si substrate,

with a 200 nm thermally grown SiO2 back-gated insulator. A layer of Cr/Au (10 nm

/ 250 nm) was thermally evaporated, forming top contacts. The schematic of this

device structure is seen in the inset of Figure 3.3(a). The fabricated devices were

formed with 5 µm channel lengths extended between electrodes. An optical micro-

graph of both device types can be found in the SEM of the nanosheet device found
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Figure 3.4: Electrical characteristics of nanowire (first column) and nanosheet de-
vices (second column). (a) and (b) I-V curves of nanowire and nanosheet devices
under zero gate-bias and no illumination for contact barrier analysis. (c) and (d) Ids
vs. Vds curves of nanowire and nanosheet devices at varied Vgs. Note: Reduced con-
ductivity as Vgs increases indicating p-type behavior (inset shows optical micrograph
of both devices) (e) and (f) Ids vs. Vgs curves for nanowire and nanosheet devices,
respectively.

in Figure 3.3(b).

The current-voltage (I-V) response of both ZnTe nanowire and nanosheet devices

with no gate bias and in dark conditions is found in Figure 3.4 (a) and (b). Both

devices displayed slight nonlinearity and asymmetry based on the polarity of the

applied voltage. This indicates the presence of a contact barrier between Cr/Au and

ZnTe, and fitting the 0 gate-bias plot to a thermionic emission model, we are able
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to extract the Schottky barrier height (φB) and ideality factor (n) according to the

following relationships (Sze and Ng, 2006):

φB = kT
q
ln(A∗T 2

Jo
)

n = q
kT

dV
d(ln(J))

where k is the boltzmann constant, T is the absolute temperature (taken at room

temperature), A∗ is the effective Richardson constant (taken to be 72 A
cm2K2 ) (Bhunia

and Bose, 2000), Jo is the extrapolated current density intercept, q is the elementary

electronic charge and dV/d(ln(J)) is the inverse of the slope of the semi-logrithmic

I-V plot. In this case, a barrier height of 0.48 eV with an ideality factor of 0.50 was

determined for nanowires and 0.69 eV with an ideality factor of 0.74 nanosheets. Lit-

tle has been reported specifically of Schottky barriers on ZnTe nanostructures formed

with Cr/Au. However reports of Schottky barriers formed with Au on bulk ZnTe(?)

have demonstrated barrier heights of 0.69, and 0.44 eV with Ti/Au on ZnTe quantum

dots (Zielony et al., 2012), while others have reported ohmic behavior(Meng et al.,

2009). In this work, the increased conductivity of the nanowire, due to surface dom-

inated transport and self-compensation), gives way to an increased current density

and increased inverse-slope (due to increased SRH recombination), thereby reduc-

ing the Schottky barrier height and ideality factor, as compared to the planar sheet

configuration.

A family of Ids vs. Vds curves at various gate voltages is also shown for a single

nanowire (Figure 3.4(c)) and a single nanosheet (Figure 3.4(d)). Decreased conduc-

tion with increasing back-gate voltage (ranging from -15 V to 15 V in step sizes of

5 V), was exhibited for both cases. This decrease in drain-source current against in-

creasing gate bias is expected and indicative of p-type behavior (Zhang et al., 2008a;

Li et al., 2011a; Liu et al., 2013a). P-type conductivity has often been attributed

to Zn vacancies intrinsically present in the ZnTe lattice. These self-compensation
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Device Structure gm(nS) µFE cm2/V-s Ion/Ioff S (mV/dec)

ZnTe Bulk

(Fujita et al., 1975)

n.a. 31 (hall) n.a. n.a.

ZnTe NW

(Liu et al., 2013a)

488.5 11.3 3.3 × 103 n.a.

ZnTe NW

(Cao et al., 2012)

n.a. 1.76 × 10−4 5 n.a.

ZnTe NW (twinned)

(Li et al., 2011a)

0.34 0.11 1.3 n.a.

ZnTe:Cu NW

(Huo et al., 2006a)

1.7 1 n.a. n.a.

ZnTe:Ph (.5 at %)

NW

(Cao et al., 2012)

n.a. 4.47 × 10−3 n.a. n.a.

ZnTe:Sb nanoribbons

(Wu et al., 2012)

8.1 0.94 1.6 2.94 × 105

ZnTe: nanoribbons

(Li et al., 2010a)

0.4 0.01 n.a. n.a.

ZnTe:N: nanoribbons

(Li et al., 2010a)

78.4 1.2 n.a. n.a.

ZnTe NW

(this work)

1.5 1.51 3.16 × 103 4.47 × 103

ZnTe nanosheet

(this work)

212.7 4.11 3.75 × 103 2.42 × 104

Table 3.1: Comparison of ZnTe nanostructure-based transistor performance metrics
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effects have been elaborated on extensively in the discussion of II-VI materials, and

are generally ascribed to variations in dissociation pressure for the comprising species

that form the final semiconductor crystal, thereby leading to deviation from perfect

stoichiometry (Marfaing, 1996). In this instance, Zn has a higher vapor pressure than

Te, thereby leading to a higher Te content in ZnTe nanostructures, as well as leading

to the formation of Te crystillite precipitates, both of which have been present in the

growth (Figure 4.4(a))). The defect chemistry and the underlying reaction can be

expressed as:

VZn
x 
 VZn

′ + h0

VZn
′

 VZn

′′ + h0

VZn
x 
 VZn

′′ + 2h0

In order to preserve charge neutrality, the excess Te forces Zn2+ into a meta-stable

trivalent state with a weakly-bound hole. In the context of the ZnTe band structure,

the combination of neutral and ionized Zn vacancies form sets of shallow acceptor

levels within the ZnTe bandgap.

