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A simple thermal vapor deposition technique to synthesize crystalline tungsten oxide nanorods in ambient
condition is presented. Using a commercial thermal hot plate, a pure 99.9% tungsten foil is heatee:at 485

5 °C under ambient conditions with a piece of 14 thick glass cover slide pressing on the tungsten foil.
Single crystalline W@ nanorods, with a preferential growth axis in the [001] direction, are found to deposit

on the cover slide facing the heated tungsten foil. The structure, morphology, and composition ofthe WO
nanorods were characterized using the scanning electron microscopy, transmission electron microscopy, energy
dispersive spectrometry, Raman spectroscopy, and X-ray diffraction. In addition, mechanical properties of
the as-synthesized nanorods were investigated by employing the three-point bend test using an atomic force
microscope. The elastic modulus of the nanorods was found to be in thE1D0GPa range, and it increases

with decreasing diameter of the nanorods. The tungsten oxide nanorod was also found to be a good field
emitter with a field enhancement factor estimated to bex9 80 cm™.

1. Introduction irradiation thermal deposition method to synthesize WO
) , , nanostructures. For example, Li efal*made use of an infrared

Or_le-dlmens!onal metal ox!de nanostructures have b_eenlaser irradiation to heat up W foil or filament to a temperature
studied extensively due to their unique chemical and physical ;p 56 1000C to produce WOz and WQ,. WO; nanowires
propertiesi—® Among these nanostructured metal oxides, the can also be synthesized successfully via chemical vapor
tungsten oxide nanostructure offers a wide spectrum of pmemialdeposition at an elevated temperature of 90' Using a
applications in devices such as electrochromic deviées, thermal approach, other methods for synthesizing,\W&no-
chemical sensorsand eI_ectrocataIygtwog,X F‘a”OW"eS were structures have aiso been reported. For example, Zhuo et al.
found to be good materials for electrochromic deidescause reported the use of high temperature of 14@0to physically

they have short bleach coloration transition tifnd. large vaporize tungsten and deposit the resultant,\Wi@o a Si(111)

ﬁ:ﬂiﬁfatf”;g lulmg gﬁ:"glg oc;r\]g%dmr:ggzwi?:ls tuir:/%s;t?ir;eotﬂde surfacel® Gu et al. had also obtained tungsten oxide nanowires
; 6749 9 by heating tungsten metal plates at 780 in argon atmo-

extraordinary high sensitivity at a low concentration of NO sphere By coating metallic tungsten plate with potassium

Furthermore, WQ®thin film has also been demonstrated to be . X .
. - o .~ halide salt, doped tungsten oxide nanowires were also found to
a promising catalyst for electrochemical oxidation of organic .
compoundd. In addition, the high aspect ratio of tungsten growon t.he tungsten plate at a heating temperature o623
nanotips makes them ideal candidates for field emitters with a High-purity WO; can also be produced4 by passing a 1.2 A
relatively low threshold turn-on field. current across a tungsten filament under“I0orr for 48 h with
. _the apex of the wire heated up to approximate 1400
A few approaches have been reported on the synthesis of

' . Wrapped with boron oxide vitreous powder at 1680 on
tungsten oxide nanostructures. These methods include the We{ungsten wire, W@ nanowires were also produced by the
chemistry approacH;!tirradiation method2-14 chemical vapor !

> ) ) thermal deposition methdd Furthermore, WO4o Whiskers can

5 N o Fp )
gf)?ozigmr&p%]dglg hette alpeﬁllf;ig ht)/ifécﬂe\,\lligosrsgemp&?/m(j)f.wet be prepared by oxidizing a tungsten thin film with®i and
chemically precipitated h-Weto obtain ordered crystalline subsequently annealing it at a temperature of over@dnder

nanostructure¥’ Xiao et al. synthesized porous polycrystalline a pressure of about 1 TaftIn addition, large-scale Wexan

