AD-A181 168

UNCLASSIFIED

HERSURING RND HODELLING THE TRRNSITION LRVER DURIHG THE
DISSOLUTION OF GR (U> CORNELL UNIV ITHRCA SCHOOL OF
CHEMICAL ENBINEERING P D KRASICKY ET AL 29 MAY 87
TR-5 NBOB1i4-85-K F/G 776

14




(24

T
lle= = o
Tl s pe

=
'.N
~N

'"TFTEEER
EEE

=
H.N
(@]

rr
t
re

MICROCOPY RESOLUTION TEST CHAR?

NAT-ONAL BURF A F GTANNARDS ~ Qe - *

t s A'.n XN
. '...

..u i'.

oy G 0’
" l. ..o, |‘Q’":‘



e fe comv gD

OFFICE OF NAVAL RESEARCH
Contract NOOO1 4~85-K-0474
Technical Report No. 5
MEASURING AND MODELLING THE

TRANSITION LAYER DURING THE DISSOLUTION
OF GLASSY POLYMER FILMS

by

AD-A181 168

P. D. Krasicky, R. J. Groele, and F. Rodriguez

Olin Hall, Cornell University
School of Chemical Engineering
Ithaca, NY 14853

Prepared for presentation at the
National Meeting of the American Institute of Chemicatl Engineers

Boston, August 24-27, 1987
DTIC

Reproduction in whole or in part is permitted for
U\ JUN 1 01087

any purpose of the United States Government

*This document has been approved for public release% 8%
and sale; its distribution is unlimited E




OO 2 U SRE gt tRig BraAls $ha 0t 405 4Tg 019 A% Pla Bt dén gen g St fad i a0 Sad $20 gou ot fud Bat Gatiinv 200 Bk fat 2 jav ' Ty e
L -

O . SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)
$g !
40y READ INSTRUCTIONS
Kt REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
' s+ [TTREPORT NUMEBER 2. GOVT ACCESSION NOJ 3. RECIPIENT'S CATALOG NUMBER
'
L)
'! 5
"':‘ 4. TITLE (and Subtitle) 3. TYPE OF REPORT & PERIOD COVERED
Rl Measuring and Modelling the Transition Layer
i . . . . :
:::::, During the Dissolution of Glassy Polymer Films Technical Report
M : 6. PERFORMING ORG. REPORT NUMBER
§
:Q“:: 7. AUTHOR(e) T 8. CONTRACT OR GRANT NUMBER(s)
¢ P. D. Krasicky, R. J. Groele, F. Rodriguez
::"c' '
B '
WAX 9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT. PROJECT, TASK
: ) AREA & WORK UNIT NUMBERS
- Cornell University |
3 ¥
s Ithaca, NY 14853
)
:: 1. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
) )
s: ‘ Chemistry . May 29, 1987
ot Office of Naval Research "1' NUMBER OF PAGES
. Arlington, VA 22217 4
_.'.“'.‘ 4. MONITORING AGENCY NAME & ADDRESS(!f ditfsrent from Controlling Oltice) 1S. SECURITY CLASS. (of thie report)
oy
_“3 Unclassified
OOy . 1Sa. DECL ASSIFICATION, DOWNGRADING
i) SCHEDULE
l.“'. “
i_; 16. DISTRIBUTION STATEMENT (of thte Report) .
fat . . . -
#59] Technical Report Distribution List, GEN/&13-2.
59 PR . . . ]
o For unlimited distribution and public release.
SN
%
W
¥ A
17. DISTRIBUTION STATEMENT (of the adetract entered in Block 20, 1f different from Report)
N Abstrac?s Distribution List, 356A/413-2.
?Q' For unlimited distribution and public release.
Ko
e
A 18. SUPPLEMENTARY NOTES
) Presented at National Meeting of American Institute of Chemical Engineers,
Ve August 24-27, 1986, Boston, MA
Ty
Sl
'..'
:l (n 19. KEY WORDS (Continue on reverse eide I neceseary and 1dentity by block number)
\
:,fq‘. Poly (methyl methacrvlate) '
= Dissolution -
feate) Transition layers
| r-l » .
4 '*-i‘-, Microlithography
..
‘ 4:). . \0.‘ ABSTRACT (Conttnue on reveree side If neceesary and (dentity by block number)
\.
o ‘JLe technique of laser interferometry is now routinely used by the micro-
] electronics industry for the measurement of the dissolution rates of thin
P polymer films. In addition to the rate of dissolution, laser interferometry
‘,_-,,::: can also provide quantitative information on the thickness of the transition
.ng‘.' layer between the dissolving glassy polymer and the liquid solvent. This paper
};:-: describes how observed patterns of reflected light intensity may be analyzed
e . P .
..; to calculate the thickness of the transition layer for polymers that dissolve
= FORM
R 0D ' AN 73 1473 eoiTion OoF 1 MOV 88 1S OpsOLETE
-..':‘ S/N 0102-LF-014-6601
’:‘,‘ SECUMITY CLASSIFICATION OF TiiS PAGE (When Dara Entered)
o
b
¢
l"‘::"
2 00
"he

