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Abstract: Today the most mature technology to produce gated micro field electron emitter arrays is the so-
called Spindt-type metal micro-tip process. The drawbacks of the Spindt-type process are the expensive
production, the critical lifetime in technical vacuum and the high operating voltages. Carbon nanotubes (CNT)
can be regarded as the potential second-generation technology to Spindt-type metal micro-tips. The use of
CNT as field enhancing structures in field emission electron sources can bring several advantages such as
longer lifetime and operation in poor vacuum due to the high chemical inertness as well as low operation volt-
ages and perhaps most important very low cost production techniques. In the present contribution we show
that the field electron emission (FE) of CNT thin films can be accurately described by Fowler-Nordheim tun-
neling and that the field enhancement factor 8 influences the emission properties most prominently. We have
used scanning anode field emission microscopy to investigate the local field emission properties of randomly
oriented carbon nanotube deposits. In the technically interesting applied electric field range of 30 V/um an
emission site density larger than 5x108 cm= could be measured. We will discuss however that emitter degra-
dation at high emission currents limits the full exploitation of this high emission site density. The emission
degradation becomes apparent for emission currents in the pA range for a single emitter and the field emis-
sion |-V characteristics suggests that power dissipation due high contact or intra CNT resistance is the cause
of the emitter degradation. Therefore, although the fundamental properties of CNTs are very favorable for the
use as field emission tips, these properties alone will not guarantee their success in this area. Our investiga-
tions clearly show that a perfect control of the catalytic CNT growth process is needed for successful CNT
field emitter technology, at least for high current applications.

Keywords: Carbon nanotubes - Chemical vapor deposition - Electron emission - Emission degradation -
Emission site density

1. Introduction the surface [1]. Under these conditions thigy a factor3 called the field enhancement

potential step at the surface confining thiactor. For a needle-shaped object (cylin-
Field electron emission (FE) describes thelectrons to the solid, becomes a potentidtical body of height h and radius r with a
physical effect of electrons tunneling fronbarrier, which is in first approximation tri- spherical apex) this factor is in first approx-
the surface of a solid into vacuum under tha@ngular in shape. The typical height of thisnation equal to the aspect ratio h/r [2]. A
action of a strong electric field. This phepotential barrier (the work function) iscarbon nanotube with a diameter of 20 nm
nomenon was first reported by R.W. Woo@bout 5 eV for ordinary metals. When thand a length of gdm can therefore exhibit a
in 1897 and occurs when fields of the ordewidth of this barrier gets smaller than 2 nrfield enhancement of up to 400. Therefore
of 3x10°Vm~1= 3000 \umare present at the electrons close to the Fermi energy Ean applied electric field of 7.5pm=1 will

have a non-vanishing probability to tunnebe amplified by a factor 400 to the required

through the barrier and escape into vacuur8000 Vum~1 at the nanotube apex for field
*Correspondence: Dr. O. Groning?? The large electric fields required for FE arelectron emission to occur.

#Universitat Fribourg, Physik Departement extremely difficult to generate on flat sur-  Fig. 1 displays schematically the situa-
Chemin du musée 3

