
were similar. T h c  local structure can also be 
characterize~l in terms of the local svnimetrv 
of tlle ncar-neighhor bonds as exprt.sseii 
t l i ro~~g l i  local hond-order parameters (5). 
O n c  of thcse, \'Cr,, is sensitivc to icosalieilral 
order, becausc this ordcr paramctcr pcaks at 
a value of -0.17 if tlie \'oronol nclehhor 
honds of a central particle liave a perfect 
icosaheiiral surrouniiing (Fig. 4). T h c  a\-er- 
ages \i.ere close to -0.045 h r  all 4, n.liich is 
a n  irldication of nioderate icosalieiiral ordcr 
and tlie ahsence of any substantial crystal- 
line order. T h e  sallie average values have 
been reporteii for ~ o m ~ ~ ~ ~ t e r - s ~ m ~ ~ l a t c d  glass- 
cs of Lennard-lollcs svstcms ( 3 ) .  

W c  llavc shon.11 that n.ith colifocal mi- 
croscopy it is possible to study structures of 
fluorescent colloidal moilel sohcres in real 
space with high accuracy and with no t.ssen- 
tial lililit to the numher of particles. Coil- 
trary to some computer simulations, we 
founcl 110 slg~i of a thermodynamic phase 
tralisitioli ullderlying the glass transition. 
Because colloidal disperslolis form ecjr1~1ibr~- 
L I ~  n1iast.s analoeous to tliose ot  atomic svi- 
tclns ( 2 2 ) ,  the metlloLi allo\vs a direct threc- 
dimensiollal real-space comparison with 
comnuter simulations and theorv for the 
atomic analogs and can he easily extcndeii to 
m~~lticomponellt  svstelns 123). Furthcrmorc, 
thc mcthod is not only applicable to f~~~lnda- 
mcntal prohlcms in condensed-matter phys- 
ics (as dclno~istrated above) hut call also he 
useil to study typical colloiiial problems, such 
as gelatioll aliii aggregation ( 1  6 ) .  
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A Carbon Nanotube Field-Emission 
Electron Source 

Walt A. de Heer,* A. Chitelain, D. Ugarte 

A high-intensity electron gun based on field emission from a film of aligned carbon 
nanotubes has been made. The gun consists of a nanotube film with a I-millimeter- 
diameter grid about 20 micrometers above it, Field-emission current densities of about 
0.1 milliampere per square centimeter were observed for applied voltages as low as 200 
volts, and current densities greater than 100 milliamperes per square centimeter have 
been realized at 700 volts. The gun is air-stable, easy and inexpensive to fabricate, and 
functions stably and reliably for long times (short-term fluctuations are on the order of 10 
percent). The entire gun is only about 0.2 millimeter thick and can be produced with 
virtually no restrictions on its area, from less than 1 square millimeterto hundreds of square 
centimeters, making it suitable for flat panel display applications. 

Elec t ron  guns liavc numcrous applications 
111 co~n~l icrc ia l  devices and for industry and 
research. Standard electron ~ u n s  uscd ill 
catl io~le ray tubes usually utilize thermioni- 
cally clnitteii elcctrolns from liot tungsten 
wircs and heated ~liaterials with lo\\, n.ork 
functions. Alternatively, clectroli sources 
based on fleld e~nission from sharp tips are 
~lseil for applicatiorls requiring monochro- 
matlc clectron beams, as ill clectron micros- 
copy and research. Honrever, thest. sources 
typically require u l t r a l ~ i g l ~ - v a c u ~ ~ ~ i ~  conili- 
tlons and liigll voltages (1 ). Tlie currents 
are limitell to several microamperes. 

Carbon fihers, typically 7 p m  111 iiiame- 
tel-, llavc also heell uscii as electron cmltters 
in clectro~i guns ( 2 ,  3 ) .  Although tliey op- 
crate ill less stringent vacuum conditioni, 
practical applications are lilnltcd bccause of 
poor rcproclucihility aliil rapid iletcrioration 
of tlie tip (4) .  Nevertheless, tllese pre\.ious 
s t~ l~ l i e s  show tliat despite its lligli \i.ork 
f~lnct ion (=j eV) ,  graphite can bc useii aa a 
lilaterial for flelii emlttcrs. 

Co~~sei luent ly ,  tlie lia~iolnctric rips of 
carbon  lan no tubes (5) are very good caniil- 
datcs for this purpose, altliough tllc emis- 
sion current of a single tuhc is co~lstrai~ieii  
hecause of its very slliall dimensions ( = I @  

11111 ill iliameter and =1 ~ 1 n  in lengtll), as 
previously observed even in the case of 
much larger carhon fihers i lG u,m in diam- ~, 
eter).  T o  circumvent this practical problem, 
onc can use an  arrav of n a n o t ~ ~ h e s ,  n.here 
thc tubes arc all oriellted perpcrliiicular to a 
surface. Largc area fillns of oriented nano- 
tubes liavc been recently rcalizeii ( 6 ) ,  and 
we llavc used these to construct a n  elcctroll 
sourcc (Fie. 1) .  