RN
Dy T Y b Ui

-t ‘«-;‘_-r;-‘-rl‘n'r et



D - m— e = = = =

SECURITY CLASSIFICATION OF THIS PAGE (When Date Entered)

with little or no swelling. The technique required knowledge of the shape
of the concentration profile in the transition layer. However, by assuming

various simple model profiles one may obtain a reasonable estimate.
Experimental measurements of PMMA films dissolving in methyl ethyl ketone
indicate transition layers of thicknesses 0 to 0.1 um for PMMA of molecular

i

weights M, = 37,000 to 1,400,000.

*z~,"—_4______’__,_,__{

T“1:!Lritm't.1on/7_wwﬁ_‘__dt
;vailsbility Codei
T Avi il and/jor

Zist Swacilal

.

H

¢ -
-

: R e e e e

SECURITY CLASSIFICATION OF THIS PAGE(When Dete Entered)

P

- A Eg e G, TR . 5 be% ) : ..‘INQ
i . . W e e e UK 0 el O XN K Lol R O RN
N A O A e N N ot R A o el AL, 558 AN,




_ MEASURING® AND MODELL ING THE
lﬁ TRANSITION LAYER DURING THE DISSOLUTION
OF GLASSY POLYMER F1LMS

iy P.D. Krasicky, R.J. Groele, F. Rodriguez
School of Chemical Engineering, Olin Hall

q Cornell University

b, ) Ithaca, NY 14853

INTRODUCT ION

W Over the past few years there has been a renewed interest in
the study of polymer swelling and dissolution bebavior. Mest
3 Ereoo-otical model<s have cocrncentrated on diffusion and swel-
g, byt some work e ailse being dene on dissolution.t T Tne
wide variety of phserved phencmera is 1ndicative of the complexi-
) ty of the problem. E«perimentally, many techniques and sample
& geometries have been us=2d."” 0Optical microscopy™ - ' has proven
) nseful for the study of swelling and dissolution behavior since
1t allows measurement of the rate of dissolution and observation
of the corcentration prefile 1n the dissolving surface layer.
= However« microscopy works best when the dimensions being observed
Y are 10O um or greater. Rutherford Backscattering Spectroscopy™
e may be used to make measurements on much smaller dimensions. but

s1nce 1t canrot be done 1 situ and requires special sample
g preparation procedures, 1t 1 limited to the study of swelling

it only.

.
'g This paper was presented in part at the Nati1onal
\1 Meeting nf the Amer. Inst. of Chem. Engs., Boston,

Auyusi £4%-27. 1986. )
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f particular 1nterest to the microelectronics industry 1s
the dissolution of a 1 Hm thick polymer film on & silicon
substrate. The technique of laser interferometry®-11 is now
routinely used for the screening of new polymer-solvent systems
and fcor the optimization of processing conditions. Not so
obvious 1n  the use of lasér interferometry i1s the gquantitative
information it can provide on the dissolving surface layer for

polymers that dissolve with little or no swelling.

DISSOLUTION RATE MEASUREMENT USING LASER INTERFEROMETRY

Laser interferometry 1is popular as the method of dissolution
rate measurement since the sample geometries and substrate
materials of typical microlithographic processes can be used. The
basic apparatus for laser interferometry 1s shown 1n figure 1. A
siyrlicon  wafer that has been coated with a 0.3 tn 1.5 Hm thick
film of polvmer is suspended N 2 transparent cylindrical
container filled with the develcping solvent. The solvent
container includes a magnetic stirrer and a heating/cooling co1l
ronnected to a2 temperature bath. The beam from an unpcolarized He-
Ne laser of wavelergth 6328 A is directed obliquely at the cnated
substrate with an incident angle of typically 1069, The reflected
beam 1s collected by a silicon photocell and the recorded signal
represents the reflected i1intensity as a function of time. A more