W15049 Nanowires with repeated filling of a tungsten oxide based be prepared l?Y a hydrothermal approach using C|t.r|c acid as
. . . - structure modifier and hexadecylamine as a templating &gent.
colloidal solution in porous anodic alumina followed by thermal

. in ntrolled removal of surf nt from presynthesiz
heating at 650C.!! Researchers have also developed a laser Using controlied removal of surfactant from p esyzt esized
mesolamellar precursor at a temperature of 2@t 102 atm
- pressure, Li et al. obtained large-scale monoclinigs®Yy
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a) Microscope Cover main differt_ence in this work as c_ompared_ to our _ear_li_er
glass slide report§*~27 is the placement of a piece of Fisher Scientific
\ microscopic cover glass (3% 50 mn? x 150 um) on top of
the tungsten foil. The samples were heated at different durations

(several hours to several days) under ambient condition. After
the completion of the heating process, the sample was allowed
Thermal ungsten foil to cool down to room temperature before removal from the hot

plate. Large densities of nanorods were usually found deposited

Hotplate on the cover glass slide surface facing the tungsten foil as shown
e e e in Figure 2a.
(b) \/\ "::"'l.f gk ¥ ‘.:'f"a = 1'5“'.:: The nanorods are found deposited directly as a thin film on
: 1‘.*'"-'«- -;iﬂ‘_" ‘;'13(31, Al ;:.’{(:., the transparent cover glass slide. The SEM images, optical
b PR AR TS S b R spectrum, and X-ray diffraction spectrum of the nanorod thin
0 gl N '-_“-,:.‘\;;,_-“::_;I"'f?‘:-'ifi'ﬁl /. film were obtained from the nanorods’ thin film deposited on
N X 1:',1*\;‘_ -v"'\: o . 8 "',‘\; the microscope cover glass slide. As for the other studies, the
i s '.':”,' & ks i:!f‘; v h cover glass with the nanorods was first sonicated in distilled
B "*3:!’_.7?"!"._.';.. ‘J-*“z;: "M water for 10 min to obtain an aqueous suspension of the
T ‘I‘T”.’.H S T N e / nanorods. This was then followed by subjecting this aqueous
WS i‘wai : :;3\, _4"# : ’.., suspension of nanorods to centrifugation to separate and remove
o '\ N2l ,.41,01_%\, e tiny particles from the nanorods. A drop of the pure aqueous
A 4 '; £33 '_*_ o L. ; ,Wiii}l_.} suspension of nanorods was subsequently dropped onto a TEM
VAR L cas ARG e grid (Agar Scientific (S166-4) Lacey Carbon 400 Mesh Cu-
M TR (e W grid) and left to dry for subsequent imaging purposes. In

Figure 1. (a) Schematic of the setup used in WQsynthesis with addition, the sa_‘me process was carried Olj't onto a Dura_SiN

the thermal hot plate technique. (b) Optical micrograph of syo  (DTM-25232) SiN mesh support substrate with an array of pits

nanorods found on the glass cover slides with pitch of 10um and depth of 200 nm. The nanorods that
bridged across the pits were utilized for the Raman spectroscopy

formation temperature, reasonably low costs, and not requiring study of single nanorods.

extreme pressure conditions. Remarkably, simple heating of For the investigation of mechanical properties, suspended
metalllic film/foil/plate on a thermal hot plate in ambience can nanorod configuration was archived by drying a drop of nanorod
give rise to a wide variety of nanostructured metallic oxide with suspension in water on a Si substrate with square holes. The
good crystalline order and well-controlled morphologits’ mechanical characterization of the \3/Qnanorods was carried
Continuing our efforts in the synthesis of metal oxide out using the three-point-bend té&t33 In this experiment, an
nanostructure-27 here we report a technique to synthesize AFM tip was used to load and unload the suspended nanorods
crystalline tungsten oxide nanorods using this simple and yet across square pits, and the resulting deflection was measured

surprisingly versatile hot plate technique. from a force curve. By using simple elastic beam bending
theory, the elastic Young’s modulus of the nanorods was
2. Experimental Section extracted.

