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ABSTRACT

X-ray resist line edge profiles are explored as a function of
exposure, mask and resist properties. The study is based on an exposure-
scission and development-etching model of positive resists. Development
rate curves for two actual and three hypothetical resists are used. The
simulation is implemented by using a string of points to follow the
contour of the developer-resist interface as a function of development
time. Control of the resist profile suitable for liftoff of .4p lines
is explored in the context of low flux levels for a high throughput
production environment. High aspect ratio lines(3:1) and profile

degradation due to mask edge effects for Alk and CuL exposures are

o
considered.

Research sponsored by the National Science Foundation Grant ENG74-11771.



As resolution in microlithography improves the shape of the resist
line edge profiles is becoming more and more important. Profiles for
optical e-beam and x-ray exposure have been studied using computer
| simulation of the exposure and developmént process based on a surface
etching assumption. To date simulation has mostly been used as a diagnostic
and exploratory tool. It is being used increasingly to study process
operating point tradeoffs and process parameter semsitivity. It is
likely that for positive type resists simulation will eventually be able
to predict line width openings to an absolute accuracy of 20%Z for all
tjpes of lithography.

The present paper is a theoretical study which uses simulation to
explore x-ray line edge profiles in positive type resists. The study is
based on a family of five development rate vs. dose models for measured
and hypothetically modified resists at 8.342. The tradeoff in sidewall
angle vs. dose for these models illustrates the usual operating dose
levels for x-ray lithography. Simulation of layered resist structures
using these models illustrates'lift—aff and high aspect ratio profiles at
relatively low doses and shows profile changgs due to finite mask edge
angles.

The validity of a surface etch rate vs. exposure model for e-beam
and x-réy resists is an open question both on physical and practical
reproducibility gfounds. However, to illustrate the kinds of effects
resist properties could have on line edge profiles a rather simple algebraic
surface etching model has been chosen. The development su:face etching

. .
rate R in A/sec as a function of the local flux F in mJ/cm2 is assumed to be

| o
R(F) = Ry (C_ + %;)



This form stems from the solubility work of Ueberreiterl and is similar

to the characterization used.by. Hatzakis, et aiz and Greeneich3 which

show the molecular weight change with exposure. From their work it follows
that in the present form the only effect of the moleculér weight is through the
constant Cm' This constant is inversely proportional to thelnumber average
molecular weight and is normalized to 1.0 for PMMA with ﬁw = 50,000. The
constant Rl is the unexposed etch rate in Z/sec for Cmél. On a log-log plot df
development rate vs. flux the_slope of a line asymptotic to the rate

curve at high dose is the power law coefficient a. For Cm = 1.0 the
intersection of this asymptote with the unexposed etch rate gives the
reference dose D0 in J/cm3 when multiplied by the .resist absorption p in cm_l.
Note that the isolation of the molecular weight effect in Cm comes at the
expense of the introduction of an additional constant.

Table I gives specific parameter values for five different models of
resists at A = 8.342(A£k ). The first model corresponds to that given by
Hatzakis® for PMMA with 0; ﬁw of 50,000. Model 2 is a hypothetical
extension of model 1 with ﬁw increased to 200,000. Model 3 is also
hypothetical in that the absorption of model 1 has been increased four
fold without changing the other resist parameters. Model 4 is a curve
fit (using cp = 1.0) to the experimental resut of Spiller, et a14 for
x-ray exposure of P(MMA-MAA) with synchrotion radiation. The final model
is a hypoathetical extension of model 4 having four fold increased
absorption with no other change.

The development rate vs. exposure flux for these models is shown in
Figure 1. The change in development rate with exposure begins to be
usable around flux levels of Ddcmu-l. The unexposed etch rate is lowered

by a faetor of C; for resist 2. (This apparently does not always hold for
. high molecular weights.s) Curves 3 and 5 for modified absorption are
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gimply horizontal translations of 1 and 4 by a faétor of 4. The additionall

straight lines are from Greeneich3 for PMMA with developers diluted with IPA.
To illustrate how the resist properties effect the line edge profile

consider the simple case of 40002 of resist 1 exposed at SOOmJ/cm?

