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FIG. 2(a) 
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FIG. 2(b) 
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FIG. 2(c) 
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FIG. 2(d) 
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FIG.3(b) 
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FIG. 4(a) 
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Figure 4(c) 
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Figure 5. 
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INTEGRATION OF ZNONANOWIRES WITH 
NANOCRYSTALLINE DAMOND FIBERS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

This application is a continuation-in-part of U.S. applica 
tion Ser. No. 1 1/689,.690, entitled, “Integration of ZnO 
Nanowires with Nanocrystalline Diamond Fibers' filed Mar. 
22, 2007; which claims priority to U.S. Provisional Patent 
Application 60/767,373, entitled, “Integration of ZnO 
Nanowires with Nanocrystalline Diamond Fibers', filed Mar. 
22, 2006; the contents of which are fully incorporated herein 
by reference. 

STATEMENT OF GOVERNMENT INTEREST 

This invention was made with Government support under 
Grant No. ECS-0404137 awarded by the National Science 
Foundation. The federal government has certain rights in this 
invention. 

BACKGROUND OF THE INVENTION 

A nanowire is a wire having at least one dimension, typi 
cally a lateral size, constrained to tens of nanometers or less 
and an unconstrained longitudinal size. Examples of different 
types of nanowires include metallic (Ni, Pt, Au), semicon 
ducting and insulating; representative materials include, but 
are not limited to, InP, Si, GaN. SiO, TiO, etc. 

Typical nanowires exhibit aspect ratios of 1000 or more. As 
Such they are often referred to as 1-dimensional materials. 
Nanowires have many interesting properties that are not seen 
in bulk or 3-D materials since electrons in nanowires are 
quantum confined laterally; and thus occupy energy levels 
that are different from the traditional continuum of energy 
levels or bands found in bulk materials. This quantum con 
finement is exhibited by certain nanowires, such as carbon 
nanotubes, which results in discrete values of electrical con 
ductance. There are many applications where nanowires may 
become important in electronic, opto-electronic and nano 
electromechanical devices, as additives in advanced compos 
ites, for metallic interconnects in nanoscale quantum devices, 
as field-emittors and as leads for biomolecular nanosensors. 

After many successful reports on the synthesis, character 
ization and applications of one-dimensional nanostructures 
of carbon, various other semiconductor materials and metal 
oxides have attracted much attention in this new emerging 
field due to their potential applications in nanocircuits, nano 
optoelectronic devices and nanosensors etc. Of the several 
metal oxides, ZnO has received special prominence due to its 
unique properties such as direct band gap (Eg 3.37 eV), high 
exciton binding energy of 60 meV, and partial ionic charac 
teristics resulting in no net dipole moment along preferential 
orientation (c-axis). ZnO is used in sensors, piezoelectric 
transducers, field emission sources, transparent conducting 
oxides (TCO’s) in solar cells, biomedical applications and 
surface acoustic wave (SAW) devices. 

Nanocrystalline diamond exhibits high hardness, excep 
tional thermal conductivity, chemical inertness, biocompat 
ibility, and negative electron affinity. These unique properties 
make NCD a promising candidate for use as a protective 
coating with excellent tribological properties; a functional 
platform for biosensors; and structural material for micro 
electro-mechanical systems (MEMS). Particularly, diamond 
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2 
electrodes have attracted considerable interest in recent years 
due to their superb electrical, thermal and electrochemical 
properties. 

After the successful growth and characterization of the 
ultrananocrystalline diamond (UNCD) films, interest in the 
application of ZnO for SAW devices on the UNCD films 
increased. However, due to the large lattice mismatch 
between (001) plane of ZnO and (111) plane of the diamond 
lattice, it is very difficult to grow high-quality ZnO films on 
the diamond Substrates. Integration of dissimilar materials is 
attractive to fully exploit the potential of the material and 
realize more applications. 