) ) ) To investigate the potential application of WQ nanorods
A schematic of the experimental setup for the synthesis of a5 field emitter, an individual nanorod was mounted on the tip
tungsten oxide nanorods is illustrated in Figure 1a. A tungsten of 4 chemically etched tungsten tip. In order to pick up one
foil, together with a cover glass resting on top, was heated on nanorod from the as-grown sample on the glass slide, the
a hot plate in ambient condition. After long duration of heating, tyngsten tip was adhered with some carbon paste, which was

nanorods were found deposited on the cover glass placed closgseq to stick nanorods selectively with the assistance of a micro-
to the heated metal foil. This is evident from the optical nrope station system.

micrograph of the surface of the cover glass as shown in Figure
1b. 3. Results and Discussion

A wide variety of characterization techniques were employed  After heating the cover glass with W foil at 4855 °C for
to ascertain the chemical nature, crystalline order, and mechan-more than 15 h, a white patch with the same size as the tungsten
ical properties of these nanorods. These techniques includefoil was observed on the cover glass surface facing the foil as
scanning electron microscopy (SEM, JEOL JSM-6400F), trans- shown in Figure 2a. When observed under the optical micro-
mission electron microscopy (TEM, JEOL JEM 3010 with in- scope, nanorods were found dispersed randomly on the surface
build energy dispersive X-ray spectroscopy (EDX)), micro- of the cover glass, as shown in Figure 1b. As for the heated
Raman spectroscopy (Renishaw System2000), photospectroscopghetal foil, we observed that the surface of the heated tungsten
(Shimadzu UV-3600 spectrophotometer), and X-ray diffraction foil formed a thin yellowish film of WQ, but we do not observe
(XRD, Phillips PW 127). These nanorods were found to be any nanorods growing directly on the surface of the metal
crystalline tungsten oxide nanorods with a diameter in the range substrate. This observation is very different compared to the
of about 40-200 nm with a typical length over 1mm. earlier reports of using a hot plate to synthesize metal oxide
Characterization of the mechanical properties of the WO  nanostructuré®26 in ambience, where the nanostructures are
nanorods was carried out using an atomic force microscopy usually found growing on the metal substrate. This suggests
(AFM) system (Nanoscope llla, Digital Instruments). that the growth mechanism of the tungsten oxide nanorods in

To synthesize W@.« nanostructures, we heated a polished this work is different compared to our previous works on hot
and cleaned 99.9% pure tungsten foil (0.05 mm thick, typical plate synthesis of nanomaterials.
dimension of 10x 10 mn¥) (Aldrich Chemical Co.) on a Figure 2b shows a large density of nanorods found on the
Cimarec digital thermal hot plate at about 4855 °C. The cover glass surface, most of which were micrometers long and
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Figure 2. (a) Optical images of the metal foil and the glass slides after heating for 48 h. (b) Electron micrograph of the as-synthesized nanorods
on the cover glass. (c) Plot of the nanorods’ diameter distribution for the heating duration of 25 h. (d) Plot of average diameter of the nanowires
against the growth duration.

with diameters about 130 nm. The density of the nanorods was(a)
approximately 7x 1C° nanorods/mrhafter 25 h of heating.

The average diameters of nanorods were found to increase with
the duration of heating. After the detail analysis of SEM images,
the discrete distribution of the nanorods was obtained. Figure
2c shows the diameter distributions of nanorods formed after
25 h of heating. The average diameter of nanorods increases
with the duration of heating, and it approaches a constant value
of about 150+ 23 nm after about 48 h of synthesis as shown

in Figure 2d On the other hand, for a sample that was heated

X-ray Intensity (a.u.)