complete description of the technique 15 given by Krasichky
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As the polymer film "dissolves, the reflected intensity
should oscirllate due to thin film 1interference effects. The
quantity of interest 1s the reflectance R which 1s defined as
the ratio of the reflected light intensity to the incident light

intensity. A sufficiently accurate expression for the reflectance

R is

K = ro." + Zriar,call-r, o 'lcosd (1
Here v, and r; are the Fresnel refleztion coefficients for the
polymer/substrate Arici solivent/polymer inter faces, respectirve-
ly. The phace angle 0. is the difference 1 phase betwesen light

o

rays reflected from the two 1nterfaces. The phase angle 1s given

by
anm d L - mising,
[ R e
Wh=re d 15 the thickness of the nolymer t1lm, A 15 the free
space wavelength  of the light.s &, 15 the 1nordent gie of the
light, and n:. and n. are the r~efractive 1ndires ot the snlvent

and polymer . Fiqure 2 is a «ketch of a typical observed reflect-
d intenci1ty pattern, s expected the retlected 1intenst by
nscirllates sinusoildally unti1l the film 15 completely dissolved.
after which the reflectance from the bare substrate 15 censtant .

From a reflectance-time trace such as figure 2. measurement of

98]
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the reflectance ratin a/b arfd the period of oscillation T allows

calculation nf the dissolution rate of the polymer film and the
polymer’'s refractive i1ndex. Values of the refractive indices of
the substrate and solvent, the waveslength of light, and the
inci1dent angle must also be known.

The above analysis ;pplies only 1t the solvent/polymer
irterface 15 perfectly sharp. For some polymer-solvent systems
thi1s interface 1s nrnot perfectly sharp, but 1s expanded 1nto a

~ontinucus transition layer of nonzero thickness. The appropriate

avnression Yor the reflectarce 1s now

Ho= v+ e el -r P icosd C

Mese 19 a0 positive  factor less thar wunity mult:plying the

roflection coetficient r.o and @ o= Do+ G, . Both £ and ihe
shase angie O, depernd on the thickness and shape of the con-
centration profile in the tramsition layer. The effect of the
transition layer 15 1o reduce the amplitude of the retflectance
nscarllatinnag by “he factor f while preserving the average value
ot the refloctance, and to shrft the oscillatione’ phase by
Vi T amp il tude reduc b ion factor 1 'S measured as 3 93 S
anftsmt croated between the maximum value of reflectance 11y the

ner Jilatirons and rhe reflectance of the bare substrate after the

frlm has completely di1ssolved (see figure 3).




The phase angle 9, 1s measurkd in terms of the time interval tg

between the observed endpoint of dissolution and the next
expected maximum relative to the period for a complete oscilla-

tion.

Correction for Silicorn Oxide Laver

S small correction needs to be made when a stlicon wafer i1s
used as the substrate material. A very thin layer of silicen
oxide 15  alwavs nresent and can account for an additiornal phase

shift given approximately by

o. = s o

where d,. 15 the thickrness of the silicon oxide laver, n. is 1ts

refractive 1ndex. and A is the wavelength of light used. For

the s1li1con  substrates u<wed 'm this work the thickness of the

native onvide layer was  measured by =2tlipscmetry teo be about
- c

dl A, This can account tor a phase shift of Z.9% which must he

subtracted from  the measured value of 9V, to get the phase shift

cdue tn the trangition layer alaone,
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") sur face Roughness '

i One might wonder whether an alternate explanation for the

o

¢ . . . .

3 El arent reduction in the amplitude of the reflectance oscilla-
) PP

& tions could be roughness on  the dissolving polymer surface.

E) d

’H iising simple scattering theory it can be shown that the presence

b .

Y =21 a rough surface =t the peolymer/soivent 1nterface would result
’ 1M a reductior of the amplitude of the reflectance ogscillations,
$
-
< but the average value cof the reflectance would aliso be reduced.

e

o

by If surface roughness were present one would calculate an er-

I

. . . . . .