The transfer characteristics (Ids vs. Vgs) of both FETs are also plotted linearly and

logarithmically in Figure 3.4(e) and (f). For nanowires, gate voltages were swept from

-40 to 10 V at a drain voltage (Vds) of 1.5 V. Likewise, for nanosheets, gate voltages

were swept from -55 to -35 V at the same drain-source bias. From this analysis, it is

found that the on/off ratio of 3.2 × 103 for nanowires and 3.7 × 103 for nanosheets.

The threshold voltage (Vth) was estimated by extrapolating the intersection of the

tangent line in the linear region to the Vgs axis. This was estimated to be -8 V for

nanowire and -22.75 V nanosheet devices.

The hole field-effect mobility for both device structures was calculated using the

relationship µFE = gmL
2/(VdsCg), where gm is the transconductance measured in

the linear region of the transfer curve (gm=d(Ids)/d(Vg), Lg is the channel length (5
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Figure 3.5: I-V curves indicating increased conduction of (a) nanowire and (b)
nanosheet devices at increased power intensities. Maximum current of (c) nanowire
and (d) nanosheet devices, as a function of optical power density. Note: Red line fits
data to a power law distribution and a smaller non-unity exponent refers to a greater
abundance of traps and recombination centers

µm), Vds is the applied drain-source voltage, and Cg is the gate capacitance. The

gate capacitance was modeled by the expression C=2πε0εSiO2Lg/ln(tox+r)/r), where

ε0 and εSiO2 are the vacuum dielectric constant and the dielectric constant of SiO2

(3.9) respectively, tox is the oxide thickness of the SiO2 thermally deposited on the

substrate (200 nm), and r is the radius of the nanowire, determined from SEM.

The transconductance, gate capacitance, and field effect mobility were determined to

be 1.5 nS, 0.497 fF, and 1.51 cm2/V-s, respectively, for nanowires. The transistor

metrics of the nanosheet device employed a slightly altered model with with µFE =

gmL/(WVdsC0) where C0 is the capacitance per unit length, and W is the device width

(10 µm). C0 is defined, in this case, as C0 = ε0εSiO2/tox. This model is typically found

in the analysis of nanoribbon and nanobelt devices (Li et al., 2010c; Wu et al., 2012,
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2014) due to their planar, rather than cylindrical, surfaces. For nanosheet devices, the

transconductance, linear gate capacitance, and field effect mobility were determined

to be 212.74 nS, 17.3 nF/cm, and 4.11 cm2/V-s. The carrier concentration for both

devices was modeled using the expression n=1/ρµq, where ρ is the device resistivity

(2.06 × 103 Ω-cm, 10.56 Ω-cm for nanosheets) and was found to be 2 × 1015 cm−3

for nanowires and 1.44 × 1017 cm−3 for nanosheets. [Not sure about this] Previous

reports on bulk ZnTe have also indicated that the occupancy of charge centers can

change with illumination, and reduce the effective scattering charge(Fischer et al.,

1964), which plays a larger role as the size of the crystal reduces into the nano-

scale. This may explain the discrepancy in field effect mobility between the two

nanostructures. Lastly, subthreshold swing (S) was analyzed for both device sets by

S=ln(10)d(Vg)/d(ln(Ids)). The subthreshold swing is an important device metric that

is a measurement of the devices’ switching capability. It was found to be 4.469 V/dec

for nanowires and 24.196 V/dec for nanosheets. A comparison of these device metrics

have been outlined against previous reports of ZnTe-based nanostructure devices in

Table 1.

From this analysis, it is found that the on/off ratio and field-effect mobility among

the two device types are quite comparable, with a slight advantage for nanosheets.

Although nanosheet devices clearly have a much larger transconductance than those

composed of nanowires, the gains in mobility are offset by a gate capacitance that

is much larger. This is due to geometric considerations and the overall size of our

nanostructures, the W/L ratio of nanosheets far exceeds the inverse of the natural

logarithm of the nanowire radius.

Under the illumination of a 532 nm green laser, a set of two terminal measurements

of both devices structures were also conducted. The drain-source current response

to varying light intensities, ranging from 1.7 to 50.24 W, is shown in Figure 3.5(a).
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Device Structure Rλ

(A/W)

Photo-

conductive

Gain

NEP

(WHz−.05)

D∗

(cmHz0.5W−1)

ZnTe NW

(Cao et al., 2011b)

2.17 × 103 1.54 × 104 n.a. n.a.

ZnTe NW

(Liu et al., 2013a)

1.87 × 105 4.36 × 105 n.a. n.a.

ZnTe NW

(Li et al., 2010c)

360 8.64 × 103 n.a. n.a.