for less than 8 h, nanoparticles were found on the cover glass(b) °
surface instead of nanorods. At a slightly lower heating 3 o
temperature of 476 5 °C, no nanorod was found on the cover s
glass too. Fy
Figure 3a shows the EDX analysis of a single nanorod g
suggesting that the nanorods mainly consist of tungsten and E N S
oxygen. The nanorods synthesized by this technique are not o R
doped with any other elements. The Cu peaks are attributed to ' -
the copper grid used as a TEM support structure for the 10 30 50 70 90
nanorods. Using a standard Cu lés radiation source, the XRD 26 (degrees)
spectrum (Figure 3b) of the nanostructures on the cover glassFigure 3. (a) EDX spectrum of one single WQ nanorod. (b) XRD
had signature peaks corresponding to tetragonas WOCPD: signal from the as-synthesized tungsten oxide nanowires on the cover

18—1417]3* The strongest XRD peak of the as-synthesized glass substrate.
tungsten oxide nanostructures at 2an be indexed to the (001) 481 cnt?! peak is attributed to the SiN, which was used as the

plane with an interplanar distance of approximately 8.8.1 substrate for the deposition of dispersed nanorods.
A, and the second most intense peak matches to (200) with an  Since our nanorods are deposited on cover glass slides, it is
interplanar distance of approximately 2t60.1 A. easy to characterize the optical properties of the sample. Figure

A micro-Raman spectrum on a single nanorod is shown in 4b shows a typical optical absorption spectrum of the WO
Figure 4a. A single nanorod that was suspended on a hole innanorod thin film measured at room temperature. The inset
the SiN mesh as shown in the inset of Figure 4a was exposedshows a plot of the absorption edge, from which the optical
to a 532 nm laser (using the Renishaw System 2000) to obtainband gapE,, of the WQ « film can be derived usingotw)?
the corresponding Raman spectrum. Similar to a report by Li = A(hv — Eg), wherea. is the absorption coefficienhy is the
et al.22 the bands between 250 and 450 ¢roorrespond to the  photon energyA is the edge-width parameter, aig is the
bending of G-W—0 bonds, and the modes between 630 and optical band gap, respectivelyRepeated measurements showed
900 cnt?! are ascribed to the stretching of M bonds. The that the nanorods had a wide optical band gap of aroune-4.0



17196 J. Phys. Chem. C, Vol. 111, No. 46, 2007 Cheong et al.

— interplanar spacing, respectively. The angle between the two
(a) ’\ planes is about 90 The whole nanorod was found to be a single
3 726 crystal with some stacking faults parallel to the [001] direction
= \ as shown in Figure 5c. The formation of stacking faults could
£ o0 0 be due to the tilting or shifting of the neighboring basal plane
= 481 MM caused by thermal stress during the synthesis process. The ED
o A pattern of a nanorod is shown in Figure 5d. From electron
;.W.M uuw-*""/ diffraction spots, the plane separation of 3.8 A and 2.6 A were
obtained and were consistent with the interplanar spacing of
200 200 400 80 00 700 800 00 1000 the (001) and (200) plane, respectively. It is also interesting to
wavenumber (cm!) note the diffraction spots were smeared into a diffused streak,
0_; & possibly due to the size effect of the nanowire and/or the
os A (B) . presence of stacking fauls37-3° Hence, all the evidence
g 07 Z 3 gathered by XRD, ED, and TEM imaging are consistent with
506 25 tetragonal WQ@_, nanorods.
g 0s L In this report, we propose that sofi¢apor—solid is the
<04 “ dominating growth mechanisin our technique. Since we did
03 . , X p . ) o
03 Fhoton Energy (V) not introduce any catalyst in the growth process, it is likely
o1 . . . . " r— that the formation of the nanorods took the route of direct vapor
280 330 380 430 480 530  S80 630 680 deposition or self-catalytic formation. As this technique was
Wavelength (nm) carried out under ambient condition, the tungsten foil surface

