
tcor~iis have otten c ~ ) m p l a ~ n e d  tliat ;llterna- 
tive liypc-itheies of aiirliropii~ci origin5 re!? 
on the ahsr~~l-ipt~on that a long ~nterval  of 
antliropc~iii h~story re~llai~la ~ ~ n c l o c ~ i ~ i l e ~ i t e d  
paleni~t~lc~gici~l ly;  tliat iq, that u~ idor~ l~ te i i  
an t l i rop~ i~ lq  evol\-ed from a poorly k~ion-11 
rliird groLik3 of early Ce~io:oic primatei that 
~ ~ 2 1 . 2  ~ l e ~ t l l e r  adap~fc-irmh nor c,momvids 
( 17). \Y'e iu l~mi t  that Eoh~miidae repreient 
th15 t h ~ r d  group of early Ce~iozoic primates, 
ampl\- drmc,n~traring that the anrhropolii 
ciade \\-ah diati~ict from hot11 S t r e u s ~ r h ~ n i  
( i n c l ~ i i i i n ~  Ailapifc,rmes) and T a r s ~ ~ f i ~ r m e s  
( i n c l ~ i d ~ ~ y  Omomyidae) I-\- tlie middle Eo- 
cene ~f not earher. 

Tlie fohiil record of earl\- anrhroynid pri- 
mate5 has lieen greatly augmeilred 111 recent 
yeari a n J  ih no\v autf~cient to demonstrate 
that l ~ y  the nlidiile Eocenr, liigller prliiiates 
ranped from \vestern Algeria (2 ,  2C') tc> east- 
ern C h i ~ i a .  This wide geoijrapliic raiige anci 
[lie high tasc,nomic ~ l i ~ e r i i t y  i>f early an- 
throp~i~iih imply that tlie aiirliropoiil clade 1s 
far more allclent t l l a~ i  ~ l io i t  workera ha\-e 
a iaul~le~l .  Nev<rtlieless, t h ~ s  great anticl~iity 
f ~ > r  the antliropo~d ciade is conhihtent [virli 
the paleontolopically documented a n t ~ q ~ i i t y  
of its likel\- jihter group, the Taraiif~)rme: 
(18). Rolbust paleohiogeograpl-iic hrPothe- 
ses regardiiig the cont i~ienr  of o r~g in  for 
L4ntl~ropo~ilea--eitller .Asia 01- Africa- 
must be l~aseil on better paleontological 
ilata than are cr~rreiitly a\-ailable. 
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Imprint Lithography with 
25-Nanometer Resolution 

Stephen Y. Chou," Peter R. Krauss, Preston J. Wenstrom 

A high-throughput lithographic method with 25-nanometer resolution and smooth vertical 
sidewalls is proposed and demonstrated. The technique uses compression molding to 
create a thickness contrast pattern in a thin resist film carried on a substrate, followed by 
anisotropic etching to transfer the pattern through the entire resist thickness. Metal 
patterns with a feature size of 25 nanometers and a period of 70 nanometers were 
fabricated with the use of resist templates created by imprint lithography in combination 
with a lift-off process. With further development, imprint lithography should allow fabri- 
cation of sub-1 0-nanometer structures and may become a commercially viable technique 
for manufacturing integrated circuits and other nanodevices. 

T h e  de\-eloyme~it o t  lon--cost, high- 
t l i r o u g l ~ ~ u t  litllograpliy tecl~ni i~ues  n.1t1-i 
h~ib-5c?-iim 11ne\vidrh reso1~irioi-i is esse~itial 
tor tlie f ~ i t ~ i r e  ~l-ianr~factr~ring of aemicon- 
dr~ctc>r ~nrenrateil circuits ar~il  the c~)mmer -  
ciaiizarinn of electronic, optoelectronic, 
and maunerlc n a ~ l o ~ i e ~ ~ c e i .  Kumerorii recli- 
i-i~)log~eh are uniler clevelol~me~it. Scan~i lng 
e lect ro~i  lxam lithograpli\- ha< ilemo~istrat- 
211 1 C - ~ l ~ i i  reiolrition ( J ); lio~vever, heca~i i r  
it exposes point llJ. po~i i r  111 a i e r~a l  manner, 
the curre~i t  t h r o u g h ~ u t  of thc  techniilue 15 

< & 

too lo\v to 1-e economically practical for 
mass proi l~~ct ion of h~~l-i-jL?-nm structures. 
S-rai- l ~ t h q r a p h y  has demonatrateii Ic?-nm 
resolution ( 2 )  in a contact printing moLle 
ancl can h a w  a h y l l  t l iror~ghpr~t,  but ~ t s  
~lla<l< tech~lol~igy a ~ i d  espoiure i \ i tems are 
cr~rrently rather co~i lples  and expenhive. 
Lithographies baaecl oii scanninc prosillla1 
probes, ~vhicll  ha\-e s l i o n ~ i  a rr>olutioil of 
a l ~ ~ u t  1c? 11111, are in the earl\- stdgea o t  
development ( 3 ) .  