ZnTe:Sb nanoribbon

(Wu et al., 2012)

4.80 × 104 1.20 × 105 7.5 × 10−17 4.8 × 1013

ZnTe NW

(this work)

2.62 × 105 6.11 × 105 2.99 ×

10−19

1.10 × 1016

ZnTe nanosheet

(this work)

110.6 257.76 9.96 ×

10−17

2.24 × 1014

Table 3.2: Comparison of ZnTe nanostructure-based photodetector performance
metrics

As compared to measurements collected under dark conditions, a current increase at

the maximum operating voltage (3 V) of 3x is observed at maximum illumination

power (photocurrent increases from 77.2 nA to 1.89 nA) for nanowires, and 9x

at an operating voltage of 2 V for nanosheets. The inset in each plot shows the

response of the maximum photocurrent to power density for both nanostructures.

For semiconductor photoconductors, this relation has typically exhibited a power

law dependence(Rose, 1963) according to Imax ∝ Pθ . By fitting the experimental

photocurrent data to the above expression, we arrive at θ = 0.2693 for nanowires and

θ = 0.5665 for nanosheets.

A fractional, non-unity exponent is indicative of a continuous distribution of states
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(in this case, traps) that convert into recombination centers as the quasi-fermi level

shifts due to illumination power. In our analysis, nanowires have a smaller expo-

nent than nanosheets, which suggests a higher abundance of traps. The morphology

and size configuration of NWs are more surface-dominated than the nanosheet. As

described in previous studies, semiconductor nanowire photodetectors owe their pho-

toconductive properties to surface trap states, and this will becomes more evident

upon comparing their photoconductive gains.

The spectral responsivity (Rλ) and photoconductive gain (G) are key figures of

merit that distinguish detector systems, and can be defined by the following relation-

ships:

Rλ = ∆I
PA

and G =
(

∆I
e

)
/
(
P

hν

)
where ∆I is the difference between the photocurrent and dark (resistive) current,

P is the irradiation power, A is the area impinged by photons on the top surface of the

nanostructures, hν is the bandgap energy, and e is the elementary electronic charge.

Theoretically, responsivity can also be expressed in terms of the photoconductive

gain, which can also be scaled based on the theoretical quantum efficiency by Rλ

= qηG/hν, where η is the quantum efficiency defined as η = ηi(1 -Rref )(1 -eαd).

In this expression, ηi is the intrinsic quantum efficiency (assumed to be 1), d is

the absorption depth (diameter for nanowires, thickness for nanosheets), and finally

Rref and α are the reflectivity and absorption coefficient of ZnTe (assumed from

ZnTe-bulk literature data to be 0.278 and 105cm−1), respectively. In this study, a

responsivity of 2.62 × 105 A/W was calculated for nanowires and 110.59 A/W for

nanosheets, at their respective operating voltages. Accounting for the theoretical

quantum efficiency, the photoconductive gains were calculated to be 6.10 × 105 for

nanowires and 257.76 for nanosheets. Another set of metrics characterizing noise

in photodetectors systems include the noise equivalent power (NEP) and detectivity

47



(D∗). These metrics distinguish the sensitivity of detectors, and highly sensitive

detectors tend to exhibit low NEP and high D∗. Assuming a shot noise-limited

relationship (as shot noise is influenced by the devices’ dark current, which, in this

case, exceeds Johnson noise), they are calculated as NEP = (1/Rλ)(2qId+4kT/Rv)1/2

and D∗ = (Af)1/2/NEP, where k is Boltzmann’s constant, T is the absolute ambient

temperature, Id is the dark current at the specified operating voltages (18.6 nA for

nanowires, 0.352 nA for nanosheets), Rv is the device differential resistance (87.6

MΩ for nanowires, 1.92 GΩ for nanosheets), and f is the amplifier bandwidth (1

kHz).(Sze and Ng, 2006) NEP has been calculated to be 2.99 × 10−19 WHz−.05 for

nanowires and 9.96 × 10−17 WHz−.05 for nanosheets, and D∗ was found to be 1.10 ×

1016 cmHz0.5W−1 for nanowires and 2.24 × 1014 cmHz0.5W−1 for nanosheets. Table

II compiles detection and noise metrics for a variety of ZnTe nanostructure, thin film

and bulk systems, as well as other material systems.

As discussed extensively in ZnO nanowire photodetector studies (Soci et al., 2007b;

Yu et al., 2012), and as has been adapted to ZnTe nanostructure systems by Cao et

al., the adsorbtion and desorbtion process of O2 along the surface of these materials

form traps states from dangling bonds(Cao et al., 2011b). As the nanostructures are

illuminated with a photonic energy greater than the bandgap, this process induces the

generation of electron-hole pairs, of which electrons tend to create O− ions along the

surface, thereby increase the number of unpaired holes. In our previous discussion, we

found that our ZnTe nanostructures exhibit p-type conduction. Thus, as the applied

voltage across the channel increases, a hole accumulation layer is formed along the

surface with reduced band bending. This results in increased conductivity. In our

analysis, we find that the ZnTe nanowires tend to have a much larger responsivity and

photoconductive gain than their nanosheet counterparts. We can therefore assume

that nanowires have a greater number of traps than nanosheets, which is confirmed by
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our previous analysis of their smaller exponent in the power law relationship relating

power flux to photocurrent. The geometry of our nanowires also demonstrates a larger

surface-to-volume ratio as compared to nanosheets, which indicates that the proposed

activity along the surface has a much larger impact on the overall conductive response

of our devices. Lastly, we also know that photoconductive gain is traditionally defined