CH=1700 Fribourg faces, but can be generated by the field etion at a metal surface under field emission
Tel.: +41 26 300 90 68 hancing properties of tip like structures. conditions. On the left hand side an energy
E?ﬁaﬁﬂlliifogg;f@ e When a conducting needle-shaped olgiagram of the metal-vacuum interface is
bEidge'néssis'fhe Mat%rigpru'fungs_ und ject at a fixed potential is brought into a hoshown, where the vertical axis denotes the
Forschungsanstalt (EMPA) mogenous electric field, with the electrienergy relative to the Fermi energy. The
Feuerwerkerstrasse 39 field parallel to the needle axis, the electrielectron density of the metal is simply as-
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T =300 K (dark gray region). The light gray
region in the vacuum depicts the shape
the surface potential barrier at an electr
field of 2.7 Vnntl= 2. 710° Vm~1with the
image charge potential included. Undeg
these conditions electrons near the Fert
energy can quantum mechanically tunn
through the barrier. On the right hand sid
the resulting energy distribution of the
emitted electrons is given. At room tempe
ature only electrons close to the Fern
energy can be emitted due to the expone
tially decreasing tunneling probability with
decreasing energy and due to the expone
tially decreasing occupation probability
with increasing energy.
The development of field emission elec 0os jaw) © ! 2 3
tron sources has been hampered for h Distanca from surfaca [nm] Intensity [a.u]
a century by the fact that tip-like field-
enhancing structures are needed to credg. 1. Schematic illustration of the field electron emission from a metal surface with a work
locally the high electric fields for field elec-function of 5.3 eV and an electric field F=2.7 Vnm~'. The right hand side diagram shows the re-
tron emission to take place. Usually theulting emitted total energy electron distribution according to Egn. (2).
higher the field enhancement, the smaller
the effective emission area of the tip be-
comes, as the radius of curvature decreases.
Although the field emission current density
can easily exceed 10000 Achthe total
emission current per single tip remainsient to heat a tungsten wire to temperatur@s Experimental
small as the emitting surface, being thef the order of 2000 K. However, thermion-
apex of the field enhancing tip, is smallic sources have some major drawbacks. The carbon nanotube (CNT) thin films
The total current per single tip in field emisThey are power-controlled electron sourcassed in this study have been grown by
sion rarely surmounts 0.1 mA. As a resulivia the temperature) and therefore direathemical vapor deposition (CVD) of a
field emitters are only used where higimodulation of the electron emission isC,H,/N, gas mixture at substrate tempera-
brightness rather than high currents are reather slow. Further, due to the operation #&fires around 750 °C on low resistive p-type
quired, as in the case of high resolutiohigh temperatures the realization of miSi wafers or by plasma-enhanced CVD of
transmission or scanning electron microsrometer-sized emitters is not possible b&H,/H, gas mixture at higher temperatures
scopes. cause of insufficient heat dissipation andetween 800 °C and 1000 °C [8][9]. The
The key for reaching planar field emit-very large temperature gradients. Microgrowth catalyst was either deposited on the
ters of high current density approachingnd nanosized field electron emitters holdubstrate by a thin film (5-10 nm) of sput-
1 Acnt?resides in the integration of a largehe possibility of miniaturizing vacuumtered Ni or using a solution of 40 mM
number of field-enhancing tips on a surelectronic devices such as X-ray tube&e(NG,),in ethanol which is sprayed onto
face. Depending on the required emissigoressure gauges or high frequency ampliae silicon substrate. Using sputtered Ni as
current density, the density of the emittindiers. In this context CNT thin film emitters catalyst the growth of continuous, random-
tips has to be in the range off2QC cnt2  offer an attractive possibility to produce thdy oriented CNT films with a mean tube di-
This limits their size to micron or even subkey component of a field emission cathodemeter of 30 nm could be achieved, where-
micron dimensions. Carbon nanotubesamely the field emitting tip, in large num-as the use of the Fe(NJ3-ethanol solution
(CNT) have proven to be ideally suited abers using inexpensive processes. Variogan result in both the growth of continuous
field enhancing structures for field emisapplication prototypes using CNT fieldor clustered CNT films.
sion applications due to their exceptionallgmitters have been realized so far, where Energy-resolved field emission meas-
high aspect ratios with lengths in the mithe color CNT flat panel display developedirements were carried outin an OMICRON
crometer range and diameters ultimatelyy Samsung could be the most advanceddarface analysis system (base pressure:
down to one nanometer [3-5]. Furthermorkit the multi-billion US$ market. <1019mbar) equipped with an EA 125 HR
they can be readily produced in large num- However, currently the performance otlectron energy analyzer [10]. The meas-
bers by relatively simple and cost-effectivglanar CNT field emitters is still limited urements were carried out in the constant
techniques such as chemical vapor deposiempared to metal micro-tips with regarénalyzer energy (CAE) mode with a pass
tion (CVD) [6][7]-. to emission site density (active emitter peznergy of 5 eV for detailed spectra and
When it comes down to creating freainit area upon parallel addressing), maxtO eV for series of spectra at different sam-
electrons in vacuum the method most widenum emission current density and emigle biases. With a pass energy of 5 eV and
ly employed is thermionic emission whichsion current stability. In this paper we showhe entrance and exit slits set to minimum,
describes the emission of electrons ovéhat planar CNT thin film emitters exhibitthe energy resolution of the analyzer is
the surface potential barrier due to higperformances that can compete in principl@5 meV at 100-1000 eV kinetic energy. The
cathode temperatures. The advantage wfth any of the metal micro-tip arrays, buhigh voltage was set to the sample by a
thermionic electron sources is their simpléhat emitter degradation strongly hinder&eithley 237 instrument. The ripple on the
operation. In the simplest case it is suffithe full exploitation of these performancesvoltage was always below 5 mV. For the

