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ABSTRACT OF DISSERTATION

SYNTHESIS AND ELECTRICAL PROPETY MEASUREMENTS OF INDIVIDUAL
LAYERED TRANSITION METAL DICHALCOGENIDE NANOTUBES AND

NANOWIRES

Nanotubes of the layered transition metal dichalcogenides (LTMDs) including
MoS,, WS,, ReS,, and ReSe; have been synthesized. Additionally, nanowires of WS,
have been synthesized. All of the 1-dimensional structures synthesized used some form
of a template to structurally direct 1-dimensional growth. The synthesis of the nanotubes
of MoS,, WS,, and ReS; utilized the pores of anodic aluminum oxide membranes to
direct nanotube growth. WS, nanowires were grown with the assistance of the surfactant
cetyltrimethylammonium bromide. ReSe, nanotubes were synthesized by using Se
nanotubes as a sacrificial template.

The nanotubes and nanowires were characterized by scanning electron
microscopy (SEM), transmission electron microscopy (TEM), energy dispersive
spectroscopy (EDS), and X-ray diffraction (XRD). Information about the shape,
identity, and nanostructure was gained utilizing these techniques.

Electron beam lithography was used to make electrical contacts to the nanowires.
Once the contacts were made, two point room temperature current voltage curves were
recorded for MoS,, ReS,, and ReSe; nanotubes. The current voltage characteristics
displayed I-V curves that were nearly linear, nearly symmetric, and nearly rectifying for

these systems. The currents passed through these nanotubes ranged from nanoamperes to
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microamperes. Additional experiments on ReSe; nanotubes indicated a change in

resistance with exposure to ammonia and photocurrent generation when exposed to light.

David B. Seley
Department of Chemistry
Colorado State University

Fort Collins, CO 80523
Spring 2008
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Chapter 1: Nanotube Background

Over the past 22 years, the advent of nanotechnology and nanomaterials has
created immense excitement in the scientific community. Research in the area of
nanomaterials is ubiquitous. Perusing virtually any of the major scientific journals will
likely yield several related articles. Much of this interest is due to the modified electronic
properties of these extremely small materials due to what is referred to as the quantum
size effect. The range of applications for these materials spans the gamut from molecular
wires to solid lubricants. This introduction is arranged to cover the three largest classes

of nanotubes: carbon nanotubes, oxide nanotubes, and chalcogenide nanotubes.

1.1 Carbon Nanotubes

The discovery of carbonaceous nanomaterials ushered in a new era of research in
nanotechnology. The discovery of Cq, buckminsterfullerene, inspired a great deal of
research in nanomaterials, particularly carbon containing materials." Iijima’s subsequent
discovery of carbon nanotubes produced from layered graphite, provided additional novel

structures to investigate.?

Carbon nanotubes are cylinders of graphene typically closed at either end. They
exhibit extremely interesting physical and electronic properties and are the prototypes for
nanotube research. They can be multiple or single walled and are very resistant to

mechanical deformation. It is generally accepted that the reason for the formation of



carbon nanotubes is their propensity to fold due to the presence of dangling bonds at the
edges of the graphene sheet. Figure 1.1 depicts a sheet of graphene and the parameters
that determine whether the nanotube will be zigzag, armchair, or chiral when this sheet is
rolled into a tube. The chiral vector C, is defined by the equation C, = na, + ma,, where
a, and a, are unit vectors and n and m are integers. When n = m and the chiral angle 6 is
30 °, armchair nanotubes result. When either n or m is 0, and the chiral angle is 0, zigzag
nanotubes result. All other nanotubes with chiral angles between O and 30 are chiral
nanotubes. Nanotubes for which n — m = 3/, where i is and integer, are metallic. All

other nanotubes are semiconducting.?

{0 rigsag nanotube
{scmiconducting)

{n,m)chiral nanotube
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Figure 1.1 The folding of carbon nanotubes results
in zigzag, armchair, or chiral nanotubes.’



In the years that followed their discovery much research has been done in rthe area
of carbon nanotubes. Early studies focused on obtaining higher synthetic yields and
physical and electrical property determination. The most desirable carbon nanotubes are
the single wall carbon nanotubes (SWCNT) that contain only one layer of graphene. This
removes some of the uncertainty in subsequent electrical property and gas sensing
measurements. As expected, the SWCNTs are also on average smaller in diameter than
multiwalled carbon nanotubes (MWCNTs). One of the early synthetic strategies to
obtain SWCNTs was that of Thess and co-workers that produced a 70% yield.* This
synthesis has since been improved upon and now is accepted as the best way to obtain

SWCNT.?

One of the ongoing interests is to exploit the unique electrical properties of carbon
nanotubes. Early measurements of the electrical properties of individual multiwalled
carbon nanotubes were made by Dai and coworkers.® They used an atomic force
microscope with a conducting tip to measure the resistance of individual nanotubes along
different lengths of the nanotubes. Important studies by Tans demonstrated the utility of
carbon nanotubes as molecular wires and when incorporated into a field-effect transistors
(FET).”® Figure 1.2 represenst a current voltage curve for the nanotube FET fabricated

by Tans and coworkers.
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Figure 1.2. Current voltage characteristics of an individual
carbon nanotube in a 3 terminal transistor device.’

As seen in the inset of the figure, the SWCNT is a p-type semiconductor. At
negative gate voltages, the current increases dramatically and then saturates. At positive
gate voltages, the resistance of the nanotube increases. Following this seminal work,
Kong and then Collins demonstrated the use of carbon nanotubes as chemical sensors.”™
The current voltage characteristics of the SWCNTs changed with the introduction of
different gases. Kong exposed NH; and NO, to individual SWCNTs. The NH, gas had
the effect of decreasing the conductance of the nanotube, while the NO, gas had the

reverse effect. Figure 1.3 shows the current voltage characteristics representative of these

two experiments.
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Figure 1.3. Current voltage characteristics of a SWCNT; a.) shows [V
curve before and after exposure to NH; gas at a gate voltage of 0V; b.)

shows the IV curves before and after exposure to NO, gas at a gate
voltage of 4V .°

The fact that every atom within a SWCNT is a surface atom provides an excellent
opportunity to measure changes in the electrical properties or dielectric constant of the
nanotubes as a function of surface adsorption of analytes.'"** The surfaces of carbon
nanotubes have also been functionalized to act as chemical sensors for specific

analytes.">'*



In addition to the interesting electrical properties of carbon nanotubes, a very
recent experiment demonstrated yet another amazing aspect of these materials. A great
deal of work on SWCNTs has been done by researchers at IBM. In 2001, they
demonstrated that SWCNTs could be ambipolar; that is, conduct electrons and holes
equally well.'> This was accomplished by the formation of TiC bonds at the contacts
after annealing the metallized nanotube. All previous studies indicated that SWCNT's
were p-type. With this new effect, the same researchers were able to inject an electon on
one end of a SWCNT and a hole on the other end and have them combine inside the
SWCNT to yield an IR photon.'®  This opened another door for the application of
SWCNTs as photonic devices. Clearly, carbon nanotubes have received the most
research attention. Without this large body of work on carbon nanotubes, the field of

nanotube research would be stalled.

1.2 Oxide Nanotubes

Nanotubes of many other different materials have also been synthesized. Oxidic
nanotubes and nanowires have gained considerable attention due to their applications as
catalysts and sensors. Vanadium oxide nanotubes have been made using carbon
nanotubes as a template.”” The V,O; acted to either fill the hollow space inside the CNTs
or to coat the outside of the CNTs. More recently, VO, nanotubes have been synthesized
using an aliphatic structural directing amine in combination with hydrothermal

synthesis.'®




A large body of research has been dedicated to TiO, nanotubes due to the
photocatalytic properties of this material. The first example of TiO, nanotubes in the
literature was the use of a polymer mold that had been incorporated into an anodic
aluminum oxide membrane as a template for the formation of these tubes.”” Subsequent
to this work, Lakshmi and co-workers described a more facile route to TiO, nanotubes
using a sol-gel technique and the pores of an anodic aluminum oxide membrane.*® A sol-
gel route followed by hydrothermal synthesis has also been described to make TiO,

nanotubes with very small (~8 nm) diameters.”

An important contribution to the formation of TiO, nanotubes came from Grimes
and co-workers, who demonstrated that anodizing Ti sheets resulted in the formation of
TiO, nanotubes.” These same researchers have continued to improve the anodizing
conditions to make very long nanotubes of TiO,.” Figure 1.4 shows an SEM image of

these high aspect ratio TiO, nanotubes.

Figure 1.4. SEM micrographs of TiO, nanotubes made from the anodization of Ti:
a) cross section of tubes, b) top surface of tubes.?



TiO, nanotubes have been used to fabricate dye-sensitized solar cells (DSSCs).
One of the initial reports of this application included the synthesis of TiO, nanotubes via
a solvothermal route.”® Adachi and co-workers spread a 4 um thick layer of TiO,
nanotubes on conducting glass and exposed the nanotubes to a ruthenium dye. The
efficiency of the cell was close to 5%. More recently, a transparent array of TiO,
nanotubes was perpendicularly grown via anodization of Ti on conducting glass.*® This
work further demonstrates the potential applications of TiO, nanotubes for photocatalytic
applications.

Alumina nanotubes have been synthesized using several techniques. The first

report of Al,O, nanotubes was in 1997 by Rao and co-workers.”

Using a solution of
aluminum isopropoxide mixed with carbon nanotubes followed by heating, Al,O; coated
CNTs were formed. Al,O, nanotubes have been synthesized without the use of CNTs
via the stepwise anodization of Al thin films.”’ An interesting application of alumina
nanotubes uses the Al,O, nanotube as a top gate for a MWCNT field effect transistor.”®
The process consists of suspending MWCNTSs in an ethanolic solution of aluminum
nitrate. Upon addition of CO, under pressure, a mixed supercritical fluid is made

allowing the aluminum nitrate to dissolve. The resultant products are MWCNTs

discontinuously coated with Al,O;. This sporadic sheathing is taken advantage of for the



creation of a top gate via a focused ion beam (FIB) deposition of Pt leads. Alumina
nanotubes have also been made through the simple dissolution of anodic aluminum oxide
membranes by a solution of NaOH.*® Using a very similar method, unusual looking
perforated Al,O, nanotubes have been made.® Figure 1.5 shows an example of this

exotic looking nanotube.

Figure 1.5. TEM image of a perforated Al,O; nanotube. The

arrows indicate the periodic spacing of holes along the walls of
the nanotube.®

a-Fe,0,; is of interest due to its catalytic and gas sensing properties.**?

Recently,
nanotubes of a-Fe,0, have been synthesized in the pores of AAO.” Interest quickly
grew in the nanotubular form of «-Fe,O,. In addition to the AAO template method,
carbon nanotubes were also used as a template to form nanotubes of a-Fe,0;.>* In 2005,

single crystalline a-Fe,O, nanotubes were synthesized via a hydrothermal method.*® The

method involved the reaction of FeCl, and NH,H,PO, at a temperature of 220 °C for 48



hours. The nanotubes were about 250 to 400 nm long and about 95 to 110 nm in
diameter as shown in Figure 1.6. The as synthesized nanotubes were a-Fe,O,, hematite,
but could be converted into the y-Fe,O;, maghemite via a reduction and oxidation
process. The fact that the nanotubes are single-crystalline provides an advantage over

previous synthetic routes as well as potential for photocatalytic applications.

500 nm

Figure 1.6. SEM images of the _sirégle crystalline Fe,O, nanotubes

formed by hydrothermal synthesis.

Si0, nanotubes have beeen synthesized by several techniques. A sol-gel
technique was used to synthesize amorphous SiO, nanotubes in 1995.*° Following this
work, Rao and coworkers used CNTs as templates for the formation of SiO, nanotubes.?
In the years following, SiO, nanotubes were formed via surfactant-assisted synthesis, and
organogel synthesis.”” Recently, Ta,O5 nanotubes were synthesized using SiO, nanorods
as templates.®® Nb,Os and Ta,Os nanotubes have been obtained using a nanoscroll to

nanotube thermal transformation.®® Fluorescent RuO, nanotubes derived from a

10



Ru,(CO),, precursor have been achieved in the pores of an AAO membrane.® The
interest in both the synthesis and applications of oxide nanotubes has continued for

several years and is still growing rapidly.

1.3 Chalcogenide Nanotubes

The first group of materials found to form nanotubular structures after carbon
were the layered transition metal dichalcogenides. These materials have a structure with
a metal sandwiched between two chalcogen atoms to comprise one layer. The layers are
separated by a van der Waals gap analogous to the graphite structure. These materials
exhibit a wide range of physical and electronic properties and are highly anisotropic.
Tenne and co-workers found that WS, closed structures and nanotubes could be formed
by exposing a thin film of W to H,S at 1000 °C.*' Figure 1.7 shows a TEM image of a

WS, nanotube formed in this process.

Figure 1.7. Closed end nanotube of WS, formed by heating a thin
film of tungsten in the presence of H,S. Scale bar is 10 nm."

11



Soon thereafter, the same researcher discovered that another transition metal
dichalcogenide (TMD), MoS,, also formed closed fullerene-like structures and
nanotubes.” These discoveries created a flurry of interest in the field of inorganic
nanotubes. A great deal of research has been done on these two TMD materials including
searching for better synthetic routes, studying their physical properties, and determining
their electronic properties. The following sections will review the research dedicated to

these TMD nanotubes.

The interest in WS, nanotubes has led many researchers to seek alternative
synthetic routes. Chemical vapor transport reactions are common in solid-state
syntheses. Remskar used such a reaction to make tubes of WS, in 1998.* Many of these
tubular structures of WS, exhibited diameters on the order of microns and were hence
referred to as microtubes. However, nanotubes with diameters less than 100 nm were
also formed. Nath and co-workers used a simple decomposition reaction of the
ammonium tetrathiotungstate salt to yield WS, nanotubes.” Carbon nanotubes have been
used as a template to create WS, nanotubes.* Tenne used a fluidized bed reactor to form
very long and crystalline nanotubes of WS,.* These multiwalled nanotubes could be as
long as hundreds of microns. Mackie and co-worker subjected WS, powder to acid

treatment and heating to form WS, nanotubes and closed shell structures.”’

Notwithstanding the many efforts that require extreme reaction conditions, there

have been some reports of the synthesis of WS, nanotubes via a soft chemical approach.

12



In 2004, Li and co-workers were able to make WS, nanotubes by reacting the surfactant
cetyltrimethylammonium bromide (CTAB), thioacetamide, and tungsten oxide
hydrothermally.® Not long after this work, Therese and co-workers also used a similar
approach to make nanotubes of WS,.* This researcher synthesized WO, nanorods

hydrothermally, followed by exposure.to H,S gas at 840 ° C for 30 minutes.

WS, nanotubes have found applications as solid lubricants. Tenne demonstrated
that WS, nanotubes could survive pressures of up to 21 GPa, a strength superior to that of
even carbon nanotubes.® The shear modulus of WS, nanotubes was subsequently

51

calculated for nanotubes of varying diameter.” WS, nanotubes have also been used as

probe tips in atomic force microscopy (AFM).”

Several other applications of WS,
nannotubes have been investigated. WS, nanotubes have been functionalized and

incorporated into a polymer matrix of polystyrene and polymethylmethacrylate.® There

has also been interest in WS, nanotubes as electrode materials in lithium ion batteries.>

Bulk WS, is an indirect band gap semiconductor with a band gap of 1.35 eV.”
Seifert and co-workers have investigated the electronic structure of WS, nanotubes
theoretically.® The band gap has been predicted to increase with tube diameter.
Scanning probe microscopy was performed on WS, nanotubes and current voltage
characteristics were determined.”” Figure 1.8 shows a room temperature current voltage
curve. The current voltage curve shows the nanotube exhibiting semiconducting

behavior. Curiously, a current voltage curve on a nanotube with a larger diameter shows

13



essentially the same magnitude of current under identical experimental conditions. This
indicates that the current is limited by junction properties rather than nanotube properties.
There does appear to be a trend indicating an increase in band gap as a function of tube

diameter.

-100

Figure 1.8. Room temperature current voltage curve of a
single WS, nanotube via scanning tunneling microscopy.”’

