High resolution electron beam lithography using ZEP-520 and KRS resists
at low voltage
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ZEP-520 and KRS resist systems have been evaluated as candidates for use in low voltage electron
beam lithography. ZEP-520 is a conventional chain scission resist which has a positive tone for over
two orders of magnitude in exposure dose. KRS is a chemically amplified resist which can be easily
tone reversed with a sensitivity8 uClcn? at 1 keV. Both resist systems are shown to have
sensitivities~1 uC/cn? for positive tone area exposures to 1 keV electrons. A decrease in contrast

in 50 nm thick resist layers is seen when exposure voltage is lowered from 2 to 1 keV, indicating
nonuniform energy deposition over the resist thickness. High resolution single pass lines have been
transferred into both Si and SjGubstrates at both low and high voltages in each resist system
without using multilayer resist masks. The ZEP-520 and KRS resists are shown to have resolutions
of 50 and 60 nm, respectively, at 1 kV, within a factor of 2 of their high voltage resolutions under
identical development conditions. A cusp shaped etch profile in Si allows high aspect ratio 20 nm
wide trenches to be fabricated using these resists on bulk Si. Low voltage exposures have been used
to pattern gratings with periods as small as 75 and 100 nm in ZEP-520 and KRS, respectively. Low
voltage exposures on Sj@how no indications of pattern distortion due to charging or proximity
effects. © 1996 American Vacuum Society.

[. INTRODUCTION in previous paper$? In order to achieve a throughput over
A major improvement in the throughput of high resolution 25 eight inch wafers per hour, it is anticipated that arrays of

electron beam lithography is necessary to make this proce%glcrocolumns will ‘operate in p"’?ra"e" with nanoampere
commercially competitive with photolithography in a pro- eam currents and_ 25 nm resol_ut|on at 1 keV. A successful
duction environment. Arrays of microcolumn electron beamelectron k?e,am resist for use with the microcolumns would
sources operating at low voltages have been suggested ad!a/€ @ critical area dose neaC/cnt, be capable of pro-
way to dramatically increase throughput both by increasing!Ucing high resolutior{<100 nm patterns suitable for the
the number of direct write electron beams as well as reducin§€xt generation of nanoscale devices, and have an etch resis-
the beam current necessary for exposure of resist material@nce allowing high aspect ratio patterning of bulk semicon-
We have characterized two high sensitivity resist systems aductors from very thin resist layers with low defect densities.
candidates for use with low voltage electron beams. The first, Inour previous work we have examined both a variety of
ZEP-520, is a commercially available chain-scission-typeProcesses using PMMA and($1-CMS resists® While
positive resist. The second, KRS, is a chemically amplified Poth these systems were able to produce high resolution fea-
positive resist system developed at IBMHigh sensitivity ~ tures, the PMMA based processes required critical doses
and chemically amplified resists are now rivaling poly- over 10uClcn?, and the RSI-CMS resist was not able to
methylmethacrylatéPMMA) as candidates for high resolu- be patterned at high resolution ugia 1 keV electron beam.
tion electron beam lithography at both lo<5 keV) and  The limited range of the low voltage electrons in resist ma-
high (=50 keV) energies. In comparison to PMMA the high terials requires all the patterning to occur in very thin layers
sensitivity of these resists may substantially increase th€<100 nm). This means that multilayer or top surface imag-
throughput of any direct write electron beam lithographying processes are beneficlalhe ZEP-520 and KRS resist
system. systems could also be used in a multilayer process to extend
The goals of the microcolumn project have been outlinedhe maximum etch depth and increase the aspect ratio of
features, but their higher etch resistance has allowed us to
3Electronic mail: dmt8@cornell.edu transfer these patterns directly into Si and Si®this study.
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1.0 FF T T T T T T LI B B i o TasLE I. A summary of critical single pass line dose and area dose for a
—a— ZEP-520 (1 keV) variety of resist systems characterized for high resolution electron beam
08 - © = ZEP-520 (2 keV) | lithography using low accelerating voltages. All the resist systems were
----- A== KRS (1 keV) capable of producing features smaller than 80 nm. Ranges indicate a varia-
. os| - tion of development parameters.
E Qi‘ 1 keV line dose 1 keV area dose
0.4 — £ Resist system/tone (pClcm (uClent)
02 . i _ ZEP-520/Positive 10 1
‘ KRS/Positive 12 1-3
0.0 It | bk AL M | KRS/Negative 220 8
. — B PMMA/Positive 100-1200 5-20
0.1 1 10 PMMA/Negative 15000 2000
Dose (uC/cmz) P(SI-CMS/Negative 14Qrequired 2 keV 2