NanoStruct~~re Laborator;; Depzdment of Elect1 c; En- 
cllneerlncj ,nl?ers~t? 3: Minries3ti \?lnneapoI s. MN 

111 t h ~ s  report. \ve de~l-ic,nhtrate ,in alter- 
native litlloyrapli~c metliod, i~i lpr i~ir  l~rliog- 
raph\-, that is haaeil iin comyrea>ion molcl- 
in? 2nd a pattern tranhter prc>ceas. Compres- 
,sion i~l~>lcI~ilg 1s <I lo~v-cmt,  llig11-t11r~)~1gll~3~1t 
manufact~iring technology that has bee11 in 
[lie fiir Jecadei a ~ i d  teat~ires with il:es of > 1 
11111 are routliiely ~nlpr i~ired in plastics. 
Co~l lpact  diska luseil o n  imyrinting in 1701~- 
carl~nnate are one esamnle. Otller e sa~ l i r l e i  
are impr~~nred poly~iiethylmetl~i~crylate 
(Ph'lh'l.4) strrlcture.; with a feature a i ~ e  on 
the  order o t  lc? p.m (4)  am1 ~nlprinted poly- 
ester patterns x i t h  feature il~mei-i.;~ons o t  
heveral tella of micrometers (5) .  Ho~vever.  
conly~ressio~i nlolcl~ng has not been ilevel- 
oped ~ n r o  a lirlingrayhic nlet1l~)d to pattern 
S ~ ~ ~ ~ I C ~ L I L I L I C ~ I ~ L . ~ ,  n le ta l~,  ;inL1 otller ~ilarerials 
used 111 aemicond~ictnr iiiregrare~l clrcLilr 
nlan~itacturiiln. 

U s ~ i g  impri~it  iithe~)pral~hy, we achieved 
a minimum feature size o t  25 11111 a~icl a 
t ~ e r ~ ~ ) i l  of 'ic? nm in a rehlst > lc?c? n m  thick. 
Xie then fal-ricated 25-nm metal patteriii 
1.v lileaili of lmpri~it  l~ tho~rap l i \ -  and a lift- 
off process. \Y7e hrlieve that nit11 iiirther 
de1-elopment, iinprint lithography may 1)e- 
caiiie a commercially v ~ a l ~ l e  lithography 



technique for manufacturing integrated cir- 
cuits and other sub-50-nm structures. 

In imprint lithography, a mold with 
nanometer-scale features is first pressed into 
a thin resist cast on a substrate, which 
creates a thickness contrast pattern in the 
resist (Fig. 1). After the mold is removed, 
an anisotropic etching process is used to 
transfer the pattern into the entire resist 
thickness by removing the remaining resist 
in the compressed areas. Preferably, the re- 
sist is a thermoplastic polymer that is heat- 
ed during the molding step to soften the 
polymer relative to the mold. If the temper- 
ature is above the ~olvmer's glass transition . , - 
temperature, the polymer behaves as a vis- 
cous liquid and can flow, thereby conform- 
ing to the mold. The mold can be made of 
metals, dielectrics, or semiconductors. Re- 
active ion etching (RIE), wet etching, and 
other processes can be used to transfer the 
thickness contrast Dattern created bv im- 
printing through the entire resist thickness. 

Our experiments used silicon dioxide 
molds on a silicon substrate. The mold was 
patterned with dots and lines with a mini- 
mum lateral feature size of 25 nm by means 
of electron beam lithography, and the pat- 
terns were etched into the SiO, layer by 
fluorine-based RIE. The thin resist used for 
imprint lithography was a PMMA polymer 
spun on a silicon wafer. The PMMA was 
made in-house to have two desired proper- 
ties. First. PMMA does not adhere to the 
SiO, mold; good mold release properties are 
essential for fabricating nanometer-scale 
features. Second, the shrinkage of PMMA is 
<0.5% over large ranges of temperature and 
pressure (6). The thickness of the PMMA 
varied from 50 to 200 nm, depending on the 
desired minimum feature size. After im- 
printing, oxygen RIE was used to anisotro- 
pically remove the remaining thin resist 
layer in the compressed areas, thereby trans- 
ferring the thickness contrast pattern into 
the entire resist thickness. 