) ronequs polymer refract: ve 1ndex when applving the equations

) : . . ‘

X derived for the presence of a trarmsition layer. For the polymers

", used 1n this study the refractive index was vera:1fied to he=

:1 correct by other means. Thus it appearcs the formation of a

:: transition layer 14 the correct explanation for the obserwved

%)

at! hehavior.,
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ﬂ NUANTITATIVE ANALYSIS OF THE TRANSITION LAYER

-

"
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.2 The magnitude of the observed amplitude reductionr factou:r ma
o

o bHe used ac a gauge of the thickness of the tramsitiron laye

n hetweer the solvent and  the glassy polymer. A value of = 1
»

: would correspond to a perfectly sharp interfaces 1.0, a tran<) -

'

:ﬁ tior layer of zero thickness. Values of f ¢ 1 correspond to

thicker transition layers. A more quantitative analysis 1€ alaoon
4
> .
P possible. In principle. one can calculate an absolute thickness
o
v
]
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of the transition layer, provvided the shape of the concentration
nrofile 1 known. For simplicity, this profile may be expressed
rn terms of refractive index (as in figure &4). It can be shown
that the wvariation in refractive index through the transition
layer is to a good approximation proportional to the vartation 1n
concentration. It is asgumed that the tramnsition layer has a
finite thickness 6 and that the refractive index in the layer
varies only in the direction perpendicular to iLhe surface. for
which fthe distance variable is z. The profile may be simpiified

CoLNvE

further by scaling the variables of thickness and refrac

index (see figure 53}.

w

The resulting expressions that quantify the trarmsition layer car
he derived from optical theory cf nhomogenecus layers. The
amplitude reduction factor f 1= equal to the magnitude of (he
complex gquantity F(X) and the phase angle 1, 1< tihe compley prase

arg of NS S

f = tF(X)i (S

0. = arg(F(Y)) Con
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where

cosB, = P ———

Fquation 11 for F(Y) results when
the transition laver 15 calcu
Born approximation.!'" ' Physica

the trancsition layer as a cont

1 which the local differen

—-dg (u)
————— du (11)
du
12
(133
(1é
ina g 172
——— {197
AN

the reflection coefficient of
lated using the Rayleigh-Gans or
1lv, this amounts to treating
inuous weakly reflecting region

tial reflection coefficient is

!anlanq‘“-'” whiere Vr1 1s the gradient of refractive indewx.

Weakly reflecting means that the

total change 1n refractive 1ndex

1 small rompared with the average refractive index and that

multiple reflections within the
overall reflection coefficient of
1ng the differential reflection

the appropriate phase factor to

layer can be neglected. The
the layer 1s found by integrat-

coefficient while incorporating

account for propagation through
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the layer. Scaling the parameters then gives FoY in equation
11, Thus, one only needs to know something about the shape of
the refractive index profile gf(u) in order to calculete directly
its  thickness & from the measured values of f and @.. 1f
Fnowledae about the profile is incomplete, then a fi1tting
procedurs needs to be uéed to match the thickness & to the

measured f and O, .

EXPERIMENTAL RESULTS

Measurements were made on variocus molecular weights of PMMA
dissolving in MEK at 20°C. As in figure 35 the presence of the
transition laver is svident by the reduction in the amplitude of
the reflectance oscillations. Also, the endpoint of dissolut:ion
nften 2ccurs significantly ahead of the next extrapolated maximum
in intensity. Because the reflectance is not observed to deviate
from 1ts sinusoidal variation until the endpoint of dissolutior,
it 1is postulated that this point represents the "leading edge” of
the transition layer. Once this point reaches the substrato
surface the remaining transition layer dissolves away rapirdly.
Table ! lists the measured values of f and ®. for the wvarious
molecular weights of PMMA dissolving 1n MEK. These values are

plotted 1n figure 6.
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Thickness Calculations

In order to calculate directly the thickness of the transi-
tion laver it is necessary to know the shape of 1ts refractive
index profile. Unfortunately, the exact shape of this profile 1s
rot known for these tynes of polymer-solvent systems. However,
1t ie sti1ll instructive: to ;a]culate the thickness based on same
simple model preofiles. The profile shapes {(figure 7) of linear,
cosine, step-limear, and step-exponential were chosen to approxi-
mate a realistic profile shape and still allow an analytical f
solutior to the integral in Equation 11. The functional form cof
these profiles ard thei1r derivatives as they would appear 1in
equation 11 are listed 1n Table 2.

The thickness of the tranmsition layer can be calculated to
match the measured values of f and @.. The linear and cosine
nprofiles contain only one adjustable parameter: the normalized
transi1tion layer thicvress ¥, so in general the cbserved values
of f and ®, cannot both be satisfied at the same time. The
step~linear and cstep-exponential profiles contain two adjustable
parametersg X and the step fraction qg. For the latter two

pnrofiles 1t 15 assumed that the observed endpoint of controlled

unitorm dissolution occurs when the step edge of the transition
laver reaches the substrate surface. The occurrence of these
~ step-like protiles has been observed on a much larger scale by
Lieberreir1ter” in the dissolution of polystyrene.

