Sub-10 nm electron beam lithography using cold development
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We investigate pol§methylmethacrylate(PMMA) development processing with cold developers
(4-10°Q for its effect on resolution, resist residue, and pattern quality of sub-10 nm electron beam
lithography(EBL). We find that low-temperature development results in higher EBL resolution and
improved feature quality. PMMA trenches of 4—8 nm are obtained reproducibly at 30 kV using cold
development. Fabrication of single-particle-width Au nanopatrticle lines was performed by lift-off.
We discuss key factors for formation of PMMA trenches at the sub-10 nm scal200@ American
Vacuum Society[DOI: 10.1116/1.1763897

[. INTRODUCTION Nanoparticle patterning has potential for applications in
Coulomb blockade devicéd?? Patterning resolution, the
Because the ultimate resolution of electron beam lithogquality of narrow lines, cross-sectional shape, and absence of
raphy (EBL) can be below 10 nm, and due to its high flex- residue at the bottom of trenches are critical for successful
ibility, compatibility, and availability, EBL is an important |ift-off. To satisfy these requirements, we are exploring an
patterning method for nanosystems and devices, such &BL process with thin PMMA resist using lower-temperature
Coulomb blockade devicés? molecular electronic$? high-  development. Rookst al23 and Pantenburgt al2* have re-
density magnetic storademold making for nanoimprint ported that decreasing temperature during development of
lithography! and high-precision mask makifigamong oth-  thick (several micron PMMA films enhances contrast sig-
ers. During the last four decades, many systems have begiificantly and achieves better-quality microstructures. How-
developed and processing techniques explored to achiewger, neither explored the effects of cold development on the
sub-10 nm fabrication resolution. Some of these techniquegesolution of EBL at the nanometer scale, where tlié@ss
use membrane substrafedirect writing on inorganic mate- than 100 ni PMMA resist is used. We report here on the
rials such as NaCl, silicon dioxideand lithium fluoride  effects of development temperatures using atomic force mi-
films;'° ultrasonic development ionized metal evaporation croscopy(AFM) metrology?>~%’ and scanning electron mi-
for lift-off; 2 ultra-thin Au film (<2 nm) deposition*® system  croscopy(SEM) on dose requirements, resolution, pattern
with cold field emitter and isopropyl alcohollPA) roughness, trench residue, and cross-sectional shapes in the
developert* or Schottky emitter at 100 k¥ and novel nanometer regime. Our results show that decreasing the de-
resist/developer system%’ EBL, which is a relatively old  velopment temperature does not significantly affect contrast
patterning method, remains perhaps the most useful patterfer thin resist films, but is found to decrease the sensitivity of
ing technique in nanofabrication. As EBL patterning resolu-PMMA to the developer, which proves to have positive re-
tion approaches the molecular regidass than 5 nmwith percussions for sub-10 nm lithography. We found that the
the availability of improved systems, the key issues now areombination of using higher doses and cold development
the properties of the resist and developer combination aninproves pattern quality, removes PMMA residue thor-
pattern transfet. oughly, and provides sub-10 nm EBL resolution. Our dose-
Poly(methylmethacrylate(PMMA) remains the highest- exposure curves indicate that low-temperature development
resolution organic EBL resist used for nanofabrication. Resesults in a shorter “tail” past the critical dos€D) on the
cently, some resists with good etch resistance, such as hydrdeveloper curve, contributing to higher resolution.
gen silsesquioxane or H3®and ZEP(Nippon Zeon Co,’
have demonstrated resolution close to 10 nm. We intend to
use sub-10-nm-wide PMMA trenches for nanoparticle and
molecular lift-off processes for applications in molecular|; pROCEDURE
quantum-dot cellular automat®CA).>* For EBL as a pat-

terning method for molecular QCA by lift-of??° PMMA We used a Hitachi S-4500 cold cathode field emission

still offers ultrahigh resolution and ease of processing. (CCFB SEM converted to perform beam raster wriifig
with a custom pattern generafdr.A high-speed beam

dElectronic mail: Bernstein.1@nd.edu blankef® was installed in the SEM. System noise was re-
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Fic. 2. Linewidth vs developer temperature at different line doses. Devel-
oper used in these experiments was IPA:MIBK:MEK 3:1:1.5%. For the
same dose, higher developer temperature led to larger final linewidth.