While self-assembled hybrid structures of carbon nano 
tubes and ultrananocrystalline diamond have been Success 
fully synthesized, the Success in the integration of carbon 
based materials with metal oxides has not been studied. There 
are no reports on hybrid structures of oxide nanowires and 
nanocrystalline diamond (NCD) films. 

SUMMARY OF INVENTION 

The invention includes a method for the synthesis and the 
integration of ZnO nanowires and nanocrystalline diamond as 
a novel hybrid material useful in next generation MEMS/ 
NEMS devices. As diamond can provide a highly stable sur 
face for applications in the harsh environments, realization of 
such hybrid structures may prove to be very fruitful. The 
inventors synthesized ZnO nanowires on NCD by thermal 
evaporation technique. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a fuller understanding of the nature and objects of the 
invention, reference should be made to the following detailed 
description, taken in connection with the accompanying 
drawings, in which: 

FIG. 1 is a SEM micrograph of ZnO nanowire/NCD com 
posite material. 

FIG. 2(a) is a scanning electron microscopy (SEM) image 
of pure NCD film before the growth of ZnO nanowires. 

FIG. 2(b) is a segment of an insulated nanowire. 
FIG. 2(c) is a typical TEM image of ZnO nanowire/NCD 

hybrid prepared by focused ion-beam (FIB). 
FIG. 2(d) is a TEM micrograph and electron diffraction 

pattern (inset) of the nanocrystalline 
FIG. 3(a) shows the micro-Raman spectrum of the as 

grown ZnO nanowire/NCD hybrid measured at room tem 
perature in the backscattering configuration. 

FIG.3(b) shows the PL spectra of the ZnO nanowires taken 
at 77 K; for comparison, the PL spectrum of ZnO bulk is also 
included. 

FIG. 4(a) shows a segment of ZnO nanowire is located in 
the NCD supergrains. 

FIG. 4(b) shows a representative energy dispersive X-ray 
(EDX) spectrum was performed on that location indicate the 
existence of Zn, O, Pt and Mo. 

FIG. 4(c) shows the electron diffraction pattern that one 
dimensional nanowires are single crystal with 0001 prefer 
ential growth direction. 

FIG. 5 is a diagram of the method used in the present 
invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

In the following detailed description of the preferred 
embodiments, reference is made to the accompanying draw 
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ings, which form a part hereof, and within which are shown 
by way of illustration specific embodiments by which the 
invention may be practiced. It is to be understood that other 
embodiments may be utilized and structural changes may be 
made without departing from the scope of the invention. 

Substrates which can be used in the inventive method 
include carbide-forming materials which can be coated with 
diamond using conventional techniques, such as those 
described above. Substrates which can be used in the inven 
tive method include carbide-forming materials which can be 
coated with diamond using conventional techniques. Such as 
those described above. Although the preferred embodiment 
uses nanocrystalline diamond-coated SiO, Substrates can be 
comprised of similar material, as known in the art. Substrates 
are preferably Substantially homogenous in material but can 
include hetereostructures in some embodiments. Substrate 
material underlying the nanocrystalline diamond may be any 
semiconductor. Such as silicon, glass, quartz, plastic, ceramic, 
metal, polymers, TiO, ZnO, ZnS, ZnSe, ZnTe. CdS, CdSe, 
CdTe. Hg.S. HgSe. HgTe, MgS, MgSe, MgTe, CaS, CaSe, 
CaTe, SrS, SrSe, SrTe, BaS, BaSe, BaTe, GaN, GaP, GaAs, 
GaSb, InN, InP, InAs, InSb, PbS, PbSe, PbTe, A1S, AIP. A1Sb, 
SiO, SiO, silicon carbide, silicon nitride, polyacrylonitrile 
(PAN), polyetherketone, polyimide, an aromatic polymer, 
and an aliphatic polymer. Substrates are preferably Substan 
tially homogenous in material but can include hetereostruc 
tures in Some embodiments. 