as G=τ/τtr, where τ is the carrier lifetime and τtr is the transit time between contact

electrodes. Hole diffusion is more limited for nanowires, because they have a much

more confined active area than nanosheets. A consequence of this is that holes in

nanowires can remain mobile for much longer before they are collected at the electrode

or recombine in trap states. As the difference transit time for both nanostructures

is negligible, this could further explain the larger photoconductive gain observed

in ZnTe nanowires. Previous reports which have studied the rise and decay time

from illumination in ZnTe nanostructures have confirmed that the size effect has a

pronounced impact on carrier lifetime, namely an increase by orders of magnitude

(Cao et al., 2011b; Liu et al., 2013a). Thus, the high responsivity, photoconductive

gain, and detectivity make the ZnTe NW a more promising optoelectronic option

than the nanosheet.

3.5 Conclusion

ZnTe nanostrucutres, including long nanowires and wide nanosheets have been

synthesized and their performance as field effect transistors and photodetectors have

been analyzed. A Schottky barrier with Cr/Au was uncovered, and a barrier height

was determined to be 0.48 eV for nanowires and 0.69 for nanosheets. The devices

exhibited hole conduction with comparable field effect mobilities of 1.51 cm2/V-s for

nanowires and 4.11 cm2/V-s for nanosheets, with nanosheets demonstrating a sub-

stantially higher subthreshold swing. The mechanism for nanosheet formation in the
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ZnTe material system has been discussed, and the growth related defect chemistry

giving rise to p-type behavior has been elaborated upon. The electrical response of

nanostructures were also investigated with the illumination of a 532 nm green diode

laser. Nanowire devices exhibited a responsivity of 2.62 × 105 A/W, a photoconduc-

tive gain of 6.10 × 105, and a power dependence to light intensity with an exponent of

0.269. Likewise, the nanosheet responsivity, photoconductive gain, and power distri-

bution exponent were 110.59 A/W, 257.76, and 0.567, respectively. Additionally, the

noise parameters, NEP and D* of the devices have been calculated to be 2.99 × 10−19

WHz−.05 and 1.10 × 1016 cmHz0.5W−1 respectively, for nanowire-based ZnTe devices,

and 9.96 × 10−17 WHz−.05 and 2.24 × 1014 cmHz0.5W−1 for nanosheet-based ZnTe

devices. These results indicate that nanowires owe their superior photoconductive

performance to their extremely small geometry, leading to a higher surface-to-volume

ratio. This makes the effect of trap states more pronounced for nanowires, leading to

longer carrier lifetimes than that nanosheets.
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Chapter 4

SYNTHESIS AND CHARACTERIZATION OF ZNO/ZNTE CORE/SHELL

MICROSTRUCTURES

4.1 Abstract

Direct band gap II-VI nanowire-based semiconductors are attractive for photonic

applications owing to their appeal to the capability of modulating optoelectronic

properties of the material and relative ease and low cost of synthesizing. A core-shell

configuration of intrinsic n-type Zinc Oxide (ZnO) and p-type Zinc Telluride (ZnTe)

hetero-nanowires were studied for applications in photovoltaics. In this work, the

ZnO/ZnTe heterojunctions were fabricated via vertically aligned, high-quality, low-

defect ZnO nanowires (200 nm diameter and 5 µm length) grown on a low resistance

Si (100) substrate using a high temperature vapor-liquid-solid (VLS) deposition at

700 ◦C and the ZnTe shell was subsequently grown using a lower temperature VLS

deposition chamber. The thickness was increased until a hybrid structure was formed.

The deposition of ZnTe on ZnO nanowires can be controlled through the growth

temperature, and their morphology was examined by scanning electron microscope.

TEM analysis was not able to confirm ZnTe deposition due to the strengh of the ZO

signal. However, the presence of ZnTe was confirmed using EDX mapping, XRD, and

photoluminescence measurements. At Raman modes specific to ZnTe, no ZnO signal

was discerned. Furthermore, light scattering measurements illustrated attenuation

related to ZnTe and ZnO band edge wavelengths. Additionally, the longer time scale

for carrier lifetimes illustrated by the time-resolved photoluminescence measurements

indicated that the ZnTe/ZnO interface created was type-II staggered in nature. A
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top contact was formed by sandwiching indium tin oxide (ITO) covered glass over

the hybrid nanowire array and using the Si substrate as a bottom contact, thereby

characterizing photovoltaic response. The devices exhibited low power conversion

efficiency due to recombination centers contributing to loss.

4.2 Introduction

One-dimensional semiconductor nanowires arrays have garnered incredible inter-

est due to potential advanced optoelectronic applications, especially through vertical

integration in solar cell applications that can extend carrier lifetimes. Among these

is ZnO, a material that preferential n-type conductivity, with a bandgap of 3.37 eV

limited to UV range absorption. Many techniques have been employed toward us-

ing smaller band gap materials to expand the absorption, which allows for increased

light harvesting and overall energy-conversion efficiency of the solar cell. One of the

most popular methods is fabricating core/shell structure by coating ZnO NWs with

a uniform thin film shell of the II-VI group of materials (Tak et al., 2009; Leschkies

et al., 2007). The core/shell type-II heterojunction between the ZnO nanowires and

