Determination of residual casting solvent concentration gradients in resist
films by a “halt development” technique
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The resolution of the microlithography process used to manufacture semiconductor devices is a
function of many variables. One interesting and important contributor to resolution is the “surface
induction” phenomenon that occurs during development of many photoresist materials. This
phenomenon is manifested by a change in dissolution rate as a function of thickness. The top or
surface regions of these films dissolve more slowly than the bulk of the film for reasons that are not
understood. One popular theory for surface induction is that the variation in rate is caused by a
gradient in the concentration of residual casting solvent. However, no study has been performed that
directly measured the concentration gradient in residual casting solvent and related that gradient to
the extent of surface induction. A “halt development ” procedure has been developed that allows
isolation and analysis of thin layefslices from resist films. The analysis for concentration of
residual casting solvent was accomplished by radiolabeling the solvent and analyzing the layers by
scintillation counting. The dissolution rate data was acquired by a multiwavelength interferometry
technigue. Two resists systems were studied, one with a large extent of surface inhibition and one
with a nearly constant dissolution rate. Neither formulation has a significant concentration gradient
of residual casting solvent over a range of bake temperatf®s110 °Q. Therefore, it can be
concluded that concentration gradients in the residual casting solvent alone cannot account for the
surface induction observed in this particular resist system.2001 American Vacuum Society.
[DOI: 10.1116/1.1343096

[. INTRODUCTION inhibition. However, when PGMEA is used as the casting
solvent, there is a noticeable amount of surface inhibition.
Computer simulation has played an increasingly impor-This dissolution inhibition has a powerful and beneficial in-
tant role in optimizing the lithographic process and therebyfjyence on the lithographic process and enables manufactur-
decreasing the size of patterned photoresist features. SeVE[ﬁb of reduced integrated circuitry feature sizes.
simulator tools can accurately model the aerial image and the |t has pbeen suggested that surface induction may be ex-
corresponding latent image generated in the resist duringjained by the presence of concentration gradients in residual
exposuré:? These models are based on fundamental physicegasting solventRCS.58 It has been shown that films with
relationships and measurable properties of the photoresighyer RCS concentration have lower dissolution rates.
However, the dissolution of photoresist films is very com-therefore stands to reason that the dissolution rate at the sur-
plex and less well understood. Several studies have providedce of a dried photoresist film should be lower than the bulk
insight Jnto the effect of photosensitive compound, rate where the RCS concentration is higher. The nature of
polymer casting solvent, developer SO'Q“Oﬁ:GtC- on the  casting solvent can also cause variations in the extent of
development process, and some theories that describe W ace induction, and this variation might be explained by
dissolution process at a molecular level have been proposedpe gifference in RCS distribution in resists cast from differ-
However, one important aspect of the d|ssolut‘|‘0n ProC€Sant solvents. These RCS gradients in photoresist systems
that remains a mystery is the phenomenon of “surface iny,e peen measured by others using Fourier-transform infra-
duction. _ ) ) red methods and cause-effect relationships have been pro-
The term surface induction describes the slower develop—oSed for these gradients and surface inductiblowever,

tmhfaT(t rate n]:aar th(te surfapg of a reS|sttf|Im. .Th(;a plcits of :ch his relationship has not been supported by direct measure-
ickness of resist remaining vgrsusm IME N deVEIOPEr 10, ot of solvent concentration gradients and establishment of
resist films cast from diglymébis(2--“C-methoxy ethy}

their relationship to surface induction in photoresist develop-
ethell and propylene glycol methyl ether acetdBEGMEA) ent P P P
are shown in Fig. 1(The resists are a homemade novolac/ :

DNQ formulation) The dissolution rate versus thickness for A “halt devc.elopmelnt (HD) tephmque hag been dgvel-
these two different resists are shown in Fig. 2. When cas?.ped to test this relationship. This HD technique provides a

