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Abstract—This letter describes the design, fabrication and rent for each individual device than in the previous work with
testing of lateral field emission diodes utilizing the deep reactive sjlicon emitters. With the use of deep reactive ion etch [11]
ion etch (DRIE). Devices were fabricated on silicon-on-insulator - (pR|E ) which cyclically alternates between etch and deposition
(SOI) wafers of varied thickness, by etching the device silicon in t f . I d sid I h fabricated lateral devi
the STS DRIE system in a single mask process. After subsequentS eps ormlng scallope S'_ ewa S_' eachfabrica e_ atera .eVICe
oxidation sharpening and oxide removal, diodes were tested on a €an consist of dozens of tips vertically stacked with submicron
probing station under vacuum. A typical diode exhibited very high distance. The methodology is very simple, and in the case of
currents on the order of ~100 A at 60 V, and turn-on voltage  the presented work, it requires only one mask, one etch and an
between 35 V and 40 V. The high electron current is emitted in - iqation step and oxide removal. It also provides for very accu-
such a diode by multiple sharp tips vertically spaced by 450 nm te electrode dist trol via photolith h d oxid
along the etched sidewall due to the pulsed nature of the DRIE r_a e elec r9 € distance control via p. otol pgrap y and oxida-
process. tion self-alignment. Consequently, diodes with turn-on voltages

between 35 and 40 V emitting currents up to 400were fab-

|. INTRODUCTION ricated in a 2:m process.

HE research field of vacuum microelectronics strives to
combine the best features of highly-advanced solid state Il. FABRICATION AND MEASUREMENT SETUP

fabrication technology and vacuum tube electronics [1], [2]. Test devices were fabricated in the Berkeley Microfabrication
The goals and potential applications vary from high-tempergyijity [12] on three different SOI wafers of the following de-
ture and high-radiation amplifiers; RF oscillators and amplifief§i.e layer thicknesses: 4m, 22,:m, and 3Qum. In each case,
_and field emitter displays [2]-[5], to a variety of_sensor_s such 8% device layer was-type silicon of 1-100- cm resistivity,
ion gauges [6]. To 1date, the proposed and fabricated field emfgsjje the insulating layer was thermally grown wet oxide of 1
sion devices (FED's) have been largely divided into two groupgi, thickness. It is expected that n-type Si would produce more
vertical and lateral structures. Vertical FED’s were frequentlyrrent due to the lower work function. however. due to their
fabricated by the use of silicon or Spindt-type metal tips [3Lyajlapility at the time of fabrication, p-type SOI wafers were
[4]. To our knowledge, the achievable currents per tip with $jseq.
as emitting material have been limited to below or the order of 5 photograph of a typical diode layout is shown in Fig. 1(a).
1 A. Hence, in most proposed applications, large field emittgig |ayout consists of a device region etch trench—an acute
arrays (FEA's) of up to tens of thousands of tips are required fa4je cathode and an anode, and a surroundjng ®ide isola-
achieve milliamps of electron current. Significantly higher CUtjon trench. The latter is used to isolate the diode from rest of the
rents have been aychmved by the use of metals with lower WQkfer and to minimize exposed Si area during DRIE, which sig-
functions [4]. FEA's are commonly characterized by turn-oRjsicantly improves the etch rate, and the etch uniformity. Due
voltages above 60 V. _ , to relatively thick device layers, photoresist of 2:6 thick-
Lateral field emission devices (LFED's) [5], [7]-[10] maypess was used. After photolithography with a<i€tepper and
have many advantages in high-speed and RF applications owijpgoresist hardbake, the wafers were etched in the STS DRIE
to the simple fabrication and precise control of electrode d'§ystem. The recipe used applies 800 W in the top RF coil for
tances, and have been demonstrated with relatively high currgv'gsma forming and 150 W in the bottom RF platen for reac-
densities, and turn-on voltages as low as 22 V [7]. Lateral e jon etching. It switches between etch and deposition steps
emitters with currents on the order of tens of microamps per tig 4chieve high aspect ratio structures [11]—each cycle in our
have been demonstrated. o case consists of a 7 s etch followed by a 9 s deposition of passi-
The fabrication methodology presented in this work allowgyiing teflon. The etch is nearly isotropic, resulting in scalloped
for more than an order of magnitude increase in achievable Cyjgewalls as illustrated in Fig. 1(b). Average etch rate is around
Manuscript received June 10, 1999; revised January 18, 2000. The revievpof pm/min, and the etch is terminated when the Sl@yer is
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Fig. 1. Fabrication of LFED's by DRIE etching of SOl wafers: (a)
microphotograph of the top view of a diode test structure, and (b) scheme
cross section of the SOl wafer after DRIE showing exaggerated scallog
sidewalls.