Figure 4.1: (a) Experimental Growth Setup for ZnO nanowires (b) Calculated VBM
and CBM alignments for ZnO/ZnTe core/shell structure
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the shell material radially surrounding lead to effective charge separation with the

shell acting as an absorber or generation site and the nanowire core as an electron

transporter (Leschkies et al., 2007; Lévy-Clément et al., 2005). Among the most in-

teresting materials that can form a type-II band alignment with ZnO is ZnTe, another

II-VI semiconductor material that can potentially extend the absorption range to 1.17

eV, and also exhibits preferentially p-type conduction. Forming a p-n heterojunction

interface between the two materials has been studied extensively theoretically and

experimentally, and have reported benefits to solar cell performance. In this work,

high-quality, single crystalline ZnO/ZnTe core shell structures have been synthesized

with a two-step process involving ZnO nanowire formation and ZnTe coating with

vapor phase deposition method. The structures have been studied before and after

ZnTe deposition with regards to scanning electron microscopy (SEM), energy disper-

sive x-ray spectroscopy (EDX) mapping, transmission electron microscopy, Raman

spectroscopy, light scattering and time-resolved photoluminescence. The results con-

firm conformal coating of ZnO nanowires with ZnTe and a type-II staggered band

alignment.

4.3 Experimental Details

Aligned ZnO nanowires were vertically synthesized using a typical vapor-solid

growth furnace. ZnO powder mixed with graphite at 1:1 molar ratio was placed at

the 1100 ◦C. A ZnO sputtered growth substrate was placed in a vertical sample holder,

while Argon was used as a carrier gas with a flow rate of 110 sccm along with 10 sccm

of oxygen. A schematic diagram of ZnO nanowire growth set-up illustrating a single-

zone quartz tube furnace containing ZnO source and growth substrates is shown in

Figure 4.1(a). The Ar and O2 gas are introduced from the inlet of the furnace and

ZnO source mixed with graphite powder is placed in the center of the furnace so that
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ZnO is vaporized and deposited onto the substrates placed downstream at varying

temperatures.

The result under electron microscopy (SEM) was an ordered array of ZnO nanowires

with aligned vertical orientation. Using a similar vapor transport technique, ZnTe

powder was vaporized and deposited on the vertical ZnO pillars using a lower temper-

ature (due to the transition temperature of ZnTe). Heteroepitaxial structures were

then formed over the ZnO, and in some cases, evidence of film coverage were observed.

Scanning electron microscopy was again conducted, this time on the resulting coarse

structures. The material was also characterized with EDX mapping and TEM.

4.4 Results and Discussion

The synthesis and morphology of ZnO nanowires have been investigated, are il-

lustrated in Figures 4.2 for the top view and Figure 4.3 for the cross-sectional view.

Based on the furnace temperature profile, ZnO nanowires grown between 1000 ◦C and

Figure 4.2: FESEM images (top-view) of ZnO nanowires with the growth tempera-
ture; (a) 1000 ◦C, (b) 970 ◦C, (c) 940 ◦C, (d) 905 ◦C, (e) 880 ◦C, (f) 840 ◦C, (g) 800
◦C. The scale bar of all the inset images between (a), (b), (c), (d), and (e) is 1.25 µm,
1.25 µm, 1.25 µm, 1 µm, 1.25 µm, respectively
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Figure 4.3: FESEM images (cross-sectional view) of ZnO nanowires with the growth
temperature; (a) 1000 ◦C, (b) 970 ◦C, (c) 940 ◦C, (d) 905 ◦C, (e) 880 ◦C, (f) 840 ◦C,
(g) 800 ◦C. The scale bar of inset images between (a), (b), (c), (d), and (e) is 2.5 µm,
2.5 µm, 1.25 µm, 1.25 µm, 1.25 µm, respectively.

900 ◦C form thicker base with thin shallow tip on this base rod while those grown

below 900 ◦C form thick and wide film. The nanowires grow vertically and are well

aligned and exhibit a hexagonal morphology typical of wurtzite crystal structure.

They were measured with an average of 5 µm in length and 300 nm in diameter.

Local temperature was found to be a major determinant in the morphology of ZnO

grown. At a lower temperature, ZnO is retains liquid form for a shorter period and

assembles at a slower rate. The opposite is true at a higher temperature. The in-

clusion of oxygen in this process is also an important determinant in the dimensions

and composition of the wire grown. Without sufficient oxygen, Zn2+ ions form bonds

with themselves and create zinc metals that condense along the growth chamber wall

(Wang, 2007). With larger temperatures and larger thermal energies, the energy

exceeds the bonding energy of O2, which does not allow it to remain as a diatomic

(Ozgur et al., 2005). With decreased thermal energy, O2 ions are able to transport

away from the source region, and thereby bond with lone Zn2+ ions (Wang et al.,
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2007). Thus, a multizone furnace is used to extend across a range of temperatures to

create the desired feature and stiochiometric composition of ZnO.

In Figure 4.4, the scanning electron micrograph is presented for ZnO nanowires,

before and after coverage with ZnTe. Post deposition of ZnTe, the ZnO nanowires

exhibited a conformal, rough coating of dissimilar crystal grain. The top micrograph

illustrates a controlled deposition time in the reaction limited regime that allow for

conformal coating of the ZnO nanowire. In this case, the nanostructure retains in

morphology, but in the case of a diffusion-limited regime, the ZnO nanowire arrays

are completely subsumed by a ZnTe thin film. Regime limitation of deposition was

controlled by temperature in this case, and plays a major role in producing blanket

coverage films over coatings.