The term “nanowire” refers to a nanostructure typically 
characterized by at least one physical dimension less than 
about 1000 nm, 500 nm, 250 nm, 150 nm, 100 nm, 50 nm, 25 
nm, 10 nm or 5 nm. In a preferred embodiment, the region or 
characteristic dimension is along the smallest axis of the 
structure. Illustrative nanostructures include nanofilaments, 
nanofibers and nanotubes. The nanowires of the present 
invention can be substantially homogeneous in material prop 
erties, or can be heterogeneous. The nanowires can be fabri 
cated from any convenient material and may be substantially 
crystalline, including monocrystalline and polycrystalline. A 
nanowire may be straight, curved, or bent, over the entire 
length of its long axis or a portion thereof. 
A large number of materials may be used to form nanow 

ires of the present invention, including compounds contain 
ing semiconductive or conductive material. Such as Si, Ge, Se, 
Te, B, silicon, glass, quartz, plastic, ceramic, metal, polymers, 
TiO, ZnO, ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe. HgS, HgSe, 
HgTe, MgS, MgSe, MgTe, CaS, CaSe, CaTe, SrS, SrSe, SrTe, 
BaS, BaSe, BaTe, GaN, GaP, GaAs, GaSb, InN, InP, InAs, 
InSb, PbS, PbSe PbTe, A1S, AlP, AlSb, SiO, SiO, silicon 
carbide, silicon nitride, polyacrylonitrile (PAN), polyether 
ketone, polyimide, an aromatic polymer, and an aliphatic 
polymer, and combinations thereof. 
The formation of the nanowire can be accomplished by any 

manner useful in the deposition of metal oxides nanostruc 
tures. Examples include but are not limited to Chemical Vapor 
Deposition (CVD), Filament Assisted Chemical Vapor Depo 
sition (FACVD), Plasma Enhanced Chemical Vapor Deposi 
tion, and Microwave Plasma Enhanced Chemical Vapor 
Deposition (MPECVD). In a preferred embodiment, the 
nanowires are synthesized using a Vapor-Liquid-Solid (VLS) 
mechanism, such as that described in Majumdar et al. (U.S. 
Pat. No. 6,996.147) and in General Synthesis of Compound 
Semiconductor Nanowires, Xiangfeng Duan and Charles M. 
Lieber, Adv. Matter. 2000, Vol. 12, No. 4; which are incorpo 
rated herein by reference. 

It should be noted that the invention is not limited to 
nanowires produced using the VLS mechanism. The VLS 
mechanism, however, provides advantages in the production 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

4 
of one-dimensional nanostructures including the ability to 
control the diameter and monodispersity of the nanowire 
through the use of catalyst (substrate) particles of well-de 
fined sizes; the ability to grow the nanowires on a solid Sup 
port and in a patterned array by manipulating the catalyst 
particles; the ability to generate nanowires with well-con 
trolled length and well-defined variation in the longitudinal 
composition; and, the ability to process semi-conductors 
using a solid phase protocol. 

Example 1 

A methanol/nanocrystalline diamond slurry was made by 
mixing 5 mg nanocrystalline diamond powder (about 4-5 mm 
size) with 20 ml of methanol. A silicon underlay substrate was 
prepared by washing a Si underlay Substrate with methanol. 
The Si underlay substrate was then added to a beaker con 
taining the methanol/nanocrystalline diamond slurry. The 
methanol/nanocrystalline diamond slurry and Si underlay 
substrate was subjected to an ultrasonic vibration bath for 15 
minutes to make a ultrasonic seeding of nano diamond onto 
the Si substrate, and the Sipiece was removed, rinsed clean 
methanol, and dried using compressed nitrogen. 
The nanocrystalline diamond film was then grown using 

microwave plasma enhanced chemical vapor deposition 
(CVD). The seeded Si specimen was placed into a CVD 
chamber and the chamber evacuated to less than 1 mtorr. 
Hydrogen was added at 40 sccm flow rate into the CVD 
chamber, and the microwave powered to 400w to ignite the 
plasma. H/CH/Ar was added to the chamber at a ratio of 
1:1:98. The pressure was adjusted to 120 Torr, and the tem 
perature raised to above 750° C., resulting in a nanocrystal 
line diamond film growth rate of about 0.25-0.3 um/hr. The 
nanocrystalline diamond was grown for 4 hrs to achieve a 1 
um thick diamond film. 