Emitier Vacuum Energy distribution of the
flald emitted slectrons
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Ersngy risl. b Fanmi [@W]




NANOSCIENCE AND NANOTECHNOLOGY 555

CHIMIA 2002, 56, No. 10

field emission spectroscopy (FES) meas
urements the sample could be tilted and n
tated to any polar and azimutal angle wit g 88 '!
respect to the electron analyzer axis. Th i‘;:-__t -
allowed us to set the sample—detector o1 g =&
entation in such way to obtain maximun
count rates. The field emission spectra we
measured between 1 pA and 1 nA tote
emission current, with count rates of 100 t
10° cps. *
The FE behavior of nanotube thin films &%
was investigated by means of a home-mai
vacuum scanning anode field emission mi-
croscope (SAFEM) operating at a typica'fig- 2._Scanning ele_ctron microsco_py images of a_) continuous-type multi-walled CNT thin film
base pressure of 1bmbar [11]. I this set- 3epos!t on p-type Si(100) grown using ;puttered Nias growt.h catalyst and b) a cluster-type CNT
. eposit with a Fe(NO,);—ethanol solution sprayed on the Si substrate as growth catalyst.
up the sample is mounted on a computer-
controlled piezo-driven x/y-translation stage
and a tip of radius fim is approached to the
sample in steps of 100 nm, and thereafter This value of 1-2 Mm~1for the applied different applied fields. The spectrum
held at a constant height d. The tip—sampfeld has to be compared to the local eleeneasured at the highest voltage of 700 V
distance d is chosen larger than the surfatiic field of 3000 \um~1 which is needed exhibits the highest intensity. The applied
roughness of the sample under investigaccording to the Fowler-Nordheim (FN)voltage was subtracted from the kinetic en-
tion, typically 5-10um. The tip—sample theory for measurable emission from an oergy scale of all spectra giving the energy
distance can be changed without hysteresginary metal surface [12]. Due to the highelative to the Fermi energgt. The solid
The FE current I(x,y) at constant applie@dspect ratio it seems obvious that local fielihes are best fits to the data using Eqn. (2).
voltage or the extraction voltage V(X,y) aenhancement is at least partially respondBy integrating the spectra over the energy
constant emission current is mapped ashée for the low applied field necessary tave obtain a value which is proportional to
function of the lateral tip position with aobserve electron emission from the CNthe emission current density. According to
Keithley 237 source-measure unit. We cathin films. It is however not obvious that thehe Fowler-Nordheim theory (see Egn. (1))
these two measurement modes the constaféctron emission of CNT follows the FNthe plot of In(j/E) vs 1/E or more general
voltage mode (CVM) and the constant cuttheory, which assumes a free electron gax(I/V2) vs 1/V should yield a straight line
rent mode (CCM). In CVM the applied vol-and a one-dimensional tunneling barriewith negative slope. As can be observed
tage is kept constant (typically 100-300 V|13]. According to the FN theory the emisfrom the inset in Fig. 3 the |-V characteris-
and the measured FE current is recordaibn current density j is a function of theic of the MWCNT emitter obeys the FN
as I(x,y). In CCM the extraction voltageelectric field E, the emitter work functiam law. The results of the FES investigation on

V(x,y) applied to the tip is adjusted betweeaccording to Eqn. (1) MWCNT therefore show that the FN theo-
0-1100 V depending on the tip position in ) v ry can be used to describe the emission be-
order to maintain the FE current at a cor , _ e’ E? exp( 4\/2111‘41)'5) ) havior at room temperature with regard to
stant levelg.g.50 nA. Sample areas of sev-d T 427 1o exp 3tioE the current-voltage (current—field respec-
eralum up to 808800 um? were scanned tively) characteristic as well as with regard

with ~5um resolution depending on the tip-  In Egn. (1) the Fowler-Norheim ellipti- to the energy distribution of the field-emit-

sample distance. Tip re-positioning can beal functions, correcting for the imageed electrons. A more detailed analysis of

achieved with sulpim accuracy. charge contribution to the tunneling barrietthe FES results allows the determination of
have been taken to be unity. The total enethe emitter work functionp, which togeth-
gy distribution Pg) of the field-emitted er with the emitting surface, is the main pa-