MoS, nanotubes have also received considerable attention in the last several
years. Following the discovery of these nanotubes, Feldman and co-workers devised a
high rate gas flow route to prepare these materials resulting in milligram quantities.™
They started with the molybdenum sub-oxide powder as a precursor, which sometimes
results in incomplete sulfidation with the exposure to H,S gas. In an effort to avoid the

incomplete sulfidization of the nanotubes, Hsu and co-workers devised a different

14



experimental set up to achieve MoS, nanotubes.® They started with MoS, powder
dispersed on a flat Mo electrode covered with a sheet of Mo foil. Subsequent
sulfidization of the MoS, powder, in combination with resistively heating the Mo foil at
temperatures of 600 — 800 °C for 30 minutes, resulted in oxide free MoS, nanotubes. As
with WS, nanotubes, MoS, nanotubes can be formed by the decomposition of the

ammonium tetrathiometallate precursor.**

In an extremely interesting experiment, single-walled MoS, nanotubes were
formed by the chemical vapor transport method by Remskar in 2001.°" Cj, fullerenes
were used as a growth promoter in the evacuated silica ampoule with MoS, carried out at
1010 K for 22 days with a temperature gradient of 6 K/cm. lodine was used as the
transport reagent. The tubes contain interstitial iodine left over from the transport
process. The diameters of the tubes are close to 1 nm based on TEM images. Figure 1.9

shows a high-resolution TEM image of a bundle of these single-walled nanotubes.

Figure 1.9. Single-wall MoS, nanotubes; A) HR-TEM image of bundle of

MoS, naonotubes. Inset is image simulation of parallel stacking; B) model
of structure.*

15




The single-walled MoS, nanotubes were later studied by STM and revealed metallic
behavior.®® This agrees with theoretical predictions suggesting that all MoS, nanotubes
with a diameter of greater than 2 nm are semiconducting.”® The important aspect of this
work is that, unlike any other nanotube preparation either carbon or inorganic, every

nanotube should have an identical structure.

There is still interest in new synthetic strategies for preparing MoS, nanotubes. In
2006, Loh and co-workers used a single-source precursor,
tetrakis(diethylaminodithiocarbomato)molybdate(IV), decomposed thermally within the
pores of an AAO template.* Therese used MoO; nanorods followed by sulfidization to
obtain MoS, nanotubes.” Nanotubes and nanocoils of MoS, intercalated with

hexadecylamine were formed via a solvothermal route.®

MoS, nanotubes have been investigated for several applications. MoS, has been
used as a solid lubricant and its nanostructures have also been investigated for their
tribological properties.” The H, storage properties of MoS, nanotubes have been
investigated by Chen and co-workers.®® MoS, nanotubes have also been studied for their
catalytic properties. In 2002, MoS, nanotubes were studied as a catalyst for the
methanation of CO with H,.* Subsequently, MoS,-Ni nanocomposites were used as
hydrodesulfurization catalysts.” Nickel particles were coated onto the surface of the
MoS, nanotubes via a solution route and then exposed to sulfur containing gases. The

MoS,-Ni nanocomposite showed a higher level of catalytic activity for removing the
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sulfur containing gases than do MoS, nanoparticles without the nickel. Finally, single-
walled MoS, nanotubes have been used as Li ion storage materials for rechargeable

lithiuim batteries.”!

Given the large amount of research dedicated to MoS, and WS, nanotubes, it is
not surprising that other LTMDs have been the focus of research into the formation of
nanotube materials. NbS, nanotubes were among the first LTMDs other than MoS, and
WS, to be formed. In 2001, Nath and Rao were able to make nanotubes of NbS, and
TaS, via the decomposition of the respective trisulfides under reducing conditions and
high temperatures.”” That same year, NbS, nanotubes were made by Zhu using carbon
nanotubes as a template.” Silver alloyed NbS, nanotubes were prepared by electron
beam irradiaion or microwave treatment of (NbS,),I crystals.” The group IV disulfides
of HfS, and ZrS, have also been formed by the decomposition of their trisulfide

precursors.”

NbSe, is of interest owing to its superconducting nature. Nanotubes of this
material were formed by exposing bulk NbSe, to high doses of electron beam
irradiation.”® A chemical approach has also been used to make these nanotubular
structures. Nath and co-workers have prepared NbSe, nanotubes by the decompostion of
the NbSe; precursor under Ar flow at temperatures of about 700 °C for 30 minutes.”
Subsequent to nanotube formation, the superconducting transition of the nanotubes was

confirmed. The selenide nanotubes analogous to MoS, and WS, have been formed by the
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decomposition of the respective triselenides and also the decomposition of ammonium

tetraselenate precursors.78

MoTe, nanotubes have been synthesized using various techniques including the
first reported in 2001 where bulk MoTe, was exposed to a high dose of electron
irradiation.” Following this discovery, another synthetic route to MoTe, nanotubes was
described.* In this approach, Te powder was ultrasonically treated with Mo(CO) in
decalin. Following ultrasonic treatment, the amorphous precipitate was calcined at 650
°C under N, flow for 4-10 hours. The resultant product contained multiwalled MoTe,
nanotubes. A recent theoretical paper has suggested that single-walled MoTe, nanotubes

are stable, but this is unverified as yet.®

ReS, has a lower symmetry structure due to the existence of Re-Re metal-metal
bonds within the layers of the triclinic structure.” It has been studied as an electrode
material and as a hydrodesulfurization catalyst® ReS, nanotubes have been formed
through the sulfidizatiion of RuO, in 2001.% The majority of the products were inorganic
fullerene-like structures, however, some nanotubes were formed. A more rational
synthesis was described in the same year involving the use of carbon nanotubes as a

template **

There have been reports of TiS, nanotubes in the literature. Nath and Rao were
the first researchers to make TiS, nanotubes.” This was accomplished by the

decomposition of a trisulfide precursor of Ti. More recently, Chen and co-workers were
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able to obtain TiS, nanotubes from reacting TiCl, in a mixture of H, gas with H,S gas at
450 °C for 30 minutes.*® These same researchers used a different route for the synthesis
of TiS, nanotubes that involved a chemical vapor transport reaction using I, as the
transport agent.*® After the synthesis, these nanotubes were studied for their application

as H, storage materials. The nanotubes reversibly stored 2.5 weight % of H,.

A few other TMD nanotubes have been reported in the literature. TiSe,
nanotubes were synthesized by heating a pellet of ball-milled Ti and Se in an atmosphere
of Ar at 650 °C for 8 hours.¥’” VS, nanotubes were reported in 2004.%® This synthesis is
especially noteworthy, considering that bulk VS, exists only as A,VS,, where A is an
alkali metal or copper. The authors used VO, nanotubes as a starting material, where X is
2.3. The VO, nanotubes were placed in a furnace at 225 °C for 22 hours and exposed to

H,S gas.

Several other chalcogenide nanotubes have been synthesized via various chemical
routes. CdS has long been of interest as a direct band gap semiconductor. CdS

nanotubes were first prepared using a surfactant-assisted synthesis.*

CdSe nanotubes
were also prepared in the same report using similar experimental conditions. Both
nanotubes of CdS and CdSe exhibited photoluminescent properties. CdS nanotubes have
since been made using different surfactant-assisted approaches. Using Cd(OH)CI as a

sacrificial template followed by a gelatin soft template, CdS nanotubes were synthesized

by Miao and co-workers.”® Following the lead of these researchers, Li and co-workers
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circumvented the soft template and directly converted Cd(OH), nanowires into nanotubes
of CdS” 1t is notable that in both synthetic routes using a sacrificial template, the
nanotubes that resulted exhibited rough surfaces comprised of polycrystalline CdS.
However, this does not diminish the fact that nanotubes of this material were in fact
made. Figures 1.10 and 1.11 show representative examples of these unique looking CdS

tubes.

300 nm

Figure 1.10. SEM and TEM of CdS nanotubes formed using a
sacrificial and a soft template.®

Figure 1.11. CdS nanotubes formed using the sacrificial template of
Cd(OH), ™!
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Various other nanotubular sulfides have also been synthesized. ZnS nanotubes
were formed using ZnO nanobelts as a precursor.”? The ZnO nanobelts were dispersed in
ethanol and treated ultrasonically. A saturated H,S solution was then added at room
temperature and the reaction vessel was sealed for 24 hours. The solution was
subsequently dried at 90 °C, resulting in ZnS nanotubes. Bi,S; nanotubes have been
synthesized using very fine powder of Bi,S; heated with S in a flow through furnace at
640 °C under Ar for 2 hours.” Very recently, Sb,S; nanotubes have been produced using
a wet chemical approach. SbCl; was dissolved in oleylamine and combined with a

solution of S dissolved in oleylamine followed by heating at 175 °C for 90 minutes.”*

CdSe nanotubes have been formed using a surfactant-assisted approach and also

89 The use of Se nanowires as

by using 1-D t-Se nanorods as sacrificial templates.
sacrificial templates is an interesting synthetic approach, in that many selenide
nanotubular systems may be formed from this route. In the experiment, t-Se nanowires
were mixed with either CdCl, or Cd(NO); in an aqueous solution and heated at 100 °C
for 8 hours. To obtain nanotubes of CdSe, the products, consisting of a core of Se
nanowires and a shell of CdSe, were heated at 230 °C, effectively subliming the residual
Se and leaving CdSe nanotubes. Another selenide nanotube was synthesized by the same
researcher using t-Se nanowires as sacrificial templates.”® RuSe, nanotubes were formed
by reacting Ru(acac) with Se nanowires dispersed in ethanol and heated to 80 °C for 3

days. ZnSe nanotubes have been synthesized through thermal evaporation of a mixture

of ZnSe, SnO, and Sn0,” The resulting products consisted of ZnSe nanotubes filled
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with Sn nanorods. Lastly, cadmium thioglycolic acid nanowires were used as sacrificial

templates to make CdTe nanotubes with tunable diameters.”

Despite the large body of work relating to the synthesis of TMD nanotubes, many
opportunities exist for the discovery of new materials. In addition, it is clear from the
literature that very little work has been done measuring the electrical properties of most
of the TMD nanotube systems. Given the vast amount of research on the electrical
property measurements of carbon nanotubes, a solid paradigm exists for measuring the

electrical properties of other nanotubular materials.
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Chapter 2: Surfactant Assisted Synthesis of WS, Nanowires

There is a growing interest in the synthesis of novel nanomaterials showing many
different structural forms. Inorganic nanomaterials constitute an important class of these
structures due to their wide variety of physical and electronic properties. The synthetic
methodology for obtaining nanomaterials may be divided into two types: hard and soft
chemical routes. The hard chemical routes usually consist of using high temperatures and
long reaction times. The soft chemical routes usually offer milder synthetic conditions,
one reason that they are becoming more attractive. Among these routes are the use of
surfactants and structural directing materials. These structural directing agents have
successfully been used to synthesize many different types of nanomaterials. One of the
first examples of this synthetic approach is the formation of an ordered mesoporous
aluminosilicate by Kresge and co-workers via a surfactant-assisted assembly in 1992.!
This discovery, on the heels of the discovery of carbon nanotubes by Iijima in 1991 2, led
to a great deél of excitement in nanostructured materials.

The use of surfactants and structural directing agents to aid in the synthesis of
one-dimensional materials has been explored. Vanadium oxide nanotubes have been
synthesized using hexadecylamine and vanadium triisopropoxide.’ SiO, nanotubes have
also been made using a surfactant.” In addition to oxidic nanotubes, the layered transition
metal dichalcogenides provide a rich toolkit from which to synthesize one-dimensional

structures due to their ability to form closed structures as a result of the presence of
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dangling bonds at the edges of the layers. CdS and CdSe nanotubes and nanowires have
been synthesized using Triton-X surfactant and a mixture of CdO and NaHSe in water.’
Li and coworkers synthesized WS, nanotubes by treating the surfactant
cetyltrimethylammonium bromide (CTAB) in combination with thioacetamide and
ammonium tungstate hydrothermally followed by pyrolysis.6 Therese and coworkers
produced WS, nanotubes by sulfidizing WOs nanorods that were synthesized
hydrothermally.7

Many of the synthetic routes involving surfactants as structural directing agents
have resulted in the formation of nanowires. CdS nanowires were formed solvothermally
using ethylenediamine as a nonaqueous template and elemental Cd and S at temperatures
of 120-190 °C for 3-6 hours. Iron sulfide nanowires have also been formed
solvothermally using ethylenediamine as the solvent with FeCl, and thioacetamide.’
Surfactants such as CTAB and trioctylphosphine oxide (TOPO) have also successfully
been used to form nanowire structures.  Nanowires of tungsten metal have been
synthesized by combining Na,WO,; and CTAB in an aqueous solution and treating
hydrothermally followed by pyrolysis.'® PbTe nanowires were synthesized by combining
a thin Pb foil and Te powder with CTAB in a 6.6% hydrazine in water solution.'!

We report a very simple synthetic strategy for the formation of WS, nanowires. 1
mmol of ammonium tetrathiotungstate (Aldrich) was dissolved in 15 mL of water. This
was then mixed with 60 mL of an aqueous solution containing 2 mmol of the surfactant

CTAB. Upon mixing the two solutions, an immediate yellow precipitate formed. The
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precipitate was washed with water and ethanol and then vacuum dried overnight at 65 °C.
The as-made precipitate was analyzed with XRD. The results of the XRD are presented

in Figure 2.1.
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Figure 2.1. XRD spectrum of the precipitate formed by combining (NH,),WS, and
CTAB in water. The low angle peak demonstrates the lamellar nature of the
sample. The inset shows a TGA of the as-prepared sample.

A low-angle peak at about 26 = 5.74 is seen in the XRD pattern. This peak is common in
striated materials with structural modifiers. In addition to XRD, TGA was performed on

the as-prepared precipitate. It shows decomposition with a concomitant 69.7 mass

percent loss at 400 °C. This corresponds to the loss of two CTA ions and two S ions,

leaving behind WS,.
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In many of these experiments, nanowires and nanobelts were synthesized. To see
how the morphology of the products was changed, several synthetic parameters were
investigated for the pyrolysis of the sample. The pyrolysis temperature was changed from
650 to 850 °C. Higher temperatures improved the yield of nanowires and nanobelts. The
flow rate of inert gas through the furnace was also varied, and also seemed to influence
the formation of 1-dimensional structures. The reaction times were generally held at 5
hours. Figure 2.2 shows the SEM images of the 1-dimensional WS, nanowires formed at

different temperatures.
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Figure 2.2 SEM images of the 1-dimensional structures of WS, formed at different

temperatures: a.) 650 °C, b.) 685 °C, c.) 725 °C, d.) 800 °C and e.) representative EDS
of nanowires. All flow rates were 50 sccm N, or Ar.

The image in Figure 2.2a shows the beginning of the formation of 1-dimensional
structures at 650 °C. These appear to be short nanorods with lengths only up to 150 nm
with diameters of about 20 nanometers. In Figure 2.2b, there are many more 1-
dimensional structures that have formed with just a 35 °C increase in temperature. These

similar structures are also formed when the temperature is increased to 725 °C, as shown
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in Figure 2.2¢c. The dimensions of the nanowires and nanobelts shown in Figure 2.2b and
2.2c¢ are also similar. The diameters are as small as 20 nm and the lengths can be up to 18
um. Both straight and bent nanowires are present. In both experiments, two or more
nanowires appear to merge into each other. The nanowires appear to grow out of the
amorphous material they are residing on. In several cases, small areas appear to be
nucleation sites from which sea urchin-like structures of nanowires radiate. Figure 2.3

shows these sea urchin-like structures.

Figure 2.3 SEM images of sea urchin like WS, wires growing out of the amorphous
material.

There also is a higher number of nanowires on the surfaces of the amorphous material.
At temperatures above 800 °C, the nanowire yield is drastically reduced, and the material
looks similar to that seen with a reaction temperature of 650 °C. The EDS shown in
Figure 2.2¢ is representative of the kinds and amounts of elements present. Notably, the

W:S ratio is 1:2. The flow rate of the inert gas through the furnace in all of the
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experiments shown in Figure 2.2 was 50 sccm. Both N; and Ar were used as the inert
gas, but this did not affect the quantity or quality of nanowires formed.

Experiments were also undertaken to determine whether the gas flow rate had an
effect on the dimensions or quantity of the nanowires grown. Figure 2.4 shows the SEM

images for two of these experiments.

Figure 2.4. WS, nanowire products formed at different temperatures with high flow

rates: a.) shows a bundle of nanowires formed at 725 °C ; b.) shows nanowires formed
at 850 °C. Both gas flows are 200 sccm of N,.

Figure 2.4 shows that nanowires are formed at both high flow rates and low inert gas
flow rates. There is a large quantity of nanowires in Figure 2.4a. Although there are
fewer nanowires in Figure 2.4b, they were still present at temperatures of 850 °C. This

implies that the higher flow rate of 200 sccm influences the nanowire growth since at

temperatures of 800 °C with a flow rate of 50 sccm, no nanowires were present. Table

2.1 summarizes the results of the variable synthesis conditions.
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Inert Gas Gas Flow (sccm) Pyrolysis Result
Temperature (°C)

N, 50 650 Nanorods

Ar 50 685 Nanowires and
nanobelts

N, 50 725 Nanowires and
nanobelts

N, 50 800 No 1-dimensional
structures

Ar 200 700 Nanowires and
nanobelts

N, 200 850 Some nanowires and
nanobelst

Table 2.1 Summary of the results of the different experimental paramters of temperature and inert
gas flow rates. All reaction times were 5 hours.

