Electron field emission from carbon nanotubes on porous alumina
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We have synthesized carbon nanotubes by chemical vapor deposition using ferrocene as single
source organometallic precursor both on commer@alodisc® and electrochemically etched
porous alumina templates. Carbon nanotubes of about 20 nm diameter andusonmelength
appeared apart on the alumina membranes. Integral field emission measurements of these cathodes
were performed in a diode configuration with luminescent screen. High emitter number densities of
at least 10 000/cfand current densities up to 32 mA/&mwere obtained at an electric field of

7.2 V/um. Cathode processing at pressures in the range frorhta®x 10™* mbar resulted in
improved current stability measured over 18 h. High resolution emitter distributions obtained with
the field emission scanning microscope yielded up to 62 000 emittefsatia3 V/um. Single

emitter investigations showed Fowler—Nordheim behavior up @Aland current limits up to

12 pA in dc operation. Reversible switching between different emission states was also observed.
Possible explanations of these phenomena and their impact for applications will be discussed.
© 2005 American Vacuum SociefypOl: 10.1116/1.1868696

[. INTRODUCTION substrates and a single-step CVD process with ferrocene as

] o ] precursor which combines CNT nucleation and gro?ﬁtﬁo—
Recent investigations on cold cathodes are focusing of,s alumina has proven to improve the adhesion and current

carbon nanotubeNTs) because of their simple fabrication |imits of CNT emitterst® Moreover. the embedding of CNTs
techniques and unique field emissitE) properties which i jithographically defined pores of alumina membranes
are well suited for vacuum nanoelectronic devices. Applicamjght be well suited to unify the field enhancement of CNT
tions like intense lightand pulsed x-ray sourceequire that arrays and protect them against environmental influences.
C_NT_s provide stable and high emission (_:urrents at low e_Iec- In this article we report on the pressure dependence and
tric fields and pressure levels in the high vacuum regimgong.term current stability of cathodes with arbitrary but
vv_|th long device lifetimes. While m_ost_ CNT cathodes haveseparately grown CNTs on the surface of porous alumina
given nA currents already at electric fields of someu¥l,  mempranes. Results on the number density of the emitters as
current densities above mA/crare rarely reported ?despne a function of the electric field by luminescent screen imaging
measured current limits up to j2A for single wall and  ang on their microscopically scanned FE properties will be
20 pA for multiwall CNTs.” While densely populated CNT  given. Current fluctuation and switching effects obtained by

cathodées suppress FE at low fields due to mutual shielding,e signal analysis of single emitters will also be discussed.
effects; separately grown CNTs with high number densities

and homogeneous FE properties are difficult to ach‘?eve.” SAMPLE PREPARATION AND MEASUREMENT
Moreover, CNT emitters have often shown short-term CurTECHNIQUES

rent fluctuations and long-term current degradaﬁi«mmbably ) .
due to adsorbate or heating effects. Alignment, shortening, e have synthesized CNTs by CVD using ferrocene as

and disruption of CNTs under high electric fields have also>ingle source precursor both on commerchhodisc® and
been observefil® electrochemically etched porous alumina membranes

Actually, lithographic patterning of catalyst on Si sub- (EPAM)™ of different thicknesg60/200m for Anodisc®/
strates for nucleatidh and chemical vapor depositon EPAM) and pore diameter(200/50 nm for Anodisc®/
(CVD) with hydrocarbons for CNT growth are the preferred EPAM). The pores of both types of membranes were par-
fabrication techniques for FE cathodes. The resulting arrayd@!ly clogged by aluminum oxide clusters prior to CNT
of free-standing CNTSs, however, still show remaining non-9growth. Two formation processes occur during CVD: growth
uniformity, FE inhomogeneity, and current instabilities due®f tubular structures within the pores and of CNTs on the
to their unprotected exposure to the environment. Thereforsurface of the membranes. Scanning electron microscopy,

we have chosen another approach based on porous alumilfgnsmission electron microscopy, electron energy loss spec-
tra, and atomic force microscopy investigations showed that

the tubular structures in the pores are composed of pyrolytic
dauthor to whom correspondence should be addressed; electronic mai[\;arbOn in which nanoscaled metallic particles are incorpo-
mueller@venus.physik.uni-wuppertal.de . . P . P
bpresent address: Institut fur Metallkunde und Werkstoffprifung, Montan-fated, while pure multiwall CNTs of about 20 nm diameter
Universitat, Franz-Josef-Strasse 18, A-8700 Leoben, Germany. appear apart on the alumina surfd¢é&-lhe CNTs on Ano-
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Fic. 3. IMLS image of a 28 mfCNT on EPAM sample at about 4 V.