3. Results and Discussion electrons near the emitter Fermi energy caameter to describe the current—voltage
be written as: characteristics of CNT emitter. In the case
The scanning electron microscopy. of MWCNT we can consistently determine
(SEM) images in Fig. 2 display two typicaIP _ EE - " a work functionp = 4.9+0.3 eV [8][14]. To
CVD-grown CNT thin film deposits. (@)= fle£e DBEQexp| G Tpre =8 | @) g\ mmarize the results from the FES one can

Fig. 2a displays a continuous-type CNi state that the field emission behavior at
film on silicon where sputtered Ni has beewheree denotes the electron energythe room temperature of MWCNT is analogous
used as growth catalyst. Fig. 2b displaysfermi energy of the emitteq the emitter to a metallic tip with 4.9 eV work function.
cluster-type CNT film on silicon. For bothwork function, E the electric field,d.,T) Therefore also in the case of MWCNT
kinds of CNT structures displayed in Fig. Ztands for the Fermi-Dirac distribution aemitters the local electric fields present at
measurable field emission currents can demperature T and B(f), is an energy in- the nanotube apexes be of the order of 4000
detected starting from applied electriclependent intensity factor. Field emissioum7in order to achieve technologically
fields of 1-2 \um~1 which correspond to spectroscopy is ideally suited to check theelevant emission currents in the range of
the threshold electric fields often reportedalidity of the Fowler-Nordheim theory for 100 nA per single just as for ordinary metal
for such planar CNT emitters. As we wilICNT emitters. Fig. 3 shows a series of fieltips.

see later the characterization of the fieldmission spectra (FES) measured from a Coming back to the threshold fields of
emission properties using only the value afample of multiwall carbon nanotubeshe order of 1-2 Mm~: this means that the
the threshold field is incomplete and iIfMWCNT) recorded at room temperaturepplied electric field is enhanced at the nano-
most cases not even sufficient. at different applied voltages and thereforgibe apex by a factor of about 2000. This
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figure however has to be looked at with

a given threshold currerg.g.10 nA).
The question, what a technologically
relevant and useful emission site density f
a nanotube thin film emitter will be, has tc
be answered in view of the application th
emitter is intended for and of course in viey
of the competing technologie®.§. the
Spindt-type metal micro-tip arrays). Com
parison with the silicon or metal micro-tip
arrays indicates that one should aim at &
emission site density of 8@ 1 cnT2 at 1.0 05 0.0 0.5 1.0 1.5
applied electric fields below 50 w1,

Tpe S]i.mIdeESt Way of mter?sgrm.g the_ ES[Big. 3. Series of field emitted tqtal energy di'.s,tri.butions from a single MWCNT at different. ap-
of a Tield emission cathode 1S UsINg  giaq voltages and therefore at different electric fields. The spectrum measured at 700 V exhibits
phosphorus-covered screen separated largest intensity. The solid lines are best fits to the experimental data using Eqn. (2). The in-
50-200um from the field emission cathodeset displays the Fowler-Nordheim plot of the integrated spectral intensity yielding a straight line
as anode in a diode type field emission seds expected from theory.

up as depicted schematically in the upper

panel of Fig. 4. The emitted electrons im-

pinging on the screen created visible light
and allow therefore the determination g
the emission site density. The lower part ¢
Fig. 4 displays two optical photographs o
the electron emission of a CNT cathode u
ing the phosphorus screen set-up for tw
different applied electric fields. The draw
back of this simple method is that it is lim
ited to ESDs below ¥0cnm2. With higher
ESDs the emission sites start to coales
and the screen becomes completely lit u
However as we have mentioned before tf
technologically interesting ESD is of the
order of 16 cnT2 or above.

The scanning anode field emission m
croscope (SAFEM) allows an investigatiot
of the ESD beyond f0cn2 [15]. In the
SAFEM the resolution is given by the dis
tance of the scanning anode tip to the cat
ode surface under investigation. Fig. 5 dis
plays three field enhancement m#gs,y)
of the same region of a randomly oriente
MWCNT thin film at different tip sample )
separations evidencing the increasing res Applied Ficld: 2.5 V! Applicd Ficld: 3.1 YVjpm-!

lution with decreasing tip sample distanc

(F'Q' 5_a' d=33m; flg. Sbrd = 1_31m, fig. Fig. 4. The upper panel shows the schematic phosphorus screen set-up for the measurement
5c: d = 7um). The bright spots in the MapSys the emission site density of a planer CNT field emission cathode. The lower panel displays
correspond to the emission sites, where th& optical photographs of the emission from a MWCNT cathode on a phosphorus screen for
color linearly encodes the local field entwo different applied electric fields.