Example 2 

ZnO nanowires were grown on the nanocrystalline dia 
mond/silicon Substrate. The nanocrystalline diamond/silicon 
Substrate was prepared for nanowire growth. A gold catalyst 
layer was added to the nanocrystalline diamond/silicon Sub 
strate. Next, a piece of the nanocrystalline diamond/silicon 
substrate with 5 nm thick gold catalyst film was placed into a 
beaker with methanol. The nanocrystalline diamond/silicon 
Substrate/gold catalyst film was subjected to ultrasonic vibra 
tion bath for about 15 minutes to ultrasonically clean the 
Substrate. After completing the cleaning, the nanocrystalline 
diamond/silicon Substrate/gold catalyst film was removed 
from the beaker, rinsed clean with methanol, and dried by 
compressed nitrogen. The Substrate was then placed into a 
quartz combustion boat and set into thermal furnace. 

Example 3 

ZnO nanowires were grown on the nanocrystalline dia 
mond/silicon substrate/gold catalyst film. 600 mg ZnO pow 
der (99.999%, Sigma Aldrich, -50-70 nm grain size) and 600 
mg graphite powder (99.99%, Sigma Aldrich ~70 nm) were 
separately measured out and the two powders mixed uni 
formly. The ZnO/graphite powder was placed into quartz 
combustion boat, separate from the Substrate, and inserted 
into the thermal furnace. 
ZnO nanowires were grown on nanocrystalline diamond 

(NCD) films by Vapor-Liquid-Solid (VLS) process. After the 
Substrate and nanowire precursor powder, containing the 
ZnO/graphite mix, was placed into the thermal furnace, the 
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furnace was evacuated, and 500 sccm of argon was passed 
through the reactor. The furnace was then activated, and the 
temperature raised to 1000-1100°C. The furnace was kept at 
the expected temperature for about 5 to about 10 minutes. The 
thermal furnace was then cooled to room temperature. One 
embodiment of growing the nanowires is shown in FIG. 5. 

In the VLS growth technique, Zn vapors dissolve into Au 
catalyst and form an alloy droplet. After Saturation, Zn pre 
cipitates out from the droplet and gets oxidized as ZnO 
nanowires. The microstructural properties and the Surface 
morphology of the as-synthesized products were character 
ized by X-ray diffraction with Cu-K a radiation (Philips 
Xpert Pro diffractometer) and field emission scanning elec 
tron microscopy (FE-SEM, Hitachi S-800) at an accelerating 
voltage of 5 kV and a beam current of 10 LA. 

FIG. 1 shows the SEM micrograph of ZnO nanowire/NCD 
composite material. It can be observed that very fine nanow 
ires of ZnO are connecting the NCD super grains. The scan 
ning electron microscopy (SEM) images of pure NCD film 
before the growth of ZnO nanowires can be seen in FIG. 2(a). 
It can be observed that very fine grains (~15 nm to 30 nm) of 
nanocrystalline diamond are closely packed. FIG. 2(b) shows 
a segment of an insolated nanowire. It is evident that the 
diameter is in the range of 20-40 nm and lengths up to several 
microns. There are alternate dark and bright regions through 
out the wire and this color contrast is due to the strains 
experienced by the local regions of the nanowires which 
reveal that ZnO nanowires are in homogenously strained. 
The TEM samples were prepared by Focused Ion Beam 