Figure 4.5 illustrates the EDX mapping of a select subset of core/shell ZnO/ZnTe

nanowire structures, in which the degree of elemental content is signaled by color

and brightness over the raster image. The Te signal alone forms an indistinguishable

Figure 4.4: SEM Micrograph of ZnO/ZnTe core shell (a) before and (b) after ZnTe
deposition
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Figure 4.5: EDX Mapping of ZnO/ZnTe core shell nanostructure

feature as a nanowire, as compared to the strongly defined Zn signal. These results

confirm homogeneous, conformal coverage of ZnTe over the ZnO core through the

uniform distribution of ZnTe on the surface.

Figure 4.6 shows the transmission electron micrograph of ZnO/ZnTe core/shell

nanowires. Due to the large diameter of sampled nanostrucutre, electrons could not

penetrate, leaving only information on ZnO lattice structure. This is due to the

oxidation of ZnTe shell, leaving a thin ZnO layer. The diffraction pattern resolved

from the TEM illustrates lattice spacing consistent with ZnO.

XRD patterns were obtained to differentiate the crystal structures of ZnO and

the ZnO/ZnTe core/shell array, and are shown in Figure 4.7. The diffraction peak

typical of ZnO (002) is observed at 34.2◦, pre-deposition of ZnTe, and the dominant

ZnO peak of (002) planes reveals that the ZnO nanowires were grown with a c-axis

orientation normal to the substrate surface. After the deposition of ZnTe shell layer,

we find additional ZnTe related peaks from the (111), (220), and (311) zinc blende

planes of ZnTe at 25.26◦, 41.8◦, 49.5◦respectively. Additionally, the 2θ position of

ZnO (002) was observed to shift slightly to the smaller angle side (inset), indicating
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Figure 4.6: TEM Micrograph of ZnO/ZnTe core shell (a) before and (b) after ZnTe
deposition

that ZnO has experienced a lattice expansion due to the ZnTe shell growth. The

enlarged ZnO lattice was also observed after the deposition of ZnSe layer on ZnO

nanowires by Mascarenhas et al.

The Raman spectra of ZnO wires from the range of 180-480 cm−1 are shown in

Figure 4.8 (a). The predominant peak is found of that for the ZnO E2 (high) at

437 cm−1, which suggest good crystal integrity of ZnO. The related Raman modes

of ZnO wires are shown in Table 4.1. Post ZnTe deposition, the dominant peaks

are found to be that of ZnTe at 214 , 420, 625, 830 cm−1 (Figure 4.8b), indicating

the 1LO(Γ), 2LO(Γ), 3LO(Γ) and 4LO(Γ) modes of ZnTe respectively. These results

indicate the ZnTe was appropriately deposited over the ZnO arrays forming highly

crystalline core/shell arrays.

Figure 4.9 shows the spectrum for Raman mapping and the inset shows the images

of ZnO/ZnTe structure under the microscope. The red rectangle shows the scanned
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Figure 4.7: XRD pattern of ZnO and ZnO/ZnTe core/shell arrays

area for Raman mapping. Further Raman analysis was conducted by integrating the

modes of 425-440 cm−1 for ZnO, 200-220 cm−1 for ZnTe, 300-430 cm−1 for ZnTe

and 615-640 cm−1 for ZnTe, shown in Figure 4.10. It is noted that the ZnO related

mode is found to attenuate post-deposition, which further indicate the successful

incorporation of ZnTe as a shell to ZnO.

To understand the light absorption properties of the ZnO/ZnTe core shell struc-

ture, a light scattering measure mention was conducted on ZnO nanowire arrays

before and after ZnTe incorporation. Pre-deposition, there appears to be absorption

in the visible range, until the energy band level of ZnO is obtained, shown in Fig-

ure 4.11. For the core/shell structure, there are two predominant attenuation points

related to the band gap of both ZnO and Znte (370 nm and 550 nm, respectively).

Reflection intensity is also found to decrease at a decreasing rate between the two

wavelengths. Assuming that the composite structure exhibits a smaller bandgap and

a staggered type-II band alignment that is of lesser magnitude that the individual

materials alone, this could be confirmation of such a phenomena, as it is near the
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Raman mode E2-low 2TA

2E2-low

2TA(X)

(Si)

2-E2(M) E1-TO E2-high

1000 ◦C 102.1 207.5 N/A 333.4 387.8 438.8

970 ◦C 100.5 207.5 N/A 331.9 395.6 437.2

940 ◦C 102.1 N/A N/A 331.9 403.3 438.8

905 ◦C 102.1 N/A 308.4 330.3 N/A 437.2

880 ◦C 102.1 N/A 302.1 331.9 N/A 437.2

840 ◦C 102.1 N/A 303.7 N/A N/A 437.2

800 ◦C 102.1 N/A 300.6 N/A N/A 437.2
Table 4.1: Temperature Evolution of Raman modes of ZnO wires

theoretical bandgap of 1.2 eV. The smaller net reflection intensity for the core/shell

structure, compared to ZnO alone suggests that the core/shell structure is more adept

at light trapping. These step from the grains on the surface of the wire which create

multiple sites of reflection and light absorption, which are beneficial for photovoltaic

applications.