Volt!

great deal of caution as it indicates th -2

highest field enhancement factor of a sing

CNT on a sample surface where usual -3

many million CNT are present. This show:

that the threshold field actually is not a ver| -4

reliable parameter to quantify the fielg L

emission properties of planar CNT fielg e 700V % 5

emission cathodes. Amore significant cha ® 0V =

acterization of the emission performance : 257583 5 .

planar CNT cathodes can be achieved I T [a=20152V

measuring the emission site density (ESL : Z$¥

as a function of the applied figld. The ES[ 5 ® 640V -7+
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hancement. The field enhancement mapg&thout making direct electrical contact betube thin films already exhibit the potential
were generated from voltage maps recortiveen the CNT and the scanning anode. to achieve technologically relevant emis-
ed in the constant current mode (CCV). In Fig. 6 displays a high-resolution fieldsion site densities at moderate applied
this measurement mode the voltage V(x,y@nhancement map derived from a SAFENelds. However it is important to point out
required to obtain a fixed emission currentoltage map recorded at a tip—sample dithat the high emission site density indicated
(in this case 11 nA) is recorded as a fun¢ance of 2-3im on a continuous-type, ran-above of a few mio. per ¢hon these sam-
tion of the x-y position of the tip-anode atlomly oriented carbon nanotube thin filmples is to a certain extent academic as it
constant tip—cathode distance. From the FRhe blue diamonds indicate the position afannot be exploited on large cathode sur-
relation we can deduce that the field at themission sites with a field enhancemeriaces when the electric field is applied in
CNT emitter has to be around 3801 factor larger than 130. In the map 164 sugbarallel to the CNT emitter. The reason for
to emit 11 nA current. Using the followingemitters could be detected on a samplédis is the large spread in the field enhance-
relation we can therefore calculate from thsurface of 2.410°° cn? resulting in an ment value the individual emitters exhibit
voltage map V(x,y) the field enhancemengmission site density of 6:80° cn2 The for the non-oriented carbon nanotube thin
mapB(x,y): field enhancement was determined usingyms we discuss here. As can been seen
the assumption, that the local field presefitom Fig. 5c¢ the field enhancement factors
3800[ V™1~ dl um] 3) at the nanotube apex is 380Qa~1in or- vary between 300 and 800. This has to be
Vix.v) der to emit 11 nA, which is the current atelated to the fact that a difference of a fac-
’ which the SAFEM voltage map was recordtor of two in the field enhancement leads to
As can be seen in Fig. 5c the resolutioad. A field enhancement larger 130 therea difference of 18-10*in the emission cur-
of the SAFEM is given in first approxima-fore means that the applied field is lowerent at the same applied field. It can be
tion as twice the tip sample separation. Thiean 30 \um™. So that we can concludeshown that the emitters on the randomly
means that in order to resolve’ Bnitter per that for MWCNT films as depicted in Fig.oriented CNT cathodes have an exponential
cn? the tip sample separation should b2a an ESD of $10° cn2 can be achieved frequency distribution of the following type
of the order of 2-3im. Such a tip sample at applied electric fields of the order of 30(p) = C,exp(-CB), where is the field en-
distance is of the same order of the typicAMum 1. hancement, Cand G are positive con-
height of the carbon nanotubes and therefore This measurement demonstrates thatants and ff)dB gives the number of emit-
is about the limit of what can be measurectlatively crude, as-deposited carbon nanters per unit surface having a field enhance-
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Fig. 5. Scanning anode field enhancement maps ((x,y) of the same region of a continuous type MWCNT cathode as a function of the tip to cath-
ode distance. The tip to cathode distance is d=33 pm in a), d=13 um in b) and d=7 um in c) and the constant emission current was 11 nA.

