Field emission characterization of silicon tip arrays coated with GaN
and diamond nanoparticle clusters
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Wide band-gap materials show promise for applications in coating of field emission tips. Recently
nanocrystalline hexagonal GaN crystallites as small as 12 nm average diameter have been formed
using reactive laser ablation of gallium metal in nitrogenating amiient. Goodwinet al., Appl.

Phys. Lett70, 3122(1997]. In this article we investigated the performance of ungated emitters with
and without surface coating. Silicon tip arrays are coated by dielectrophoresis of gallium nitride
nanoparticles or nanocrystalline diamond clusters from an ethanol suspension. The emitters were
evaluated and compared before and after the surface treatment using SEM imade\and
measurements in the diode configuration. The results suggest that the emitters benefit from coating
the surface with nanocrystalline diamond clusters in terms of reduction in the turn on voltage by 100
V and increase uniformity in emission during low voltage operation. The long-term emission
stability for both types of the coated cathodes was studied over a period of 90 h. The emitters coated
with GaN nanoparticle clusters show a significant improvement in the current fluctuation from
150% (for untreated cathodgso 50%. © 2003 American Vacuum Society.
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[. INTRODUCTION synthesized by using reactive laser ablation of gallium metal
in a nitrogenating ambieritThe method uses a pulsed Nd:
The presence of adsorbed species on the surface of thenG (266 nm) laser beam focused on the target through UV
field-emitter tip can remarkably influence the behavior ofgrade quartz windows. Products of the synthesis are depos-
electron emission based devices. The presence of the surfaged on the selected target. As a result, hexagonal GaN crys-
contaminants leads to unstable cathode operation. Thereforgllites as small as 12 nm mean diameteith log-normal
the desirable cathode surface is one that is chemically inergize distribution have been formed.
For high current emission, a cathode with a low work func- These nanoparticles can be deposited on silicon and other
tion is desired. Investigation of overcoating metal emittersubstrates using dielectrophoreSis. this article we investi-
tips (Mo) with Cs whose work function is-1.8 eV has been gate the performance of ungated emitter arrays when coated
conducted. Low work function results is a chemically active by dielectrophoresis of gallium nitridéGaN) nanoparticles
surface; they rapidly degrade in their emission characteristicNP) and nanocrystalline diamond clusters.
because of the increasing work function caused by the for-
mation of chemical compounds such as oxides or hydrides
on the emitter—tip surfaces. Hence potentially chemically indl. FABRICATION
ert emitter—tip overcoatings with wide-band-gap materials The device configuration considered for the surface treat-
are preferred for a field emission system. ment of the emitters is the “bed of nails” which is an array
Cathodes coated with diamond, have been evaluated by of ungated single crystal Si emitters placed in an area of 4
many researchers in recent years. The results reported sh@w? with a tip-to-tip spacing of 6um. The emitters were
lowering of the effective work function and also increase informed from p-type (1-10 Q cm) Si(100 substrate by the
the emission current stability. The semiconductor 11—V ni- subtractive tip fabrication process as seen in Fig. 1. First,
trides (GaN, AIN, InN) and their solid solutions also show thermally grown oxide of 2000 A thick, covered with 1000 A
great promise for applications in coating of field emissionthick chromium layer on the Si was patterned into a @rb-
tips since their wide-band-gap encompasses a broad range @ibmeter disk. Using the chromium and the Si€p as a
energies(up to 6.2 eV. These semiconductors have high mask, the outline of the emitter tip was formed by means of
chemical inertness and radiation resistahce. reactive ion etching with S The tips were then sharpened
Recently, nanocrystalline GaN clusters were successfullysing the method of oxidation sharpening as we have previ-
ously described elsewhetelip caps were subsequently re-
¥Electronic mail: chakhovs@ece.ucdavis.edu moved by wet etching of the silicon dioxide. The final silicon
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Fic. 1. Subtractive tip fabrication process.

emission tip is shown in Fig.(&). The typical tip curvature y , , S
radius is estimated using SEM microscopy to be on the ordé?e' 2. SEM of the silicon emitter coated with nanoparticle diamond clus-
of 15 nm. o

The emitters are coated using dielectrophoresis of GaN

nanoparticles or nanocrystalline diamond from an ethanol The whole assembly is then held together on both sides by
Suspensioﬁ.This technique allows us to coat the emittera Spring C||p This arrangement he|ps us to remove the
with nanoparticle clusters on the tip surface as seen in Fig. Zample after the measurements, maintain the same measuring
The advantage of this process was that the deposition wasetup before and after the surface treatment and also allows
carried out in room temperature. us to compare the emission characteristic before and after

In this Work, first results on emission from silicon emitters treatment of the arrays. A medium Vo|tage green-co|or phos-
coated with nano-GaN particle clusters are reported. Wehor (Osram Sylvania 9620vas deposited on patterned ITO
studied and compared the field emission characteristics anglass by electrophoresis. The phosphor screen helps us to
emission stability before and after the emitter surface isjisually investigate the distribution of the emitting tips.
coated with GaN nanoparticles or nanocrystalline diamond Field emission properties of the untreated and treated
clusters. cathodes were measured in a vacuum chamber under a re-
sidual gas pressure of 18 Torr. The Hewlett—Packard
4142B modular dc source/monitor was used to acquire the
emission data. A positive potentieb 1000 \) was applied