Fic. 1. Normalized thickness after development vs dose for 1 and 2 keV
exposures of ZEP-520, and 1 keV exposure of KRS. The ZEP-520 shows a . . .
significant loss of contrast at 1 keV. The KRS reverses tone neaClen?. tone regions instead of the post exposure bake. In compari-

Unexposed resists were50 nm thick. son, the ZEP-520 resist system remains positive tone even
for doses(>150 ,uC/sz) two orders of magnitude greater
than the critical dose.

Il. RESIST PROCESSING Extremely thin resist layers are necessary when working

ZEP-520 is a copolymer ofx-chloromethacrylate and with a 1 keV electron beam due to the limited penetration
a-methylstyrene, which has been used to pattern features aepth of electrons in the resists. The 50 nm thick layers are
small as 10 nm with high energ§rO keV) exposures by comparable to the 1 keV electron ranges in these materials,

Kurihara et al® A variety of developers'® have been ex- resulting in nonuniform exposure of the full depth of the

plored for use with ZEP-520. We have used a xylene soluresist. We have discussed exposure uniformity in our previ-

tion, which provides very high sensitivity with good contrast. ously published Monte Carlo simulations where 2 keV elec-

ZEP-520 thinned in chlorobenzene enables us to spin unifons are seen to deposit energy more than twice as deep into

form layers~50 nm thick without surface priming. A two the resist as 1 keV electroRghis causes a dramatic reduc-

minute, 170 °C prebake is used before electron beam expdion of resist contrasty shown in Fig. 1 when the beam

sure, and samples were developed in the xylenes for eith@nergy is lowered from 2 keVy~25) to 1 keV (y~0.7). A

30 or 60 s. Typical sensitivity plots for both 1 and 2 keV similar loss of contrast is seen with PMMA and KRS resists.

exposuressee Fig. 1show a critical dos®, s ~1 uClcn?.  Nonuniform exposure with depth is believed to be the reason

KRS was originally designed as a deep-WMUJV) resist  high resolution features were not achieved at 1 keV with the
system which uses polyhydroxystyrene partially protected?(SI-CMS resist, which has even shorter penetration depths
with an extremely acid-labile ketal group. This protectingthan the other systems due to its Si content. Thinner resist
group has a low deblocking activation energy and an exfayers would produce unreasonably large defect densities.
tremely high reaction rate. Therefore the chemical amplificaAn optical study of pinholes in the 50 nm thick ZEP film
tion occurs rapidly after exposure at room temperatwite-  measured~2060 pinholes/ci about five times the density
out a postexposure bakén contrast to most chemically on control samples coated with 400 nm thick ZEP or A3
amplified resist systenfsThis resist also contains triphenyl thick Shipley 1813 photoresist. Both ZEP-520 and KRS can
sulfonium triflate as an acid generator and a proprietary adsuccessfully pattern both single pass lines and large areas at
ditive. KRS has shown excellent performance with 50 keV1 keV. Table | has a summary of doses for a variety of resists
electron beam exposure producing vertical sidewalls in 0.81sirg a 1 keV beam.

um thick resist for trenches as small as 042! KRS

films, ~50 nm thick, can be spun on hexamethyldisilazane

vapor primed silicon surfaceé\ 3 min prebake at 90 °C is lll. PATTERN TRANSFER

used. The thin positive resist layers are developed ilNO.1  Resist patterns were exposed on both Si and, Siib-

TMAH (tetra-methyl ammonium hydroxigléor 15 s. The 1  strates at low and high voltages. The exposure tool is a ther-

keV KRS sensitivity plot(Fig. 1) shows aD, s ~1 uClcn?. mally assisted field emission digital scanning electron micro-

KRS can be tone reversed with a modest increase in doszope (Leo [Zeis§ DSM 982, SEM controlled by an

(Fig. 1). When the area dose is greater thap®/cn?, ex-  external pattern generator. The DSM 982 reduces the noise

posed areas cross link. Applying a postexposure bake dh low voltage operation by operating the upper portion of