Figure 4. (a) Micro-Raman spectrum of the as-synthesized product constantly provided opportunities for tungsten to react with
deposited on silicon nitrate substrate. Inset is an electron micrographoxygen in the atmosphere to form tungsten oxide. At elevated
of the nanorod tested. (b) A typical optical absorption spectrum of the temperature, the tungsten metal surface was easily oxidized by
WOs-, nanorods’ thin film. Inset is a plot of the absorption edge. oxygen in air to form tungsten oxide as evident from the thin
yellowish layer of tungsten oxide found on the tungsten foil
surface after heating. Although the temperature employed in
this hot plate technique is much lower than the melting point
of tungsten oxide ¥ 1470°C),** surface melting, evaporation,
and oxidization of tungsten can still take place. This tungsten
oxide vaporized under a constant heating condition on the
thermal hot plate and drifted upward as illustrated in Figure
6b. The vapor would condense onto the lower temperature cover
glass surface and nucleate to form nanoparticles at the beginning
of growth, as shown in Figure 6b. We noted that there was an
issue of oxygen deprivation at the local region between the
heated foil and cover glass surface as only a small pocket of
air was trapped there. As the tungsten oxide was forming, the
oxygen in the small pocket of air was reduced. While a new
supply of oxygen from outside may find it hard to efficiently
reach this small region, the resultant oxide formed would have

Figure 5. (a) HRTEM micrograph of the W@y nanowire. (b) HRTEM a slightly lower OXIdatl_on state t_han that of W.O_l'herefore,

of a nanorod showing both the (001) and (200) lattice spacing. (c) TEM the nanorods synthesized are likely to be WQinstead of
micrograph of a segment of the nanorods with a stacking fault in the WOsz. During the condensation (Figure 6c), the vapor aggregated
(200) plane, indicated by arrows marked with ‘SF’. (d) ED image of a to form the nanorods because the rate of crystal growth is higher
single nanorod. in the [001] direction than the piling rate in the [200] directfn.

0.2 eV. Comparatively, the tungsten oxide nanorods thin film Thus, one-dimensional Wi, nanorods were found on the
synthesized with this technique have a much wider band gapCOVer glass when the whole system was cooled down (Figure
than previous reported values of polycrystalline and amorphous6 :
tungsten oxide thin films, which have band gap values ranging ~ To test our proposed mechanism, time-dependent studies on
from 2.6 to 3.4 e\ The large range of optical band gap value the growth of the nanorods on the glass surface were investi-
was attributed to the large distribution of the shape and size of gated. Samples were prepared at increasing durations following
the tungsten oxide nanorods. The variation in the crystallinity the method described earlier, and electron microscopy was
of the nanorod could be a contributing factor too. utilized to investigate the morphologies of the nanostructures
High-resolution TEM (HRTEM) and electron diffraction (ED)  on the cover glassest®& h of heating, the tungsten oxide vapor
analysis reveal that the nanorods exhibited a single crystalline would condense onto the lower temperature cover glass surface
WO3_« structure. These nanorods exhibited similar structures and nucleate to form nanoparticles at the beginning of growth,
as reported by Frey et & for nonstoichiometric tungsten oxide as shown in Figure 7a. These nanoparticles acted as seed for
nanostructures. Figure 5 shows a representative HRTEM imagenucleation of the tungsten oxide vapor. Upon longer heating
of a single tungsten oxide nanorod. The observed preferentialduration, the deposition would grow thicker as shown in Figure
growth direction of the nanorods is perpendicular to the (001) 7b. With extended heating duration of 15 h, long nanorods were
plane, as indicated by the white arrow in Figure 5a. Figure 5b observed to grow from some particles on the substrate (Figure
shows the neighboring fringe distances were identified as 3.8 7c¢). At longer duration of 25 h, high density and high aspect
+ 0.1 Aand 2.6+ 0.1 A, corresponding to the (001) and (200) ratio nanorods of W@, were obtained (Figure 7d).
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(@) Microscope Cover (b) Microscope Cover
glass slide glass slide

(C) Microscope Cover (d) Microscope Cover
glass slide glass slide
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X

Figure 6. Schematic of the proposed growth mechanism of the nanorods using the hot plate technique. (Diagram not drawn to scale.)