We tested the emission properties of the cathodes in to the anode, and the cathode had a negative bias. The field
diode configuration. The packaging of the cathodes containemission properties of the untreated and treated cathodes
ing the array of ungated Si tips for testing in a high vacuumwere measured after the tips were conditioned for 300 h un-
environment is done by placing quartz spacersuf®thick  der a constant dc bias. The conditioning of the emitters is
between the cathode and the phosphor screen, which acts also known as the forming process. The forming process is
an anode, as seen in Fig. 3. associated with the removal of the native oxide, burn off the

[ll. RESULTS AND DISCUSSION
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Fic. 3. Test structure: diode design for
Si-tip array testing.
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Fic. 4. (a) I-V characteristic an¢b) the FN characteristic of the untreated and treated emitter &ccmted with nanocrystalline diamond clusjers

fine protrusiongartifacts of the etching processn the sur- the effective work function. As nanoparticle diamond is a
face of the emitters and possible surface impurities, whictshock wave synthesized carbon cluster, it changes the mor-
helps to achieve stable and reproducible emission curremqthology of the emitter surface and introduces nanoprotru-
showing linear Fowler—Nordheim characteristics. sions that act as emission sites, thus increasing the number of
Initially, ten samples have been coated to optimize theemission sites emitting. The results do not show significant
deposition parameters. After the deposition parameter wasnhancement in the emission properties; this is due to the
determined, five more samples were coated with nanocrysionuniform deposition of diamond nanoparticle clusters.
talline diamond. It has to be noted that all five diamond-With the dielectrophoresis deposition method, for an array of
coated samples showed the same trend on reduction of tlmicrotips, many of the tips will have no diamond coating at
turn on voltage and similar behavior of the emission characall, while the size and location of the diamond clusters varies
teristics, as described below. Unfortunately, the reproducibilfrom tip to tip as seen from Fig. 2.
ity for the GaN method was not easily confirmed due to Thel-V characteristics as seen in Figabcorrespond to
extremely low yield of the nanocrystalline material synthesisthe two curves measured before and after the surface of the
and the lack of material available for coating. Only two emitter was coated with GaN nanoparticlggrticles size
samples with GaN had sufficient coating quality which madeabout 2—20 nm It is seen from the two curves that there is

them suitable for further investigation. an increase in the turn on voltage and there is considerable
degradation in the emission current. This result can be attrib-
A. Current—voltage characteristics uted to the nonuniform assembly of the nanoparticles on the

Thel—V characteristics, as seen in Figa4 correspond to emitter tip surface. The resulting assembly of nanoparticles

the two curves measured before and after the surface of tr%’edictably depends upon the applied voltage, suspension

emitter was coated with nanocrystalline diamofparticle _concentratlon, pulsg duration, and .t'p geometry. Figut® 5
size about 5-10 njrclusters. It is seen from the graph that 'S & Fowler—NordheiniFN) plot. Again, both the treated and

there is a reduction in the turn on voltage by 100 V and therémtreawd case have str_aight FN behavior. This result can be
is an increase in the maximum extracted emission current fiributed _to th? nonuniform assembly of the nanoparticles
the applied voltage of 800 V by a factor of 2. The turn-on On the emitter tip surface.

voltage is defined as the applied voltage required attaining
0.1 uA current. Figure ) is a Fowler—Nordheim plot of
these data. It is seen from the graph that the emission chay-
acteristics show a straight-line behavior in both the coated™
and the uncoated case, this confirms the occurrence of FN Long-term stability is the temporal dependence of the av-
tunneling current. The slope of the FN curve decreased frorerage emission current. The cathodes coated with GaN nano-
4 A/V for untreated emitters to 2 A/V after coating the emit- particles and nanocrystalline diamond clusters were operated
ter with diamond nanopatrticle clusters. In order to explainover a period of 300 h. The long-term emission stability was
the observed electron-emitting properties of the nanopatrticlstudied over a period of 90 h. The current versus time char-
diamond clusters, we can infer that the increase in the emisacteristics as seen in Figs(ap and 6b) show the signature
sion current, decrease in the turn-on field and improvemendf the emission current during the course of this experiment.
in the emission uniformity during the low voltage operation It has to be noted that both GaN coated samples exhibited
is due to the increase in the emission sites and/or decreasesimilar reduction of the current fluctuations.