In the imprinting step of imprint lithog- 
raphy, both the mold and PMMA were first 
heated to 200°C, above the glass transition 
temDerature of PMMA. 105°C. The mold 
was then pressed against the sample and 

2. 
Remove 
mold 

Fig. 1. Schematic of the nanoimprint lithography 
process. Compression molding is used to create 
a thickness contrast in a resist, and then anisotro- 
pic etching exposes the surface of the underlying 
substrate. 

held there until the temperature dropped 
below the PMMA's glass transition temper- 
ature. Various Dressures were tested and it 
was found that the optimum pressure was 
about 13 MPa. At that pressure, the pattern 
on the mold could be fully transferred into 
the PMMA over the entire 4-cmZ sample. 
. Examples of imprinted PMMA struc- 

tures before oxygen RIE pattern transfer 
are shown in Fies. 2 to 4. Thev include - 
holes 25 nm in diameter with a period of 
120 nm (Fig. 2), trenches 100 nm wide 
with a period of 250 nm (Fig. 3), and a 
perspective view of the sidewalls of 
PMMA strips 70 nm wide and 200 nm tall 
(Fig. 4). These micrographs, produced by 
scanning electron microscopy (SEM), 
clearly show that the imprinted PMMA 
structures not onlv have 25-nm feature 
size and a high aspect ratio, but also have 
smooth surfaces with a roughness of <3 
nm and corners with nearly perfect 90" 
angles. Such smoothness, sharp corners, 
and high aspect ratios at the 70-nm fea- 
ture size cannot be obtained directly with 
conventional lithographies. In addition, 
30-nm-wide trenches with a 70-nm period 
were patterned in the PMMA by means of 
imprint lithography but could not be ex- 
amined by SEM without severe electron 
beam-induced melting. The dimensions of 

Fig. 4. SEM micrograph of a perspective view of 
strips formed by compression molding into a 
PMMA film. The strips, 70 nm wide and 200 nm 
tall, have a high aspect ratio, a surface roughness 
of <3 nm, and nearly perfect 90' corners. 

structure into metal (using a lift-off pro- 
cess), as discussed below. The mold had 
additional features as large as tens of mi- 
crometers, which were imprinted nearly 
perfectly into the PMMA together with 
the nanometer-scale features. 

We also examined the molds with 
SEM. Comparing the features on the SiO, 
mold with the features imprinted in the 
PMMA, we could not detect any size dif- 
ference between the two, which indicated 
that the imprinted features conformed 
with the mold. Moreover, sub-10-nm vari- 

these strips were studied by copying the 

Fig. 2. SEM micrograph of a top view of holes 25 
nm in diameter with a period of 120 nm, formed by 
compression molding into a PMMA film. 

Fig. 3. SEM micrograph of a top view of trenches 
100 nm wide with a period of 250 nm, formed by 
compression molding into a PMMA film. 

Fig. 5. SEM micrograph of the substrate in Fig. 2, 
after deposition of metal and a lift-off process. The 
diameter of the metal dots is 25 nm, the same as 
that of the original holes created in the PMMA. 

Fig. 6. SEM micrograph of the substrate in Fig. 3, 
after deposition of metal and a lift-off process. The 
metal linewidth is 100 nm, the same as the width 
of the original PMMA trenches. 
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resist. As a result, imprint lithography REFERENCES AND NOTES 

Fig. 7. SEM micrograph of metal lines fabricated 
by imprint lithography and a lift-off process. The 
lines are 30 nm wide and have a period of 70 nm. 

ations on the mold sidewall could be faith- 
fully imprinted into the PMMA; this ob- 
servation showed that the minimum line- 
width that can be achieved with imprint 
lithography is limited by mold size. With a 
suitable mold, 10-nm-wide PMMA lines 
or trenches may be fabricated by means of 
imprint lithography. 