Fig. 6. High-resolution scanning anode field
enhancement map B(x,y) on a continuous type
MWCNT cathode at a tip to cathode distance
of 2-3 ym and at a constant emission current
of 11 nA. The blue diamonds indicate the po-
sition of emission sites. In total 164 emitters
could be identified on a surface area of
2.4x1075 cm? giving an emission site density
of 6.8x10% cm™. In the map yellow indicates
high and black low field enhancement.
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ment factor in the intervaB[3+dB]. This ment of the degradation behavior is remeans that they can sustain emission cur-
kind of field enhancement distribution re-quired. rents well above flA even up to 10QA for
sults in the situation that on a large cathode Fig. 7a displays the voltage map V(x,yshort periods of time. A closer inspection of
surface €.g 1 cn?¥) there are a few very for a constant emission current of 11 nAhe regions strained by 148 and 2.0uA
strong emitters of very high field enhanceef a continuous-type, randomly orientecdhows that the average field enhancement is
ment, typically 1000—2000, which resultWCNT cathode with a tip to sample sephigher in the region with the lower strain
in the low threshold field of 1-2 ym™L.  aration of 4-5um and Fig. 7b shows thecurrent. This behavior indicates that the
However the emission site density at theorresponding field enhancement mahigh current degradation is linked with the
threshold field is very low, only 1-10 ¢tn  B(x,y) where the positions of individualfield enhancement, where the critical cur-
Upon an increase in the applied field themitters are marked by black crosses. Dipent for degradation decreases with increas-
emission site density increases rapidly, bin the voltage map as well as peaks in theg field enhancement (and therefore in-
at the same time the emission current froffield enhancement map obviously correereasing aspect ratio). Although there
the first few emitters increases exponentiaspond to individual emitters. Two distinctseems to be a link between aspect ratio and
ly. With a further increase of the appliedegions can be identified in the voltage adegradation a complete understanding of
field the point is reached where the emiswvell as in the field enhancement map. Thinis phenomenon will require effects due to
sion current of the first few strong emitter¢eft hand region characterized by loweambient gas composition and pressure,
is so large that they are destroyed. From thigld enhancement has been strained YNT quality, intra-tube and contact resist-
point on the emission site density hardly inhigh emission currents abovegiA per sin- ance as well as adherence of the CNT to the
creases as a situation is reached where tjle emitter prior to the displayed measuresubstrate to be included.
appearance of new emitters is balanced Ibyent, whereas the right hand region has not Fig. 8 illustrates the degradation of a
the disappearance of old emitters with inbeen subjected to emission currents abogegle emitter as opposed to the collective
creasing applied field. For as-depositetll nA. Therefore the right hand side showsurrent degradation behavior displayed in
MWCNT thin film emitters this point is the genuine emission properties of thEig. 7. Fig. 8a and 8b show field enhance-
reached typically at about 10uwh~1 with  MWCNT cathode and the left hand regioment maps (measured at 11 nA emission
an emission site density of ~10000 ©@m the emission properties after high currerdurrent) before and after the central emitter
and an emission current density of 1-16egradation. The degraded region is agafimdicated by the blue arrow) has been sub-
mAcm2. It is clear that under such circumsubdivided into two regions were the curjected to high current degradation. The |-V
stances the cathode suffers irreversiblent strain was 1.pA and 2.0pA respec- characteristic displayed in Fig. 8c shows
degradation and that the operation of a cattively as indicated by the arrows in the figthat the irreversible degradation occurs
ode under such conditions is highly criticalire. It is obvious from Fig. 7b that in theabruptly at an applied voltage of 290 V
from the point of view of stability and life- current strained regions the emitters witfcorresponding to an applied field of 14.5
time. high field enhancement are gone and onlyum~1and at a current level of 2L&. The

Itis crucial to note that emitter degradaemitters with lower field enhancement aredegradation manifests itself by a current
tion at low applied fields is the limiting fac-left. The values at which the current degradrop of almost three orders of magnitude.
tor for the performance of carbon nano-tubgation occurs can vary from 500 nAup to &s can be evaluated from the field en-
cathodes. In order to enhance the fielikw YA per single emitter. The emittershancement maps of Fig. 8a and 8b the val-
emission performance of such cathodeswvehich are then left over after the degradase of the field enhancement at this position
detailed understanding of the degradatiadion with a lower field enhancement aréas decreased from 630 to 250. It has to be
mechanism and subsequently the improvéypically very stable and robust, whichpointed out that most probably the emission

A 1 AN A,

¥ [um]

