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The use of microfabricated field emission cathodes in applications of technological importance has
been hindered by difficulties in obtaining acceptable emission characteristics in the vacuum
environment of the device. We have investigaiteditu surface cleaning and annealing using high
pulsed electron emission. Extraction of high current densities provides a reliable means to shape and
clean microfabricated field emitter tips, thereby enhancing their temporal stability and emission
spatial uniformity. ©2000 American Vacuum Socieffs0734-211X(00)00605-3]

Microfabricated field emission cathodes are being develmicroscope operating at less than 1® Torr. lon imaging
oped for use in devices such as field emission displays andas achieved using a channel electron multiplier array. The
microwave tubed.In some cases, present cathodes can suffeemitter tips were cooled to 77 K. Research grade He or Ne
from emission current noise, poor emission spatial uniforimage gases were admitted to the system from 1 | glass flasks
mity from individual tips and tips in an array, and degrada-and further purified by a liquid nitrogen-cooled titanium sub-
tion of thel-V characteristicgi.e., increases in voltage re- limation pump. Conventional emitter tips were electrochemi-
quired to extract a given current with operational tjme cally etched from polycrystalline tungsten or molybdenum
These issues are related to the physical structure and cowdre. Microfabricated field emitter tips were Spindt type,
tamination of the emitting surfadeA method for shaping single-tip molybdenum cathodes fabricated at SRI Interna-
and periodic,in situ cleaning of field emission cathodes to tional.
induce temporally stable and more spatially uniform emis- Figure 1 shows the morphological changes induced by
sion characteristics would clearly be useful in many applicapulsed field electron emission from a field evaporated
tions. W(110)etched wire tip. Figure 1(a$ a He ion image of the

The procedure required to clean the surface of the cathod@ld evaporated end form. The ion image in Figb)lwas
depends on the tip material and the contaminants. Elementédrmed after evacuation of the image gas and electron emis-
materials such as molybdenum and tungsten can be cleansin current pulsing for 20 min. An important feature in the
of adsorbed and chemisorbed residual gases under ultrahigimage is the enlargement of all the low index planes such as
vacuum by heating to high temperatuféghis treatment also  the (110)s,(100)s, and211)s, a clear indication of thermally
removes common refractory metal surface contaminantactivated, field assisted, surface self-diffusforSeveral
such as chlorine, sulfur, and oxidé&Jnfortunately, many atomic layers were field evaporated from tfiel1) planes
conventional surface cleaning approaches are not compatibé&d surrounding areas as the original imaging voltage was
with microfabricated field emission cathodes because of thepproached. Due to this local field enhancement, the original
combination of the materials used in their fabrication andimaging voltage is well above the best imaging voltage
their geometrical structure. (BIV) for the (111) planes as evidenced by the poor resolu-

Joule heating of field emission cathodes was identified ation. A noticeable loss of material is seen near th60)

a precursor to cathode-initiated vacuum breakdown by Dykelanes. Similar results were observed with molybdenum
and co-worker® and by Swansoet al® and related studies etched wire tips.

continue’ In this communication we report on Joule heating For etched wire tip experiments, the extracted current
of the emitter tip, by pulsed field electron emission, to ini- densities ranged from approximately’1® 10° A/cm?, near
tiate thermal desorption cleaning and thermal field surfacéhe values that initiate a vacuum arc using microsecond du-
self-diffusion. ration pulseé. The electron emission current densify,was

The experimental chamber is a metal and glass field iowalculated by first determining the tip radius, from the

approximate field-voltage proportionality relationship,
¥Electronic mail: pauls@chtm.unm.edu =V/5r, whereF is the applied field and/ is the applied
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Fic. 1. Helium field ion images of a {¥10) etched wire tip(a) The field
evaporated end form, imaging voltagé:=7880 V. (b) The end form fol-
lowing emission current pulsin@0 min, 8 Hz repetition rate; 1 us pulse
width, 3.0 mA maximum electron current, total emission timme, 10 ms.
V;=7880 V.

voltage® The applied field is 4.5 V/A at BIV for tungsten
with He? Since the electron emission extends to the outer
four visible (110) planes, the emitting area is approximately
hemispherical; therefore~1/27r?, wherel is the emitted
electron current.
As the critical emission current density was approached,
sudden increases of30% in the emitted current were ob-
served during the voltage pulse. This sudden rise in current is
referred to as “tilt"* and has been associated with the onset
of thermally assisted field electron emission caused by an
increase in tip temperature due to Joule heating. lon imaginPlG- 2. Helium field ion images of a \10) etched wire tip(a) The end
after the observation of several tilt events revealed no un©™ created by pulsed emission current heath® h, 8 Hz repetition rate,

. . . . ~1 us pulse width, 6.0 mA maximum electron curremt: 130 ms),V;
,10 ms p ) ; Vi
usual tip structur&© only evidence of thermal field diffu- _ 10990 V.(b) The end form irfa) contaminated by oxygeW, =10 990 V.

sion as shown in Fig. 1(b). Typically, our emission current(c) The end form in(b) cleaned by pulsed emission current heatiNg,
pulsing experiments were conducted at emission current der=10990 V.
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1004 : . . . . ] conductivity. However, steady-state heat transfer equations

] show that such considerations, given similar tip cone half

1 angles, are not important in correlating the tip temperature to

. ° F the pulsed emission current until the tip’s length approaches
* ° the dimensions of the tip radius. In the case of typical Spindt

) ° : cathoded>r asr~200 A.