The table shows the general trend of a range of temperatures resulting in the formation of
nanowires and nanobelts. The temperature range of 685 °C to 725 °C results in a large
yield of 1-dimensional WS, structures. The table also demonstrates the effect of gas flow
rate on the synthesis of these nanowires and nanobelts. A higher gas flow rate results in
the formation of more 1-dimensional structures than a lower flow rate at higher
temperatures. In addition to the SEM analysis, TEM images of the WS, nanowires were

also taken. Figure 2.5 shows a TEM image of two WS, nanowires.
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Figure 2.5. TEM images of the WS, nanowires synthesized at 725 °C: a.)
shows a nanowire that appears to be growing out of a larger one; b.) shows

an individual WS, nanowire. Both small nanowires are about 20 nm in
diameter.

As shown in Figure 2.5, the nanowire morphology is confirmed; the 1-
dimensional structures are solid throughout their length. Figure 2.5a shows a WS,
nanowire that appears to be growing out of a larger nanobelt. Distinct lines can be seen
along the length of the wire as well. These are interference patterns in the nanowire due
to the thickness. The larger structure appears to have different thicknesses and areas of
concavity along the axis. It does not appear to be perfectly flat or perfectly cylindrical.
Figure 2.5b shows an individual WS, nanowire. This nanowire also has distinct striations

running along the long axis. Both smaller nanowires have diameters of about 20 nm.
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In the initial reaction between CTA" cations and WS, anions, we speculate a
simple cation exchange reaction between the ammonium and cetyltrimethylammonium
groups. The result is a WS™ ion surrounded by four CTA* ions. The long chain
hydrocarbons associate with other hydrocarbon chains in the hydrophilic environment.
Since these hydrophobic groups have a cationic head group, they are attracted to the
thiotungstate anions. This has the effect of pulling out the WS anions from the solution
in a preciptate containing both. Upon precipitation of the solid material from the
solution, some order is retained in the solid in the form of a lamellar structure. This order
is reflected in the XRD pattern of the precipitate indicating a periodicity of about 1.54
nm. The C-C bond length is about 1.5 angstroms, and there are 15 carbon atoms in the
CTA" cation giving a length of about 2.25 nm. However, this length reflects the C-C
bonds with bond angles of 180°, not the expected 104.5° resulting in a shortened overall
length.

When the washed and dried precipitate is placed in the furnace, it is exposed to a
gas flow rate with high temperature. As previously mentioned the nanowires are more
prevalent on the surface of the bulk material. This implies that the conditions on the
surface are quite different from the conditions within the bulk material. One possible
reason for the formation of the WS, nanowires is as follows. As indicated by the TGA on
a washed and dried sample, when the temperature of the reaction exceeds 400 °C, the
CTA groups and some sulfur leave as gaseous products. What remains are

tungsten/sulfur groups with some charge associated with them. The temperature of the
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reaction is not great enough to melt or sublime these materials. They are only a short
distance away from other tungsten/sulfur species and condense with each other to form 1-
dimensional WS, wires. The higher flow rates have the effect of sweeping away the
decomposition products more quickly and initiate a more complete synthesis of nanowire
and nanobelt structures. Based on the above hypothesis, it is likely that if the dried
precipitate were ground into a very fine powder that a much greater yield of WS,
nanowires would result from the higher surface area, and further experiments are
warranted to verify this.

In conclusion, we have synthesized WS, nanowires and nanobelts by a surfactant-
assisted synthesis. We have explored and optimized the reaction parameters of time and
gas flow rate and have found conditions that are more conducive to a high yield of
nanowires. The optimal conditions are temperatures of about 700 °C with inert gas flow
rates about 200 sccm. Our simple synthetic route has several advantages: it does not
require an intermediate hydrothermal reaction step, as ordered phases occur upon the

mixing of only 2 reactants, and it is a bulk technique.
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Chapter 3: Synthesis and Characterization of MoS; and WS,

Nanotubes

The discovery of carbon nanotubes by Iijima in 1991 catalyzed a great deal of
research into the synthesis and properties of 1-dimensional materials." The research on
carbon nanotubes has resulted in not only the discovery of novel properties of carbon
nanotubes themselves, but to the potential applications of other 1-dimensional materials.
Tenne and co-workers suggested that other layered materials could also form nanotubes.
This was first demonstrated in WS, in 1992.> Following this discovery, the same
researchers demonstrated that MoS, nanotubes could also be synthesized.> Both WS, and
MoS, belong to the class of layered transition metal dichalcogenides (LTMDs). The
LTMDs exhibit a wide range of physical and electrical properties.” Both MoS,; and WS,
exhibit trigohal prismatic geometry and are semiconducting with bandgaps of 1.2 and 1.3
eV, respectively. These materials have found applications as catalysts and solid
lubricants. Tenne and co-workers were the first investigators to synthesize these
nanotubes. However, the synthetic routes of flowing H,S gas over the respective oxides
of these materials did not allow for the preparation of uniform sized materials. The
resulting products encompassed both inorganic fullerene like particles as well as

nanotubes.
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Experiments probing the electrical properties of these materials have been
undertaken in the past. The current voltage characteristics of WS, nanotubes were
investigated with scanning tunneling microscopy.” These experiments showed WS,
nanotubes to be semiconducting and confirmed theoretical calculations predicting smaller
band gaps with decreasing diameters of the nanotubes.® For nanotubes of MoS,, there
has been some investigation of their electrical properties.

Remskar and co-workers performed scanning tunneling microscopy on individual
single-walled MoS.]I, nanotubes prepared by a chemical vapor transport reaction.’
These tubes were determined to be metallic, agreeing with theoretical calculations that all
MoS; nanotubes with diameters greater than 2 nm would be semiconducting, while
nanotubes with smaller diameters would be metallic.®

Nath and Rao used ammonium tetrathiomolybdate and tetrathiotungstate powders
and decomposed them at high temperatures under a hydrogen and nitrogen gas flow to
make closed structures of MoS, and WS,.° In addition, a route demonstrated by Zelenski
and Dorhout utilized an anodic alumina membrane as a hard template.’® The pores of the
membrane were loaded with ammonium tetrathiomolybdate precursor solution and the
solvent driven off. The resulting products were nearly monodisperse nanotubules of
MoS;. The diameter of the nanotubules corresponded to the size of the pores of the
membrane. The lengths of the nanotubules were also uniform.

We have used the anodic alumina membranes as templates to make both MoS,

and WS, nanotubes. In a similar experimental approach to Zelenski and Dorhout, we
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used the single-source tetrathiometallate precursors dissolved in a solvent and loaded the
alumina membranes. In a typical experiment, a 0.1 M solution of the single source
tetrathiometallate precursor dissolved in dimethylformamide (DMF) was added dropwise
onto an alumina membrane via a syringe. The DMF was evaporated over a hotplate and
the loaded template was then placed on a quartz boat in a flow though furnace. The
sample was heated at 450 ° C for 1 hour under a flow of 90% N,/ 10 % H, and then
allowed to cool to room temperature. The chemical reaction taking place may be written
as follows:
(NH4);MS4 + Ha = MS, + 2NHj + 2H,S

where M = Mo, W.
After removing the sample from the furnace, the shiny black membrane was placed in a
solution of 2 M NaOH for several hours. The basic solution was carefully removed and
the solid material was rinsed several times with deionized water until a neutral pH was
achieved. The water was removed and the sample placed under methanol for future
analysis.

Figure 3.1 shows a scanning electron micrograph of a bundle of WS, nanotubes.
The tubes have open ends and diameters generally conforming to the diameter of the
template pores. The surfaces appear smooth and relatively defect free. The EDS
spectrum verifies a W:S ratio of 1:2. Upon analysis of the samples with TEM, the

appearance of a bamboo type structure becomes apparent. In addition to the bamboo
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appearance, the presence of lattice fringes is clearly visible. The distance between layers

corresponds to the 001 plane of WS,.

Figure 3.1 a.)SEM of bundle of WS, nanotubes made by using anodic aluminum oxide
template; b) TEM of WS, nanotubes using 30 nm pore anodic aluminum oxide template.

The MoS; nanotube products can be seen in Figure 3.2. Once again the nanotubes
exhibit a bamboo type appearance, which is commonly seen in nanotubes synthesized in
the pores of alumina templates. The EDS characterization indicates a Mo:S ratio of 1:2.
Nanotubes of diameters close to 30 nm have been synthesized using custom alumina
templates with corresponding diameter pore sizes. These tubes appear much more
flexible than their larger diameter counterparts. The tubes are bent and curved rather than
straight and rigid. This may be due to the bamboo type nature of the tubes, which create

localized areas of flexibility.
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Figure 3.2. MoS, nanotubes formed by anodic aluminum oxide template: a.) shows
an SEM of the as-prepared nanotubes. Inset: EDS characterization of the nanotubes

indicating Mo:S ratio of 1:2. b.) shows high-magnification of MoS, nanotubes using
alumina membranes with pore sizes of s 60 nm.

The MoS; nanotubes have a very similar appearance to their WS, counterparts with
respect to the bamboo type appearance along the tube axis. The TEM shows lattice
fringes with distances of 6.5 angstroms corresponding to the 001 planes of MoS,.

In an effort to improve the morphology of the nanotubes, a wide variety of synthesis
parameters were adjusted. The variables of temperature, time, concentration, and pore
diameters were investigated. Table 3.1 lists these parameters with some description of

the resulting nanotubes.
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Precursor |Concentration| Template Loading  |Temperature Time Result
Metal o) Pore Size (um) °C)
Mo 0.1 0.2 D31DES3X 450 80-85 min Wires, solid
looking
Mo 0.1 0.02 2DES 450 70 min Bamboo tubes,
rough walls
Mo 0.1 0.2 2DES 450 24 hr Tube fragments
Mo 0.1 0.1 2DES 450 2.5hr Bamboo tubes,
wires
Mo 0.1 0.1 DI2DES2X 450 2.5hr Bamboo tubes
Mo 0.1 0.1 D13DES2X 450 3.5hr Bamboo tubes
Mo 0.1 0.1 DI12DES2X 450 3.5hr Bamboo tubes
Mo 0.1 0.03 D3 450 2.5hr Bamboo tubes,
flexible
Mo 0.1 0.1 2DES 700 2.5hr Bamboo tubes,
fewer dislocations
Mo 0.1 0.1 2DES 525 3hr Bamboo tubes
W 0.1 0.02 2DES 450 90 min Bamboo tubes
W 0.1 0.03, 0.05 2DES 450 1 hr Bamboo tubes,
flexible
\Y 0.1 0.02,0.1,0.2 D12DES 450 7 hr Bamboo tubes
W 0.1 0.03 1DES3X 450 18 hr Few tubes
W 0.1 0.1 2DES 700 2.5hr Bamboo tubes,
fewer dislocations
w 0.1 0.1 2DES 600 2 hr Bamboo tubes
W 0.02 0.1 1DES, 700 1.5hr Thinner walled
1DES2X, bamboo tubes
1DES3X
w 0.005 0.03 1DES3X 725 1.5hr Thinner walled
bamboo tubes

Table 3.1 Reaction parameters for synthesis of MoS, and WS, tubes. Loading key:
D31DES3X = dipped 3 times, 1 drop each side 3 times.
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Despite the many synthetic parameters investigated, the nanotube morphology did
not change significantly. At higher temperatures (above 650 °C), the number of edge
dislocations - discontinuous layers - along the length of the nanotubes decreased. The
yield of nanotubes at higher temperatures was lower. No combination of parameters
completely eliminated the bamboo-like structure of these nanotubes. The use of the
smaller pore size templates appears to increase the frequency of the bamboo-like
appearance per tube. When reviewing the literature, virtually all nanotubes synthesized
using the anodic alumina membrane technique result in this morphology.!’ Although
decreasing the concentration of the precursor did result in nanotubes with thinner walls,
the fewest number of layers attainable was approximately 12. This is likely true because
the concentration of the solution was still too high to be able to form nanotubes
consisting of a few layers. When using very small concentrations, it was difficult to find
the nanotubes after dissolution of the template in base. The concentration was low
enough that the resulting dissolved template appeared to be a colorless homogenous
solution.

It is difficult to draw conclusions for choosing the reaction condition parameters
that yield the highest quality of nanotubes. However, given the fact that there is some
improvement in the number of edge dislocations at higher temperature, the most
attractive synthetic route would feature temperatures of around 525 °C. Additionally, a
lighter loading (dipping the membrane once in the precursor solution) using

concentrations of below 0.1M would be desirable for thinner walled tubes. The larger
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pore size templates to achieve a higher number of smooth walled tubes would also be
adviseable. Figure 4.3 shows a high magnification TEM image of a MoS, nanotube that
has been pyrolyzed at 700 ° C. The edge dislocations have diminished to some extent as

can be seen in the image, however, the yield of nanotubes was lower.

Figure 3.3. High magnification TEM of a MoS, nanotube
that has been pyrolized at 700 ° C for 2.5 hours.

Upon achieving the best quality of nanotubes possible with the anodic aluminum
oxide membrane technique, efforts were underway to investigate the electrical properties
of these nanotubes. As with the synthesis part of the study, several techniques were

looked at for the purpose of measuring the electrical properties of the MoS, nanotubes.
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The first efforts involved using optical lithography to make an interdigitated array of
electrodes on which a suspension of nanotubes was placed. The interdigitated array was
fabricated in the clean-room in the engineering department at Colorado State University.
A silicon wafer with a 500 nm thermal oxide was used as the substrate. The mask
consisted of a transparency film with the interdigitated array pattern printed on it. A
mask aligner was used to transfer the pattern to the positive photoresist covering the
substrate. After development, an adhesive layer of Ti followed by 30 nm of Au was

electron beam evaporated onto the sample. The resulting chip is pictured in Figure 3.4.

L5 cm_

Figure 3.4. Series of images showing the original interdigitated array
fabricated in the clean-room at Colorado State University: a.) the as-

made IDA; b.) SEM image of the center array; c.) SEM image
showing MoS, nanotubes on the IDA.
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Figure 3.4c highlights one of the issues encountered when trying to make electrical
contact to the nanotubes. No tubes were long enough to span the distance of 18 to 20 um
between the gold contacts. Based on the simple nature of the photomask, an
interdigitated array with the spacing between electrodes being less than 15 um was not
achievable. A different approach had to be taken. We were able to obtain an
interdigitated array commercially that would suit our requirements. The chips were
purchased from Abtech, and featured four gold electrodes that were 5 um wide spaced 5
um apart. Based on this new chip, we were able to place a nanotube across the new
interdigitated array. Figure 3.5 shows a nanotube that spans the distance between the two

adjacent electrodes.

Figure 3.5. MoS, nanotube spanning two gold
contacts on Abtech IDA.
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We attempted to measure the electrical properties of the nanotube using a high-
impedance electrometer. Unfortunately, the results indicated that no good electrical
contact was made between the Au electrodes and the nanotubes, therefore a resistance
indicative of an open-circuit resulted. Additional experiments were carried out with the
intention of laying down gold over the nanotube in areas where it was specifically
touching the electrode. These involved trying to plate Au over the nanotube from a
solution. The nanotubes stayed in place over the electrodes even in a stirred solution, so
that the plating experiments could be undertaken. A 3-electrode cell was used with the
working electrode connected to the IDA from Abtech. A gold plating solution from
Tecnics was used to electrodeposit the gold. The chip was configured such that two of
the four gold contacts were connected. The amount of gold electrodeposited was
calculated from the amount of charge that was passed. Care was taken to try and achieve
a slow and uniform electrodeposition. Figure 3.6 shows an SEM image of the results of

electrodeposition of Au on a MoS; nanotube.

Figure 3.6. Results of efforts to electroplate Au over a MoS, nanotube. The Au
nucleated along the length of the nanotube.
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As can be seen in the figure, the Au was deposited along the length of the nanotubes
instead of only on the areas where the nanotubes were in contact with the Au electrodes.
Ultimately, the use of electron beam lithography solved the problem of contacting
individual nanotubes.

The electron beam lithography system used was the NPGS system by Joe Nabity.
A bi-layer of PMMA was used as the electron beam resist. The first layer was 3% 495 k
MW PMMA in chlorobenzene. The second layer was 3% 950 k MW PMMA in
chlorobenzene. The purpose of the bi-layer is to facilitate the final lift-off of the resist
after metallization. Considerable effort was required in optimizing the conditions for e-
beam lithography since it had not been previously done at CSU. Details are given in
Appendix A. Two point electrical property measurements were carried out on the MoS,
nanotubes at room temperature. The nanotubes used in the study of the electrical
property measurements were synthesized at a temperature of 525 °C in the pores of 100
nm diameter ALO3; membranes from Whatman.