. , . ) L simple yet powerful method for monitoring the dissolution
from diglyme, films of this resist show liti@f any) surface kinetics of a photoresist while quantitatively separating dif-

ferent layers of the resist film for chemical analysis. Th
dpresent address: Intel Corporation, Hillsborough, OR 97124. erent _aye s of the resist 0 _C emical analys S. . €
YAuthor to whom correspondence should be addressed; electronic maignalysis meﬂ_md chosen f_or detecf"or_‘ of t_raFe quant't'es of
willson@che.utexas.edu RCS was'“C isotope labeling and liquid scintillation count-
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Fic. 1. Thickness vs time for a novolac resist cast with diglyme and PG-FiG. 2. Rate of development vs thickness for a novolac resist cast with
MEA. diglyme and PGMEA.

ing (LSC). The LSC method is used extensively in studies ofc€ll was then washed with the second solution, of 70%
molecular diffusion, and it has been used previously for mea#2300 MIF and 30% distilled watefoy volume. The 70%
suring RCS in a variety of photoresist systelfig? The ~ solution was strong enough to act as a washing solution
mass of RCS in the top layéone tenth of a 1 um film on without causing the develope_d resist to precipitate, yet it was
a 2 in. wafer is less than 0.05 mg, so gravimetric technique¥/€ak elnough not to cause significant resist development.
are challenging. This measurement is further complicated by The*“C radio-labeling synthesis routes for PGMEgro-

the variety of other compounds in photoresist samples. ThBYlene glycol methyl ether acetate-carbofi@) and dig-
advantages of the LSC method include high sensitivity andyme have been previously describ€dA Beckman 1801
no chemical or physical change in the system. The specifiiquid scintillation counter was used to measure the activity
advantages of LSC over other conventional methods for RC8f &ach sample. The specific activity of the diglyme and

measurement in photoresist systems is described in more JBGMEA based resists were measured to be 8.21 and 9.9
tail elsewheré3 uCilg, respectively. Scintiverse Il from Fisher Scientific Inc.

The dissolution rate of the resist films were measured usvas used as the scintillation cocktail for the developer/resist

ing a multiwavelength dissolution rate monit@®RM). The splution samples. An H-number quenching calibration as de-
instrument and its operation are described elsewHefis ~ fined by Beckman-Coulter, Inc. was performed using a
technique provides accurate information about the absolutd€Veloper/resist solution as the quenching material. The
thickness of the resist film as a function of developmenti-number calibration of these aqueous samples has been de-
time. The derivative of the thickness versus time curves givécribed in detail previousl§’

rate as a function of timéwhich can be easily converted to

rate versus thicknessThis rate was then correlated with the B- Film coating and halt development cell description

RCS concentration at the thickness that was determined from The resists were spin coated on 2 in. wafers for 40 s using
the LSC data. The combination of these two techniques alg .35 ml of resist solution. The spin speed was adjusted to
lowed for the direct measurement of the residual solvent congptain a 1um resist film for the diglyme resists. The films

centration thl’oughout the depth of the resist film. ThUS, &ast from PGMEA had thicknesses of m The wafers
quantitative relationship between dissolution rate and the loyere baked on a Thermolyne hotplate with a vacuum chuck

cal RCS concentration was established. for 90 s at bake temperatures of 70, 90, and 110 °C.
A diagram of the HD cell is shown in Fig. 3. The plastic
II. EXPERIMENT backing of the HD cell has a recess that holds films coated on

2 in. (in diametey silicon wafers A 2 mm Viton™ gasket
rests between the glass plate and the backing. The gasket was
designed to provide an inlet for the developer at the top. The
The photoresist systems used for the study were novola¢apered area at the bottom of the inlet is designed to allow
diazonaphthoquinonédDNQ) positive resists. The resists trapped air to rise into this space and prevent bubble forma-
were made using cresol novol@dW =9370, P&=4.9) from  tion over developing resist areas. The gasket covers some of
Schenectady International, and a  Hisexo-2- the resist film. Experiments have shown that a negligible
diazonaphthoquinone sulfonai®NQ) from IBM Corp. The  amount of resist under the gasket dissolves. The open cell
resists consisted of 77 wt% solvent and the DNQ loadindhas a total liquid volume of 2.5 ml. This cell volume allows
was 12 wt % relative to the solids. Two developer solutionsfor two 2.5 ml aliquots of aqueous solutions to dissolve and
were prepared using AZ 300 MIF tetramethly-ammoniumcollect the different layers of the resist film. One cell volume
hydroxide developer from Clariant Corp. The resists wereof developer was used to dissolve the resist film, and another
developed with the first solution, which contained 90% by2.5 ml volume was used to wash the cell to ensure adequate
volume of the AZ 300 MIF and 10% distilled water. The HD transfer of resist components into the scintillation vial.