justed between 10 (bas¢ and 10° mbar (gas inlej. By
means of a charge coupled device camera and some lenses an
image resolution of 2um can be achieved. Alternatively,
10 Hz online videos of the emission evolution with two
times less resolution can be recorded. Fast image analysis is
provided by a digital data acquisition system and software
packaggANALYSIS®). The FE uniformity was further inves-
tigated by high resolution voltage and current scans with the
field emission scanning microscof€ESM) inside in an ul-
(b) trahigh vacuum chamber at a pressure of abot fithar as
described in Ref. 13. Local current-voltage-V) measure-
Fic. 1. SEM images of differently prepared CNT samples@hAnodisc® ~ Ments provided electric field calibration and Fowler—
and(b) EPAM. The white clusters on the surface consist of alumina. Nordheim curves in the nA range. Emission current fluctua-
tions were measured with a signal analyZeiP25670A.
The temporal resolution of about 1 ms was given by the
disc® are shor{<um) and originate mostly from the pores, capacity of the test setup.
whereas the CNTs on EPAM are typically longerum) and
fixed to alumina clusterg¢see Fig. 1L Moreover, the latter ||| FE RESULTS AND DISCUSSION
CNT samples were less brittle due to the smaller pore size At first, the emission strength and uniformity of all CNT

and larger thickness of the alumina. , "
Integral FE measurements of the CNT cathodes were petl;_athodes were measured with the IMLS. After some initial

formed up to 3 kV in a diode configuration with luminescent conditioning of enhanced edge em|ss’r6rneproduuble Im-

screen(IMLS). As shown in Fig. 2, this system with ad- ages with plenty of emitters distributed over the whole
justment by stepping motor a’nd tilt correctionAz sample surface were obtained. A typical image of a nearly

<10 um) avoids a central spacer and thus prevents diS[ectangular CNT sample on EPAM at an electric field of

charges caused by surface currents or gas desorption. Fér2 Vium ;S dskr)lown n F'gf'tﬁ’ ) AbOUt 360|I|g_ht S?t(\)/;{/s have
typical electrode spacings of some hundyea, it provides een counted by means ot the Image analysis software on an

the best pressure control at the sample, which can be ad-

10+

neede z- stepper motor 0 200
(gas inlet)

Fic. 2. Schematic of the integréV measurement system with luminescent FiGg. 4. Integrally measured current of the same sample as in Fig. 3 for
screen(IMLS). The gap between the cathode sample and the luminescerihcreasing(black squargsand decreasing voltageed circles. The elec-
screen anode is adjustable by thenotor. trode spacing was 12am.
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Fic. 5. Software analysis of IMLS images showing current processing ef-
fects on the same sample as in Fig. 3. The emitter distibution has partially
changed after 10 min processing time, resulting in st@m#ow), activated
(green and deactivated emittefsed).

area of 28 mm resulting in an emitter number density of
about 10 000/cr During the first increase of the voltage,
processing of some emitters has often been observed which
leads to small permanent current jumps in the integrally mea-
suredl -V curve (Fig. 4). Beside the flickering of some light
spots, i.e., their repeated on and off switching within about
seconds, a permanent activation or deactivation of emitters
has also been seen in the IMLS videos. The current process-
ing effects on that sample have been revealed by means of
software image analysis as shown in Fig. 5, where short-term
fluctuations have been suppressed by image averaging over )
5 s. After a processing time of 10 min, 54% of the emitters’'®: 7- FESM voltage maps between 20Qbight and 900 V(dark spots

. . . correlated to fields between 5 and 23 required for 10 nA local
have remained stable, while 29%7%) have been activated (4 5 4m) current of the same 1 mirarea of a CNT sample on EPAM
(deactivatedl Soft current processing resulted in a maximumduring the:(a) first and(b) second scan. While the resulting emitter number
cathode current of 9 mA at 900 V, which corresponds to edensity has been reduced from 62 0007cm 45 000/cri, most emitters
high dc current density of 32 mA/&nThis record value for Nave become stronger.
our samples was limited by a discharge rather due to phos-
phor evaporation from the highly illuminated screen than by
the destruction of the CNTSs, since traces of phosphor COM- | comparison, the CNTs on Anodisc® provided similar
ponents(P, S, Zn have been found on the sample after dis-|\;. s images and emitter number densities at lower turn-on
charge. fields (about 7000/crh at 3 V/um) but with less current
carrying capability(<6 mA/cn?).® Moreover, these CNT
emitters were less stable at high currents, i.e., the IMLS im-

e ages revealed more permanent changes of the emitter distri-
Z 1000 / bution. For example, after 2 h of current processing at
g 250 A the total number of emitters at a given field in-
£ 8004 / creased about a factor of 3. Nevertheless, the final integral
% — / |-V curves were quite reproducible. Permanent alignment
s g and desorption of gases are most often discussed as the ori-
'g 400 / gin of CNT emitter activation, while shortening and disrup-
[ : tion of CNTs and adsorption of gases might cause deactiva-
E 2004 // tion. In order to distinguish these effects, we have tested a
0 P CNT sample on EPAM before and after a 30 min exposure to
40 45 50 55 60 65 a pressure of X 1072 mbar. The change of the emitter num-
E[V/um bers as function of the applied field resulting from IMLS