Figure 3 shows the change in theV characteristics of a
microfabricated single tip before and after emission current
pulsing. Thel-V curve slowly reverts from the post- to the
¢ ° ] prepulsing characteristic during 2 h of cathode operation at
1x1071° Torr and emission levels of 12A. The change
® o between the pre- and postpulsihgV characteristics could
60 7'0 8'0 90 1'00 1'10 19¢ be reproduced by agc"_;\in pulsing the emission currgnt at 200

pA and then operating the cathode. We associate these
VOLTAGE [Volts] changes with adsorption and desorption of residual gas

Fic. 3. Change in thd-V characteristics of a microfabricated single tip (pmb?‘bly. hydrogenfrom the Cathqde surface and the re-

molybdenum emitter due to emission current pulsing. [fvecharacteristic spective increases and decreases in the average surface work

before current pulsing and 2 h following the cessation of current pulsingfunction. Because the tip radii and cone half angles of the

(O). The |-V characteristic immediately after current pulsit®) (70 microfabricated tips investigated were similar to those of the

pulses, 1 Hz repetition rate, 1Q6s pul_se width, maximum electron ct{rrent etched wire emitter tipS, currents on the order of several

200 wA, =7 ms. Fowler—Nordheim parameter$O) a=2.70x10"° - . . .

ANVZ b—925 V: (@) a6.65x10"6 AV2 b—886 V. r_m_lhamperes will be required to reac_h tip temperatures suf-
ficient to desorb well bound contaminants, activate surface
self-diffusion, and thereby inducepermanenthange in the
|-V characteristic relative to that observed before any puls-

sities approximately 30% below where the onset of tilt wasing. Clearly, emission current levels of several hundred mi-

observed. croamperes cause no permanent changes in the tip surface

When current pulsing was stopped for several hours otlue to surface self-diffusion. Similar results were observed
more, we found that the emitted current was initially 30%—with all 12 microfabricated tips tested.

50% lower when reapplying voltage pulses of the same mag- Microfabricated cathode gate-to-base oxide thicknesses of

nitude. As pulsing continued, the current gradually increased-0.6 uwm were used in the present experiments. This oxide

to its value measured before the cessation of pulsing. Similatickness must be increased to allow for the application of
results were obtained when the tip was dosed with reactivehe voltages required to draw current densities that initiate
gas species. Figure 2(&)a He ion micrograph of a W(110) significant surface self-diffusion without gate-to-base surface
etched wire tip after pulsed emission current heating. The tiwoltage breakdown. At the proper pulse length-temperature
was then dosed with 200 langmuirs of research grade oxygefile., current)combination, annealing of the surface of the

and imaged in HgFig. 2(b)]. The presence of a chemisorbedmicrofabricated emitter tip should occur with currents on the

oxygen layer or initial surface oxide is evidenced by theorder of several milliamperes and time scales of several mil-

bright emission spots decorating the axiall0) plane and liseconds. Surface tension forces will result in net smoothing

the step edges surrounding the low index planes. Followingf the emitter tip surfacé® thereby enhancing the spatial
evacuation of the He, emission voltage pulsing was initiatediniformity of the emission from the tip. We have shown that
at its previous level. During pulsing, the emission currentpulsing to even the modest emission levels discussed above
rose nearly monotonically from 1.8 mA to a plateau at 6.0can dramatically decrease microfabricated cathode emission
mA in 50 min (=24 ms). The ion image in Fig. 2(c), taken current noisé? Finally, we note that with the development
after this pulsing treatment, shows the return to the cleamf “thick oxide” cathodes there is the possibility of using
surface image. The changes in emission current over time afeld evaporation as a tip cleaning, shaping, and surface
associated with an increase and a decrease in the average 4ipalysis® technique.

surface work function due to, respectively, the adsorption of .

oxygen and then its gradual thermal desorption by emission The authors gratefully acknowledge many useful discus-

current pulsing. The desorption rate depends exponentiall§ions with Capp Spindt of SRI, and the support of SRI's
on the temperature and is therefore sensitive to the extracteéf@cuum Microelectronics Staff: C. E. Holland, S. L. Shep-
current density. herd, D. A. Thibert, and M. Simkins. This research was

Emission current noise has been associated with the prefinded by lon Diagnostics, Inc., of Santa Clara, California.
ence of physically and chemisorbed gases on microfabricated
cathoded? thus, thermal surface cleaning should decreasel. Brodie and P. R. Schwoebel, Proc. IEBE, 1006(1994).
this noise. Spindt type microfabricated tips have an overall i(F; FJ?- SCh}NOEbe(I, iﬂ(w- Erodie,JJ-VVaC-S S_ci-TTeﬁgngl;i 11(9179095).
Iength,l, of apprquate_ly lum, which is IeSS. .than th_at of “W. P, Dc;/i:,y‘lér;(. T;ola.n, Eaz I\)Iarzﬁ, ar:’lj. J.e;. B%rbour(, Phy;-. Ray.
typical etched wire emittersX1 mm). In addition, Spindt 1043 (1953).
tips are attached to a massive substrate having good thermaiw. w. Dolan, W. P. Dyke, and J. K. Trolan, Phys. R6¢, 1054(1953).
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