Previous electrical property measurements on semiconducting nanowires have
revealed three different kinds of current voltage characteristics: almost symmetric, almost
rectifying, and almost linear.”? Each of these cases results from the type of the contact
present: an ohmic contact, or a Schottky barrier. The height of the barrier should depend
on the work function of the metal, the presence of surface states, the presence of an
interfacial insulating surface layer, and the electron affinity of the semiconductor.'® If the

semiconductor surface is free from defects and is non-reactive with the metal, the
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Schottky barrier height should depend mostly on the work function of the metal and the I-
V curve should be symmetric. Surface states can be comprised of areas of oxygen
contamination or metal-semiconductor reactions that occur during metallization. Their
cumulative interaction with the metal can have the effect of raising or lowering the
barrier height. It may also occur that Schottky barriers form on either contact, but with
different barrier heights due to the aforementioned conditions. This may result in nearly
symmetric behavior in which a system passes more current in one direction than the
other. Contaminants may act as dopants to effectively lower the barrier height.'* If the
barrier height is lowered at both contacts, the resulting current voltage curve may be
nearly linear. Finally, it may occur that one contact through a combination of factors
becomes ohmic while the other contact is a Schottky barrier. The resulting current
voltage curve would be nearly rectifying, or blocking the passage of current in one
direction.

The electrical property measurements of MoS; nanotubes in this study reveal
almost symmetric and almost linear I-V characteristics, with the majority of the
measurements being almost symmetric. Typical current voltage curves for these MoS,

nanotubes are shown in Figure 3.7.
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Figure 3.7. Current voltage curves of MoS, nanotubes; a.) contact

one is open; b.) contact 2 is open. Insets show SEM of contacted
nanotubes.
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Figure 3.7 c. Current voltage curves of MoS, nanotubes;

contact 2 is open. Inset shows SEM image of contacted
The current voltage curves in the figures are all nearly symmetric. In Figure 3.7, all of
the nanotubes appear to be contacted in four places, but only three contacts showed a
measurable current in each nanotube. In looking at the insets of the figures, there is some
variation in the diameters of the nanotubes. This is a result of the anodic aluminum oxide
membrane. The pores of the commercial membranes are frequently narrower on either
side. This may result in a wire-like structure due to the plugging of the pores by the

precursor during the loading step. This effect may also have an influence on the shape of
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the current voltage curves. If the tubes were entirely uniform throughout the diameter,
the current voltage curves might be more symmetric. However, there is an asymmetry in
virtually all of the curves. Considering that both of the contacts are made of a Cr
adhesion layer followed by a layer of Au, it is difficult to attribute the asymmetry to
metals of different work functions. In Figure 3.7c, the nanotube appears to either branch,
or in fact to be two adjacent tubes between the third and fourth contacts. The tube also
appears to be hemicylindrical where it touches the fourth contact. A summary of the

current voltage measurements is listed in Table 3.2.
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Tube |Segment Length | Resistance at |Linear Resistance| Current Density
(um) 1V (MQ/um) (mA/cm?)
MQ)

7a 4.78 54 1.1 9.39x 10°

7a 2.10 3.5 1.7 4.46 x 10

7a 1.68 3.4 2.0 5.51 x 10°

7b 6.54 55.6 8.5 8.77 x 10°

7b 3.83 52.6 13.7 1.58 x10°

7b 1.81 46.7 25.0 3.77x 10°

7c 13.72 351 25.6 66.1

7c 8.45 188 22.2 2.01x10°

7c 4.18 64.1 15.3 1.19x 10°

Table 3.2. Summary of current voltage measurements on MoS, nanotubes.

The table shows the trend of increasing resistance as a function of the length of
the nanotube segments. This behavior is consistent with the expectéd result. The longest
nanotube measured was 13.72 um and showed the highest resistance. The resistances of
the nanotubes are quite varied. However, given the uneven morphology of the nanotubes,
this is not surprising. The TEM images reveal many edge dislocations due to the low
synthesis temperature of 525 °C. The number of layers in the individual nanotubes may
also vary due to the loading conditions. Even though a single concentration of precursor

was used, applying exactly the same amount to the entire membrane was not possible
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with the dropping technique most commonly used. Additionally, as mentioned
previously, the diameters of the nanotubes are not uniform throughout their lengths. The
values for resistance include the contact resistance, which could not be accounted for in
the two-electrode configuration.

In conclusion, we have synthesized nanotubes of WS, and MoS, within the pores
of anodic aluminum oxide membranes. Nanotubes of diameters ranging from 50 nm to
200 nm were achieved. The experimental conditions for the synthesis of these nanotubes
were investigated. In order to achieve the highest quality of nanotube by this method
several factors should be considered: the loading should be accomplished through
dipping the membrane in the precursor solution; the synthesis temperatures should be
between 650 and 700 °C; and using membranes with pore sizes of 100 nm. In addition to
the optimization of the synthetic conditions, two point room temperature electrical
property measurements were taken on individual MoS, nanotubes. The nanotubes are
characterized by a relatively high resistance, which is not unexpected for semiconducting
systems. The linear resistance of the MoS; nanotubes range from about 1 MQQ/um to
about 25 MQ/um. The wide range of resistances can be attributed to the many
imperfections in the nanotubes including edge defects, areas of curvature, and their
bamboo-like structures. The measured values also include the contact resistances. In
comparison to multiwalled carbon nanotubes (MWCNTSs), these numbers are quite high.
The linear resistance in MWCNTSs range from 0.03 MQ/um to 0.41 MQ/um.” In

comparison to Si nanowires, the linear resistance of the MoS; nanotubes is very similar.
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Heath has performed transport experiments on Si nanowires and a typical value for the

linear resistance of these wires is 5.8 MQ/um.'® These measurements represent the first

measurements on individual nanotubes of MoS,.
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Abstract

Nanotubes of ReS; have been synthesized for the first time using the pores of an anodic
aluminum oxide membrane. The single source precursor [(C4Hg)sNReS,], was loaded
into the membrane pores and pryolized at 450°C to yield nanotubes. Two point electrical
property measurements were performed on the resulting individual nanotubes and yielded

I-V curves that were linear, nearly symmetric, and diode-like.
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The family of transition metal dichalcogenides with a layered structure, where the
metal is sandwiched between layers of chalcogen atoms, exhibit a wide range of physical
and electronic properties’ and have continued to attract considerable research interest due
to their potential applications including catalysis, electrochemical hydrogen storage,
solid-state lubricants.”> The layered structure, where the trigonal prismatic or octahedrally
coordinated metal is sandwiched between hexagonal layers of chalcogen atoms, suggests
that carbon fullerene-like and nanotube structures might also be formed from these
materials. Following the discovery that these layered materials can indeed fold to form
nested or closed shell geometries,3 nanotubes, nanowires and nanoclusters of the
transition metal dichalcogenides have been synthesized with a wide variety of methods.*
The incorporation of transition metals with d-electron configurations will provide these
nanomaterials with a wider range of electronic properties than are available from carbon
or isoelectronic BN nanostructures.

ReS; is a diamagnetic, indirect gap semiconductor with a slightly different layered
structure than the more common MoS; or Cdl, structures.’ ReS; has Re-Re bonds,
forming Re4 parallelogram units that break the usual hexagonal symmetry. It exhibits
highly anisotropic optical, electrical and mechanical properties, and has possible
applications as a sulfur-tolerant hydrogenation and hydrodesulfurization catalyst, in a
photoelectrochemical solar cell and as a material for fabrication of polarization sensitive
photodetectors in the visible wavelength region.%”  Although nanotubes of various

transition metal disulfides have been studied extensively over the last two decades, there
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are only two reports on the synthesis of ReS; nanotubes and closed cages.”” In this
communication we report the synthesis of ReS; nanotubes synthesized from a single
source molecular precursor decomposed inside the pores of an anodic aluminium oxide
(AAO) membrane.

The single source molecular precursor used for the synthesis of the nanotubes was
tetrabutylammonium tetrathiorhenate, [(C4Hs)sNReS,], purchased from Strem Chemicals
and used as is. Alumina membranes (Anodisc) (AAQ) with pore sizes 0.02, 0.1 and 0.2
um were obtained from Fisher Scientific, while membranes with pore sizes 0.03-0.07 pym
were acquired from Dr. Hideki Masuda (Tokyo Metropolitan University, Japan).
Tetrabutylammonium tetrathiorhenate was dissolved in a suitable solvent, such as
dimethylformamide (DMF), to make a solutions with concentrations ranging from 0.005
M to 0.1 M. Alumina membranes with pore sizes ranging from 0.03 to 0.2 um were then
loaded with the DMF solution by adding two drops on each side of the membrane via a 1
cc syringe. The loaded membranes were then placed in a horizontal flow through furnace
and pyrolyed at 450°C for 1 hour under a flow of 90% N, + 10% H,. After the
completion of the reaction, the furnace was allowed to cool to room temperature over a
period of several hours. The AAO membrane was then dissolved by soaking in 2M
NaOH for several hours followed by washing the residues with deionized water until the
wash showed a neutral pH.

The chemical reaction can be written as follows:
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[N(CsHg)s][ReS4] + 2H; > ReS; + 2H,S + gaseous by-products

The rhenium precursor concentration was varied from 0.01M to 0.005M, and the
pore size of the AAO membranes was varied. Irrespective of Re precursor concentration,
the obtained nanotubes had thick walls with a uniform diameter along the length of the
nanotube. TEM images showed that the nanotube walls were composed of small
randomly oriented grains (Fig. 4.1a). High-magnification TEM images revealed lattice
fringes within the grains indicating a degree of crystallinity in the nanotube walls (Fig.

4.1b).

Figure 4.1 (a) TEM image of open-ended nanotubes of ReS,with granular walls
obtained at higher concentration of the precursor solution; (b) High-magnification
TEM image of the granular walls showing agglomeration of crystallites.
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The distance between lattice fringes is approximately 6A corresponding to the
(100) spacing of bulk ReS,.” Some of the nanotubes showed one closed tip with a
spherical cap while the rest were open at both ends. Occasionally the walls of the
nanotubes show a positive curvature towards the interior of the tube indicating the
tendency to form cavities or bamboo-like structures within the nanotubes. These
bamboo-like structures have been frequently observed in the MoS, nanotubes synthesized
in AAO pores,'® and has been attributed to the assembly on the precursor particles along
the walls of the alumina membrane prior to the decomposition. The EDS analysis
performed on the nanotubes show a uniform distribution of Re and S in the structure with
aratio of ~1:2, thus confirming a nominal composition of ReS; for the nanostructures.

As the precursor solution is loaded inside the pores of the AAO membrane it leads
to a simple assembly of the cations and anions inside the pores. Pyrolysis thus leads to
condensation of the anionic moieties within the pores of the AAO membrane forming the
walls of the nanotube while the organic moieties are decomposed and removed, resulting
in the solid walled nanotubes. The presence of randomly oriented crystalline domains in
the granular walls of the solid walled tubes may be explained by the low annealing
temperature.

The dependence of the nanotubular structure on the pore size of the template was
also investigated using pore sizes ranging from 0.02-0.07, 0.1 and 0.2 pm. While the
templates with larger pore sizes yielded nanotubes, depending on the precursor

concentration, the templates with narrower pores did not produce any nanotubes. The
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product obtained using the 0.02-0.07 um pore size templates were mostly thin solid

nanowires and few nanotubes with granular wires (Fig. 4.2).

Figure 4.2. TEM image of ReS; nanowires formed using
the small pore AAO templates.

The formation of the nanowires suggests that the precursor solution might clog
the narrower pores. Using large pore membranes on the other hand leads to collection of
the precursor near the‘ walls of the pore, resulting in hollow tubules templated by the
walls of the pores. Ideally narrower pores should lead to smaller diameter nanotubes
with thicker walls. However the strain associated with thicker, smaller diameter
nanotubes'' is perhaps not be accommodated by the more rigid ReS, structure under

these reaction conditions, leading to solid nanowires, whereas MoS; nanotubes, prepared
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from the (NH4),MoS, precursor under the same reaction conditions, can form tubes in
these smaller pores.'”

In addition to the synthesis of these nanotubes, we were interested in measuring
the electrical properties of individual nanotubes. Two point electrical property
measurements were performed on individual ReS; nanotubes at room temperature. The
nanotubes were suspended in a solution of methanol and then drop cast onto a Si wafer
with a 100 nm thermal oxide coating. A bi-layer of PMMA was spin-coated onto the
wafer and electron beam lithography was used to define the electrical contacts. Details
can be found in Appendix A. After developing with MIBK:IPA (1:3), a 20 nm Cr
adhesion layer and a 70 nm Au layer were thermally evaporated onto the sample.
Measurements were conducted using an Ivium Compactstat potentiostat. Physical
contact to the gold pads was accomplished using a micromanipulator probe station.

Three different types of I-V behavior were observed for the nanotubes. Figure 4.3
shows I-V curves for an individual nanotube of ReS,. The nearly symmetrical -V curves
are typical for semiconducting materials due to the formation of Schottky barriers at the
contacts. This type of behavior was seen in half of the nanotubes we measured.
Interestingly, Figure 4.3 also shows the same nanotube exhibiting diode-like behavior.
This I-V behavior might be expected if there are two different metals at either contact

with 2 different work functions. However, both contacts are Cr/Au with the same

thickness.
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Figure 4.3. Current voltage characteristics of a ReS, nanotube: a.) shows
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Another interesting feature of the two current voltage curves shown in Figure 4.3
is the difference in the magnitude of current. In Figure 4.3a, the voltage sweep is from -1
to 1 volt and the maximum current passed is about 15 nA. In Figure 4.3b, where the
current is not blocking, about 250 nA is passed at a potential of 0.5 V. In looking at the
SEM images, it is clear that the tube in Figure 5.3a branches at the first contact. This
does not result in an unusual I-V curve, however. At the second contact, there is
branching again, but it is not clear whether the branched portion is contacted by the gold.
The tube in Figure 4.3b looks very uniform, without any branching or obvious defects.
Nonetheless, the current voltage curve is still blocking in one direction.

In addition, on some tubes we measured, I-V curves were linear, with the
nanotubes acting as resistors. This linear I-V behavior was observed in 5 of the 10
nanotubes we measured. On one of the nanotubes exhibiting the linear I-V curve, we
were able to back calculate the resistance of two of the contacts and the middle segment
of the nanotube due to the fact that we had made 4 good contacts to the nanotube. Figure

4.4 shows the current voltage characteristics of this nanotube.
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Figure 4.4. Current voltage characteristics of individual ReS, nanotube behaving as a
resistor. Inset ;hows SEM image with numbered contacts.

The resistances of the second and third gold contacts, as well as the intrinsic
resistance of the nanotube spanning those two contacts were calculated. The resistance of
the second contact was calculated to be 4.5 MQ. The resistance of the third contact was
calculated to be 1.5 MQ. The intrinsic resistance of the middle segment of the nanotube
was calculated to be 36 M. We were unable to calculate the resistances of the other
segments of the nanotube or outside contacts due to the lack of more data points.

However, we are still pleased to have calculated the intrinsic resistance of the nanotube
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segment. Since the length of the nanotube segment is known, as well as the cross-
sectional area of the nanotube, we can calculate the resistivity of the nanotube. The
resistivity of the nanotube segment of ReS; is calculated to be about 75 MQ m. For
comparison, Tiong and co-workers have measured the bulk ReS, resistivity.'* They
measured the resistivity of ReS, along the different crystallographic planes. The
resistivity parallel to the c-axis was found to be about 10’ @ m. This is understandable
considering the van der Waals space between the sulfur atoms. Parallel and
perpendicular to the b-axis, the resistivity was much lower. These values were 10 to 100
Q m. Our calculated resistivity is much higher than might be expected considering the
nanotubes preferentially grow in the direction of the c-axis. However, given the
morphology of the nanotubes this is not unreasonable. The nanotubes have many edge
dislocations along the length of the tube. There are also pea-pod areas reminiscent of
bamboo within the tubular structures. The surfaces of the nanotubes appear grainy and
will also contribute to the high resistivity of the nanotubes. The nanotube segment is also
slightly curved which may contribute to the resistivity.