Fig. 7. Scanning anode voltage V(x,y) a) and corresponding field enhancement map [(x,y) b) of a partially high current stressed continuous type
MWCNT cathode. The measurements were performed at a tip to cathode distance of 4-5 um and a constant emission current of 11 nA. Prior to
the measurement the regions indicated by the arrows were strained by high emission currents of 1.5 pA and 2.0 pA respectively. The emission
degradation in both current strained regions is clearly visible.
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after the degradation does not originatgenerally unknown. The schematic draweurrent saturation is a sign of power dissi-
from the same nanotube as before but froimgs in Fig. 8d and 8e illustrate the possiblpation and therefore of possible degrada-
a tube nearby, which was before concealedigins of the voltage drop due to either &on. From the |-V curve in Fig. 8c it be-
by the original emitter. high internal resistance in the CNIg. due comes apparent that the voltage window
The black curve in Fig. 8c indicates théo defects, or a high contact resistance. ithere the emitter can be operated usefully
theoretical Fowler-Nordheim emission beean be estimated that the voltage drop in thrdth an emission current between 10 nA
havior and can be modeled as follows:  saturation regime has to be of the order @ind 2uA is rather small. In the present case
10 V which gives, with an emission currenthis is between 150 V and 300 V although
I=C-V* exp[_ (&Y ] @) pf 2_uA, a power of 2QW dissipated. Tak- at 300 V_degradation has to be expected.
ing into account the small volume of theThis finding can be related generally to
contact of %10°17 cm3, which is of the or- MWCNT emitters by realizing that the win-
C, and G are positive constants inder of the nanotube diameter to the powelow of operation for an emitter corresponds
Eqn. (4) which is equivalent to the Fowlerof three: one estimates a power density o about twice the threshold field. Together
Nordheim law (1) taking into account thehe range of one terra Watt/@missipated with large spread in the field enhancement
proportionality between the voltage and thi the contact. This can easily explain théctor this leads to the limitation in the
field. One can observe that in the low curemission degradation and the observed lemission performance of randomly orient-
rent regime the measured |-V characteristital substrate melting due to high emissioed MWCNT thin film emitters. As dis-
is well described by the FN law. Howevecurrents. cussed above the threshold field for macro-
above an emission current of about 100 nA From this consideration it becomes obscopic cathodes of 1 &ts about 2 \um™1,
a pronounced deviation from the FN bevious that operating the emitter in the curthe SAFEM investigation however shows
havior can be observed. This kind of currement saturation regime is always risky as th@at an interesting emission site density of
saturation continues to a voltage of about
290 V and an emission current of 213,
where a sudden and irreversible decrea ) b)
of the emission current to a value of 7 n4 16 158
occurs. The emission behavior in no
Fowler-Nordheim regime can be modele
using a resistor limitation approach, wher|
it is assumed that there is a voltage drop b E
tween the emission site (being the CN| & =
apex) and the electron reservoir (being th
electric contact of the CNT). This result .
in the situation that not the full applied volti
age generates the extraction field for th
electron emission, but that this voltage i b
reduced by the product of the emissio
current and the resistance in the curre
path, corresponding to the voltage drop i
the resistor. Assuming an ohmic resistor th
high voltage behavior in Fig. 8c can b

L]
modeled reasonably well (see green curv W
according to the following relation: L
2
: G, =
I=C-(V-AV) exp| - = 1wt
V-AV High infarnal resisancs
W
- il
) C e
C,-(V-R-I?exp| ———=2—| (5 £ | .
1ol ) p[ V—R-[]() & w"d r_. '
Here R denotes the limiting resistor an w0 I A it ot ¢) !
C, and G, are the same positive constants WS 1 I|' |' v | IH-'
for Egn. (4). Relation (5) is of course recur w*d ¥ J i; AL &1 :I, A
sive and has to be evaluated numericall e T ] - ]
From the emission current and the voltag 50 100 150 20 B0 0 330 High contael nesialanes
drop one can estimate the amount of pow Voltage @ &-20 pn [V]

dissipated in the resistor. In principle the
voltage drop could be determined from thgig. 8. Single emitter high current degradation measured on a cluster type MWCNT cathode.
model, it has to be stressed however that The field enhancement maps a) and b) show the reduction in the field enhancement factor
order to do so the influence of the voItagB’r the emitter indicated by the blue arrow before a) and after b) the degradation event. In the
maps yellow corresponds to high and black corresponds to low field enhancement. Diagram

drop on the local field should be knownb) displays the |-V characteristic of the degradation where the blue crosses indicate the exper-