A. Materials: Resist formulations and radio-tracer
preparation
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Fic. 4. Intensity vs time curves of three regions on the wafer demonstrating
_The HI_D cell was assemb_led' a_nd the DRM beam WaSniform film developmentincluding the “halt” region across the wafer.

aligned with the wafer for optimal signal and the DRM data

collection was started. The 90% developer solution was

added quickly to the cell(In all experiments, the cell was interrogated by a light source through a transparent window.
completely full in less than 2 sThe resist was allowed to The thickness of this film can then be monitored using inter-
develop for a specified time interval. The stopcock valve wagerence techniques. This monitoring is accomplished simul-
then opened and the contents of the cell flowed into a 20 Maneously with the collection of different resist layers dis-
scintillation vial. The cell was then washed with the 70% solving from the film by placing the wafer vertically into the
solution. The solution was held in the cell for 8 s, and thecell and draining the developer solution. This design pro-
cell was then drained again. The scintillation vial, witb vides a simple method for quickly removing and collecting
ml of developer/resist solution was sealed. This vial conthe developer solution, in order to halt development quickly
tained the top layer of the resist. The cell was filled againand easily.
with 90% developer solution, and the remaining resist was Another advantage of this method is that the volume of
dissolved and then transferred into a second scintillation viafjieveloper can be controlled. The control of the sample size is
for measurement. important for accurate concentration analysis. LSC requires
This procedure was repeated for different resist films atamples to be placed into a liquid scintillation solutisnin-
varying halt times to measure the relative concentration ofillation cocktaily to convert the radiation from the radio
residual casting solvent throughout the thickness of the resisfuclide to a light signal for the photomultiplier tube in LSC
film. Scintillation cocktail(14.5 m) was added to both vials, instruments. Unfortunately, the instruments have sample size
and the solutions were shaken until an emulsion formed. Thgmits and the scintillation cocktails have sample loading
total volume of sample was less than 8/10 of the total vialimitations. Therefore, the control over the sample volume is
volume. This volume of sample did not show any significantcritical for liquid scintillation counting and this design facili-
amount of vial quenching due to large sample volumes. Theated minimizing the sample size to volumes compatible with
samples were counted and the activity was calculated. Thesc,

ratio of activity in the top layer to that in the total film was  The scintillation cocktail used forms an emulsion when

convolved with the DRM thickness data to obtain the RCSthe cocktail is mixed with aqueous samples and is cited as
concentration gradient. The concentration gradient was thepeing capable of providing accurate counting statistics for
correlated with the rate data to establish the relationship besqueous samples with less than 25% loading. This loading

tween the RCS gradient and surface inhibition. limitation was confirmed during LSC instrument calibrations
with solutions characteristic of the resist/developer samples
[ll. RESULTS AND DISCUSSION expected in the study. The emulsion formation prevents

phase separation of the aqueous sample and the cocktall,

which causes counting losses due to decreased sample stabil-
The HD cell concept provides several benefits over otherty.

methods used for the analysis of concentration gradients in
photoresists and the quantitative establishment of the rela-
tionship between the gradients and dissolution kinetics. Mos
important is the ability to simultaneously monitor the disso- Experiments with nonlabeled resist formulations were
lution of a film using highly accurate interferometry tech- performed to establish the ability of the HD method to quan-
nigues and to collect dissolved film components for quantiditatively separate resist layers and prove that one washing
tative analysis. The HD cell allows the film to be was sufficient to remove the developer/resist solution from