with a 4:1 contrast mask. The fast etch rate in the.exposed area is

402/sec while that under the mask is 152/sec. The line edge profile

contours as a function of development time are shown in Figure 2. 1In

both exposed and masked areas planar facets advance at the appropriate

etch rates. The transition between the two is almost a planar facet which

occurs in the slow etch rate area. This transition is created by the opening

up of the masked region by the more rapidly moving front in the exposed

area. For a uniform etch rate with.depth (no'decay due to absorption) the

sidewall would be :truely planar at angle from vertical of
R

ev = sin—l(ﬁi)

The contours shown in Figure 2 were produced by a FORTRAN program
which models the developer as a string of line segments which advance at
a local rate in times. The segments are about 1002 in length. As the string
advances new line segments are added and deleted. This gives rise to the
slight ripple in the sidewall which is a simulation artifact. A typical
simulafion requires about 5 seconds on a CDC 6400 (about 5 MIPS) and costs
less than one dollar.

The important physical parameter of the profile is the sidewall
angle measured from the horizontal (6H = 90—6v). It is evaluated as a
fuﬁction of dose and mask contrast in Figure 3. For at least half

of the initial resist to remain in the masked areas (etch ratio > 2:1) the

minimm sidewall angle is 60°. For liftoff with e-beam exposure etch
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rate ratios of 5:1 or sidewall angles of 78° are typical. For these
models the required dose varies from 1500 to 6 mJ/cm2 depending on the
resist, desired etch raﬁe ratio and mask contrast ratio. For a tlmW/cmz
source this corresponds to an exposure time range from 4 hours to 1 min.
Roughly a 256 fold improvement is achieved by going from 4:1 to 1:1 mask
contrast (2), lowering the etch rate ratio from 5:1 to 2:1 f4), changing
from PMMA to P(MMA-MAA) (8) and doping the resist (4). The factor of 8
improvement with change in resist type is probably inflated somewhat

by the fact that the PMMA used in comparison has a rather low molecular
weight.

Additional line edge profile control is possible with the use of
layered resist structures. This control can be exercised at flux levels
lower than those generally inferred from Figure 3. This will be illustrated
here by simulating profiles in two layer resists using the five resist
models. The emperical feasibility of combining two layers of resist and
obtaining useable profiles has been beautifully illustrated in SEM's
by R. Feder et al.7 The two layer structure also roughly corresponds to
resist chemically treated after exposure and before development.

The concepts and advantages of a two layer resist are illustrated
in Figure 4. Here 20002 of resist 2 has been placed over 20002 of
resist 1 and exposed at 70 mJ/cm2 with a mask contrast of 4:1. The
constant development time contours of the right half of a .4p linewidth
opening are shown. The etch front under the mask is sufficiently delayed

that the unmasked front punches through to the lower molecular weight



resist which is rapidly removed. There are three important advantages:
undercutting is producéd, the line width is defined by the more slowly
moving top resist edge, and a high effective sjdewall angle:is obtained at
only one fifth the dose of a single layer of resist 2.

Figure 4 also contains an interesting simulation loop artifact. Om
the 13 minute contour the upward moving front has crossed the horizontally
moving edge creating a loop (not darkened). This inside out. loop will
continue to grow with time and necessitates the repeated calling of a
loop deleter to remove these continually generated nonphysical artifacts.

Results for layered P(MMA-MAA) are shown in Figure 5. This case
was chosen to approximately correspond to the resist configuration of
R. Feder et al.7 The dose however is minimal (40 mJ/cmz) and does not
produce deep undercutting with a thick upper layer. Profiles with even
lower doses have been studied using pre-exposed or modified resist 5
under resist 5. The limiting factor is the ratio masked and unmasked
etchrates of the top layer. Generally the fast etch rate must be
about twice the masked etch rate to provide sufficiently time for the
lower layer to be cleared and yet have a thick top layer' remain. (8 mJ/cm2 for #5)

A new absorbing zipper approach is shown in Figure 6. Here a thin
layer of an absorber such as gold is used to convert part (6.72%) of the

local x-ray flux to photoelectrons7’8

which then expose a region on both
sides of the absorber. The photoelectrons are assumed to uniformly
expose a range of 3002 on both sides ofjthe absorber. By designing .
etch rates appropriately (the absorption needed depends on mast contrast)
an undercut notch has been put in the'sidewall of‘the resist. To

reduce the fiux to 10 mchm? the thickness of the resist has been
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increased to 80002. The profile, while interesting does not appear to

be useful for lift-off due to the fact that the bottom sticks out beyond the
the overhung edge. The absorbing zipper can be combined with the two

layer resist structure for more line edge control. In Figure 7 a 3.6%
absorber has been added to the configuration of Figure 5 to produce a more
pronounced under etching noéch. |

A 4:1 mask contrast at 8.34X requires about 3000; of gold. For
narrow lines such‘as the .4y considered here the mask edge taper may
extend over a significant portion of the nominal linewidth. The degradation
due to:this edge has been simulated assuming a linearly tapered edge.