This in tl‘!m requires information _On the €Ximental data, the black solid line the theoretical Fowler-Nordheim behavior and the green solid
act location of the voltage drop in the CUTMne the resistor limited |-V behavior. The schematic drawings d) and e) represent emitter degra-
rent path and the amount of electrostatigation due to large power dissipation due to either a high intra tube resistance or due to a high

shielding the emitter experiences. Both am®ntact resistance.
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the order of 1®cn? is reached only for ap- complex behavior the contact resistance tween the individual CNT is not large
plied fields above about 25-3Quw1. Ac- the emitting tube will be one importantenough to prevent electrostatic shielding. It
cording to the consideration above we havamponent. Furthermore the spread of the a big challenge for the nanotechnology to
to expect emitter degradation for fieldsield enhancement factor needs to be codevelop the processes required for the dep-
above about 4—-6 MnL It is therefore not trolled in such a way that the desired emigsition of CNT films optimal for FE which
possible to reach the required applied fielsion site density can be obtained within aneed to be efficient and economical at the
for the high ESD without very severe emitapplied electric field corresponding tosame time. We are currently seeking in a
ter degradation. about twice the threshold field. TOP NANO 21 project of the Swiss Com-
Fig. 9 illustrates the effect of electro-mittee for Technology and Innovation
static shielding in nanotube films with dif-(CTI) methods for controlled CNT growth.
4. Conclusions ferent tube density leading to a large spreddg. 10b displays the SEM image of ordered
in field enhancement factors. A quantitacarbon nanofibers grown using plasma en-
The attractiveness of CNTs for use asive analysis of the computer simulatiorhanced CVD in collaboration with the Uni-
field emitters resides in the fact that with ahowed that optimum field emission propversity of Cambridge [19].
length of a fewum and diameters of downerties for a nanotube film can be expected, In the case of flat panel display a CNT-
to a few nm they exhibit a large fieldif the mean distance between the tubes limsed field emission technology will ulti-
enhancemenf. Furthermore they can beabout twice their height. Furthermore it camately need to fulfill the following require-
produced in large quantities (with respedte seen from Fig. 9 that the field enhancenents to be competitive with the current
for use as field emitters) using relativelynent factor of the tubes in a film shows anetal tip technology:
simple and inexpensive processes. We hawéde distribution, as it is influenced by thd. Growth of individual CNTs at well-
shown using FES that the emission dfrientation of the tube with respect to the defined positions with a tolerance
MWCNTs at room temperature can be reapplied electric field and by the degree of ~100 nm.
garded as being analogous to the emissiefectrostatic shielding a tube receives frot. Growth of individual CNTs with well-
from a metallic needle with a work functionits neighboring tubes. In a real nanotube defined orientation.
of 4.9 eV. SAFEM has evidenced that tecHilm the differences of length and diameteHl. Growth of individual CNTs with a
nologically interesting emission site densief the individual tubes will further con-  well-defined aspect ratid3= h/r),
ties above 810° cnT? can be obtained ontribute to the distribution of the field en- tolerance /B ~5%.
continuous-type randomly oriented MWC-hancement factor among the nanotubel/ Massively parallel processes
NT thin film emitters on silicon for applied This distribution gives rise to inhomoge- (108 tubes per cr).
electric fields of the order of 30wn~L.  neous field emission properties. V. Large area deposition (<4n
This performance however cannot be di- The simulation shown in Fig. 10a exVI.Low cost processes.
rectly exploited due the limitations in theplains why a homogenous emitting CNT
maximum applied field before irreversiblefilm needs an ordered CNT growth. The
emitter degradation occurs. The maximurideal case of such a CNT growth is diSAZk\’/‘,vnglléeﬁ(geezge;(':f(nowledge e financial
be estimatect o be about ice the threshalle same haight, clameten, orentation affPECr! the CTui he TOP NANO L. pro
. S . . L ’ t Nr. 5465.1 as well as Ken Teo and William
field. An optimization of the field emissionthe same spacing from each other. Recefjifine of the engineering department of the Uni-
performance of CNT cathodes will requirgpublications have shown well-orientedsersity of Cambridge for the growth of ordered
a detailed understanding of the mechanisn®&NT growth [16—18]. The problem of allarrays of carbon nanofibers.
involved in emitter degradation. In thisthese films for FE is that the spacing be- Received: July 25, 2002

Fig. 9. Simulation of the electric field distribu-
tion (indicated by the equipotential lines) on a =10 Tubes
planar CNT cathode as a function of the CNT
density in indicating the effect of increasing
electrostatic shielding with increasing tube )
density. { ’ i | ".I 7
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Fig. 10. Panel a) displays the simulation of the electric field distribution (indicated by the equipo-
tential lines) of an ordered arrangement of CNT. Panel b) displays the SEM image of determin-
istically grown carbon nanofibers using a plasma enhanced CVD process showing the name of
the Swiss CTI program Top Nano 21.
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