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Field ionization of argon using  B-phase W nanorods
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We report testing ofg-phase W nanorods as a gas ionizer for neutral argon atoms. These W
nanorods having square-base pyramidal apexes were grown on oxidd&f) Siubstrate using
glancing angle sputter deposition technique with substrate rotation. Only a few volts of positive
anode voltagé3—-4 V) applied to the W nanorods generates a high electric field, which ionizes
gas-phase argon atoms and generates ion currents up to several tenths of microamperes. The low
anode voltage and high ion current observed in this study indicategblaase W nanorods can be

used as battery-operated gas ionizer2@4 American Institute of Physics
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Field ionization process is a subject of intense researclr ion bombardment during the field ionization measure-
because of its technological applications in ionization senments and we observed the formation of nanosize bubbles on
sors and field ion microsco;:(ElM).l'2 The field required in  the granular structure of Ag film surface.
ionization of gases is very high and can be of the order of = Tungsten nanorods were grown on a native oxide cov-
few V/A. Therefore, several kilovolts are applied to a sharpered polishedp-Si(100) (resistivity 12—250 cm) substrate
tip in order to draw any useful ionization currents. The en-using a 99.95% pure W cathode in a dc planar magnetron
hancement in the electric field at the sharp tip apex due to itsputtering chamber with a base pressure of<11476 Torr.
geometry has been realized by many research Riley et  The sputtering power used was 200 W at an argon pressure
al.® have demonstrated the detection of helium atoms viaf 1.5 mTorr. The vapor flux arrived at an oblique incidence
field ionization from protruding carbon nanotul@NT). In angle 6 from the substrate normal. The anghkehas been
a recent study, Modet al’ reported fabrication of a minia- repetitively changed from large to smaller angles to obtain a
turized gas ionization sensor using vertically aligned multi-layered structure in the vertical direction: 8540 min),
walled CNT. They showed smaller breakdown voltagesr ~ 75° (10 min), and 60°(5 min) for the first layer and then
hundred voltgfor various gases including inert gases such ashree layers of 88710 mir), 85° (10 mir), 80° (5 min),
argon. Besides using CNT to produce high electric fields75° (10 min), and 60°(3 min). The deposition rate in all
report exist of using sharp metallic needle-type structureshe experiments lies within 7 to 10 nm/min. The maximum
for gas ionizatior(in these studies few kV anode voltage wastemperature of the substrate during the deposition was
applied to W tips and~10 nA ion current was obtaingd 80 °C. The limited adatom mobility combined with the shad-

In this letter, we show the efficient ionization properties owing effects due to the extremely oblique incidence with
of p-phase W nanorods for Ar gas. The sharp pyramidakypstrate rotating at 0.5 Hz resulted in the formation of iso-
apexegor tips) of the W nanorods provide a large number of jated W nanorods having a pyramidal apex on each nanorod.
indiVidual ionization SiteS that ampllfy the eIeCtriC f|e|d by The Cross Sectiona' and top Views Of Scanning e|ectron mi-
several orders of magnitude and enable field ionization agroscopy(SEM) images are shown in Figs(a and ib),

extremely low operating voltages. The W nanorods wergespectively. The pyramidal shape tip apex with square base
grown by a glancing angle depositiq®GLAD) technique,

which allows for single step fabrication of nanorods with
desired geomet&? GLAD is a physical vapor deposition in
which flux arrives at a large oblique incidence an@30°)
from the substrate normdivhile the substrate is rotating
This results in the formation of isolated nanorods by the
self-shadowing mechanisms without lithography and multi-
step processes. The onset voltage for argon ionization by W &
nanorods was observed to be only a few volts with the maxi- &
mum ion currents ranging from about T@o 10 A for Ar
pressures ranging from 10to 1072 Torr. We have also

shown that the Ag film cathode surface gets modified due to

FIG. 1. (a) SEM top view of 8 phase W nanorodgb) a schematic of the
setup for Ar gas field ionization measurements. The cathode is a Ag film
dauthor to whom correspondence should be addressed; electronic maigrown on a Si substrate that is a distanicel 162 nm away from the anode
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singhj@rpi.edu made ofB3-phase W nanorodshown as the SEM side vigwThe scale bars
DAuthor to whom correspondence should be addressed; electronic mailn both images are 100 nm. The voltagds applied on the anode and the
koratn@rpi.edu ion currentl is measured.
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107 1 f ./ FIG. 3. 1umX1 um AFM images of Ag film cathod¢a) before and(b)
3 _/ after the Ar gas field ionization using W nanorods anode. The formation of