In Figure~8 the perfect edge of the mask of Figure 7 has been replaced

by a mask with a 45° edge taper to a thickness of 30002. To compensate for
averagé linewidth increase the mask edge has been placed at 10002 instead
of ZOOOX. The previously useable profile is obviously badly degraded.
Using the CuL gives a significant improvement as is shown in Figure 9.

Here the flux has been reduced to compensate for the (3.78) increase in
resist absorption. Although the edge position has been compensated there
is a slight increase in overetching sensitivy, due to the edge taper.
These comparisons are based on a change in gold absorption from lu.6u-1
to 12.6u"%.

Layer resist structures are also useful for high aspect openings
with undercutting. Figure 10 shows 40002 of resist 4 over 120002 of
resist 5. A higher flux is required to maintain the masked top layer
thickness. The opening useable with lift-off is about three times higher
than it is wide. Such a high aspect profile might be useful as a FET
gate or a cross chip bus where metal resistance is a problem. The

(-]
effect of a mask edge taper at 45° to a thickness of 3000A is shown in
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Figures 11 and 12 for A% and CuL.respectively.'The A% profile appéars
more useful. This is due to the fact that with Cu; less than 20% of the
initial flux is available at the bottom to exposevthe resist due to
absorption. This absorption decay is apparent from the fact that the
equal development time contours are closer together near the bottom.
A much superior CuL profile can bé obtained by simply doubling the flux
(40 mi/cn?).

These surface etching simulations have given.some indication of how
the resist properties and configurations can effect line edge profiles.
'The 'modeling approach is contingent upon accurate resist:gharacterizations
which is an area where further work is needed. The simulation itself
is easily implemented and costs aboﬁt $1 per profile. The goal undertaken
here -was profile control in the context of low flux levels for a high
throughput production environment. A savings of about a factor of five
in exposure of lift-off type profiles appears possible with layered
resist structures. The minimum exposure is primarily limited by the
need to obtain an exposed etch rate about twice .that of the masked etch rate
in the top layer. The layered resist approach can be used for high
aspect (3:1) ratio line profiles at about twice the dose. For AL a
mask edge slope of 45° severely degrades the line edge profile whereas
for CuL the profile is only slightly changed. Line edge boradening can be
compensated by relocating the mask, but the increase in linewidth over-
etching sensitivity cannot be reduced. The flux required for CuL is about
3.8 times lower than that for A% except in the case of thick resist (1lu)
with high absorption (u = 1.5u_1) where the flux must be doubled to

adequately expose the bottom of the line. The advantages of layered

-8~



resisf for profile control at lower exposures éome-at the expense of
extra process steps and increased sensitivity to resist propertiesf
However, even with the added sensitivity to resist pérameters, well-
behaved positive resists will probably still have greater process

tolerances than their negative counterparts.



References

1)

(2)

(3

(4)

K. Ueberreiter, in Diffusion in Polymers, edited by J. Crank and

G. Park (Academic, London, 1968), Chapter 7.
M. Hatzakis, C. H. Ting and N. Viswanathan, "Fundamental Aspects of

Electron Beam Exposure of Polymeric Resist System," Electron and Ion

Beam Science and Technology, Sixth International Conference, The

Electromechanical Society, pp. 542-579, 1974.
J. S.,Greeneich; "Developer Characteristics of Poly-(Methyl Metha-

crylate) Electron Resist," J. Electrochem. Soc., Vol. 122, No. 7,

pp. 970-976, July 1975.
E. Spiller, D. E. Eastman, R. Feder, W. D. Grobman, W. Grudat, and
J. Topalian, "Application of Synchrotron Radiation to X-ray Litho-

graphy," J. Appl. Phys., Vol. 47, No. 12, pp. 5450-5490, December 1976.