A summary of the electrical property measurements on several tubes is shown in

Table 4.1.
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IV Curve Lengths | Resistance Linear Resistance | Current Density

Characteristics (um) MQ) (MQ/um) (mA/cm?)
Linear 2.1 63 30 2.01x 10°
Linear 2.0 93 47 1.43x10°

2.3 46 20 2.52x 10°
2.5% 36* 14 2.95x 10° *

5.5 132 24 3.65 x 102

5.8 79 14 5.77 x 10°

8.8 172 20 1.60 x 10°

Almost symmetric 1 62 62 4.28x10°
Almost symmetric 1.4 16 11 9.68 x 10°
Almost symmetric 2.2 67 30 1.80 x 10°
Almost symmetric 2 690 345 1.92 x 10
2 149 75 8.92 x 10°

4 158 40 4.19 x 10°

Diode-like 2.4 1.8 0.75 3.04 x 10°

Table 4.1. Summary of current voltage measurements on individual ReS,

nanotubes. The asterisk indicates the nanotube’s intrinsic resistance.
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As seen in Table 4.1, the linear I-V curves follow a general trend of increasing
resistance with increasing length. However, with the exception of the one nanotube
segment whose intrinsic resistance was calculated, all other values for resistance include
the contact resistance. Also, electrons may follow a different path from contact to
contact, perhaps encountering higher areas of resistance along those paths. As mentioned
previously, the nanotubes likely have many defects and have areas along the tube axes
where a higher number of defects may reside. The nanotubes are not well crystallized
given the low pyrolysis temperature of 450 °C.

The ReS; nanotubes exhibited 3 different types of I-V curves: almost symmetric,
almost linear, and almost rectifying. The different shapes of the I-V curves reflect the
nature of the contact — ohmic or a Schottky barrier. The ohmic contacts result in linear
IV curves. This type of contact may be due to the presence of impurities that act as

dopants in the nanotubes."

A Schottky barrier is lowered enough in heavily doped
semiconductors to be able to achieve an ohmic contact. The almost symmetric IV curves
represent two contacts with Schottky barriers. This is the typical result of a metal coming
into contact with a semiconductor. The IV curves are not exactly symmetric, and this
could be a result of one barrier being a little higher than the other. The height of the
barrier depends on the work function of the metal, the presence of surface states on the
semiconductor, and the semiconductor’s electron affinity.'* The likely cause of the

nearly asymmetric behavior is the presence of surface states on the nanotube. The nearly

rectifying current voltage curve likely results from one contact being ohmic and the other
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contact having a Schottky barrier. As mentioned previously, the ohmic contact likely is a
result of impurities in the nanotubes acting as dopants. On the other side of the nanotube,
a barrier exists and blocks the passage of current.

The current densities of the ReS; nanotubes ranged from less than 1 Alem? to 30
A/em®. In comparison to multiwalled carbon nanotubes (MWCNTS), the current
densities are much lower. Dai and co-workers have reported current densities of
MWCNTs on the order of 10° A/em®.'> We have also calculated the resistivity of a
segment of a ReS, nanotube. This resistivity was 75 MQ m. The resistivities of
MWCNTs have been reported to be on the order of 10 - 50 Q m."” The resistivities of Si
nanowires were also compared to the ReS; nanotubes. The Si nanowire resistivities can
be as high as 10> Q m in undoped nanowires to 10 Q m in heavily doped nanowires. '

Preliminary experiments were undertaken to investigate whether these nanotubes
exhibit a photocurrent and also whether their resistivities change as a function of
ammonia concentration. These preliminary experiments indicated that no change
occurred with the exposure of white light or gas. However, considering the
semiconducting nature of ReS,, further experiments are warranted.

In conclusion, we have reported the first example of ReS, nanotubes formed
within the pores of an AAO membrane from a single-source precursor. Since ReS; is a
semiconducting material, the dependence of the band gap on the morphology of the
nanotube would be worthwhile to investigate. The structural diversity of these

semiconducting nanotubes can have important implications in the electronic properties of
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these materials, which in turn will affect the applicability of these nanotubes in suitable
devices.

Additionally, we have performed two point room temperature electrical property
measurements on individual nanotubes of ReS;. We have seen three different types of
current voltage curves, almost linear, almost symmetric, and diode-like, in this single
system and possible explanations for these transport properties were proposed. We have
also been able to calculate the resistivity of a single nanotube segment and compared it
with reported data for bulk ReS,. This resistivity was compared to the resistivities of
MWCNTs and Si nanowires. The current density of ReS, nanotubes was also compared
to MWCNTs.

Acknowledgement: The authors would like to acknowledge financial assistance from
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Abstract:

ReSe; nanotubes have been synthesized for the first time by using Se nanotubes as
sacrificial templates. Under hydrothermal conditions ammonium perrhenate reacts with
the surface of the Se nanotubes to yield ReSe, nanotubes. The ReSe, nanotube walls are
composed of randomly oriented crystalline ReSe, flakes, thus producing a high surface

area of “fuzzy” nanotubes.
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5.1 Introduction

Since the discovery of carbon nanotubes by Iijima in 1991,' and subsequent
discovery by Tenne in 1992 that other layered materials can form nanotubes,” the search
for inorganic nanotubes and nanowires has been accelerated. The layered transition
metal dichalcogenides (TMDCs) are an important class of inorganic materials exhibiting
a wide variety of optical, electronic, magnetic, and catalytic properties.® The typical
structure of these metal dichalcogenides is analogous to graphite where each graphene
sheet has been replaced by the ME, (E = S, Se, Te) sandwich layer where the metal can
have different coordination. Many of these TMDCs have been shown to form nanotubes
including MoS,, WS;, ReS,, and NbS,.*® Rhenium dichaclogenides, ReS; and ReSe;,
are two such TMDCs, which crystallize in the triclinic space group with a distorted CdCl,
structure with intralayer Re-Re bonds.” ReS, and ReSe; are both diamagnetic indirect gap
semiconductors with bandgaps of about 1.32 and 1.2 €V, respectively.> ReE, (E =S, Se)
possesses extremely anisotropic electrical, optical and mechanical properties.® The in-
plane optical and electrical anisotropy in ReE; seems to be related to the layered structure
where “diamond chains” containing the Re-Re bonds form along the 4-axis (Figure 5.1).°
The material shows optical dichroism making it useful for fabrication of polarization
sensitive photodetectors in the visible wavelength region.'® These materials have also

been explored as the photoelectrode in photoelectrochemical solar cells.''
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Figure 5.1. Layered structure of triclinic ReSe, viewed
down the b-axis showing the arrangement of the Rey units.

Inorganic nanotubes have been synthesized by a variety of techniques including
pyrolysis, sol-gel, solvothemal and template-mediated synthesis methods.”” In the
template-mediated synthesis, the material either precipitates and grows inside the pores of
a hard template (e.g. anodic aluminium oxide membrane or MCM-41) or around a soft
template like a carbon nanotube. The ease of removal of the template with minimal
degradation to the nanotube of interest determines the effectiveness of the synthesis
route. In this respect, sacrificial templates, which are involved in the chemical reaction
and are consumed during the reaction, are very advantageous for inorganic nanotube
synthesis. These syntheses are typically carried out under milder conditions than with the
hard templates. Generally, a nanowire or nanotube of one of the reactants is used as the
template, and a second precursor reacts with the surface to form the final product. The
sacrificial template method has been effectively adopted to synthesize CdS nanotubes or

CdTe nanotubes using Cd(OH)CI or Cd(OH), nanowires as the template.'>!* Xia’s group
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has effectively demonstrated that Se nanowires can be ideal templates for the synthesis of
new 1-D materials including Ag,Se, CdSe, Pd;;Se;s, and RuSe,.!

In this communication, we report the first synthesis of ReSe, nanotubes using a
sacrificial template approach where as-grown Se nanotubes have been used as templates
to grow the ReSe; nanotubes by solvothermal methods. Apart from having potential
applications as electrodes and photoelectrodes,'’ the ReSe, nanotubes are also attractive
as a chemical sensor due to their large and accessible van der Waals surfaces.

The ReSe; nanotubes have been synthesized in two steps. In the first step, Se
nanotubes are synthesized in a water-ethylenediamine mixture. In the second step, the
as-synthesized Se nanotubes are reacted with ammonium perrhenate [NH4ReOy4] in
ethanol medium, under solvothermal conditions at 135°C for 6 days. The chemical
reaction taking place can be written as follows:

2NH4ReO,4 + 5Se < 2ReSe; + HySeO3 + 2NHj3 + 5/2 O, (5-1)

5.2 Experimental Methods
Se nanotubes:

The Se nanotubes were made by a procedure similar to a reported one.'® In a
typical experiment, 40 mg (0.5 mmoles) of elemental Se was dissolved in 20 ml of
ethylenediamine by magnetic stirring for several hours until complete dissolution occurs.
The yellow-amber solution was then added dropwise to 15 ml of deionized water, which
was being ultrasonically treated. The appearance of amorphous selenium was

immediately apparent as the ethylene diamine/Se/H,O mixture became reddish. This
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solution was ultrasonically treated for about 1 hour or until a metallic looking film
appeared on the surface of the solution. The solution was then removed from the
ultrasonic bath and allowed to sit overnight in the dark. A dark solid film-like material
fell to the bottom of the vial. The supernatant solution was removed carefully and the
film-like material was washed with ethanol and air-dried. Large quantities of Se
nanotubes were observed in the 25 mg (0.3 mmoles) dark film-like product. (Fig 5.2a)
ReSe; nanotubes by solvothermal method:
40 mg of NHsReOQO4 (0.15 mmoles) was dissolved in 10 ml of absolute ethanol with
sonication and the solution was traasferred to a Teflon lined acid digestion bomb. Se
nanotubes were then added to this solution and stirred for several minutes. The autoclave
was then sealed and placed in an oven at 135 °C for a period of 6 days. Upon removal
from the oven, the autoclave was allowed to cool down to ambient conditions. A black
precipitate was isolated from the product by centrifugation and was washed several times
with water and ethanol. Powder x-ray diffraction and SEM of the black precipitate
revealed that it contained the ReSe, nanotubes. A small amount of the precipitate was
dispersed in ethanol and added on formvar coated holey Cu grids for TEM studies.
5.3 Results and Discussion

The as-synthesized Se nanotubes have smooth walls and exhibit both open and
closed ends. It was observed that the majority of the nanotubes have a faceted geometry.
A cross-sectional view at the open ends of the nanotube revealed that they are either

triangular or hexagonal as shown in Figure 5.2a. Triangular or hexagonal cross-sections
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are very common for Se nanotubes and can be attributed to the stability and orientation of
the different crystal faces of the #-Se phase.’” The diameter and length of the Se
nanotubes is in the range of 80 — 300 nm and 1 — 2 wm respectively. The nanotube walls
were quite thin when compared to the diameter, being in the range of 50-70 nm. We
have characterized the Se nanowires by Raman spectroscopy which shows the expected
spectra for Se.

After the solvothermal reaction, the overall morphology of the triangular and
hexagonal selenium nanotube precursor was preserved in the ReSe, nanotubes, but the
wall thickness was considerably reduced. The nanotube morphology is similar to other
nanotubes that have been made via a sacrificial template. The ReSe, nanotubes have a
distinctly rough surface as shown in Figure 5.2b. EDS analysis on individual nanotubes
yielded a Re:Se ratio of 1:2. XRD and Raman spectroscopy showed no elemental Se,
indicating that there is no excess Se in the nanotubes. The XRD pattern of the ReSe;
nanotubes is shown in Figure 5.2¢. The diffraction peak at 26 = 13.87°, characteristic of
ReSe, [JCPDS file, card no. 18-1086], was clearly visible in the pattern. The peaks were
very broad and some of the closely spaced diffraction peaks (20 = 30-60° range) were
masked by several broad peaks. This indicates that the diffraction pattern arises from an
ensemble of very small crystalline domains or crystallites. This observation could be
directly correlated to the “furry” appearance of the nanotube walls as discussed in the

following paragraph.
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Figure 5.2. (a) SEM micrograph of Se nanotube precursor. A hexagonal
nanotube is seen. (b) SEM micrograph of a ReSe, nanotube showing the “furry”
walls. (¢) Powder XRD pattern of the furry nanotubes exhibiting broad peaks
which shows close resemblance to the standard pattern of ReSe; plotted below.
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The “furry” appearance occurs along the entire length of the nanotube., TEM was
used to observe the nanotube walls more closely. Figure 5.3a shows a TEM image of a
closed and an open ended ReSe; nanotube, while Figure 5.3b shows a high-magnification
image of the nanotube wall, showing that the tube wall is composed of small, thin
crystalline flakes arranged randomly over the entire surface. High resolution TEM of the
surface flakes on the nanotubes reveals lattice fringes with a spacing of about 5.5 A
(Figure 5.3b), corresponding to the d (001) lattice spacing of ReSe;. The flakes were
generally 4-5 layers thick and 10-15 nm in width. Since extensive electron microscopy
did not reveal the presence of any other morphology in the sample besides the furry
nanotubes, it can be concluded that the nano-crystallites on the nanotube surface gives
rise to the broad peaks in the XRD pattern. A rough estimation of the particle size
determined from the broadening of the (100) peak by Scherrer formula gives a value of
approximately 10 nm, which agrees very well with the size of the flakes as observed in
TEM. This “furry” nanotube could be very interesting from technological point of view

considering its very large surface area.
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200 nm

(@)

Figure §.3. (a) Low magnification TEM image of the ReSe, nanotubes showing both open and
closed ended nanotubes. (b) High-resolution TEM of the walls of the ReSe, nanotubes. The
lattice fringes show a spacing of 5.4 A. '
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The furry appearance of the nanotube walls occurs both on the inner and outer
surfaces, indicating that the Re-precursor reacts homogenously over the exposed surface
of the Se nanotube. As the ammonium perrhenate goes into solution, it produces ReOy4’
species that reacts with the Se nanotubes according to Eq. 5-1. It was expected that the
perrhenate ion will react slowly on the surface of the Se nanotubes, eventually forming a
shell of Re-Se layers on the Se nanotube, which will ultimately give the hollow ReSe;
nanotubes when the entire Se nanotube in consumed. The “furry” appearance may be
due to the non-selective and rapid reaction between ReO4 and Se under solvothermal
conditions, leading to creation of many nucleation sites on the surface of the precursor
nanotube. Simultaneous growth from the nucleation sites leads to randomly oriented
flakes lining the walls of the final ReSe, nanotube. We studied the effect of annealing on
the walls of the ReSe; nanotubes. The morphology of the tube walls does not show any
major change on annealing at 600°C under N (200 sccm) flow for 1 hour. However, the
Re:Se ratio changes from 1:2 to 1:1.4. This indicates that the ReSe, nanotubes may lose
some Se, which is not uncommon in selenide compounds.'” We are also varying other
reaction parameters to see whether milder conditions would lead to a more controlled
reaction on the surface of the Se nanotube and result in ReSe, nanotubes with smooth
continuous walls.

5.4 Conclusions
In conclusion, we have synthesized ReSe; nanotubes for the first time using Se

nanotubes as sacrificial templates. Since the ReSe, nanotubes imitate the initial
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morphology and diameter of the Se nanotube precursor, it should be possibie to tune the
diameter and length of the nanotubes by controlling these parameters in the sacrificial
templates. Many synthetic methods are available to achieve smaller diameter nanowires
and nanotubes of Se. The high surface area of the “furry” ReSe, nanotubes reported here,
may prove useful for catalytic or gas sensing applications. Efforts are currently

underway to obtain baseline electrical property measurements on these nanotubes.
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Chapter 6: Electrical Property Measurements of Individual

ReSe; Nanotubes

Abstract

We have recently synthesized ReSe; nanotubes for the first time by using Se nanotubes as
sacrificial templates. These nanotubes are characterized by a very high surface area due
to the presence of ReSe; flakes along the walls of the nanotubes. In this paper, we have
measured the two point room temperature electrical properties of individual nanotubes of
ReSe,. Additionally, we have performed preliminary photocurrent and gas sensor

measurements of these tubes with promising results.
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The pursuit of novel 1-dimensional structures such as nanotubes has been
vigorous since the discovery of carbon nanotubes by lijima in 1991.) In 1992, Tenne
found that other layered materials could also form nanotubes.” The materials that Tenne
investigated are in the class of layered transition metal dichalcogenides. These materials
feature a transition metal sandwiched between two chalcogen atoms forming one layer
analogous to a sheet of graphene in graphite. They exhibit a wide variety of optical,
catalytic, and electronic properties.” Many of the LTMDs have been shown to be able to
form nanotubes due to the presence of dangling bonds at the edges of the individual
layers or sheets. Nanotubes of tungsten and molybdenum disulfides and dislelenides
have been synthesized.>* Rhenium disulfide nanotubes have been synthesized, and very
recently, newly discovered rhenium diselenide nanotubes have been created.™®

Rhenium diselenide is a layered transition metal dichalcogenide with an indirect
gap of 1.2 eV that has a distorted CdCl, structure that results in triclinic symmetry.’
Tiong and co-workers have studied the optical and electrical properties of bulk ReSe,. *
They have found ReSe, to have highly anisotropic optical, electrical, and physical
properties. Although a good deal of research has been done on the bulk material, there
are no studies of the electrical properties of 1-dimensional structures of ReSe;.