120 °C and developing for 30 s in NITMAH completely  the column 8 keV above the final beam energy. The spot size

removes the unexposed regions resulting in negative tone. dif the focused electron beam is less than 10 nm at 1 keV, and

should be possible to pattern KRS in both positive and negdess than 3 nm at 30 kel. Resist patterns were directly
tive tones on a given wafer in a single resist processing stepransferred into the substrate. To maximize etch selectivity
if the regions of positive and negative tone can be separategie use an electron cyclotron resonatB€R) high density
spatially enough to allow a DUV exposure of the negativeplasma etching system without rf power, which reduces sput-
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Fic. 2. Two different Si trenches patterned by ECR etching of 1 keV expo-

sures of ZEP-520 resist. The top ima@ shows an edge of a 20 nm wide, Fig. 3. Single pass lines etched into Si using the two step ECR etch, for

100 nm deep trenctiine dose 7.5 pC/cin The lower imageb) shows the KRS resist exposed at 1 keld) and a 20 ke\(b) with line doses of 11 and
cusp-shaped etch profile in a cleaved cross section of a tiéinetdose 26 175 pC/em, respectively.

pC/cm.
by Kuriharaet al® This process is compatible with 1 keV
patterning of 50 nm thick ZEP-520.

The patterns on 100 nm thick thermal Si@ere trans-
ferred from both ZEP-520 and KRS using a conventional
RIE parallel plate plasma at 13.56 MHe) with a power

(2.45 GH2, 2 mTorr of pressure, and 9.8/2 sccm flows of d€nsity of 0.17 Wierh The gas flow was 42/8 sccm of
Cl,/BCl,, have achieved a selectivity of 3:1 for silicon over CF#/H2 with & chamber pressure of 15 mTorr. This etch has

ZEP-520 resist. The Si etch rate 45100 nm/min. The an- & 1:1 selectivity for SiQto ZEP-520 at an etch rate of 20
isotropy and etch profile of these etches can be excellent, 447/min. With KRS, the selectivity improved to 4:3. In both
demonstrated by a 20 nm wide trench over 100 nm deeﬁases'the etch has a nearly vgrtlcal S|dewa'll proflle. The 150
[Fig. 2(a)]. However, the etch profile is not always reproduc-NM thick layer of resist and SiGshould maximize any del-
ible. High aspect ratio features often result in cusp-shape8€rious effect on 1 keV exposures due to charging. Figure 4
profiles, as shown in the cross section in Figh)2 Native shows ve_rtlcal etch p_roﬂles in Sﬂro_m a cross section of
Si0, can have a significant etch resistance, and the best ré0 K&V single pass lines patterned in ZEP-520, and an end
sults are achieved by stripping this oxide with buffered HF.VieW of trenches patterned in KRS at 1 keV.

Thin SiG, layers can be used as a bilayer for a two step ECR

etch. We have transferred resist patterns into the Si native/- RESOLUTION

oxide with a C}/BCl; etch, and followed this with an intro- High voltage exposures of KRFig. 3(b)] and ZEP-520
duction of Q into the plasma, enhancing the selectivity of [Fig. 4a)] were performed to determine resolution limits us-
the etch for Si over SiQ This strips the remaining resist, but ing the same thicknesses and development as the low voltage
continues etching Si using the native oxide as a mask. Thexposures. The 20 keV KRS single pass lines orlie
results of this two step etch using KRS resist patterned at tlose 175 pC/cinappear to be~30 nm wide, and can be
and 20 keV are shown in Fig. 3. High Si:Si€tch selectivity  distinctly resolved with a 100 nm period. The 30 keV ZEP-
has been used in a complete tone reversal process report8d0 single pass lines on Sj@dose 30 pC/cmare ~35 nm

tering. Despite a lower selectivity, patterns on Si®ere
transferred with a conventional reactive ion etchifiR)E)
plasma etch to achieve vertical sidewalls.