Tlie emission characteristics were de- 
termined by m e a s ~ ~ r i n g  the  current col- 
lccted o n  a platc ahout 1 cm in front of tlie 
grid. A typical current versus voltage (I-l") 
curvc a t  a r e s l d ~ ~ a l  pressure in the  vacuum 
clialnber of -1Op?torr can be colnpared 
w ~ t l i  the  Fowlcr-Nordlicim eiluatloli for 
field clnissioll (Fig. 2):  1 = ciE:,,cxp(-b/ 
Ec,,) ,  \\,here n and b are constants that  
dcpend o n  tlie clectroliic nrork function of 
tlle surface and only slightly o n  tlle clec- 
tric-ficld strengtll a t  tlic elnittilig surface 
ECtf = yE, ( 7 ) ,  n.lierc Ei. = V/cl is tllc 
average u~i i form ficld and d is tlie distalicc 
from thc  1ian~7tubc surface to  the  grid. Tllc 
sliarP t ~ ~ s a n d  the  geometry of the  emit- 
ting surface cause the  electric fields at the  
tips to  lie a ~ n ~ l i f i c i i  hy a factol- y colnpared 
with Eo. For standarll field elnitting tips, y 
is on the  order of 10 ( 7 ) .  T h e  electron 
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cV in a range of a l ~ o u t  1 e\'. 
Plotting log(l/l'") versus I/\'' iFi:. 2, 

inset) pielcis a straight line in agreement 
with tlie Fo~vler-WorLilicim equation, con-  
flrllli~ig that  the  c~ l r ren t  is iniieeLi the  
result i ~ t  ficld e ~ ~ ~ ~ i s l o ~ i .  W e  a l w  verifieii 
that  the  voltage neeLied to  dra\v ~i given 
emission current is inversely proport~onal  
to d, agalll In agreement wit11 field emis- 
s lo~ l .  From a n  analv\is o t  the  I-V curve 
\vitli t he  ~ o r v l e r - ~ o r i i l i e i m  equation, we 
tinil that  y -= 1303 for t h ~ s  par t~cular  
electron e m ~ t t c r ,  a l t h o ~ ~ g l i  ~ t s  value more 
typically h l l s  between j L?L?  and 8G0 (as- 
sumlng that  the  graphite work function of 
5 e V  app l~es ) .  Hence, y can be as much as 
a factor o t  100 greater thall its \ - a l ~ ~ e  tor 
co~ivcnt ional  fielii elllittille tins. 

L A 

Tlic large field amplification factors of 
the  nanotubes are related ti) the  eeometrv 
of the  tube tcrmi~lations.  As shtnvn 1ly 
Iijirna i.t al. (S) ,  the  terminations have a 
varlcty of .itructures and are often cc~nical 
a i t l i  20' c~pening angles, ~vi t l i  radii of 
curl-ature at the  tips tlidt I I I ~ T '  he <1 11111. 
T h e  ciensity ot emitting tips is cs t~matci i  t o  
he o n  the  order c,f 10' cmp'.  Rccausc this 
is only a s~na l l  fraction o i  tlie nanotuhc 
iiensltl- ( -  117': cii ip2) [figure 1 o t  (6 ) ] ,  onll- 
those tubes ~virli  particularly sliarp tips 
that are tavorahlv i ~ t u a t c d  o n  tllc ti1111 
em1t et'ficlently. 

Tlie clevlce funct~ons as a diode: ~ l ~ l i i c r  a 
reTrersc hias, tllcre is n o  dctcctahlc current 
(9). Tlie n a n ( ~ t u h e - p r o d u d  electron 
lieams (wit11 energies -430 eV) were dc- 
tlecteil wit11 r a d ~ ~  on tlie nrcler ( ~ f  1 cnl in 
macnetlc tielcis of B = 10 C. Tlie ileflec- 
tlims corresponil to charge carriers w ~ t h  the 
free electronic mass, \rerlfying that tlie cur- 
rent is iliileeil c,lrrieil hv clectrolis and not 
1iy 1011s, \\-hose ilet'lcct~ons \~.oulii 1.e at least 
lP0 times smaller. 