(FIB) using a Ga+ ion beam (FEI Strata DB-235 Dual Beam 
Focused Ion Beam System). High-resolution transmission 
electron microscopy (FEI Tecnai F30, HR-TEM) was per 
formed in a 300 kV system. Chemical composition analysis 
was carried out by EDX coupled with the HR-TEM system. 
FIG. 2(c) shows a typical TEM image of ZnO nanowire/NCD 
hybrid prepared by focused ion-beam (FIB). The inset shows 
a high resolution TEM image of a ZnO nanowire embedded 
inside the grains of nanocrystalline diamond. FIG.2(d) shows 
the TEM micrograph and electron diffraction pattern (inset) 
of the nanocrystalline diamond thin film. The planes D (111) 
and D (220) are characteristic of NCD. The letter"D' denotes 
electron diffraction lines of diamond. The grain size distribu 
tion of the film was in the order of 15-30 nm. 
Raman spectra was performed at room temperature by a 

Renishaw 1000 Raman spectroscope, with a Ar laser at a 
wavelength of 514.5 nm, a laser spot size of 1 Jum, power 
density of 25 mW/cm. FIG. 3(a) shows the micro-Raman 
spectrum of the as grown ZnO nanowire/NCD hybrid mea 
Sured at room temperature in the backscattering configura 
tion. Zone centered optical phonons of ZnO were predicted 
by group theory to have symmetries A1+2B1+2E2+E1. Only 
A1, E1 and E2 vibration modes are Raman active. The domi 
nant peaks at ~1140 cm and 1500 cm are speculated to be 
due to the carbon-hydrogen bonds in the grain boundaries. 
The peak at 1331 cm was attributed to the D-band (disor 
dered) of nanocrystalline diamond. The low frequency 
Raman measurement is shown in the inset, with a peak at 
436.5 cm due to E2 transverse optical mode of ZnO nanow 
ires. It has been already reported that for bulkZnO, the feature 
is obtained at 437.6 cm. 
The optical properties have been Studied by conducting 

photoluminescence (PL) studies at 77 K with a 325-nm line 
from a He-Cd laser using a single grating spectrometer 
(SPEX, 1000M). The broadening in the line and shift in the 
frequency to the lower number is due to the phonon confine 
ment which occurs when the bulk material is scaled down to 
nanometer dimensions. FIG.3(b) shows the PL spectra of the 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

6 
ZnO nanowires taken at 77 K; for comparison, the PL spec 
trum of ZnO bulk is also included. In low temperature PL 
spectra, the near band-edge (NBE) emission peaks are at 375 
nm for nanowires and at 370 nm for the ZnO bulk. These NBE 
emission peaks are responsible for the recombination of free 
excitons. We Suggest that the peak position at 382 nm corre 
sponds to the donor-acceptor pair (DAP) of the nanowires. In 
general, the deep-level emission bands are generally related 
to defects and explained by the radial recombination of a 
photo-generated hole with an electron in a singly ionized 
oxygen vacancy. ZnO nanowire/NCD grown by CVD method 
did not detect such type of peak. It means that ZnO nanowires 
were defect free and have a good crystalline quality with low 
concentration of oxygen vacancies. FIG. 4(a) shows a seg 
ment of ZnO nanowire is located in the NCD supergrains. A 
representative energy dispersive X-ray (EDX) spectrum was 
performed on that location, shown in FIG. 4(b), indicate the 
existence of Zn, O, Pt and Mo. The peak corresponding to Pt 
is due to the contamination during the TEM sample prepara 
tion by FIB-milling. 
The peak related to Mo in the spectrum is due to molyb 

denum grids. From the EDAX spectrum, it was explicit that 
the nanowires indeed are ZnO. The selected area electron 
diffraction (SAED) pattern was performed on ZnO nanowire. 
During the SAED measurements, the direction of the electron 
beam was along 2110. It is clearly shown from the electron 
diffraction pattern, as seen in FIG. 4(c), that one dimensional 
nanowires are single crystal with 0001 preferential growth 
direction. 