nanosize(~105 nm bubbles on the film surface is visible. The scale bars
on both images are 100 nm.
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FIG. 2. | . , The strong voltage dependence of ion current in Fig. 2
. 2. lon current vs anode voltage applied to W nanorods at fixed Ar gas b ib %[ idi . l babili
pressures of 2.810°5 Torr (diamonds, 2.2x10°* Torr (circles, 2.4 ~ Can be attributétito a rapid increase in tunneling probability
X 1078 Torr (up triangley, and 102 Torr (down triangles and background ~ for electrons from impinging Ar atoms to the metal tip. An-
5x 107 Torr in the absence of Ar gdsquares Note the logarithmic scale  other important observation is that the increase in the ioniza-
in they axis. tion current is much more rapid for 1®Torr Ar pressure
compared with other lower gas pressures. This is because at
higher gas pressure, secondary ionizations of Ar atoms be-
. . tween the nanorods anode and Ag film cathode may be pos-
+ -
age lengthlL) of 762+5 nm. In a separate x-ray diffraction sible (by the secondary electrons ejected from the Ag film
measurementnot s?g)wn here these nanorods were con- cathode due to Ar ion impaots
firmed to beﬂ'phase.' The formation Of'.B phase in these W The local field within 1—-2 nm close to the tip apex de-
nﬁmorods durlrtl)g GI(‘jAD groy\éthl resu7lts in the development 0ftermines the barrier height and thickness through which elec-
sharp squareé based pyramidal apexes. . _trons must tunnel from the Ar atoms to the anode. For sharp
The field |0p|zat|on experiments were cqnducted n ip structures, the local field is enhanced by a field-
separate ultrah|grr1] vacuur(gUHV) cf;}amber: with a fbaﬁe enhancement factoy, with respect to the field strength
pressure better than>510™ Torr. The schematic of the (/) for a simple parallel plate capacitor; wheveis the
setup fpr the measurement qf argon gas field ionization I?/oltage applied across the electrodes ahis the spacing
shown in F'g'. 1b). The ar_10de IS t_he w nanorgds sampl_e andbetween the parallel plates. The literature reports onset field
the cathode is a Lm thick continuous Ag film deposited gy angth for Ar ionization in the range of 0.5-1.0 VPAJs-
over p-Si(100 surface. A piezo driven Inchworm® motor i onset field value we calculated the enhancement fac-
was used to control the distance between W nanorods anogls, y to be in the range of 1300—2600 for net anode—cathode
and Ag film cathode. A high puritl(99.9999% research spacingd of about 1162 nnj=length of nanorod762 nm
grade argon gas was admitted to the UHV chamber throughgap(400 nm], see Fig. tb), and our observed ionization
a leak valve to various pressures ranging froni°1® onset voltage of 3—4 V. Once we know we can esti-
10 Torr. A positive voltage ranging between 0 and 400 V iy ate the nanorod tip apex radipsising a “hemisphere on a
was applied to the W nanorods .sample and the |on|zat|orﬁostn model ['y=(2+L/p)(1—L/d)].10 This model relates
current was collected at the Ag film cathode about @™ .4 field enhancement factorto the nanorod tip radiug),
away from the W nanorods apex. L nanorod lengtiiL), and net anode—cathode spacidy After
Figure 2 shows experimentally measured ionization cur- utting all the known geometrical parametérs&762 nm
rent versus anode voltage for different Ar gas pressures ran (=1162 nm, and y (from 1300 to 2609 for nanorods i’n
. 5 2 _ !
ing from 10™ to 10 Torr and at zero Ar pressure or back this model, we obtain the nanorod tip radius in the range of
ground vacuum. The ion current fluctuations were observe 1-0.2 nm. This is consistent with the presence of atomi-
to be +10% for currents smaller than 100 nA and +50% forcé"y sharp tip apex op-phase W nanorods, which results in
higher current values. The ion current was found to increasg, extremely high field enhancement factc,)r.
rapidly with increasing positive voltage applied to the nano- 14 jnyestigate any possible damage to W nanorods an-
rods sample, which is visible from the logarithmic scale ingge and Ag film cathode structures after the field ionization
_Flg. _2. A current—voltage curve for the background Cu”_e“texperiment, we did surface topography measurements using
i.e., in the absence of Ar gas is also shown for comparisonatomic force microscopyAFM). No noticeable change on
Two findings from Fig. 2 ar¢i) the onset voltage for ioniza- the W tip surface was observed. In contrast, the Ag film
tion of argon is only few(3—4 V) for all the argon gas pres- cathode surface was significantly modified. Figure 3 shows
sures studied, whereas in the absence of a@en for a 1 umx1 um AFM images of the Ag film before and after
background vacuum of $10°° Torr) it is about 220 V and  argon ionization experiments. The original Ag filfFig.
(i) the ion current collected with Ar gg4072 Torr) present  3(a)] shows grain structure with an average grain size of
is two orders of magnitude more than the background. Thigbout 105+18 nm on the surface. These grain surfaces were
demonstrates outstanding and unambiguous gas detectiomodified [Fig. 3(b)] by the argon ion impacts and nanosize
with a favorable signal-to-noise ratio for these pyramidal W(~105 nm) bubble structures were formed. The bubble den-

nanorods ionizers. sity was estimated to be about't®ubbles/m, which is
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