Several elcctroli cmlttcrs have lieen 
constructeLi \\-it11 comparable enlissiii~i 
characterl,tic\, \vitliin a factor at' ahout 3 ot 

0 
0 100 200 300 400 500 600 700 
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Fig. 2. Current versus voltage plot of a ~ialiotube- 
f n i  field emission source fenitiing area = 1 nim?. 
(Inset) Foivler-Nordheini plot. Ttie Ihnearity of thrs 
cuwe indicates that the emsson of the electron 
source agrees whtli tlie propelThes expected for 
field elnssoli. 

cacli other. T h e  electron hcam was stable 
for long times (Fig. 3), even w i t l i o ~ ~ t  feed- 
back stahilkation (with t'cedhack, the sta- 
b i l~ty  was excellent). This stability is re- 
markable, consiiier~ng tlie espi\nential Lie- 
yende~ice  of tlie cu r~ .e~ l t  011 [lie aLyiliecl 
ficld. During 48 hours of continuous oper- 
ation at 3C pA mmp', currelit drifts o n  tlie 
order of ?5!h \vcre observed, l ~ t  the aver- 
age current d ~ d  not degrade. 

N o  degraiiatio~i Lvas ohserveii hr ~llos t  
i)f t he  Lie\-ices iiuring tlic course of our 
inve\tigations, even after the  g ~ ~ n s  hail 
heen rcpeateclly r cmo~-ed  f r i ~ m  :i~iLi rein- 
troiluccd into tlic vacuum chamher. Hen- 
el-er, for large applied ~-L>ltages (>117CO 
\I), iiisc1iargt.q were ohserveii that  caused 
deterloration, wlilcli manlfe\teii ltsclt as a 
iiecrcase in the  emiision current and larger 
flucti~ations.  

K'c also si~cceecieJ in estractlng very 
lveak cnilssion currents (011 tlic orcicr of 
micrc~arnperes) from an  unprocessed ilcpc~iit 
of t i~lic containing arc material. T h e  ~.ii l t-  
ages reqi~ireil to ohser\-c any cmi\sion were 
\.cry high ( > 1  kV),  res~iltui~g 111 iiischargcs 

Fig. 1. Schematic dragram of the electron source. 
The eniittilig scltiace IS a P-algned carboli nano- 
t ~ ~ b e  f~im (a) at room temperature, w~ th  naliotubes 
oriented perpendcular to, and anchored 011, a 
polytetrafluoroettiyle~ie [PTFE) substrate. The 
flms were produced as descrbed in (6). Carbon 
~ianotubes were formed I ?  tile depost of a high- 
ititensty carboli arc In a He atmosphere fo l l o~v~~ ig  E 
the method of Ebbeseli alid Ajayali (70). Ttie de- 5 
posit was extracted and ultrasoncaiy dispersed 8 
n spectroscopic-grade ethanoi. The resuiting car- 
bon ~ianotube suspelison was pariialy pur~fied. 
after which the I q u d  was dra~vn through a ceraln- 
c filter, produc~ig a f m  oli the f t e r  surface. Ths fi l~n was pressed aganst a PTFE sheet whereby the 
naliotube f m  was transferred to the PTFE. Ths procedure y~elded dense. aligned ~ianotube films. 
Typcaly the tubes~vere 10 -t 5 nm In diameter and aboc~t 1 bm long ( I  7 ) .  A petiorated micasheet (b) w th  
a itickness d - 20 bm and a I-mm-diameter hole was bonded to the ~ialiotube f m .  The liole Lvas 
covered ~ v ~ t l i  a 3-mrii-diameter. 503'3 transm~tt~ng. 200-mesh electron lnicroscopy copper grid jc). 
Applying a voltage to the carbon naliotube film produced an electrot? beam that passed through the g rd  
and ~vas  detected at ttie anode. 

lo' 53 100 150 2bo I 
Time (s) 

Fig. 3. Elnrtted current as a function of time. The 
fluctuatio~is are of the order of 10% [cuwe a) but 
can be easy  reduced to at least 2 C ~  (curve b) ivitli 
a simple feedback system between the enitted 
currelit atid the applied voltage. 

ancl unstable operation. No iietectal~le 
emisaion was fi7~1n~i ti-om carbon hlack filma. 
Hence, nre conc l~~ i i c  that aligned nanotuhes 
,Ire ~-eq~~ireLi to p~-oduce higli fielcl emission 
currents at low voltages. 

For practical p~~rpc~scs  only, nre kept tlie 
illlliellsiolls of our electron ouns r;~tller 
small, hut ~ ~ p s c a l ~ n g  is imme~iiatcly possihle 
hecause tlie nanotuhc f ~ l m i  can he ~l iade 
arbitrarily large: ours were typically 2 cni in 
dlamcter. Wi th  hlghcr transmitti~ig gricls 
( that  15, (311 the order of 9C0%) ancl hy uiing 
the tull surface n t  cmc of these films, cur- 
rents ~ 7 1 1  tlie order of 5CC lllA s l i o ~ ~ l d  he 
~ ios ih le .  W e  are c o n f ~ ~ i c n t  that t ~ ~ r t h e r  im- 
provement.; in stability and niaxi~l l r~~l l  cur- 
rent\ can he ohta~nei i  by optlmiz~ng the  tilm 
proi i~lc t~on and using hetter construct~on 
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