The photoluminescence spectra of ZnO and ZnTe core/shell structures is illus-

trated in Figure 4.12. In the case of ZnO, peaks along the 370 nm band edge (due to

recombination of free excitons), along with a broad red emission at 630 nm (due to

recombination of delocalized electrons near the conduction band with deeply trapped

holes in the negatively charged interstitial oxygen ion center) are observed, and sim-

ilarly to reported elsewhere. The intense 370 nm ultraviolet peak indicates excellent

crystallinity with low defect concentrations. When ZnTe is deposited, a broad peak

centered at 630 nm and ranging over 500-800 nm is observed, due to the oxygen de-

fect on ZnTe. The emission of both ZnO and ZnTe were found to attenuate emission

intensity. This is attributed to the modified band alignment which stems from ZnTe
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Figure 4.8: Raman spectra of (a) ZnO and (b) ZnO/ZnTe core/shell arrays

promoting charge separation over the staggered gap.

Time-resolved photoluminescence (TRPL) is a technique commonly utilized to

examine the decay dynamics leading to the determination of the lifetime of the excited

electron-hole pair. The lifetime of photoluminescence is the average time for the

excited carriers to stay in the excited state between the photo-excitation and photon

emission. TRPL spectroscopy is used to study the radiative or nonradiative lifetimes

of the ZnO/ZnTe core/shell structure. The TRPL intensity as a function of time is

expressed in an exponential decay relationship as the following formula:

I(t) = Ioe
−t/τ (4.1)
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Figure 4.9: Scanned Raman spectrum for Raman mapping. Highlighted regions
indicate ranges examined

where Io is the initial intensity, t is the time and τ is the recombination time.

Analyzing the spectra as a function of time allows the recombination time to be

extracted. One essential difference between type-I and type-II semiconductors is the

recombination time or lifetime of the PL. Because of the spatial separation of holes and

electrons, type-II semiconductors have considerably longer lifetimes (on the order of 1

- 100 ns) (Lin et al., 2008; Weisbuch et al., 1991; Najjar et al., 2009) when compared

to type-I semiconductors (10 - 100 ps) (Weisbuch et al., 1991). TRPL measurements

of InGaN MQW (type-I) shows lifetime smaller than 2000 ps. (Pophristic et al., 1999)

Najjar et al. reported TRPL measurements having lifetime of 5ns for ZnSe/ZnTe QDs

(Pophristic et al., 2009). Lin et al., reported TRPL measurements showing lifetime

of 21 ns (Lin et al., 2006).

Figure 4.13 shows the Time-Correlated Single Photon Counting (TCSPC) result

of kinetic traces at 450, 500, 550, 600 nm with excitation 405 nm.The extracted
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Figure 4.10: Raman mapping of (a) ZnO and (b-d) ZnO/ZnTe core/shell arrays

lifetime is 3-4 ns, which does not change with the probe wavelength. Compared to

the lifetime of type-I semiconductors (10 - 100 ps), ZnO/ZnTe core/shell structure

has relative long lifetime showing an indication of type-II transitions.

Current-voltage measurements were also conducted vertically on the ZnO/ZnTe

structures, as shown in Figure 4.14. We note that the structure exhibits non-rectifying

behavior, which indicates that the contact selection may be ohmic in nature. How-

ever, a slight current-voltage profile shift is exhibited, with a corresponding open cir-

cuit voltage and short circuit current, which suggests a slight degree of photovoltaic
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Figure 4.11: Light scattering of ZnO and ZnO/ZnTe core/shell arrays

Figure 4.12: Photoluminescence of ZnO and ZnO/ZnTe core/shell arrays

behavior.

4.5 Conclusion

In this work, ZnO/ZnTe core/shell vertically aligned nanowire arrays have been

demonstrated. SEM analysis shows characteristic rough coating, indicative of ZnTe

grains forming on the surface of ZnO nanowires. XRD, PL, Raman, and light scatter-

ing confirm the integration of ZnTe on ZnO arrays, and suggest the formation of the
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Figure 4.13: Time-resolved photoluminescence of ZnO/ZnTe core/shell structure

type-II staggared band. The use of EDX mapping, XRD, Raman spectroscopy, and

photoluminescence was used to confirm the coverage of ZnO with ZnTe. Light scat-

tering confirmed the formation of both crystal structures on the nanostructure lattice.

TEM analysis, however, was unable to discern ZnTe-related diffration patterns. Ad-

ditionally, time-resolved photoluminescence results indicate longer carrier lifetimes,

suggesting type-II staggered band alignment achieved between ZnTe and ZnO. With

electrical characterization, these material systems may prove to highly impact the

power conversion efficiency of such nanowire-based photovoltaics by exploiting the

type-II band alignment and dissimilar conductivity between the two semiconductors.
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Figure 4.14: Current-Voltage measurement of ZnO/ZnTe core/shell structure. Note:
Black trace is dark and red trace is illuminated with AM 1.5G
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Chapter 5

CONCLUSION

In conclusion various applications of ZnTe have been demonstrated, stemming

from vapor phase growth. The growth of ZnTe was documented, with the growth

of polycrystalline films without catalyst and single crystal nanostructures with a

catalyst. The different morphologies were controlled through either the absence or

the presence of gold (Au) catalyst deposited as a seeding layer on silicon (100) sub-

strates before growth. These results indicate that the ZnTe thin films exhibited poly-

crystalline structure, and the grains imply a significant size effect, as the mobility of

the boundaries increases as the grain size increases. Submicron wires and sheets ex-

hibited single-crystal structures and the preference for the (111) orientation indicates

that the crystal preferentially grows via close-packed planes {111} to minimize the

surface energy and the peak intensity ratio (550 nm/725 nm) of PL increases with

the growth temperature indicated that the growth temperature plays an important

role in the crystal quality. The high quality single crystal submicron features, which

extend up to several microns in length can facilitate device applications through per-

colating networks. The vapor deposition approach with the use of Au catalyst, can

synthesize ZnTe thin films and submicron structures at low cost.