was obtained by subtracting the piezwalue on a hard surface
(silicon substrate) from the corresponding value of the as-
measured force curve at the same applied force as shown in
Figure 8b. The nanorod deflection is less than 30 nm as shown
in Figure 8c. From the linearity of the force versus deflection
curve, it is reasonable to assume that the nanorod underwent
elastic bending. Hence, the Young’s modulus of the nanorod
can be obtained from the three-point bending of a beam with
two ends fixed® as

_FL®
E= 1921 (1)

whereF is the maximum forcel. is the suspended length of
Figure 7. Electron micrograph of nanoparticles of tungsten oxide the nanowirep is the deflection, and is the second moment
deposited on the cover glass slide after (a) 8, (b) 12, (c) 15, and (d) of grea of the nanowire, wherde= 7D%64, with D as the
25h. diameter of the nanorod.

For future applications of the nanorods, a fundamental Nanorods with diameters ranging from 100 to 300 nm were
understanding of the mechanical properties is necessary. In thisanalyzed to investigate the effect of size on the Young's
work we report a systematic study on the effect of size on the modulus. Figure 8d shows the measured values of the Young's
Young’s modulus of the W@, nanorods. A drop of the aqueous modulus E) as a function of the diameter of the nanorods. It is
nanorods suspension was first deposited on a silicon substrateevident that the reduction in the diameters of the nanorods
with square holes where many isolated nanorods were found toresulted in the increase in the elastic modulus. A possible
bridge across these holes as the suspension dried up. On &xplanation for this variation in elastic modulus with respect to
selected area where a suspended nanorod was found, forcéhe nanorod diameter is the possible reduction in the defects
curves were obtained using the force volurire-{/) mode of within the nanorods as the size is reduced.
the AFM. In this mode, an AFM cantilever will first approach To determine the theoretical limit of the elastic modulus, ab
the sample (loading) until a preset cantilever deflection is initio calculations were performed to determine the Young's
achieved. The cantilever is then retracted (unloading) to its modulus of single crystal tungsten oxide, \WO'he single
original position, and a corresponding force curve is obtained. crystal properties were then used to obtained bounds on the
Figure 8a shows a typic&—V image of a suspended nanorod. elastic properties of bulk W9©Comparisons were made between
In our experiment, prior to eadi—V image, the area with the  these bulk values and the experimental results.
suspended nanorod was imaged in contact mode, and the vertical In accordance with our experimental observations, the tet-
height difference between the silicon surface and the nanorodragonal WQ structure was modeled. Normally W(@ossesses
was used to measure the diameter of the nanorod. Thea defect-free monoclinic structure at room temperatfire.
geometrical parameters of the nanorod were measured from aHowever, oxygen deprivation leads to WQ This causes a
contact-mode AFM image prior to eaéh+-V imaging. During strong lattice relaxation, accompanied by significant transforma-
the tests, a cantilever with a spring constant of 0.57 nN/nm wastions in the crystal structuré'#? possibly as a result of
used, and the maximum force exerted by the tip was kept below crystallographic shear effetd.

40 nN. From thé=—V image, the force curve (foreeleflection We applied CASTEP, a package for the density functional
curve) at the midpoint of the suspended nanowire was selectedtheory (DFT) calculation, to carry out the numerical studfes.
The deflection §) at the midpoint of the suspended nanorod Plane wave functions were used at a cutoff energy of 400 eV,



17198 J. Phys. Chem. C, Vol. 111, No. 46, 2007 Cheong et al.

(@)

4""-\-
o
S

40 -
8N
Y
Y
E :0- ...I.'.l
€
g 10 '..:..
-] =
w =
4] -v- e ——
..'
-10 - . . . . . . . -
-200 150 -100 -50 0
] ] [ Z‘nm)
(c) © (d)
38 I <
30 .,'. & .
25- ..' % 'l
= 1 .- e 804 1
£ é ;
8 15 - - I
(=] 4 " E ) E
L 404 h £ | 1
5.t ﬁ 1 =
| «* > L] 5
T -
0 5 % 15 20 25 30 170 200 240 280
Deflection (nm) Nanowire diameter(D)/nm

Figure 8. (a) AFM image showing a single WAO, nanorod lying over the silicon substrate with square pits. (b) Plot of applied force versus
Z-position of the scanner for reference surface and nanorod. (c) Plot of applied force versus deflection of the nanorod. (d) Plot of the Young's
modulusE against the nanorod diameter.