3 SEM measurement function and SEMICARSimage-
18.8kV X1 @onm capture system. The system was calibrated with a certified

samplé® with 0.5% accuracy. The lines with 4—8 nm width

Fic. 1. Intrinsic resolution of EBL on 60-nm-thick PMMA by cold cathode ; ; ; iAi

field emission(CCFE) EBL system at 30 kV with development at 6 °C for Wﬁrethearly breSOIVet? Wlth(éu; eV|dent|_m|cr0br|dg|ng eljfec’[sb

30 s. 4-nm-wide and 6-nm-wide lines are shown at top. 6—10-nm-width"V 'g27 ave e_en 0 Se.rve ) or EBL lines n_arrower than 1

grating lines are shown at bottom. Line dose is 1.2x18 ° C/cm. nm.”<"We studied the linewidth vs dose at different tempera-

Samples are sputter-coated with 1 to 2 nm Cr. tures. Figure 2 shows that development temperature plays a
significant role in determining trench linewidth. With the

. . . o . _same developer and dose, colder developer results in nar-
duced by isolating noise sources and eliminating electric

d | A similar EBL tem has b wed b ower linewidths than room temperature. As for the same
groun olaps._ simifar System nas been reported DY, ewidth, colder developer relates & 2 to 3times higher
Dial et al.** using nearly the same SEM.

. > . . dose. For high-densi tterning, a li ti f 40
Thin PMMA films were spin-coated onto silicon samples ose. For high-density patterning, a fine grating o nm

: . i . PMMA with 28—30 nm pitch and 5-7 nm linewidths is
ﬁg\ézre\savs\"tgsgatz zrgzldaeﬁgr:ﬁemﬂi (I:(l:::;sws\;gzt gg P%Mr'?‘ shown in Fig. 3. Gratings with smaller periods failed due to
- 5
Samples were baked at 175°C in an oven for more thannlshe collapse of soft PMMA wallS:
hours, and also baked at 180 °C for 3 min on a hot plate just . .
prior to exposure. EBL was performed at 30 kV with a spotB- Lift-off for Au nanoparticle patterning

size of 1 to 2 nm, as determined from high-resolution images Ay nanoparticle patterns defined by EBL can potentially
of sputtered gold on carbon. IPA: Methyl isobutyl ketonepe used for multiple-junction single electron transistors and
(MIBK) (3:1) with 1.5 vol% methyl ethyl keton€MEK)  memory®® Griffith et al” reported direct writing on nano-

was used as developer because of its high contrd$Dur-  particle films to form patterns for blockade devices. A lift-off
ing development, 10 ml of developer was maintained at a

temperature of 4—8 °C with a precision of 1 °C. The 0.5 cm
samples were initially at room temperatui@ound 23 °Q.
Development time was varied from 7 to 90 s depending on
the resist thickness, developer temperature, and exposure
dose. Typically, development time was longer for lower
doses, lower temperatures, and thicker films.

For SEM examination, either 1- to 2-nm-thick Cr was
sputtered on the samples by a plasma sputter c@aieitech
model 675, or 1- to 2-nm-thick AuPd was deposited by ther-
mal evaporation.

I1l. EXPERIMENTS AND RESULTS
A. Resolution: 4—8 nm PMMA trenches

180nm

By using a cold development process, we have reproduc-
ibly obtained PMMA trenches narrower than 10 nm, aSgg 3. SEM image of 5-7-nm-wide PMMA grating lines with 28-30 nm
shown in Fig. 1. Linewidths were measured by our calibrateditch. 40-nm-thick PMMA was coated with 1 nm Cr by sputtering.
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Fic. 4. Schematic diagram of Au nanoparticle attachment and lift-off pro-
cess.(a) Formation of PMMA trenches by EBL and development at 6 °C;
(b) sample soaked in a 0.@%ol) solution of polylysine) for 10 min to make
trench bottom positively chargedr) Au-particle attachment for 10-20
hours; (d) PMMA removal by acetone or 2-dichlorobenzene, leaving the
lift-off patterns of Au nanoparticles.