A. Advantages of the halt development technique

. Verification of the halt development technique
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1800 J lated absorbance at 298 nm. The relative concentration in the
1600 top layer of the film was determined by dividing the absor-
Am)-h'%,l . ¢ I-H'tg::equm bance(at 298 nm of the top effluent by the total absorbance
5121) - ., (the sum of both effluentsFigure 6 shows a strong linear
§1(m >, correlation between the extent of resist dissolved measured
E aW s by the DRM and the UV absorbance of the developer solu-
2 o ‘é. tion. This strong linear correlation, the slope of one and near
" "‘., zero intercept all indicate successful separation of discrete
a0 '-’ layers of the resist film.
0 e A test was performed to determine if one washing was
0 1) W 1 0 2 A adequate using the radio-labeled resist cast from diglyme.

Employing the HD method, a film was coated and developed
half way. The top layer, as well as the first and second wash-
ings were placed into separate scintillation vials. The amount
of radioactivity removed from the HD cell with the first

ashing was on the order of 5% of the amount of radioac-
the cell. The DRM data was analyzed for each dissolve%v g >

. i ) X L vity removed in the main solution. The amount of radioac-
film. Figure 4 shows the interference intensity signal of thetivity removed with further 2.5 ml washing solutions was

DRM verse time for the three monitoring beams directed ahelow the background levels of the LSC instrument. There-

three different areas on the wafer during a halt developme%re one washing was adequate.

experiment. The data become noisy as the cell was drained, |, ever, it is possible that solvent molecules diffuse out
washed, and refilled. The data demonstrate that the deveIoBf the polymer film and into the developer at a rédster

ment rate Is ulr_uf%rlm ac:joshs ths wafer. Thickness no;un_lf_orfhan the film develops. Ito and Sherwood have reported a
mities are negligible, and they do not cause unwanted Mixing, .o ransport of residual solvent out of resists in a humid

of resist layers. Figure 5 shows an example of the halted, i-onment® They have suggested that water molecules
development of a resist film. A very small amount of devel- 5.0 apje 1o diffuse into and plasticize the resist, allowing

°pmed”t cr?ntmluesd to occur dunrrl]g tht()a_llhalted devgloprlnergowem molecules to diffuse out of the resist into the sur-
period. This plot demonstrates the ability to stop deve Op'rounding environment. In this case, the surrounding environ-

ment while the developer solution is changed. ment is the developer solution. If this type of solvent trans-

Anqther set of experlments'was conduqted to demonstratg, y joes occur quickly, it would have an appreciable effect
that dissolved layers of the film were being separated an

n the interpretation of the HD experimental results. In light

that the DRM thickness data could be correlated with theOf this issue, an experiment was devised to quantify the
chemical analysis of the dissolved resist samples. These Wer‘?eaching ” 0} RCS into aqueous developer

performed using nonlabeled resist films at different halt
times. The relative polymer concentration of the dissolved
and remaining portions of the resist film were established by. Radio-labeled HD experiments: Leaching of
measuring the ultravioletUV) absorbance of the solutions residual casting solvent
with a Hewlett Packard 8452A UV-visible/IS) spectropho- The first set of leaching experiments was performed with
tometer. The novolac solution had a strong and easily iSoe radio-labeled diglyme resist. The HD cell was used in the
usual manner with one change. Instead of using developer,
pure distilled water was poured into the cell initially. The
water was allowed to contact the resist for a given time, after
which the cell was drained and washed with distilled water.
The water did not cause appreciable dissolution of the resist
film. The remaining resist was dissolved using the standard
developer, and washed with the standard washing solution.
The experiment was repeated, allowing the water to contact
the resist for various leaching times. The relative amount of
solvent that was transported into the water was measured
with the liquid scintillation counter. The results of this ex-
periment are shown in Fig. 7.
0% , , . , , At long contact timeg~25 min) as much as 5% of the
0 0.2 0.4 0.6 0.8 1 12 residual casting solvent diffuses into the water. Only 1% of
Eraction of Thickness Dissolved the residual solvent diffuses out of the film in 5 min. The halt
o _ o times used for the RCS experiments are all less than 5 min.
e mecered oy e A Vv e sy e clesif Second experiment was conducied wih he PGMEA la
eled resist(Fig. 7). Less than 2% of the PGMEA leaches

effluent developer solution with dissolved regisbvolac cast with diglyme . h ‘ i
solveni. out of the resist during 5 min of contact with water. There-