The nanostructures were then used to create three-terminal devices and two-

terminal photodetectors, and their relative transistor and detectivity properties have

been assessed. A Schottky barrier with Cr/Au was uncovered, and a barrier height

was determined to be 0.48 eV for nanowires and 0.69 for nanosheets. The devices

exhibited hole conduction with comparable field effect mobilities of 1.51 cm2/V-s for

nanowires and 4.11 cm2/V-s for nanosheets, with nanosheets demonstrating a sub-
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stantially higher subthreshold swing. The mechanism for nanosheet formation in the

ZnTe material system has been discussed, and the growth related defect chemistry

giving rise to p-type behavior has been elaborated upon. The electrical response of

nanostructures were also investigated with the illumination of a 532 nm green diode

laser. Nanowire devices exhibited a responsivity of 2.62 × 105 A/W, a photoconduc-

tive gain of 6.10 × 105, and a power dependence to light intensity with an exponent of

0.269. Likewise, the nanosheet responsivity, photoconductive gain, and power distri-

bution exponent were 110.59 A/W, 257.76, and 0.567, respectively. Additionally, the

noise parameters, NEP and D* of the devices have been calculated to be 2.99 × 10−19

WHz−.05 and 1.10 × 1016 cmHz0.5W−1 respectively, for nanowire-based ZnTe devices,

and 9.96 × 10−17 WHz−.05 and 2.24 × 1014 cmHz0.5W−1 for nanosheet-based ZnTe

devices. These results indicate that nanowires owe their superior photoconductive

performance to their extremely small geometry, leading to a higher surface-to-volume

ratio. This makes the effect of trap states more pronounced for nanowires, leading to

longer carrier lifetimes than that nanosheets.

Finally, core/shell structures for photovoltaic applications have been explored with

future work suggested for achieving high performing solar cells. Notably, this came

about from a discussion of ZnO nanowire growth mechanisms that explored the na-

ture of temperature in creating a stiochiometrically pure nanostructure. Furthermore,

the conformal coverage of ZnTe was discussed in regards to diffusion versus reaction

limited regimes that allowed for ZnTe to conformally coat ZnO nanowires. EDX

mapping confirmed the growth of a core shell structure by exhibiting signals related

to tellurium and Zn, thereby indicating homogeneous coverage. Unfortunately, due

to the strength of the ZnO signal, over ZnTe, TEM analysis was not able discern a

proper ZnTe signal, allowing only for the analysis of a ZnO diffraction pattern. XRD

analysis revealed peak planes for both ZnO and ZnTe, indicating that ZnO nanowires
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grew on a c-axis orientation, and that 2θ peaks related to ZnTe emerged, and modi-

fied the ZnO peak, indicating lattice expansion (due to a shift). The Raman spectra

of grown core/shell structures were also analyzed, with a strong peak related to the

ZnO E2 mode, indicating good crystal integrity. Post-deposition of ZnTe, further

modes related to ZnTe emerged indicating crystalline shells of ZnTe, including the

first through fourth longitudinal optical modes. Raman mapping indicated successful

incorporation of ZnTe due to weakened ZnO related modes, and strengthen ZnTe

related modes. Light scattering measurements indicated absorption in the visible

range, which suggested that that ZnTe incorporation was successful, as attenuation

due to absorption from energies related to the band edge of ZnTe were observed.

Furthermore, light-scattering in conjunction with Raman confirmed the formation of

a staggered type-II band alignment due to a more immediate drop-off after the ZnO

band edge. Photoluminescence analysis showed a broad red band emission due to

delocalized electrons near the conduction band, with deep trapped holes in the nega-

tively charged interstitial oxygen ion center. With time-resolved analysis, the lifetime

of excited carriers could be assessed in terms of radiative and non-radiatives lifetimes

through an exponential decay. This analysis was able to confirm a type-II band align-

ment due to longer lifetimes, and was also corroborated with time-correlated single

photon counting. Finally, current voltage measurements were undertaken to confirm

a shifted I-V trace that suggests a slight degree of photovoltaic behavior. We assume

that the low power conversion efficiency is related to recombination centers that exist

within the interface of deposited ZnTe layers and ZnO.

In conclusion this work shows the broad range of ZnTe nanostructures from fun-

damental synthesis and morphological variation, to electronic and optoelectronic de-

vices, and finally to a photovoltaic application exploiting type-II staggered band align-

ment. While this work does not completely revolutionize the applications this material
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system could potentially drive, it offers insights from the fundamental growth, elec-

tronic properties, and photovoltaic potential allowable from the sets of experiments

reported in this dissertation.
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