Recently, we have synthesized ReSe; nanotubes using Se nanotubes as sacrificial
templates via a solvothermal route.® We report here the first electrical property

measurements of these interesting nanotubes.
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The research thus far on the transport properties of 1-dimensional materials has
been dominated by carbon nanotubes.’ Perusal of the literature reveals scant research on
the electrical property measurements of nanotubular systems with the exception of carbon
nanotubes. In the past few years, however, the electrical properties of many 1-
dimensional nanowires have been characaterized.'” " '* The shapes of the current voltage
curves exhibited by these systems can be classified as nearly linear, nearly symmetric,
and nearly rectifying. ZnO nanowires can be p- or n- doped to yield nearly linear current
voltage curves, and upon applying strain can exhibit nearly rectifying behavior.? A
system that does manifest the three different types of current voltage behavior would be
interesting from a research point of view and would have the desirable qualities for
different electronic applications.

The study of 1-dimensional systems has been facilitated typically by lithographic
techniques. One of the most useful of these techniques is electron beam lithography
(EBL). EBL allows the researcher to contact specific nanotubes, rather than ensembles
or random samples of the material. It has been used to successfully contact both carbon
nanotubes and other nanowires.'* In our efforts to characterize the electrical properties of
ReSe; nanotubes, we used EBL to contact the nanostructures. We used a bi-layer of 495
k MW PMMA and a 950 k MW PMMA spun on at 4000 and 4500 rpm for 50 seconds
with a bake treatment at 180 °C for 6 minutes after each resist application. The exposed
PMMA was developed with a 1:3 ratio of MIBK:IPA followed by lift-off with acetone.

Details of electron beam writing can be found in Appendix A.
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The nanotubes were synthesized using a technique previously described. Briefly,
Se nanotubes were synthesized by adding a solution of Se dissolved in ethylenediamine
to deionized water in an ultrasonic bath. An ethanolic solution of NH;sReO,4 was added to
the Se nanowires and treated solvothermally at 135 °C for 6 days. An SEM micrograph

showing the as-made ReSe; nanotubes is shown in Figure 6.1.

Figure 6.1 SEM micrograph of as-synthesized ReSe, nanotubes.

The nanotubes are characterized by a “fuzzy” looking surface, created by the presence of
ReSe; flakes throughout the length of the tube. The Se nanotube morphology has been
preserved in the ReSe; nanotubes, resulting in hexagonal and triangular nanotubes with
open or closed ends.

The ReSe, nanotubes were dispersed in IPA and dropped onto a Si wafer with a

100 nm thermal oxide coating. The two-point electrical property measurements were
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Current (nA)

carried out at room temperature using an [vium Soft potentiostat and a micromanipulator
probe station. The reference and counter electrodes were connected together on one
contact and the working electrode connector was attached to the other end of the
nanotube. The nanotubes exhibited nearly rectifying, nearly symmetric, and nearly linear
current voltage behavior. Figure 6.2 shows the current voltage curves for a set of nearly

rectifying nanotubes.
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Figure 6.2 Current voltage curves of ReSe, nanotubes exhibiting nearly rectifying behavior.
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From the current voltage curves it can be seen that the nanotubes display a wide
range of currents, from 15 nA to 20 wA. The direction of the current was reversed and
the expected behavior with the nanotube blocking in the opposite direction was seen.
The nanotubes in the images are from about 1 um to 3 um long. It can be seen that the
nanotube in the top image is triangular in shape, while the shape of the lower nanotubes
is indeterminate, but expected to be hexagonal since the majority of the Se nanotubes
were hexagonal. Both contacts are Cr/Au, so there is no difference in the work functions
of the metals at the two ends of the nanotubes, which would explain the rectifying nature
of the I-V curves. There does not appear to be a length -dependance on the resistance of
the nanotubes.

We have also seen nearly linear I-V behavior in the nanotubes. Figure 6.3 shows
a series of current voltage curves for a nanotube displaying nearly linear behavior. The

nanotube is also shown in the figure.
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Figure 6.3 Nearly linear current voltage curves of a single ReSe, nanotube.

Shown also are the resistances of the segments of the nanotube. The Si
substrate with the 100 nm thermal oxide is shown for reference.

The currents achieved in this nanotube are much lower than the currents seen in the
nearly rectifying nanotubes. Given the low currents associated with this nanotube, a
control I-V curve of the Si wafer using contacts that were spaced by 5 wum with the 100
nm thermal oxide is included. It is clear that this reference represents an open-circuit.

The I-V curves are noisy likely because of the low currents. Additionally, there is no
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length dependance on the resistance of the nanotube segments. The contacts are
numbered according to the measured resistances. The smallest current corresponds to a
resistance of about 650 MQ, which is ¥ of the largest current recorded.

Lastly, we have also observed nearly symmetric current voltage curves in the

ReSe; nanotubes. Figure 6.4 shows this behavior.

Current (pA)
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Figure 6.4 Nearly symmetric current voltage curve of an
individual ReSe, nanotube.

From the current voltage curve, it can be seen that there is some curvature of the line near

-0.5 V and 0.5 V. The two contacts being addressed are the middie two contacts. Once
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again, the curve is quite noisy, likely because of the small currents being measured; this
tube only passes currents up to 800 pA at = 1V bias.

These ReSe; nanotubes have shown a remarkable spectrum of current voltage
characteristics. None of the measurements indicated a strong relationship between the
length of the nanotube segment measured and the resulting currents. Certainly, the
electrons can take different paths from contact to contact, resulting in this high variation
of current magnitude. Given the large variation in the “fuzzy” morphology, there may be
multiple paths for the electrons to travel depending on the resistance of the paths. The
polycrystalline nature may explain the nearly rectifying behavior of some of these
nanotubes. The presence of different sizes and directions of the crystallites, as well as the
inherent anisotropy of ReSe; may have the effect of disallowing current to flow in one
direction. If the contact is primarily to the faces of the platelets and the next adjacent
platelet is oriented in the same direction (face to face platelet contact), then the resistance
would be higher due to the electron flow across the van der Waals gap. If the contact is
primarily on the edges and the next adjacent platelet is located in an edge to edge
orientation, then the resistance should be lower.

There does not appear to be a nanotube shape dependance on the current voltage
characteristics. The only nanotube whose shape can be determined with certainty shows
nearly rectifying behavior similar to the nanotubes that are definitely not triangular. It

also does not appear that the open or closed ended nanotubes behave differently from
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each other. Since these are composite nanotubes, it is not expected that shape would be
important when considering the resistances.

Given that ReSe; is a semiconductor, we performed experiments to determine
whether the tubes could generate a photocurrent. Figure 6.5 shows the preliminary

current voltage curve with the presence of light.
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Figure 6.5 Current voltage curve of an individual ReSe, nanotube

exhibiting a photocurrent. The peaks indicate the presence of light
from a halogen lamp.
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The current voltage curve clearly indicates the effect of shining a light on the contacted
nanotube. The peaks of the curve indicate the increased current response when light
impinges on the nanotube. This exciting result prompted us to determine how much
photocurrent could be generated within the nanotubes. Figure 6.6 shows two more

current voltage curves and the effect of shining light on the nanotubes.
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Figure 6.6 Two ReSe, nanotubes showing a photocurrent. Blue curves indicate I-V

characteristics with light shining on nanotubes. Red curves indicate I-V
characteristics under ambient conditions.
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In the current voltage curves, the blue lines indicate light shining on the nanotubes, while
the red lines represent the current voltage curves without light shining on the tubes. The
curves shown in Figure 6.6 clearly show the increase in current when light is shining on
the nanotubes. The top current voltage curve shows a modest increase in current in the
negative direction of about 12%. In the positive direction, the increase in current is
closer to a 95% increase. The bottom current voltage curve is interesting. It shows a
huge increase in current in the negative direction of about 125%. However, in the
positive direction, there is no increase in current. This may in part be due to the nature of
the ReSe; crystallites present on that end of the nanotube. The ReSe; nanotubes exhibit
photoconductivity. Light will enhance the current through the length of the tube, but we
saw no response at short-circuit with just the light shining on the tube.

Based on the high surface area of the nanotubes, we were interested in the
possibility of these nanotubes acting as gas sensors. The experimental set-up was very
simplistic. We placed a beaker of concentrated NH4OH in close proximity to the
nanotube while we swept the voltage from -0.5 V to 0.5 V. The effect of ammonia can

easily be seen in the resulting current voltage curve shown in Figure 6.7.
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Figure 6.7 Current voltage curve of an individual ReSe, nanotube showing the effect of

ammonia on the transport properties. Blue curves indicate exposure to ammonia; red curves
indicate ambient conditions. The inset shows a different scale indicating the effect of ammonia.

The blue curve indicates the presence of ammonia, and the red curve indicates the
nanotube transport properties without ammonia. This figure shows a drastic change in
the transport properties of the nanotube with the presence of ammonia. The ammonia has
the effect of virtually “shutting off” the current. This result is not unlike an early result
investigating carbon nanotubes as ammonia svensors.15 The current decreases 4 orders of
magnitude from about 20 uA to about 400 pA in the negative direction. After the NHj

was removed, the I-V curves recovered, indicating the reversibility of the sensor.
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These very preliminary studies on the ability of the ReSe; nanotubes to exhibit a
photocurrent and to act as ammonia sensors are promising. In both instances, the
transport properties of the nanotubes changed significantly. The nanotubes were
relatively durable upon applying a bias to them. This is somewhat surprising,
considering their polycrystalline nature and given the fact that before measurements,
some of the tubes were destroyed by the electron beam during writing or during the lift-
off step of lithography.

Very recently, we have gone back and examined some of the nanotubes
interrogated in these experiments with the SEM. We have seen an interesting change in

morphology of some of the nanotubes. Figure 6.8 shows these differences.

Figure 6.8 SEM micrographs of 2 nanotubes before and after electrical
property measurements; a.) and b.) show 1 nanotube before and after

measurements, respectively; c.) and d.) show a different nanotube before and
after, respectively. 104



In Figure 6.8a, there is a small group of crystallites touching the nanotube. These are
likely ReSe; based on the original SEM images and EDS data. These can be clearly seen
in the image to consist of smaller particles with many edges resembling the “fuzzy”
nature of the ReSe; nanotubes. This group of particles has changed into larger
crystallites in 6.8b after measurements of the electronic properties. The tube itself shows
many edges and crystallites before the measurements, but afterwards, it also has larger
crystallites seemingly emanating from the edge of the tube wall. In Figure 6.8c and d,
more evidence of this phenomenon is shown. Before measurements in 6.8c, the tube has
no large crystallites on its body. However, after measurements in 6.8d, two distinct
crystallites are seen to have formed on the tube wall. Both of these crystallites appear to
be triangular in shape, although one is larger than the other. Looking closely at the tube,
there doesn’t seem to be a preexisting shape that precedes the formation of these larger
particles. We speculate that they are comprised of ReSe; or Re. We do not believe them
to be Se, which has been shown to decompose from selenides.'® Our own experiments of
annealing the nanotubes at temperatures of 600 °C for 1 hour resulted in a lower Se
content based on EDS of the tubes after annealing. These larger crystallites present on
both tubes shown may be the result of current induced recrystallization or decomposition.
There are likely local areas of heating while the current is being passed through the tube.
These localized areas could provide enough energy to anneal some smaller crystallites
into larger ones. Considering that the nanotubes were synthesized over a year ago there

may be some propensity to explain the formation of these larger crystallites by the
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passing of time. However, these tubes have been viewed and measured when they had
been sitting around for 10 months. There was no indication of any larger crystallite
formation in those nanotubes.

In conclusion, we have measured the two point room temperature electrical
properties in individual nanotubes of ReSe; nanotubes. The nanotubes exhibit three
kinds of current voltage behavior: nearly linear, nearly symmetric, and nearly rectifying.
The nearly rectifying behavior may be attributed to the presence of different sized ReSe;
crystallites growing out in different directions from the nanotube body. ReSe; has highly
anisotropic electrical properties and this may also contribute to the nearly rectifying
behavior.

We have also performed some preliminary experiments investigating the
nanotube’s change in resistance with the influence of light and gaseous analytes. The
nanotubes do exhibit an increase in current when exposed to white light. The nanotubes
also show a change in their electrical properties when exposed to ammonia gas.

Finally, we have noticed what we believe to be a current induced recrystallization
of the nanotubes after electrical property measurements have been performed. These
unique nanotubes warrant further study into their optical and electrical properties, and
should find applications taking advantage of their behavior under a wide variety of

conditions.
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Chapter 7: Concluding Remarks and Future Work

This research project entailed the synthesis and electrical property measurement
of chalcogenide nanotubes and nanowires. The synthesis methods all used some form of
templating approach, which is ideal for the creation of such nanostructures. The
syntheses of nanotubes of MoS,, WS,, and ReS, involved using the pores of anodic
aluminum oxide membranes to direct the 1-dimensional growth. The use of the
surfactant CTAB was enlisted as a structural modifier for the synthesis of WS,
nanowires. Finally, the first examples of ReSe; nanotubes were synthesized using Se
nanotubes as sacrificial templates in a solvothermal synthesis.

The use of anodic aluminum oxide membranes as templates for nanotube
synthesis is quite straightforward. However, these nanotube products are not very
crystalline and have many defects within and along the nanotube walls. I do not think it
is likely that nanotubes of a very high quality will ever be synthesized using this
approach since changing many synthesis conditions did not make significant difference in
the nanotubes. The use of the surfactant CTAB to yield WS, nanowires is quite
interesting. There seems to be a variety of 1-dimensional structures attainable with this
method, including nanobelts, nanoribbons, and nanowires. Additionally, the nanowires
appear to contain a residual coating of carbon leftover from the synthesis. These two
factors — lack of structural control and difficulty removing the surfactant — make this

synthetic technique less attractive than other techniques. The use of Se as sacrificial
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templates is a very interesting and promising approach. There is much information in the
literature about the control of the size distribution of these 1-dimensional structures.

The two point room temperature electrical property measurements of some of the
nanotubes made during the course of this project were both exciting and promising. By
using the technique of electron beam lithography, virtually any nanotube could be
contacted if its length is greater than 2 um long. A wide variety of current voltage
behaviors were observed and additional experiments on the ReSe, nanotubes were
undertaken. These nanotubes showed both an enhanced current when light impinged on
them, as well as a definite change in transport properties when exposed to ammonia.

Given the current state of the project with so many tools in place, there are several
different areas worth exploring in the future. These directions include aspects of both
synthesis and measurement of the optical and electrical properties. The synthesis using
the Se nanotube sacrificial template is quite promising as previously mentioned. The
ReSe; nanotubes synthesized in this project displayed a “furry” appearance due to the
presence of ReSe; crystallites along the nanotube walls. It should be possible to make
these nanotubes more uniform by varying such things as the rhenium concentration in the
reaction. There are several ways to control the morphology of this material.' Both
nanowires and nanotubes of Se can be synthesized allowing for different morphologies in
the final product. There are a variety of the layered transition metal diselenides that
either have not been synthesized in the form of nanotubes, or are of great interest due to

their electrical properties. Selenides of hafnium and vanadium have not been synthesized
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in the form of nanotubes. NbSe; is a superconducting material and further studies into
the synthesis of these kinds of nanotubes would be of interest especially if the properties
of individual tubes can be measured.

Along this same vein, tellurium is very similar chemically to selenium.
Nanowires and nanotubes of this material have also been made by different synthetic

routes.2

There are many ditelluride nanotubes that have yet to be made including
zirconium, hafnium, vanadium, and niobium ditellurides. Other tellurides are promising
thermoelectric materials and there are many applications of these semiconducting
systems.’ Using Te nanotubes as sacrificial templates to make new materials would be a
logical direction to follow.

There are several new directions for the electrical property measurements of these
materials. One of the most obvious next steps is to perform some variable temperature
measurements on the different 1-dimenstional systems. This would provide an
opportunity to verify that all of the materials are in fact semiconducting, and perhaps
obtain some information on the band gaps and carrier mobilities of the materials. A base
fabricated from Teflon could be used to hold the substrate in place and contacts could be
soldered to the macroscopic contacts,which are in electrical contact to the nanotubes. A
thermocouple could be placed close to the sample to record the temperature. This device

could be lowered into a dewar of liquid nitrogen or helium and the transport properties

monitored as a function of temperature.
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Electron beam lithography allows for the ability to contact the nanotubes in a
four-point configuration. Using a current source and a potentiostat, the contact
resistances of the Cr/Au could be determined. The current would be applied through the
two tube ends, and the voltage drop between the two inside contacts could be measured.
This would effectively eliminate the contact resistance and answer any questions about
the intrinsic resistance of the nanotubes.