(5) A. Ouano, Private Communication, May 1977.

(6)

(7

R. E. Jewett, P. I. Hagouel, A. R. Neureuther, and T. Van Duzer,
"Line-Profile Resist Development Simulation Techniques," Proc of
the Fourth Regional Technical Conference on Photopolymers, (Ellenville,

N.Y., October 13-15, 1976), Society of Plastics Engineers, pp. 105-113.

R. Feder, E. Spiller, and J. Topalian, "X-Ray Lithography," Proc. of
the Fourth Regional Technical Conference on Photopolymers, (Ellenville,

N. Y., October 13-15, 1976), Society of Plastics Engineers, pp. 116-129.

(8) J. R. Maldonado, G. A. Coquin, D. Maydan, and S. Somekh, "Spurious

. Effects Caused by the Continuous Radiation and Ejected Electrons in

- X-Ray Lithography," J. Vac. Sci. Tech. 12, 1329-1331 (Nov./Dec. 1975).

-10-



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

LIST OF FIGURES

° A
Surface etch rate in A/sec as a function of x-ray flux in mJ/c:m2

for models 1 to 5 and dilute developers. Models 2 and 3
and 5 are hypothetical modifications of PMMA curve 1 and

P (MMA-MAA) curve 4 respectively.

Constant development time contours for the right half of a

.4u line. (PMMA 1, 500 mJ/cmz, 4:1 mask contrast, 10 sec contours).

Sidewall angle with respect to substrate surface as a function
of x-ray flux for the 5 resist models. The mask contrast

(= 1/TM) is 4:1 unless otherwise noted.

o
Layered resist profile simulation for 2000A of PMMA 2 over

°
2000A of PMMA 1. (70 mJ/cmz, 4:1 mask contrast, 1 min contours).

‘ (-] (]
Layered P(MMA-MAA) profile for 2000A of resist 4 over 2000A

of resist 5.. (40 mJ/cmz, 4:1 mask contrast, 10 sec contours).

Under etching notch created by photoelectrons from an absorbing
layer. (10 mJ/cm?, 4:1 mask contrast, 30 sec contours,

(-]
6.72% layer absorption, 300A photoelectron range).

Layered resist with absorbing layer for under etching profile
control. Parameters are the same as Figure 5 except for 3.6%

. (-]
absorbing layer with 300A photoelectron range.

o
Effect of a 45° mask edge slope for a 3000A gold mask for
the resist structure and exposure of Figure 7. The mask edge
-] o
has been shifted from 2000A to 1000A to compensate for line-

width broadening.



Figure 9

Figure 10

Figure 11

Figure 12

Improvement in the line edge profile for the same mask and
reslst of Figure 8 but with CuL exposure. The flux has been

reduced to 15 mJ/cm? to offset the increased resist sensitivity.

: -]
Layered P (MMA-MAA) for high aspect ratio lines (4000A resist
[
4 over 12000A resist 5, 70 mJ/cm2,4:l mask contrast, 15 sec

contours).

° ) :
Effect of a 45° mask edge on a‘30004 gold mask for the resist

structure and exposure of Figure 10.

CuL exposure of the same mask and resist of Figure 11. The dose
has been reduced to 20 mJ/cm2 and resist absorption effects
are apparent from the decreased spacing between the contours

near the bottom of the opening.



NOI Ld¥0sgy
a3141aon

dX3
43771dS

NOI.1ldyosay
d31d1a0oW

N
0IX¢="wW
314 100w

‘ dX3
SINVZLVH

INIWWOI

¥ hs'8 1v ®yv ¥od viva :3L0N

65

63

05¢

0s¢

0S¢

mZU\ﬂo

000t

000T

000h

000T

000T

W)
L

S13A0W LSISH

8’9

[9'8

[9'8

£9°8

23s/y

h
(YYW-YWW) d

¢

ViWWd
13000



4y

|

| T T T <
NO —9

(9s/ v) 31vy¥ HOL3

T

(md /cm?2)

X-RAY FLUX



PMMA

F=500 mJ/cm® TM=0.25
I0 SEC CONTOURS
/)2 - MASK
O‘——p
YY1 10 SEC j
1000 t / ~
DEOPTH
(A)
2000
3000+
-1 RS
=SIN (==
a (RF)
4000 . /. - .
0 1000 2000 3000 4000