In principle onre could perform the above analysis for any

profile shape, although it might require numerical integration
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and tedious iteration to sblve for the transition layer thick-
ness. In practice it is convenient to use a graphical pre-
cedure. As an example. figure 8 is a chart of transition layer
thickness as a function of phase shift for the step-linear
profile. with ¥ and q as adjustable parameters. Ir this case one
only needs to read off the ;nique values of normalized tnickness
Y and otep fraction g for measured values of f and @..

Table 3 lists the calculated thicknesses cof the transition
layer of FMMA for the four model profiles. fAflthough not entirely
obvious from the values given in Table 3 the actual physical
thicknesses are very close tor all four model profiles. Thise can
be seen more clearly in figure 2 where the actual profiles have
heen plotted on the same scale for one molecular weight of PMMA.
Despite deviations at the taill ends the profiles overlap remark-
ably well. Thus, even though the exact profile shape 1s not
Fnown, it 1s reasonable to conclude that the tranmsition laver
thickness calculated by any of the model profiles 1s not far from
the actual thickness. The same kind of consistency 1n overall
thickness has been obtained elsewhere by fitting & family of
one-parameter refractive index profiles to photometry data from
the reflection of light freom an interface separating the liquid

and vapor phases of a fluid near 1ts critical point.'®
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CONCLUSTIONS *

The technique just described i1s useful for approximating the
thickness of the transition layer for polymers that dissolve with
irtttle or no swelling. Because the calculated thickness does not
depend strongly on the assu%ed concentration profile shape 1t 1s
reasonable that a calculated thickness will closely approximate
the actual thickness. However, for the same reason experimental
measurements are not likely to distinguish among various
theoretical models based on profile shape alone. Application of
thie technique to polymer~sclvent systems that exhibit both
swelling and dissolution is not as straightforward since these
systems are generally characterized by a non—-uniform dissolution
rate and damped reflectance osciilations, i1i.e. T and f are not
constant. However, at least some qualitative information about
the profile may be obtainable 1n such cases.

The reflectance of the dissolving film 1s not observed to
deviate from its sinusoidal shape until the leading edge of the
transition layer reaches the substrate surface. At that time the
remaining transition layer dissolves away rapidly. It appears

that the rate of the dissolution process is governed primarily by

what is happening near the leading edge -- the 1nterface with the
sclid polymer -- rather than by what is happening elsewhere 1n
the tramsition layer. Although 1t does not provide direct

detailed i1nformation about the shape of the concentration profile

1in the transition layer, this technique may be helpful 1n the
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TASLE Amnlitude reduction factor f,. amnz phase shitzt

argle @., due to the transiticon ilayer for

varicus melecular weights of PMME disscolving

in MEX at 20°C.

Molecular Weight

M. M. f ¢. (degresc)

27 x 10% 37 » 10= 1.0 G

2% o2 1.0 &

34 &1 1.0 o

35 &3 c.97 <

67 13¢ 0.93 (=

97 170 0.9¢C = !
100 150 0.8% i0 ‘
160 320 .89 s’

180 270 0.88 1S |
220 500 0.89S =18
220 500 0.87 30

360 ?50 0.79 30

360 950 0.80 33
1000 1400 0.71 35
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1. Interferometer for monitoring polymer dissolution. Beam from laser. L,
, is refiected at angie 6 from coated wafer, W, immersed in solvent bath. B.
> Reflected light is measured with photocell, P.
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?‘ 2. Typical reflected light intensity trace from polymer film with a
Y negligible transition layer. This example used a personal computer

;;’ interfaced with the photocell 1o reproduce the signal. The period T and

b amplitudes a and b are used 10 calculate the dissolution rate.
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Q; 3. Trace of reflected light intensity when transition laver is present. The
“ added features (beyond Fig. 2) are the offset, s, and the phase difference.
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g o- 4. Refractive index.n. profile in the transition laver of thickness 'S
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5. Scaled refractive index profile where u and glu) are given by equations
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6. Experimental results for PMMA dissolving in MEK at 20°C where [ 1s the
Amplitude reduction facior and O, 1s the Phase shift angle tsee equations 4

and 51
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8 Chart of reduced transiuon laver thickness. ¥ . as a function of the
measured Amplitude reduction facior. f. and the Phase shift angle. ©;. The

parameter q takes into accoun! the step change in concentration at the
polvmer-transition interface.
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9. The experimentally fitted model profiles are seen to be almost

: indistinguishable from each other for all four models. The data used here
— are for PMMA of My, - 950.000 in MEK at 20°C.
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