Section analysis

100

process for Au nanoparticle patterning is presented here. The - o e
PMMA trenches were soaked in a solution of pbjgine U U UUU
and then exposed to a suspension of citrate-stabilized gold g

nanoparticles® as illustrated schematically in Fig. 4. The
average diameter of the Au nanoparticles was 5.7 nm as me&e&. 6. AFM image of exposed PMMA patterns used to measure contrast.
sured by transmission electron microscopyEM). The erss—;ectionaloanalysis shows that the roughness of developed squares is
PMMA removal was by 2-dichloroetharig Lift-off patterns maintained at 2%.

after EBL and low-temperature development are shown in

Fig. 5. Since the Au nanoparticles do not attach to PMMA

residue, we conclude that the trench bottom is clear afte€. Contrast measurement by AFM

low-temperature development and that development com-
pletely through the resist is successful. As shown in Fig'stu
5(b), we have demonstrated a Au nanoparticle line Withde
width of one particle. The comparison between Fig&) 5 di

?”Ot' i) Sh%WS thathyltj(g I.' nes :esult n drrlultl.[zjle—d_?:]—.wu'jth squares with graduated doses. In order to minimize measure-
eatures, whereas Fig.(ly 1S only oné dot wide. ThIS IS = et errors, we decreased the pixel spacing in the exposure

Iurtherf E:/Idenk():et thtat the tr_en(t:t:\ remains nar;ow to the sutr- ttern generator to 1 nm and defocused the beam slightly so
ace of the substrate, even In the presence of Some Expeclyeh; o roughness of the feature bottom is minimized to

undercut due to both primary and backscattered electrogls_2 nm depending on the dose. Roughness is relatively

scatt.telrmg. Inléhf? prtt-:-si?ce dOf S|gr]1n;|r(]:art1t Eggegcm' th? gol igh in squares with doses close to the critical dose. Figure 6
particies would low o the edges of Ine trencand reveal a — gpq,ys an AFM image and cross-sectional profile of the ex-

line-width greater than that appqrent in the _surface SEM mIi:)osed squares. Roughness of the exposed squares is less than
crographs, at least to the resolution of the width of one nano.

) 2% of the resist thickness. The resulting dose-exposure con-
particle. trast curve is shown in Fig. 7.

The contrast curves in Fig. 7 do not reveal significant
differences in contrast between different development tem-
peratures. Instead, we note that temperature affects the sen-
sitivity and, therefore, for a given dose, the intrinsic line-
width. Rookset al?® have found that cooling the developer
increases contrast significantly while sacrificing sensitivity.
For their case, thickseveral micronPMMA films were used
for microstructure fabrication by x-ray lithography and loss
of sensitivity due to colder developer is not tolerable. How-
ever, for the case of thin films and molecular-scale pattern-
ing, loss of sensitivity caused by cold development instead
allows the use of higher doses, leading to improved pattern
quality and higher resolution. Our results agree with theirs

Fic. 5. Lift-off patterns of Au nanoparticles show the patterns were fully N the imprlover_nent Qf pattern .qua”ty using _000|ed develop-
developed(a) Multiple-particle-width line;(b) single-particle-width line. ers. Later in this article we discuss the tail shapes of the

In order to better understand our results, we performed a
dy of cold development using AFM metrology’’ We

termined the contrast of PMMA resist developed at several
fferent temperatures by measuring the depths of exposed

JVST B - Microelectronics and  Nanometer Structures
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Fic. 7. Development contrast at three different temperatures measured QyIG_ 8. Comparison of 10-nm-wide intrinsic PMMA line&) developed at
AFM. 6 °C (left) and 26 °C(right). The doses for the left and right lines were
1.2x10°° C/cm and 4.4 107 1° C/cm, respectively(b) Cartoon explaining
how the shape of trench edge affects the contrast. Samples were sputter-
contrast curves at different temperatures and the effect otpated with 2 nm Cr.

resolution.