ECR plasma etches using 400 W of microwave powe

JVST B - Microelectronics and Nanometer Structures



3832 Tanenbaum et al.: High resolution electron beam lithography 3832

Cleaved Edge

-

CNF CORNELL

1 .00kU 2mm

x145000 200
L K CORNELL_CNF

LkU KRSO0NSi Uz

1G. 5. Two examples of the narrow spacing possible using ZEP-520 on
oth Si(a) and SiQ (b) substrates. The lines in Si are spaced 80 nm apart
and were patterned at 2 keline dose 22 pC/cm The grating in SiQ has
s 100 nm period and was exposed at 1 KéiNe dose 15 pC/cm

Fic. 4. Examples of the vertical sidewalls achieved using conventional RI
to transfer patterns from ZEP-528) and KRS(b) into SiO,. The ZEP-520
was exposed at 30 kelline dose 30 pC/cinand is shown in a cleaved cross
section. The KRS pattern has single pass lines on each side of a finite-wid
line, and was exposed at 1 kelihe dose 18 pC/cin

wide. The expected beam size at these voltagesGsnm, pC/cm, Fig. 3a)] also have the cusp-shaped ECR etch pro-
suggesting the resolution is limited by the resist/developefile, with widths ranging from 30 to 100 nm. Gratings of
system. ZEP-520 exposed at 70 keV developed in hexyl acsingle pass linegdose 10 pC/cmcan be resolved with peri-
etate has demonstrated 10 nm resolufithe exposed KRS ods down to 100 nniFig. 6a@)]. Figure 4b) shows the pro-
at 50 keV(IBM V6 e-beam writey revealing 50 nm exposed file of etched SiQ for a finite-width (10 nm line centered
regions and 20 nm spaces. between two single pass linddose 18 pC/cm The two
The low voltage resolution of ZEP-520 patterns etchedsingle pass lines appear to be 60 nm wide, while the finite-
into Si is seen in Fig. @) which shows a 20 nm wide trench width line is 75 nm wide. The 1 keV minimum exposable
patterned with a single pass litdose 7.5 pC/cmat 1 keV. feature size of KRS resist was60 nm. This is comparable
Similar 20 nm linegdose 22 pC/cmwith an 80 nm separa- to the resolution we achieved at 1 keV using KRS in nega-
tion have been patterned at 2 kf®g. 5@)]. In contrast, the tive tone exposure&lose 220 pC/chnas an etch mask for Si
cross sectionfFig. 2(b)] of a 1 keV (dose 26 pC/cmsingle  as seen in Fig. ®).
pass line etched into Si appears to be 60 nm wide at the The decrease in resolution with the lowering of beam en-
surface. In SiQ, 1 keV single pass line@ose 15 pC/cin  ergy is due to the electron scattering in the resist. Monte
become vertical trenches 50 nm wifleig. 5b)]. Similar  Carlo calculations show that the 1 keV electrons are scat-
gratings etched in SiDhave been resolved with a 75 nm tered laterally up to 25 nm in the resist, much more than the
period leaving unexposed regions of ZEP-520 as small as 20igher energy electrons. Lower energy primaries have a
nm. The 20 nm trenches in Si may be smaller than the feahigher cross section for large angle scattering, decreasing
tures patterned in ZEP-520 exposures due to the etch profil¢heir pennetration depths, but allowing them to deposit al-
The proximity of trenches in Si and SjQ&uggests the low most all of their energy into secondaries generated in the
voltage minimum exposable feature<$0 nm, not far from  resist layer. The increase in sensitivity with decreasing en-
the high voltage resolution. ergy is due to high efficiency with which low energy prima-
The 1 keV KRS single pass lines etched intd@se 11 ries deposit their energy into the resist. Ultimately, the solu-
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larger than the high voltage resolution limits, and are under-

stood to be limited by lateral scattering in the imaging layers

of the low energy primary electrons and the associated pro-
duction of secondaries over lateral dimensions comparable to
the resist layer thickness.

In ZEP-520, 50 nm lines have been written on a 75 nm
period and patterned into Sj@ubstrates at 1 keV. A distin-
guishing feature of this resist is a consistant tone over a wide
range in dose, enabling uniform high sensitivity development
even from a nonuniform electron beam energy deposition.
KRS can be exposed in positive or negative tone, by varying
dose. Positive tone exposures can pattern 60 nm lines on a
100 nm period at 1 keV, and negative tone patterns have
been written with 80 nm lines on a 125 nm pitch. The pos-
sibility exists to use both positive and negative tones on a
single layer of KRS when combined with a DUV photolitho-
graphic exposure defining the positive and negative regions.

x50000 500nm 1 SkU Smm
> LkU KRS/5i ECR CNF 7COrne L L
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