Long-term emission stability
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Fic. 5. (a) -V characteristic an¢b) the FN characteristic of the untreated and treated emitter fcomted with nanoparticleNP) GaN clusterg

It is seen from Fig. @) that in the case of the emitter bination with the gas ionization. Except for the few initial
surface coated with GaN nanopatrticle cluster, the current sigaursts, the current is stable, indicating a clean surface, at
nificantly decreases after the appearance of an initial shofeast for the duration of the measurement.
pulse and remains constant over the rest of the operation It is seen from Fig. @) that in case of the emitter surface
cycle. Such a short pulse with height abouj:8 indicates  coated with diamond nanoparticle clusters, the current is
the appearance of gas discharge of the tested FEA whicfelatively stable over the operating cycle. The signature of
resulted in a remarkable decrease of the emission currerthe emission current consists of gentle change of the average
The cathode still works at a lower emission level of aboutemission current, which is probably caused by local work
0.5 nA. The other short pulses that appear do not show sigfunction changes due to the contaminants in the active sur-
nificant altering in the emission current level, which meansface. Hence it is necessary to treat the emitter surface with
the discharge energy is under the destruction limit. One posslasma(of inert, hydrogen, or forming gases; the UHV
sible mechanism concerning with gas discharge has to bgnvironment to remove the contaminants after processing.
related to field enhanced operation of contamination in comThjs helps to obtain a stable and reproducible emission.

For both the cathodes the long-term stability during the
last 13 h of operation was measured. Emission current fluc-
tuations were determined &5 (I max—Imin) /lav, Wherel jay,

I min @nd 1, are correspondingly maximum, minimum, and
average currents measured at fixed voltage. The duration at
which | oy, Imin, @ndl ,, are calculated is 1 h. Dependencies

I (t) and S(t) for both the cathodes are shown in Figs. 7
and 8.

It is seen from Fig. @) that in case of emitters coated
with GaN nanoparticle clusters, except for the one initial
burst, the current is stable, indicating a chemically inert sur-
face. Figure ®) shows that the average current of 0,68
varies +0.05 pA during the operating cycle. Figure(cj
shows the current fluctuation within 50% and a sharp transi-
tion in the region where a current burst occurs during the
measurement.

It is seen from Figs. @ and 8b) that in case of emitters
\ coated with diamond nanoparticle clusters, the current is

0 20 40 60 80 100 stable and the average current of 08 varies +0.12 uA
i () ® during the operating cycle. Figurés3 shows that the current
Fic. 6. |-t characteristics observed over an operating period of 90 h for tthucmatlon is around 100%. . .
emitter array treated witte) GaN nanoparticle clustef®) with nanocrys- Both the coated cathodes show an improvement in the
talline diamond clusters. long-term stability when compared to the untreated emitters

Current (UA)

Current (uA)
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Fic. 7. (a) Current vs time(b) average current vs timég) current fluctua-
tion vs time of an array of silicon emitter coated with GaN nanoparticle Time (hrs)

clusters.
Fic. 9. Current vs time characteristics of an array of silicon emitta:
untreatedjb) coated with GaN nanoparticle clustefs) coated with nano-

crystalline diamond clusters.
as seen in Fig. 9. The current versus time characteristics as

seen in Fig. 9 shows the emission current stabilityafan

untreated(b) coated with GaN nanoparticles, at@ coated e standard deviation of current fluctuation was about 49%
with nanocrystalline diamond emitter array over an operatings the average current valu@.91 uA). The emitter surface
cycle of 13 h. In case of untreated silicon as seen in @, 9 coated with GaN nanoparticles and nanocrystalline diamond
as seen in Figs.(B) and 9c¢) show a significant improve-
ment in the current stability. The standard deviation of cur-
rent fluctuation was about 24% of the average current value
0.28 and 0.724A, respectively. The improvement in the cur-
rent stability is mainly due to the chemically inert intrinsic
behavior of diamond and gallium nitride. It acts as a protec-
tive layer for the tip from ion bombardment.

@

Current (UA)

IV. CONCLUSION

! In this article we studied the behavior of the cathodes
coated with GaN nanoparticle and nanoparticle diamond
clusters over an operating cycle of 90 h. Comparative studies
show that the emitters coated with GaN nanoparticle and
| A o diamond nanoparticle clusters show a significant improve-
012345678 91011121314 ment in the current fluctuation over the uncoated emitters.
R I Both the coated cathodes show stable operation during the
2(4 3 j Lo 1 i 3 1 | 73 B course of the experiment. Hence, gallium nitride can be a
0

lav (UA)

promising candidate for coating materials, as it is a wide-gap
f\%%% © semiconductor with a work function lower than diamond,
%x%& @ w “é 4* \%> ] chemically inert, capable af or p-type doping unlike dia-
mond (which cannot be doped type). The degradation in
) 3 4 5 6 7 8 9 10 11 12 13 14 the emission current after coating with GaN nanoparticle
Time (hrs) clusters appears to be due to the nonuniform assembly of the
nanoparticles on the emitter surface. The assembly of nano-
Fic. 8. (a) Current vs time(b) average current vs timég) current fluctua- particles predictably depends mainly upon suspension con-

tion vs time of an array of silicon emitter coated with nanocrystalline dia- CeNtration ?—nd also upon other factors like applied voIFage,
mond clusters. pulse duration and tip geometry. To understand the emission

1

(Imax-Imin)/lav

S
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