In Summary, the novel hybrid material comprising ZnO 
nanowire/NCD was synthesized by VLS approach. XRD 
spectra showed that this material has a preferential orientation 
along c-axis. SEM images showed that few ZnO nanowires 
were on the surface and some inside the super grains of NCD 
having the diameter in the range of 20-100 nm. Electron 
diffraction pattern showed that nanowires were single crys 
talline and have 0001 preferential growth direction. From 
EDAX results, we have confirmed that the nanowires located 
inside the grains are ZnO. The observation of E2 transverse 
optical mode in the Raman spectrum further implies that the 
novel composite material is ZnO nanowire/NCD. Moreover, 
our PL study suggests that the ZnO nanowires were defect 
free and have a good crystalline quality with low concentra 
tion of oxygen vacancies. We anticipate that this new class of 
material can be used in microelectronics mechanical systems 
and piezoelectric applications. 

It will be seen that the advantages set forth above, and those 
made apparent from the foregoing description, are efficiently 
attained and since certain changes may be made in the above 
construction without departing from the scope of the inven 
tion, it is intended that all matters contained in the foregoing 
description or shown in the accompanying drawings shall be 
interpreted as illustrative and not in a limiting sense. 

It is also to be understood that the following claims are 
intended to coverall of the generic and specific features of the 
invention herein described, and all statements of the scope of 
the invention which, as a matter of language, might be said to 
fall there between. Now that the invention has been described, 

What is claimed is: 
1. A method of synthesizing a nanowire with nanocrystal 

line diamond, comprising the steps of 
preparing a nanocrystalline diamond film further compris 

1ng 
cleaning the nanocrystalline diamond using an ultra 

sonic vibration bath; 
washing the nanocrystalline diamond with alcohol; 
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growing a metal oxide nanowire using vapor-liquid-Solid 
process, further comprising: 
applying a catalyst to the nanocrystalline diamond film; 
providing a metal oxide composition; 
heating the nanocrystalline diamond film and the metal 

oxide composition to a temperature Sufficient to 
induce nanowire growth; and 

permitting the metal oxide to form nanowires in the 
nanocrystalline diamond film, wherein the nanowires 
are integrated into the crystals of the nanocrystalline 
diamond film. 

2. The method of claim 1 wherein the nanocrystalline dia 
mond film is grown on a Substrate. 

3. The method of claim 2 wherein the substrate is Silicon. 

4. The method of claim 2 wherein the nanocrystalline dia 
mond film is grown using microwave-plasma-enhanced 
chemical-vapor-deposition. 

5. The method of claim 2 wherein the nanocrystalline dia 
mond film is grown in an atmosphere comprising about 98% 
Argon. 

6. The method of claim 5 wherein the nanocrystalline dia 
mond film is grown in an atmosphere comprising about 98% 
Argon, 1% Methane and about 1% Hydrogen. 
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7. The method of claim 2 wherein the nanocrystalline dia 

mond is grown at a pressure of about 100 Torr for about 3 
hours. 

8. The method of claim 1 wherein the nanocrystalline dia 
mond is grown at a temperature of about 750° C. 

9. The method of claim 1 wherein the catalyst is Gold. 
10. The method of claim 1 wherein the catalyst is formed in 

a layer about 5 nm thick. 
11. The method of claim 1 wherein the metal oxide com 

position is a metal oxide nanopowder. 
12. The method of claim 11 wherein the metal oxide com 

prising the source is ZnO. 
13. The method of claim 12 wherein the metal oxide nan 

opowder is about 50 to 70 nm grain size. 
14. The method of claim 1 wherein the nanocrystalline 

diamond is washed with methanol. 
15. The method of claim 1 wherein the ultrasonic vibration 

bath is undertaken for about 15 minutes. 
16. The method of claim 1 wherein the metal oxide com 

position is a mixture of ZnO powder and graphite powder at a 
1:1 weight ratio. 

17. The method of claim 1 wherein the metal oxide nanow 
ire is grown using vapor-liquid-Solid process in an Argon 
atmosphere. 