Fic. 6. Number of emitters found in IMLS images versus electric field for almage analysis is given in Fig. 6. Obviously there is some

20 mn? CNT on EPAM sample at 6 mbar before(black squaresand reduction of about 25%, which suggests a significant influ-
after (red circle$ pressure conditioning. ence of adsorbates on the FE strength of CNT emitters.
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] - Fic. 9. Short-term current fluctuations of a CNT emitter on Anodisc®. The
21 . 'w ) switching speedms) measured with a signal analyzer is limited by the
— -, capacity of the FESM.
=-144 -, 4
3 .
%-16- . -.' - e
g » ! current saturation with limits up to 12A in dc operation
S8 “ . 5 was observed. Fagtms) reversible switching between cur-
- " - v ] rent levels was also detectéd=ig. 9 which reflect at least
. —— - . . bistable emission from different electronic states probably
0004 0005 0006 0007 0008 0009 0010 influenced by adsorbatés!®
8 M The stability improvement of the CNT cathodes on EPAM
) ' as compared to Anodisc® has been confirmed by long-term
-10- "'""‘\" ] current processing in the pressure range betweeh dfd
C .12 \ - ] 5% 104 mbar. While for CNTs on Anodisc® an initial cur-
E 14 :,\k‘, rent of 90+ 10uA degraded continuously over 8 h to values
£ ;:h " between 66%for 10°® mbap and 1% (for 5% 10°* mbay),
S -161 ’t‘ e 1 on EPAM much less degradati®®0% for 2x 10 mbar and
T -181 ‘ " . 13% for 5X 10™* mban was achievedFig. 10. Accordingly,
- -20. \. . ) much better long-term stability was achieved for the latter
v v v . than for the former ones after current processing up to
0,002 0,004 L?[’?/?/? 0,008 0,010 700 uA at 6.5 VV/um for some hours. As result of the pro-

F. 8. Local 4 EN olots for th " fa CNT | cessing, in Fig. 11 a current stability of 100+ 4@ over
IG. o. Locally measure plots 1or three emitters of a sample on . . _
EPAM for consecutive cycles showinga) nearly reversible currentb) 18 h is demonstrated. Therefore, stable CNT emitters on alu

degradation, an€c) saturation effects during first risklack squares fall mina membranes will be available for cold cathode applica-
(red triangleg and second rise of curreftlue triangles tions.

. . ) o . IV. CONCLUSIONS
High resolution emitter distributions obtained by current .
The structure of CVD grown CNTs on porous alumina

scans with the FESM provided slightly higher number den- ) i

sities than the IMLS results as expected. Moreover, the pot_emplates depend on their nucleation, the precursors, the
tential number of CNT emitters at high electric fields was
determined by voltage scans to be about 24 006/an 200
12 V/um for Anodisc® and 62 000/cfnat 23 V/um for ,
EPAM membranes. The correspondittx,y) maps have ’“"“"w"#"*’“‘uw\ .
revealed two initial processing effects as shown in Fig. 7, 150«{ ' "'A"‘,\-.w.‘_.‘.\ A s 1
where two successively measured maps of CNTs on EPAM ¥ v
are compared. Obviously a local emitter current of 10 nA §1°°* N
decreases the number density but increases the strength of = -

the remaining emitters. Locally measurkdV curves have W e A

confirmed that most of the emitters show current jumps. 50 'x«_\_»_ e "UASR YL W e
Only 7% of them on Anodisc® and 15% on EPAM provide *”"‘"“wm«_\h,___‘
stable Fowler—Nordhein(FN) behavior up to about LA, .
often followed by upwardactivation) or downward current 2 4
jumps (deactivation up to 2 orders of magnitudésee Fig. tth]
8). Permanem a“gnme.m .and partial destruction of Surfac%s. 10. Long-term current stabilityl,=150 #A) of a 28 mn CNT sample
CNTs under high electric fields are the most probable explas, epam at various pressures/fieldsx20° mbar/4.6 Vjum (uppe; 5
nations for these processing effects. In rare cases emitteri0° mbar/5.3 Vjum (middle); 5x 10 mbar/6.5 Vjum (lower curve.

T
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