The nanotubes that have been contacted on a Si wafer could be made to act as
field effect transistor if a gate electrode was added to the back of the wafer. This device
would allow for the determination of the dominant carrier. For example, if the gate
voltage were negative and a higher current was seen in the [-V curves, the nanotubes
would be defined as p-type. It would be interesting to determine the p- or n- nature of all
of the 1-dimensional systems investigated in this project.

There are certainly ways to take a more quantitative approach to the gas sensing
nature of these systems. Although it would require a greater effort to design such a
system, it is definitely possible. The requirements would be a vacuum system, a substrate
heater for the Si wafer, some mass flow controllers to monitor the concentration of the
gases, and the wiring coming from the substrate to the outside world to a current
measuring device that can measure low currents. Different gases should affect the
resistances of the nanotubes in different ways depending on whether the gas is electon

donating or electron withdrawing.
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Photocurrent studies can also be done on these materials with most of the
equipment being available in the Parkinson lab. A high intensity light source with
different filters would provide the light of different wavelengths. A potentiostat and a
lock-in amplifier would likely be required due to the low currents expected, as well as a
chopper for the impinging light. These experiments should not only provide information
on the quantity of photocurrent generated, but would also allow for the determination of

the optical gap.
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Appendix A: Electron Beam Lithography

Appendix A is dedicated to the discussion of the electron beam lithography system at
Colorado State University in the Electron Microscopy Center. It should be used as a
tutorial for beginning to understand the operation of the Nanometer Pattern Generation
System software as well as using the hardware (SEM) for the purpose of electron beam
writing. This chapter specifically discusses the required steps in using the electron beam

lithography system to make contacts to individual nanotubes and nanowires.
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A.1 Introduction

Electron beam lithography (EBL) has found wide use in the fabrication of
nanometer-sized features. It is used in the semiconductor industry to make masks for
subsequent optical lithography. Electron beam lithography has advantages over
traditional optical lithography due to the diffraction limit of high-energy electrons versus
light. EBL has been an invaluable tool in the pursuit of measuring the electrical
properties of carbon and other kinds of nanotubes. In this case, EBL is used as a direct-
write technique in which the electron beam creates a pattern of electrodes over an
individual nanotube. The small feature sizes attainable with EBL make 4-point
measurements achievable on individual nanotubes that are shorter in length than the
limits optical lithography allows.

Many researchers have taken advantage of this technique for these specific
applications. One of the first examples of using EBL to make contacts to an individual
nanotube is that of Dai using a carbon nanotube '. Since that time, there have been many
different examples of measuring the electrical properties of individual nanotubes utilizing
EBL as a tool *~.

One of the most obvious challenges in utilizing EBL to make contact to individual
nanotubes is the problem of knowing the exact position of the nanotube on the substrate
and making a precise line in the electron beam resist without exposing the resist while
trying to locate the tubes. This problem has been overcome by a combination of a grid of

numbers for reference that has been designed in a computer aided design (CAD) program
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and a macro in the software program Igor, that functions to describe the position of the
nanotube on the substrate.

The equipment required to perform EBL is readily available at Colorado State
University in the electron microscopy center. A scanning emission microscope (JEOL
6500 FE-SEM) provides the high-energy electron beam for writing. The software driving
the SEM is provided by the Nanometer Pattern Generation System (NPGS) created by
Joe Nabity. This software includes a CAD program for designing patterns and also tells
the electron beam where to write. This software is located on a computer in the Electron
Microscope Center and all of the subsequent references to writing or incorporating the
positions of the nanotubes will be carried out on this computer. The SEM is equipped
with a beam blanker that disables the electron beam from exposing the sample when it is
not desirable to do so. There is also a picoammeter to measure the beam current from the
SEM, which is important to know when writing on the samples since it determines the
electron exposure.

The photoresist most commonly used in EBL is (poly)-methyl methacrylate
(PMMA). This is a positive electron beam resist, meaning that where the beam shines,
the polymer is eventually removed. The main reason that PMMA is used is because it is
the highest resolution e-beam resist, meaning that the smallest feature sizes can be made
using this resist . Different molecular weight ranges can be used depending on the

particular application. Generally speaking, for the smallest feature sizes, a thin layer

(<100 nm) of 950,000 MW PMMA works the best.
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The following section will describe specifically the process used with respect to
making electrical contacts to individual nanotubes in the Parkinson group at CSU. A
more detailed discussion will follow when describing the specifics of the software. Si
wafers with an insulating thermal oxide of 100 nm thickness are cut into ~ 1 cm pieces.
The chips are then rinsed with acetone and methanol, followed by a deionized water rinse
and blow-drying. Two layers of different molecular weight PMMA are then spun-coated
onto the substrates. The first layer consists of 3% solution of 495,000 MW PMMA
dissolved in chlorobenzene spun on at 4000 rpm for 50 seconds. Once the PMMA is on
the chip, the chip is placed on a hot plate at 180°C for 6 minutes to drive off the
chlorobenzene solvent. The sample is then placed in the spin-coater again and a 3%
solution of 950,000 MW PMMA dissolved in chlorobenzene is spun onto the chip at
4500 rpm for 50 seconds. The chip is then placed on the hot plate for another 6 minutes.
The purpose of the two layers is to provide a cleaner lift-off of the resist after
metallization.

Once the chips have been prepared for e-beam writing, they are taken to the SEM.
The same pattern is written on every chip prepared. This pattern consists of an array of
bracketed numbers from 1 to 100. In the four corners of the 800 um? pattern, are four
alignment marks consisting of two squares each of 25 um®. As their names indicate,
these features are used to align the pattern within the SEM for future use. Before writing

the pattern, the beam current must be determined for use in the NPGS software run file.
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Once the microscope has been aligned, and all other parameters set, the writing may
ensue.

After the pattern has been written, the chip is placed in a developing solvent of
methyl-isobutyl ketone (MIBK) and isopropanol (IPA) in a ratio of 1:3, respectively.
The pattern is developed for 60 seconds, followed by a 20 second rinse using IPA. The
chip is then rinsed with deionized water and blown-dry. The pattern may now be
inspected using an optical microscope to determine the quality of the pattern. If the
features on the pattern appear rounded, the pattern has bee;l overexposed — a higher dose
of electrons impinged upon the sample than required. If the pattern is underexposed, that
will be evident by the presence of residual PMMA indicated by areas of lighter color than
that of the substrate. Once the pattern is deemed acceptable, chromium and gold are
thermally evaporated onto the sample. Lift-off of the metallized sample is accomplished
by soaking the chip in acetone for several hours. This process may take less time if mild
ultrasonic treatment is applied to the chip.

After lift-off, a suspension of nanotubes is dropped onto the substrate. The tubes
are then located with an optical microscope or the SEM. Images are taken of the sample
that must include at least the lower left bracketed number as well as the upper right
bracketed number. This is necessary for the subsequent use of the Igor macro in which
the location of the nanotubes is communicated to the CAD program. Subsequent to the

locating of nanotubes, the process of spinning on two layers of PMMA is repeated. It is
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prudent to check under the optical microscope after this process to determine if any of the

nanotubes moved from their original position.

A.2 NPGS Software

The software used to direct the electron beam is the Nanometer Pattern
Generation System, designed by Joe Nabity. There are several important aspects of the
software that will be discussed. The first part of the software is the CAD program
designated Design CAD Light. This program is used to design the objects that are to be
written by the electron beam. A scale denotes microns within the program. A pattern is
generally drawn and then saved as a file for later reference by the NPGS software’s Run
File. The most commonly used tool to draw objects is the “Filled Polygon” tool. Any
shape may be created, however, it is useful to check for errors in the pattern as it is
drawn. If errors exist and aren’t discovered until pattern is finished, it is very difficult to
determine which shape was faulty. When saving the pattern, it is necessary to use the
NPGS icon and save it under that heading (NPGS — Save File). Do not use the familiar
File-Save combination. Arrays of objects can also be made in this CAD program.

Once a pattern is designed and saved, the CAD program is exited. The “Edit Run
File” icon is then accessed and a pattern must be chosen for writing. This pattern is the
one previously designed and saved in the CAD program. Default parameters are loaded
into the run file, which represent things such as the magnification, the beam current, the

dose of electrons, the kind of dose, the number and kind of entities, etc. Most of these
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default parameters must be changed to represent the current microscope conditions. The
magnification parameter represents the highest magnification allowed for the pattern’s
dimensions. This can be lowered, but not increased. It is critical that the microscope’s
actual magnification reflects the magnification represented in the run file, or the resulting
pattern will not be written to the size desired.

The beam current should be set at the measured beam current at the spot size and
accelerating voltage used for the pattern. The beam current is measured through a
Farraday cup and a picoammeter. Zoom in with the microscope into the Farraday cup.
The picoammeter’s scale is in nanoamperes (nA). Therefore, a reading of 0.046 on the
picoammeter is equivalent to 46 picoamperes (pA). It is useful to make note of the beam
current at different spot sizes. This will give you an indication of whether something is
not working correctly with the SEM.

The dose typically used is an area dose, not a line dose. With a bi-layer of
PMMA, the reasonable area dose was found to be 455 uC/cm?. If there are doubts about
the exposure dose — a pattern that is very spread out or a pattern that leaves residual
PMMA on the wafer after development — there is a run file that will help determine the
correct dose. This run file is called Sample 3. It is a repeating pattern of different shapes
set to different doses. This pattern can be written and then developed to determine the
appropriate dose for the sample. Figures 3.1 and 3.2 show the run file for Sample 3, and

the corresponding CAD file for Sample 3.
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Figure A.1. Run file Sample 3 showing the parameters for writing a sample with
varying doses.
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Figure A.2. Design CAD pattern representing an array of
shapes for Sample 3. The different colors indicate different
doses of electrons.

In Figure A.1, there are 2 entities to process, however, the first one is a comment
describing the purpose of the run file and the pattern. The second entity is the actual
pattern to be written which is shown in Figure A.2. The different colors in both the run
file and the CAD file represent different doses of electrons. These may be adjusted
according to the operator’s needs. Patterns that are over-exposed will be rounded while

patterns that are underexposed will have residual PMMA present.
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A.3 Initial Writing Step

The initial electron beam writing step will involve using a pre-designed pattern
representing a grid of numbers and featuring four larger alignment marks in the four
corners of the pattern. This run file should be labeled as Refgrid3 (short for Reference
Grid). The pattern referenced in the Refgrid3 run file is composed of numbers from 1 to
100, each within brackets. The number of entities is 1. This initial writing step is
required for future efforts to make contacts to individual nanotubes and nanowires.
Depending on the beam current, the pattern will take 10 to 13 minutes to be written.

Figure A.3 shows the CAD file representing the reference grid pattern.
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Figure A.3. The reference grid pattern as it appears
in the CAD program.
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As seen in the figure, the reference grid features the numbers 1 to 100 in brackets.
Additionally, there are large features in each of the four corners. These represent

alignment marks that will be used for the actual contacting of the nanotubes.

A.4 Defining Nanowire Position

The positions of the nanotubes have been recorded and are now ready to be
incorporated into the CAD file to be written. This CAD file is referred to as the JEOL
Starter File. It consists of the reference grid pattern in addition to larger contact pads
outside the pattern. These features are 100 X 300 um. Copies of the JEOL Starter File
should be made for future use. These should be named something familiar to the user as
a reference for new patterns such as “Copy 17, “Copy 27, etc. The pattern chosen should
be referenced as the one being used so that it will not be used again. After finding a new
JEOL Starter File to use, th¢ positions of the nanotubes can be incorporated into the
Starter File.

On the computer with the NPGS software, an icon exists for Igor. Igor should be
opened and under the “Macros” icon, the macro “Write Nanowire” should be chosen.
The first step will be to choose the tiff file that contains the nanowire and the bracketed
reference numbers. The next step will be to click on the “Open File” icon in the macro.
This file will be the JEOL Starter File previously chosen for writing on. The next step is
to click on the “Get XY” icon. The reference numbers in the lower left bracket are used

for X and Y. The number to the right is X, and the number to the left is Y. These
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numbers may be entered manually, or by consecutive clicks on the arrows representing
the X and Y position.

Subsequent to locating the X and Y positions, the icon “Set Origin” should be
clicked. The origin is located in the lower left bracket of the X and Y marker. The
mouse should be clicked at exactly the corner of that bracket. The next step is to click on
the “Define Scale” icon. Once this is done, the mouse should be clicked on exactly the
lower left bracket corner of the upper right-bracketed number. The next step is to click
on the “Write Wire” icon. Click the mouse once at one end of the wire and then again at
the other end of the wire to define the position of the wire in the reference grid. After
writing the position of the wire, the “Close File” icon should be clicked. The macro
should now be closed and then reopened to write a second nanowire following the same
procedure as before and using the same JEOL Starter File but a different tiff file.

After all of the nanowire positions have been written, close Igor and open the
NPGS software. Find the JEOL Starter file previously used and open it. Within the
reference grid, several lines should be visible. These represent the positions of the
nanowires that were just defined using Igor. Now that the positions of the nanowires are
known, contacts may be drawn representing the placement of the electrodes over the

nanowires. (See section on Drawing Contacts to Nanotubes).
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A.5 Drawing Contacts to Nanotubes

It is necessary to find the JEOL Starter Patten used to define the positions of the
nanotubes. This file consists of the same reference pattern initially written as well as
larger contacts for making connections to the nanotubes located within the reference grid.
A “clean” JEOL Starter File is required every time nanotubes will be contacted. If a
previously used JEOL Starter File is used, the positions of tubes inserted into that file will

still remain. Figure A.4 shows the JEOL Starter File.
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Figure A .4. The CAD pattern called JEOL Starter File. It consists of the same

reference grid as the first one written in addition to larger patterns representing
contacts that can be bridged to the nanotubes.
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Once this is highlighted, click on the Design CAD icon, and the CAD program will then
be displayed. The first step required after opening the JEOL Starter File is to touch the
“L” on the keyboard. This will open a screen representing the different layers in a
pattern. The numbers with an asterisk are the layers that will be written; the active layers.
At this point, only layer 3 will have an asterisk. Click on layer 3 and then click on the
“Separate” icon. This will put all of the different writing elements in different layers.
There should be 3 writing elements. The first one will be the reference grid. The second
one will be the large contact pads. The third one will be the nanowires that have been
written. Before drawing the contacts, these layers should be moved to layers above the
number 100. Layers above the number 100 will not be written. They are typically
moved to layers 101, 102, and 103, respectively. The contacts may now be written.
Make a note of the layer that is about to be written in for future reference. Layer 1 is
typically used for the inner contacts. It is easiest to zoom in on the nanowire that is to be
written on, and then proceed with drawing the desired contacts. As mentioned
previously, it is wise to check for errors in the pattern as it is written. This is
accomplished by exiting Design CAD after saving the file under NPGS — Save, and
proceeding to the run file editor. After creating a run file, the pattern as written may be
checked for errors. Go to the Process Run File icon — Error Test.

After completing all of the inner contacts, it is necessary to move to layer 2 and

begin writing the intermediate contacts to the larger contact pads. A different color is
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usually chosen for clarity. The intermediate contacts are usually written to every other
one of the 100 X 300 um pads. This is done to avoid any shorting that may occur with
the current measurement set-up. If this pattern is periodically checked for errors, it is
important to verify that layer 2 is the active layer upon reentering the CAD program. It
will default to layer 1 after reopening the program. The unused contact pads are deleted
to avoid unnecessary writing time. The layer that the 100 X 300 um pads was previously
moved to may now be moved back. They may be moved to layer 2 since the
magnification for both layers is the same; typically 25. Figure A.5 is an example of a

completed CAD file with contacts to the individual nanotubes.
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Figure A.5. Example of a completed CAD pattern representing

the filled polygons used to design electrodes which are addressing
the individual nanotubes.
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Note in the figure that not all of the original 32 contact pads have been used. This is done
to save time during e-beam writing. The inner contacts have a different color than the
outer contacts, indicating different layers. This does not mean, however, that different
colors cannot be used for one layer. The orange and yellow contacts coming in from the

green contact pads are in the same layer.