Time(s)

Fic. 5. An example of the halted development of a resist film.

1.2

1 ¥

L

0.4 y =0.96x +0.01
R2 =0.997

Fractina af Palrmer Dirrmlved

0.2

JVST B - Microelectronics and  Nanometer Structures



140 Gardiner et al.: Residual casting solvent concentration 140
0.06 30
- :
0.05 Dlg|yme 25 ¢ 70C

0.04 ¢ PGMEA /-
/

y = 21.6x + 0.0171
20 e 110C R? = 0.996 /’+’

0.03 15 /
/ y =0.0017x + 0.0058 M/.f

0.02 / R7=0.9896 10 I

; N Tl

0.01 4
F, 5 3y y=138x+ 0:0076
0 ' ! W R? = 0.9935

0 10 20 30 0 ¥4 ‘ ‘

0 0.2 0.4 0.6 0.8 1 1.2
Contact Time (min) Fraction of Thickness Dissolved

Wt % Solvent

Fraction of Solvent Transported
into Water

T T

Fic. 7. Relative amount of residual diglyme and PGMEA “leached” out of 5 g Measured concentration of residual PGMEA casting solvent vs
a novolac resist for varying contact times with water. thickness of resist using HD procedure at bake temperatures of 70 and
110 °C.

fore, the rate of solvent transport into developer is too low tocentration gradients in the films. The extent of surface inhi-
give significantly incorrect RCS gradient results. bition observed for each bake temperature was the same. The
bulk RCS concentration corresponded well with measure-
ments made previously. Therefore, the HD method is ca-
pable of accurately measuring both the overall solvent con-
. centrations and the concentration gradients in these
The HD/LSC method was used to determine the Rc%eveloper solutions.
coqcentration gradignt in the rgsist cast from diglyme. Six |gentical experiments were performed using the PGMEA
resist films were spin coated with a 90°C PAB and develyapeled resist baked at temperatures of 70 and 110 °C. One
oped for various lengths of time. The thickness and RCSyjnor difference in the experiment is that the average film
concentration was determined in the individual resist layeknickness was 1.%m. The resist cast from PGMEA had a
and RCS concentration was plotted against depth into thg,ch higher viscosity than the diglyme resist and required a
film (Fig. 8). Films cast _from d_lgly_me d|ssolve_at nearly a much higher spin speed to coat auf film. The higher spin
constant rate and there is no significant depletion of RCS alheeq also resulted in poor film uniformity. The nature of the
the surface of the filn(Figs. 1 and & It was important to i experiment requires a very uniform film to keep the dis-
determine if this lack of RCS gradient was a result of thegg|ution uniform across the wafer. The lowest spin speed
detection method or whether these diglyme cast films do najhich would provide uniform coatings resulted in a film
have a significant RCS gradient. In order to test the sensitiviyickness of 1.5:m. It has been shown that the RCS overall
ity of the measurement method, the experiment was repeate@,centration was the same for 1 and 418 films 2® There-
with films baked at different temperaturé® and 110°Cto  fqre the RCS gradients of these films with two different
create films with different degrees of depletion in the surfacgpicknesses and the same overall RCS concentration was as-
region. The results of these additional experiments are alsg,med to be roughly the same. It is expected that the RCS
shown in Fig. 9. There were not any observable RCS congragient is controlled primarily by the influence of the bake
conditions and the solvent-film interactions. It should also be
noted that Lum PGMEA films showed similar dissolution