HALF WIDTH (A)



s/

(Lwo/pw)

Ol

XN174 AvY-X

4

0]

(310N SS3TINN)
GZ'0=W1"

— — —— — G— c——

379NV 11VM3QIS



N

1000

H

2000

3000¢

4000
0

LAYERED - PMMA 2/1
F=70 mJ/cm? TM=0.25
| MIN CONTOURS

| MIN

MASK

N
X
Or——
Y

y

T

RESIST 2

RESIST |

e c——— c—— . — — C— Cm.  — — —

Deffp =350 mJ/cm?2

1000 -

2000
HALF WIDTH (A)

3000

4000



LAYERED P(MMA-MAA) 4/5
F=40md/cm® TM=0.25
0 SEC CONTOURS

MASK

10_SEC

N\
X
Or——
\

A
y

_ |
~
DEPTH 4/////F
(R) [
RESIST 4
2000F —————— — — — — — N ———— ——
RESIST 5
(]
3000+ W
o
. Y

4000 ‘ 1 : . ‘ : ‘
0 1000 2000 3000 4000
HALF WIDTH (A)




P(MMA-MAA) 5 WITH GOLD FILM
F=l0mJd/cm® TM=0.25 A=0.0672

30 SEC CONTOURS R=300 A
A MASK
0— =
y 1 /
1000¢t | MIN 7
DEPTH

3000
' 4000} A
5000} RESIST 5 Q\ e

| RESIST 5/ \ RS
6000 GOLD o
FILM 600A
2000l l46/§ RANGE
8000 7 MIN . . , . . .
0 2000 4000 6000 8000

HALF WIDTH (A)



LAYERED P(MMA-MAA) 4/5

F=40 mJ/cm® TM=0.25 A=0.036

I0 SEC CONTOURS R=3004
MASK

_
. 0 SEC s
1000 :i747 ~
DEPTH | RESIST 4 4\-;::::::::
(A)
Toos
2000 600
RANGE X
i GOLD FILM
(804 )
RESIST 5
3000}
O
&
®]
S
4000 . ‘ - - — '
0 1000 2000 3000 4000

HALF WIDTH (A)



LAYERED P(MMA-MAA)
F=40mJ/cm? A=0.036 Al LINE

|0 SEC CONTOURS T
N . 30004
0% 45° u- 1

N 10 SEC
y Y
1000
TH RESIST 4
F
)
e K
600
2000 RANGE '\
4 GOLD FILM
I (80A)
RESIST 5
- 3000t
4000 . . " : ”
(0] 1000 2000 3000 4000

HALF WIDTH (A)

N



LAYERED P(MMA-MAA)
F=15mJ/cm?® A=0.0I0 Cu LINE

| |0 SEC CONTOURS ’ ¥
' 3000A
. / 1

N
X
>

ﬂj 10 SEC ////

1000 t

DEPTH

(R)

2000 I
400 A \GO'-D
RANGE FILM
204 |
3000 o | -
‘ 1%5)
J o
r S
4000 ' ‘ : . '
0

1000 2000 3000 4000
HALF WIDTH (A) '




LAYERE

D P(MMA-MAA) 4/5
F=70mJ/cm? TM=0.25
15 SEC CONTOURS

A ‘MASK
X

—

RESIST

A ([F

- —  —

.

\8OSEC) JUl/ o
2000 4000 6000 8000
o

HALF WIDTH (A)




LAYERED P(MMA-MAA) 4/5
F=70mdJ/cm? Al LINE
IS5 SEC CONTOURS

) /do A 3000A
0 X
S
2002%

RESIST 5

DEPTH

(A)
6 000t

8 000}

10000}t

12000¢

14000}

16 000 —rur—rt A
0 2000 4000 6000 8000

HALF WIDTH (R&)




LAYERED RESIST P(MMA-MAA)4/5

F=20mdJ/cm? Cu LINE
30 SEC CONTOURS

45° Ay

o
3000A

RESISTS5

A

X
Y. 7 _
2ooo~—f

0 2000 4000 6000 8000

HALF WIDTH (&)



	Copyright notice 1977
	ERL-77-43