A.6 Run File Editor For Contacting Nanotubes

When the entire pattern for contacting nanotubes is complete, a run file will need
to be created for executing the electron beam writing. The run file contains parameters
such as layers and entities. The number of entities will be 2 for e-beam writing on
nanotubes. The first entity will be of the alignment type. The alignment will be manual.
The alignment pattern used is designated VO2 Align. It is selected by double-clicking in
the blank space under the Alignment icon and scrolling down the list of CAD files until it
is found. This alignment pattern consists of four shapes representing the four alignment
marks in the reference grid CAD file. Executing this pattern will open “windows” into
which the electron beam will shine. While aligning, the pattern will be exposed to the
electron beam, but it will also allow the user to see the alignment marks and to overlay
the digital alignment features with the real alignment marks on the pattern. By clicking
on the alignment pattern chosen, the right part of the screen will change. This contains
the default information for the microscope parameters. Although the beam current is not
10 pA, this parameter does not need to be changed. The magnification should be

changed to 100. In addition, the line spacing parameter needs to be changed to 202.94
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nm. This is necessary to avoid an error message previous to writing and is likely due to a
bug in the software.

The second entity will be the pattern that is being written. This is the pattern that
has been created and specifically designed for contacting nanotubes on a sample. This
pattern will also have different layers. Different layers are necessary when multiple
magnifications are used to write a pattern. When writing the contacts within the
reference grid, a magnification of 100 is used and the beam current representative of a
spot size 6 is also used (typically 46-48 pA). When writing the intermediate contacts and
the contact pads, a magnification of 25 is used and a beam current representative of a spot
size of 12 should be used. This beam current is typically 3500 — 4000 pA. A higher
beam current is used to decrease the writing time. Also, when the magnification changes
from layer 1 to layer 2, the Pause Before Writing command should be initiated. Thisis a
scroll down feature in the Normal Writing box. When all of the necessary parameters in
the Run File Editor have been entered, electron beam writing may proceed. Figures A.6
and A.7 show the CAD program VO2 Align and a completed run file containing the

alignment entity and the pattern to be written, respectively.
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Figure A.6. CAD file VO2 Align. This file represents windows

overlaying the alignment marks that will open to expose the pattern
that is to be written on.
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Figure A.7. An example of a completed run file containing the alignment and
pattern entities.
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Figure A.6 shows the VO2 Align CAD file. It consists of boxes representing windows
that will open over the alignment marks when the file is used. When aligning a sample,
the user is allowed to move outlines of the alignment patterns exactly over the location of
the alignment marks. In Figure A.7, a completed run file containing the VO2 Align
entity is shown. Note that there are 4 windows corresponding to the 4 boxes in the CAD
file. Once the parameters for one of these windows is chosen, the software will copy
these parameters for each of the subsequent windows. The second entity is the pattern to
be written. In this pattern, there are two layers. The magnification and beam current
between layers changes, therefore, before writing the second layer, the software will
“Pause First”. This allows the user to change the magnification and beam current

manually on the SEM before continuing.

A.7 Electron Beam Writing

The following section assumes the user to be familiar with normal SEM operation
and microscope alignment procedures. Affix the Si chip to the sample holder that
contains the Farraday cup. Make a small scratch in the PMMA with a razor blade for
reference in the SEM. Do not cover the Farraday cup with the sample. Place the sample
in the SEM chamber. Use an aperture value of 4 instead of 3. There are two coaxial
cables taped together on the right side of the SEM. Remove the cable that is connected
and replace it with the other cable that leads to the picoammeter. There is a small control
box on the SEM called PCD Beam Blanker. Touch the “Blank™” button under “Plate

Position”. This will move the beam blanker into the path of the electron beam. Set the
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accelerating voltage of the SEM to 30 kV. Turn on the picoammeter and after it does a
self-check, touch the “ZCHECK” button. Open the gun valve on the SEM. If no image
appears, verify that the beam is on via the PCD Beam Blanker box. If it displays
“Blanking On”, press the “Beam On” button under “Beam Status”.

Align the microscope as usual, however when aligning the gun, you may use the
Farraday cup. Move the beam over the Farraday cup and increase the magnification.
The screen will be completely dark, but the progress of aligning the gun may be
monitored by the reading on the picoammeter. Align the gun by maximizing the amount
of current displayed for each of the probe currents. Unless a probe current above 3500 is
required, it is not necessary to align the gun in the “Large” probe current range. After the
gun is aligned, it may be necessary to go back and re-align the gun after aligning the
Objective Lens Aperture. For best results, the user should be able to focus on features at
a magnification of 100,000.

After the alignment is complete, move toward the sample and find the scratch
previously made in the PMMA. Focus on the sample and the scratch. While focusing,
do not use the X and Y stigmator knobs. It is necessary to focus on the sample for the
sharpest features. If writing a reference grid, go to the top of the scratch and blank the
electron beam by pressing “Blank” under “Beam Status” on the PCD Beam Blanker box
and move into the sample some arbitrary distance. The magnification should be at 100.
If writing the contacts for nanotubes, move into the sample until the bottom alignment

marks are visible at the top of the screen. Ensure that the microscope magnification is at
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100. Once the alignment marks are visible, adjust the rotation of the sample if necessary
to have the top of the alignment marks parallel with the tool bar at the top of the screen.
It may also be necessary to move the sample in the X direction such that the left
alignment mark is just below the reading of the microscope beam current. At this point,
blank the beam by pressing “Blank” under “Beam Status” on the PCD Beam Blanker
box. The dimensions of the initial reference grid pattern are 800 um’>. The sample will
have to be moved (-)725 or (-)730 um to be appropriately centered.

Give control of the SEM to the NPGS computer by moving the toggle switch to
NPGS from SEM. This switch is located on the SEM table on the right hand side. From
the NPGS menu, select the run file to be written and click on “Process Run File”. If the
reference grid is being written, the computer will display the pattern and begin timing the
writing. The progress may be verified by looking at the picoammeter display. As the
pattern is being written, the display should read some current. If the run file includes the
CAD péttern in which the wires were contacted, the display will look like four windows.
Ideally, the alignment marks will be visible through these windows. There are digital
squares or overlays in the display representing the shapes of the alignment marks. These
need to be moved by clicking and holding on the overlay of interest and dragging over
the alignment marks. After all alignment overlays have been adjusted satisfactorily, press
enter on the keyboard. A prompt will ask if the rotation matrix should be saved and
recalculated. Press Y or enter. After the alignment, the software will ask if the alignment

is to be repeated. This is entirely up to the user, but if it is satisfactory, press N and the
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computer will proceed with the next entity. The display will then show a pattern
representing the pattern drawn in Design CAD. Depending on the details of the pattern,
this writing process may take up to 40 minutes. When the next layer is to be written,
there will be a pause in the writing allowing for changes in the beam current and
magnification. Once those parameters are adjusted the pattern may be continued to
completion.

When the writing is finished, move the stage back to the exchange position before
turning the beam back on via the beam blanker. Give control back to the SEM via the
toggle switch previously mentioned. Return all of the settings on the SEM to their
normal values. Remove the beam blanker by pressing the “Beam Out” button under the
“Plate Position” on the beam blanker box. Turn off the picoammeter. Replace the
coaxial cable that ties into the picoammeter with the coaxial cable that runs down into the

SEM. Set the aperture back to 3. Remove the sample and proceed to the developing.
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Appendix B: Independent Research Proposal

Study of Thermoelectric Properties of 1-Dimensional Nanowire
Arrays

Abstract

The feasibility of thermoelectric devices for commercial applications has been

limited by their low efficiency. To compete with commercial refrigerating systems,
thermoelectric materials must have a high figure of merit, ZT, related to the
thermoelectric efficiency of the material. Currently, the most promising materials have a
Z of about 1.! This value needs to be increased by a factor of 3 for thermoelectric
materials to compete with the current refrigeration systems used. Several approaches
have been taken to try and increase the figures of merit for thermoelectrics. Two of the
most promising approaches are controlling the transport of phonons and electrons, and
reducing the size of the materials down to the nano-regime. Although both of these
approaches have been attempted with success individually, there have been no efforts to
combine these approaches for an even more enhanced effect.
The goal of this proposal is to combine the two above-mentioned approaches to
determine whether an enhanced ZT is achieved. Nanoimprint lithography will be used to
make the templates in which the thermoelectric materials will reside on a quartz
substrate. A low temperature metal organic chemical vapor deposition (MOCVD)
technique will be used to deposit the materials. The resulting substrate will have the 1-D
materials aligned along the plane of the substrate. This will be followed by measurement
of the thermoelectric properties of the materials as an array, and will also allow for
measurements on individual wires of the thermoelectric materials.

139



Background and Significance
The figure of merit is defined by the following equation,

ZT =S%T
K

where x;S is the Seebeck coefficient (thermoelectric power defined by AV/AT), o is the
electrical conductivity, T is the absolute temperature, and « is the thermal conductivity
comprising the lattice and electrical thermal conductivity. It seems relatively trivial to
look at the above equation and to think that all that needs to be done is to increase the
electrical conductivity and/or decrease the thermal conductivity. However these two
properties are typically directly proportional to each other — if you increase one, you must
also increase the other. Other approaches have been necessary to address this problem of
increasing ZT. Two of the most promising approaches are to confine thermoelectric
materials to a quantum confinement down to 1-dimension or to control the transport of
phonons and electrons.

It has been theoretically predicted that restricting thermoelectric materials to 1-
dimension will increase ZT in thermoelectric materials as a result of the increase in the
density of states (DOS) near the Fermi level? An array of these wires would be
advantageous for the 1-D thermoelectric nanomaterial’s enhanced figure of merit to be

augmented. Recently, 1-D nanotube, nanobelt, and nanowire thermoelectric materials
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have been synthesized by a variety of methods.>® A relatively promising route for
producing 1-D arrays of thermoelectric materials is to electrochemically deposit the
materials in the pores of an anodic alumina membrane. A high number of 1-D materials
can be made via this route, and the diameter can be controlled by the pore size of the
alumina membrane. Some of the problems with this route include an uneven growth
process, polycrystalline materials, and the challenge of measuring the properties of these
arrays. Other routes have included the solvothermal synthesis of 1-D nanowires, but
these methods result in agglomerated wires that are difficult to separate and measure. In
addition, the process of making aligned, monodisperse materials for actual use in devices
remains elusive. Recently, Heath’s group deposited a small array of 5 wm long bismuth
nanowires on a substrate with subsequent deposition of four electrodes for thermoelectric
property measurement.” The wires, unfortunately, were polycrystalline and no clear
thermoelectric enhancement was observed.

It has also been theoretically predicted that a 2-D solid will also exhibit an
increase in thermoelectric performance.® In the paper, a layered superlattice is proposed
to limit thermal conductivity in the material based on the scattering of phonons at the
interface. Different groups %10 have experimentally attempted this concept, and the
results have been promising. Recently, Venkatasubramanian has demonstrated an
extremely high room temperature figure of merit using a BiyTes/Sb,Tes superlattice. !

The author claims that the reason for the large figure of merit can be attributed to the

acoustic phonon mismatch between the two materials. Aside from the obvious
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advantages of increasing the ZT, the experiment has additional attractive aspects. The
authors have devised a low temperature MOCVD process. In the experiment, the
organometallic precursor is cracked at a temperature of around 350 ° C while the
substrate is kept at close to 220 ° C. This deposition process resulted in highly crystalline
thin films. This low temperature process opens the door to other techniques that might
yield 1-D wires of the same material. Specifically, nanoimprint lithography becomes a
real option. In combining a low temperature MOCVD method with nanoimprint
lithography, an array of 1-D thermoelectric nanowires may be realized. The obvious
benefits of Venkatasubrumanian’s thermoelectric materials can be combined with an
additional benefit of confining the material to 1-D, thereby opening the door to a very
promising experiment in the advancement of thermoelectric materials.
Research Design and Materials

Nanoimprint lithography has recently emerged as a powerful technique with
which to create 1-D arrays of different materials.'? In order to utilize the technique, a
stamp is created out of a material and then impressed upon a substrate that has been spin-
coated with a polymer. The stamp may be constructed out of many kinds of materials,
provided the strength and durability of the material are high.13 The substrate is heated to
a temperature about 100°C above the polymer’s glass transition temperature, T, so that
the polymer easily flows when the stamp is impressed in it. The material is then allowed

to cool and the stamp removed. The troughs resulting from the impression are removed
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by an oxygen plasma or reactive ion etching (RIE), but this treatment does not remove

the areas of greater thickness (Figure B.1).
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Figure B.1. Illustration of the process of nanoimprint lithography.13

In order to make the stamp, electron beam lithography is required. The pattern
will be an array of 50 lines that are 20 nm wide separated by 5 pm and having a length of
100 um. The stamp will be a Si substrate with a thin thermal oxide layer. A thin coating
of polymethyl methacrylate will be spun onto it and subsequently written on with e-beam
lithography. Once the pattern is developed, the thermal oxide layer will be etched with a
CF4 plasma after which the residual PMMA is lifted off.

For the nanoimprint lithography to be successfully used in this experiment, a
polymer with an unusually high T, must be used. In this case, norbornyl polycarbonate
(NB-polycarbonate) has been chosen because of its Ty of 230°C."* As an additional
precaution against the stamp adhering to the polymer, the stamp will be coated with 1H,

1H, 2H, 2H- perfluorodecyl-trichlorosilane self-assembled monolayer.'?

143



Once the substrate has been prepared, the thermoelectric materials will be
deposited via a new, low-temperature MOCVD process.!" This involves the use of a
heated graphite susceptor and a thermally insulating quartz separator. The separator
functions to keep the substrate from the high temperature of the susceptor and results in a
highly crystalline superlattice of Bi;Tes/Sb,Tes. One of the advantages of this process is
that the two materials are not alloyed, as alloyed materials with these components result
in a loss of carrier mobility due to phonon scattering in the direction of current flow.

The superlattice architecture allows acoustic phonon scattering within the van der
Waals spacing between the lattices. Since this scattering is not in the direction of current
flow, a decrease in lattice thermal conductivity is achieved. A thin film 20-angstrom
layer of BiyTes and a 40-angstrom layer of Sb,Tes has been shown to yield a ZT of 2.4 at
300 K. This superlattice period is repeated for a total sample thickness on the order of
microns. In the proposed experiment, the superlattice period will be repeated for a total
sample thickness of 6 nm. The organometallic precursors of trimethylbismuth and
diisopropyltelluride will form the Bi,Te; layer.  Trimethylaminoantimony and
diisopropyltelluride will be the organometallic precursors for the deposition of Sb,Tes.
Both depositions will be carried out in a modified reactor. The cracking temperature will
be 350°C, but the deposition temperature will be around 220°C. This will be achieved by
using a graphite susceptor onto which a quartz separator is mounted.'® The quartz

separator acts to insulate the substrate from the higher temperature of the susceptor
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(Figure B.2). After deposition and cooling, the NB-polycarbonate will be washed off

with chloroform, leaving an array of lines.
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Figure B.2. Schematic diagram of the graphite susceptor and quartz heater.

In order to verify the stoichiometry and crystallinity of the thermoelectric materials, XPS,
EDS, and XRD will be used.

The measurement of the thermoelectric properties of this material will be carried out
following an established procedure for measuring 1-D systems.” An array of electrodes
will be deposited via e-beam lithography across the 1-D array of thermoelectric materials.
The outer contacts will be the current source, while the inner contacts will be voltage
probes. Two heaters in the form of coiled wires will be placed at either end of the
thermoelectric materials, These heaters will provide a heat gradient across the substrate

as well as thermoelectric materials (Figure B.3).
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Figure B.3. Schematic representation of measurement device. Coiled lines (30 um from
outer contacts) on either side represent elements for resistive heating. Red coil indicates
hot side, blue coil indicates cold side. Gold lines represent contacts. Outer contacts
supply current, while inner contacts measure 4-point voltage and thermoelectric voltage.
Individual lines represent array of thermoelectric wires. Drawing not to scale.

In a typical experiment, one of the coils will be heated. The voltage probes will
then measure the thermoelectric voltage. To obtain the temperature difference between
the two inner contacts, their changes in resistance will be measured. By plotting the
change in thermoelectric voltage against the change in temperature, the thermoelectric
power (S) can be determined by the slope. A four-point resistance will be measured by
applying a current through the outer leads. The resulting voltage will consist of the
thermoelectric voltage and the ohmic voltage. Once the current is turned off, the voltages
will decay on different time scales with the thermoelectric voltage decaying at a slower
rate.'! From this, the intrinsic resistance of the wires can be gleaned.

In summary, this approach will combine two experimental approaches aimed at

increasing the figure of merit for a thermoelectric material. The experiment will take
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advantage of a very promising thermoelectric superlattice and further constrain the
material to one dimension. With the added benefits of 1-D confinement, a higher figure
of merit should result. In addition, the flexibility of nanoimprint lithography will allow
several different experimental approaches. For example, the thermoelectric properties
can be compared for wires of different lengths, thicknesses, and periodicities. This series
of experiments would optimize the conditions required for a material with the highest

achievable thermoelectric figure of merit to date.
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