After the DRIE, the wafers were cleaned in a piranha ba
to remove the remaining teflon passivation and prepare for ¢ R
idation. Fig. 2 shows the two main types of test structures or Aperire Size= S000MM* ac = ipakcx
wafer at this point in the process. The diode in Fig. 2(a) was d
signed such that cathode and anode are still in contact until they

il ; ; ; _ali jg. 2. SEM images of two types of LFED's after DRIE etching, showing
are separated by silicon removal by oxidation, i.., self-align tg scalloped etch profile due to pulsed etching (a) electrodes in contact for

[7], while the diode in Fig. 2(b) was designed such that the phgyigation self-alignment, and (b) electrodes separated by photolithography.
tolithography defines the cathode-anode separation. Most iRassivation is still seen remaining on the surface.

portantly, the so-called scalloped sidewalls after DRIE are vis-

ible in the figure, verticz_sill_y spaced at_about O.At_f'n. Subse- ll. DISCUSSION OF THERESULTS

guently, wafers were oxidized at 90C in pyrogenic steam to ) ) o
5000 A, and in dry oxygen for additional 1000 A of oxide, re- Fig. 4 shows typical measured c_urrent-voltage characteristics
moving a total of 0.2G:m of Si. The dry oxidation was followed fOr the three types of diodes. Devices A, and B, from aui%

by a 30—min anneal in nitrogen. thick SOl wafer, closely fit the Fowler—Nordheim (FN) emission

%quation'l = AV? exp(—B/V). The self-aligned diode shows

Finally, the thermal oxide was removed in buffered oxide et%lgher current corresponding to extracted parameters3.58-
(BOE 5:1.) The oxide was overetched to slightly undercut tq :

—8 _ . . .
oxide underneath the device layer, up tarh. The final device t? theaggirza%r?(-)zse.-;:: dreugs;hz(r:i::]ur;e;n; Isrg])?i;:;;zflya?; €
structure under SEM is shown in Fig. 3. We attempted to me. b 9 bp Y

a-., . .
sure the radius of a typical tip at up to 300 G0fhagnification in this case. The extracted FN parameters for the pre-aligned

i - .10-8 — -
in a FESEM, but the sharpness was beyond the limits of the nqlewce wered = 3.21- 107" and B = 18.43. The cathode

. Co node spacing was 1;2n. Approximately 30 tips are verticall
croscope. It is clear, however, that the radius is less than a f%w K dp gh P y P y
nanometers. This vertical spacing of the tips is a direct functic?ﬁaC edn each case.

' The device with best performance over the three wafers was

of the etch and passivation time in each DRIE cycle and varigs

e . . . self-aligned diode with 0.8m cathode-anode distance, on a
through modifications in the recipe. Our future goal will be t%oum SOl wafer (resulting in-60 vertically stacked tips). The
explore such variations, and to eventually significantly increa§ '

the number of vertically stacked tips per micron. S characteristics, shown in Fig. 4, show 308 current at

. . V, an rn on vol f roximatel V. Thi Vi
Measurements were performed on a probing station un eor ; and a turn on voltage of approximately 38 s device

- . . . _Was measured under vacuum and in air, and paramstets
10—° torr vacuum with a standard semiconductor parametric a4 10-7 andB — 68.61 were extracted from an EN-fit
alyzer, the HP4145. The vacuum was attained by a turbo pump, ' '
and was the highest available for such measurements. However,
because maximum spacing of any measured cathode-anode pair
was within 2,:m, the effect of pumping beyond 18 could not We have reported a novel methodology for fabrication of

be seen in short term. field emission devices which achieve currents over an order of

IV. CONCLUSIONS
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Fig. 3. Scanning electron microscope images of a lateral field emission diode after DRIE etching and oxidation sharpening, showing multiptettips alo
vertical edge. Both images were taken at 25 kV, the main image at258d the inset at 15 060 magnification.
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Fig. 4. Measuredl-V characteristics of three typical devices: Device (8]
A is selfaligned anode cathode at 0;8m separation, Device B was
photolithographically aligned at 1,2m separation, and Device C (in vacuum 9]
and in air) was selfaligned anode cathode ay8separation.
[10]

magnitude higher than achievable using previously proposed
methods. The characterization confirms that the method o[f1 1
micromachining lateral tips using DRIE holds promise for ap-
plications in vacuum microelectronics. The results invite much
future effort in thorough characterization and optimization[12]
of the process, as well as employing the process to triode{sm]
vacuum sensors, and other applications [13].
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