To examine the extent to which the 
oxygen RIE pattern transfer step removed 
the residual resist in the compressed areas 
and changed the lateral dimension of the 
PMMA features, we used the PMMA resist 
structures created by imprint lithography as 
the template for a lift-off of metals. In the 
lift-off process, 5 nm of Ti and 15 nm of Au 
were first deposited onto the entire sample, 
and then the metal on the PMMA surface 
was removed when the PMMA was dis- 
solved in acetone. We compared the SEM 
image of the imprinted PMMA template 
before the oxygen RIE transfer to that of the 
metal patterns after the lift-off. SEM micro- 
graphs of the metal dots (Fig. 5) and lines 
(Fig. 6) that were fabricated with the 
PMMA templates shown in Figs. 2 and 3, 
respectively, show that the lift-off metal has 
the same feature size as the original molded 
PMMA structures. Hence, during the oxy- 
gen RIE process, the compressed PMMA 
area was completely removed and the lateral 
size of the PMMA features did not change 
noticeably. Finally, we used imprint lithog- 
raphy and lift-off to fabricate 30-nm-wide 
metal lines with a 70-nm period (Fig. 7). 
This SEM micrograph indicates that al- 
though the PMMA template cannot be di- 
rectly seen with SEM because of electron 
beam-induced melting, 30-nm-wide trench- 
es with a 70-nm period were indeed made in 
PMMA by means of imprint lithography. 

Imprint lithography offers many advan- 
tages over conventional lithographies. 
First, imprint lithography abandons the 
use of an energetic beam of electrons, 
photons, or ions, which creates a chemical 
structure contrast in a resist. Instead, im- 
print lithography uses compression mold- 
ing to create a thickness contrast in a 
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ond, imprint lithography not only can 
have 25-nm resolution, but also can print 
a large area at once, therefore offering a 
high throughput. Third, its cost is poten- 
tially low because it does not require a 
sophisticated energetic beam generator. 
We believe that with further develop- 
ment, such as optimization of the polymer 
resist and mold materials and of the com- 
pression conditions, large areas (greater 
than 50 mm by 50 mm) of sub-25-nm 
imprint lithography should be achievable 
without the sticking and defect problems 
associated with traditional contact print- 
ing. These developments would make im- 
print lithography a viable technology for 
manufacturing 25-nm structures. 
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Au tocatalysis During Fullerene Growth 
B. R. Eggen,* M. I. Heggie, G. Jungnickel, C. D. Latham, 

R. Jones, P. R. Briddon 

Total energy calculations with a local spin density functional have been applied to the 
Stone-Wales transformation in fullerene (C,&. In the formation of the almost exclusively 
observed I, isomer of C,, with isolated pentagons, the final transformation must be from 
a C,, isomer with two pentagon pairs. It was found that the energy barrier for this 
rearrangement was substantially reduced in the presence of an extra carbon atom. Such 
atoms were found to bind loosely, preferentially to regions in which there were paired 
pentagons. Pentagon rearrangements, which are necessary steps in the growth of 
fullerenes, may therefore result from autocatalysis by carbon. 

O n e  of the great surprises in fullerene 
chemistry has been that only one isomer of 
C60 is isolated in macroscopic quantities- 
that having I,, symmetry and hence satis- 
fying the isolated pentagon rule (1). Evi- 
dence for defect isomers is scarce, al- 
though they have been observed with 
scanning-tunneling microscopy (2). Where- 
as this can be understood in broad terms 
on energetic grounds (1)-the observed 
structure is undeniably the lowest energy 
isomer-other isomers have energies 
within 1.5 eV of it, and it is not evident 
that this energy difference alone would 

B. R. Eggen and M. I. Heggie, School of Chemistry and 

rule out their occurrence in observable 
quantities. The energy difference is only 
0.03 eV Der atom. a value similar to the 
difference in cohesive energy between di- 
amond and graphite (3) ,  which does not 
preclude the existence of diamond as a 
kinetically stable phase. Furthermore, C60 
isomers are most likely to interconvert 
through the Stone-Wales (SW) (4) (also 
known as pyracylene) transformations 
(Fig. I), which have been shown by reli- 
able theoretical methods to give rise to 
extremely high-energy barriers of 6 to 7 
eV (5-8). The C,, C60 isomer with two 
adjacent pentagon pairs is a bottleneck in 
the SW transformations scheme that con- 

~ o l e c u k  sciences, university of Sussex at Brighton, nects most of the possible c~~ isomers, 
Falmer, BN1 9QJ, UK. 
G. Jungnickel, lnstitut fijr Physik, Theoretische Physik Ill, because any SW route the I h  '60 

Technische Universitiit Chemnitz-Zwickau, D-09107 fullerene has to encounter it in the ulti- 
Chemnitz, Germany. mate step (9 ) ;  this last step is the subject 
C. D. Latham and R. Jones, Department of Physics, 
University of Exeter, Exeter, EX4 4QL, UK. of this report. 
P. R. Briddon, Department of Physics, Universitv of New- We have shown that interaction be- 
castle, ~ewcastle, NE1 7RU, UK. tween C60 and H can cause the I h  C 
'To whom correspondence should be addressed. skeleton to be higher in energy than a D6,, 
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