Instead, for our cold development process, during expo-
V. DISCUSSION sure we use a higher dog2 to 3 times higherto decrease

Our experimental results demonstrate that low-fyrther and more uniformly the average fragmented molecu-
temperature development enables the fabrication of sub-1@r weightM* of the PMMA according t&f
nm structures with a CCFE system at 30 kV. It is useful to .
understand how cold development affects some key issues of IM* =1/M+gD/pNa, @)
high-resolution EBL, such as resolution, resist residue, patand thereby reduce the residue. Hevkijs the original mo-
tern quality, and cross-sectional shapes. lecular weight of PMMA D is dose N, is Avogadro’s num-
ber, g indicates the number of effective scissions per unit of
deposited energy, andis the density of PMMA. Sincé*

With high-reSC)lUtion SyStemS, which have either hlgh aC-decreases rap|d|y with increasing d@sm the low-dose
celerating voltageghigher than 50 kY, bright small beams  range for high resolution, the higher dose offered by cold
(less than 2 nm or both, the intrinsic resolution of EBL is development results in lowev* than room temperature.
affected by the combination of dose, resist-developer systenburing cold development, due to the reduction of sensitivity,
and developer temperature. Based on our experimental remly the center part of the exposed region is removed by the
SUItS, to fabricate the narrowest PMMA trenches we can US@eve|oper, resu|ting in sub-10 nm lines. Clean trench bot-
either the lowest possible dose and develop at room tempergsms are ensured with high-dose exposure, as demonstrated
ture (normal EBL process or use a higher dose but develop by the nanoparticle lift-off.
at lower temperaturéour cold development processn or- The “tail” shapes of the contrast curves in Fig. 7 are
der to compare both processes, we need to specify the rgnportant for high resolution. For cold development, the
quirements: high spatial resolution, clean trench bottom fohigher dose and lower sensitivity result in a shorter tail on
lift-off, high trench quality such as low line edge roughnessthe developer curve past the critical do§g,, so that the
(LER) and sharp cross-sectional shapes. required dose to actually clear the bottom of the trench lies

Chen and Ahmet have reported EBL resolution below closer toD; . Because of this, the minimum deposited energy
10 nm. They used low doses and room-temperature develogy clear the trench is more narrowly confined to the center of
ment and claimed that their ultrahigh resolution was due tqhe trench near the primary beam.
the use of ultrasonic agitation during development to help the
removal of degraded molecules. Again, using ultrasonic de- _
velopment, Vieuet al® reported fabrication of sub-10 nm B. Pattern quality
wide metal lines by lift-off. Ultrasonic agitation was also  Another issue is the pattern quality, such as cross-
found to be helpful in cleaning the exposed resist at microrsectional shape and LER. The following experiment com-
scales® However, the results we obtained from our systempares the quality of PMMA trenches of the same width, but
using room-temperature development with ultrasonic agitadeveloped at different temperatures. Two sets of exposures
tion were not as good as those using low-temperature develvere performed with the same exposure parameters, PMMA
opment without ultrasonic agitation. Their results may beresist preparation, and Cr thickness. The exposed patterns
also due to their high-enerd0—200 k\j system with small  were gratings with graded doses. One sample was developed
beam sizg <5 nm). at 26 °C for 10 s and another at 6 °C for 30 s, which is the

A. Resolution

J. Vac. Sci. Technol. B, Vol. 22, No. 4, Jul /Aug 2004
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30.0 kV 80.1kx 500nm

Fic. 9. SEM image of a line grating with sub-30-nm width showing im- FiG. 10. SEM image of a one-bit full-adder pattern defined by EBL and
proved LER. The linewidth variation is less than 5 nm after lithography with covered with 1-nm-thick Cr using low-temperature development for mo-
high dose and cold development. Sample was deposited with 2 pgedyy ~ lecular QCA. The linewidth is 6-8 nm.

by thermal evaporation.