TABLE 1: Elastic Constants and Mechanical Properties of Tetragonal WQ Structure (GPa)

Ci1 Cs3 Cag Cs6 C12 Ci3 shear modulus Young’s modulus
387.31 581.06 70.64 277.12 247.66 41.64 122:518.82 310.93t 14.83

and ultrasoft pseudopotentials and Perd@urke—Ernzerhof of the material, and thus larger nanorods have lower stiffness
forms of generalized gradient approximations were selected for as the stacking defaults play more dominant roles. Moreover,
the atomic cores and electron exchange-correlation functfons. the reduction of oxygen could also give rise to defects such as
With such settings and parameters, we obtained an equilibratedvacancies inside the crystals, which further reduce material
crystal structure with lattice parameters= 5.412 A,c = 3.826 stiffness.

A. These are in good agreement with the experimental results ~ One-dimensional nanostructures are usually good candidates

of tetragonal W@Q. . _ for field emitters. In this work, we have also studied field
With the optimized structures, the elastic constanjtswith emission from a single nanorod. Figure 9a shows a SEM image
respect to various strain conditions, were calculated as theofaWO37X nanorod on a tungsten tip. The nanorod has a length
second derivatives of the energy density of about 20um and a diameter of about 140 nm. The
measurements of FE properties of the nanorod was carried out
1 Yy ) using two-points configuration in a vacuum chamber with a
U V\ €€ pressure of about 1.5 1076 Torr. The nanorod was adhered
to a tungsten tip with some carbon paste as cathode as shown
whereV is the structural volumel) is the total energy, ané; in Figure 9a. The anode is another similar tungsten tip, which
is the strain in directionsand;j. For a homogeneous tetragonal has the axis of the tip aligned with the axis of the nanorod.
structure, six independent elastic constatt, Cas, Cas, Cs, Figure 9b shows the field emissiorV curve of the nanorod

c12, andcyz—contribute to the bulk properties. The theory of Wwith a vacuum distance of about 3an. It can be seen that
Hashin-Shtrikman (HS) was employed to obtain the mechanical the turn-on voltage is around 640 V and the field emission
properties of the bulk tetragonal W@&tructure as shown in  current reaches a maximum of about 250 nA at a voltage of
Table.146 ~900 V. After 720 V, the field emission curve shows a large
The Young’s modulus from the theoretical computation is fluctuation. Compared with the field emission result from WO
310 GPa. This is more than 3 times the value obtained nanorod film8 and considering the low vacuum of the field
experimentally from the bending tests for the smallest nanorod. emission chamber, this fluctuation could be attributed to the
The calculated value represents the stiffness of defect-freeresidual gas adsorption or other environmental vibration or stress
polycrystalline WQ, i.e., the upper bound in the absence of under high voltage. The corresponding FowiBlordheim (FN)
defects such as the stacking faults observed in the nanorodscurve (In (/V?) vs 1V) is shown in the inset of Figure 9b, from
Such defects could greatly reduce the degree of close packingwhich a straight line can be fitted with data at high
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Figure 9. (a) Electron micrograph of a single WYQ nanorod on a
tungsten tip used for single field emission studies. (b) Field emission
1=V curve of the nanowire with a vacuum distance of about 350
Inset is the corresponding FN curve.

electric field. This result suggests that the current is from the
electron tunneling proce$s. From the FN formuld® the
enhancement factor can be estimated to be>9.80* cm™,
which is comparable with the results from single carbon
nanotube® and other emitters such asFe0Os; nanoflakes on

an AFM tip8
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