- . velopment, and pattern-transfer processing. Doleisal 2
minimum development time needed to clear the trench bOtFe orted that with higher dose and larger grating periods, the
tom, as discussed in the next section. Then, the two samplesp g ger g gp '

were imaged side by side in the S-4500 SEM. Lines Withgratmg LER is apparently |mproved_. Cold development al-
: . . lows us to use a dose three times higher and therefore, LER
different doses, but with the same 8—-10 nm width, are com-

pared in Fig. &). It appears that lines on the left side, de- should be lower. Higher dose also results in less noise by

o . averaging the beam current variation from the cold field
veloped at 6 °C, were better resolved and show higher con-_ " . :
emission cathode. To achieve lower LER, the exposure pixel

trast on the edges than those developed at room temperature. . . L . :
: ; ; : spacing should be optimized to eliminate resist residue be-
The image contrast and brightness in both images were ay- . 4 . . .
ween pixels'* Calculations using a double Gaussian expo-

tomatically adjusted by the SEM to achieve the same averadsre model suggest that the exposure pixel spacing should be

values. Since the exposure and imaging conditions were the . . .
: . no larger than the beam diameter, which agrees with the

same for both samples, we believe the contrast difference is a4 .
. results of Deshmuklet al.*™* Figure 9 shows a PMMA line

related to the trench shapes. In the formation of a secondar)é-

electron image from the SEM raster scanning on the lines rating with sub-30-nm width after cold development. Line-

. width variation is | han 5 nm, which almost m ritical
sharper edges will generate more secondary eleéftams! dth variation is less than 5 nm, ch almost meets critica

S : : imension control requirement8 nm) for industrially pre-
result in higher image contrast. Therefore, as illustrated sched ension control requirement§ nm for industrially pre

matically in Fig. &b), lines developed at 6 °C apparently dicted sub-50 nm lithograpiy
have sharper edges. This is similar in nature to the observa-

tion of Pantenburget al=" that depreasmg developer tem- C. Dimension control

perature enhanced structure quality to have sharper edges on

the micron scale. At lower temperature, PMMA viscosity It is hard to precisely control the final EBL pattern dimen-
is higher according tt sions due to many factors: beam size, focus, exposure dose,
_ B KT developer chemicals, development time, and development

7=AerEvs/KT, (@ temperature. The ultimate intrinsic linewidth is determined

and dissolution rate of PMMA moleculd3 will be slower by the combination of these factors. As can be seen in Fig. 2,
according t8° the developer temperature must be precisely controlled to
D= AeAEa/KT 3) obtain the desired pattern d_|me_nS|0ns.

The development timévhich is related to exposure dose,
where A is a diffusion constant andE,;,. and AE,q are  developer composition, sample temperature, resist thickness,
activation energies, which are functions of the PMMA mo-and PMMA molecular weightshould be sufficient to clear
lecular weight. Therefore, during cold development, the losgrench bottoms while being as short as possible to create the
of PMMA molecules at trench edges will be less than atnarrowest linewidth. For the cold development, the dissolu-
room temperature. It has also been repdrtatiat for the tion rate is dramatically reducd@ccording to Eq(3)] and
chemically amplified resist NEB-22Sumitomo Chemica)  development time is longer. We added 1.5% MEK in our
cold development enhances cross-sectional shapes. developer to increase the dissolution rate and to help removal

Another important quality issue is LER, which relates toof PMMA residue®® We found 30-60 s is the minimum
beam current variation, scan signal noise, dose, exposudevelopment time needed at 6 °C with PMMA of 40—60 nm
pixel spacing, grating pitch, resist reconfiguration during de+thick, compared with 7—15 s at room temperature.

JVST B - Microelectronics and  Nanometer Structures
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