D. Radio-labeled HD experiments: Measuring residual
casting solvent distribution

14 profiles to the 1.5um films.
12 - W 70C ] y=lI8e o No observable RCS gradient was measured for either set
A 9C ' of films using the HD methodFig. 8). (It is assumed that
§ 107 s 110C there are no concentration gradients within the thickness seg-
2 8 - ments measured. Other than the surface region of the resist,
g 6 y=8.23x - 0.160 there is not expected to be any large deviations in residual
% Re=0995 solvent concentrationClearly, the RCS gradient is not the
= 4 - primary cause of surface inhibition. The PGMEA cast resists
y = 4.58x - 0.0234 have surface induction that persists through more than one
24 R? = 0.994 third of the film thicknesgFig. 1), but the concentration of
0 J the RCS is constant throughout the film.

0 02 04 06 08 1 1.2

Fraction of Thickness Dissolved E. Comparison of HD data with a casting solvent

diffusion model

Fic. 8. Measured concentration of residual diglyme casting solvent vs thick- . . . .
ness of resist using the HD procedure at bake temperatures of 70, 90, and FUrther evidence against the relationship between RCS

110 °C. distribution and surface induction comes from the correlation
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20 1.2 . reach a bulk rate until one half of the film is developed.
18 ; m=s=LION ot SimUlaton While the residual solvent may be responsible for slower
+1 (Wt % Solvent) .
16 1 S development ratesery close to the surface, it cannot be
c 147 los 3 ) . entirely responsible for the change in development rate ob-
2 2] ) | e Simulation d f hi icul . Si Il ch
2 % (intsgralsd o served for this particular resist system. Since small changes
3 12 1 796 5 compare with the in RCS have been shown to produce large changes in disso-
= 81 3 Experiment i
£ ;) Loa g . Egggmgggl Dt lution rates, gll these data together suggest that the presence
q w of RCS gradients alone does not explain surface induction.
] 102
2 IV. CONCLUSIONS
0 5 7 & A technique has been presented which allows for layer by
. _'5 ) ! ) layer analysis of resist films. This technique has been used in
Fraction of Thickness intoReslat conjunction with liquid scintillation to determine the concen-

Fic. 10. Measured and simulated concentration of residual PGMEA castingration profile of residual casting solvent in a DNQ/novolac
solvent vs thickness of resist for bake temperature of 110 °C. The simulatepesist system cast with PGMEA and diglyme. The experi-
concentration profile has been integrate to compare with the experiment. ments show no observable concentration gradient for films
cast with either diglyme and PGMEA over a range of bake

) o ) .. temperatures from 70-110°C. The experiments were com-
of this HD data with simulation data from a solvent diffusion hareq with the solvent diffusion model for resist films by
model by Mack'® The RCS distribution for this resist cast \jack 16 The measured and simulated concentration profile of
from PGMEA was simulated using this modéIThe calcu- regjdual casting solvent was consistent. Furthermore, the dis-
lated distribution was integrated to simulate the data from thgqytion rate profile of both resists were measured in con-
HD experiments. Figure 10 shows the simulated distribution;ynction with the chemical analysis of RCS distribution, to
the simulated integral of the distribution, and the HD experi-est the theory that the residual solvent profile was respon-
mental data. The simulated integral data corresponds wedlipje for observed surface induction. The resist cast from
with the mea:?‘ured Qata: These results show the majority Qiglyme supported the thepr— a linear solvent profile and
the RCS gradient exists in the very top layer of the resist, ang jinear dissolution profile were observed. However, the re-
the HD data confirms the results of the model. This steegist cast from PGMEA showed a linear solvent profile
concgntration gradignt produces a fairly smooth curve. Thigyithin the resolution of the experimenand a very nonlin-
experimental technique does not have the resolution necegar dissolution rate profile. For this resist system, another
sary to detect a concentration profile as steep as that prgnechanism must be responsible for the observed surface in-
dicted. _ _ _duction. Future work is being performed to explore the

Figure 11 shows the simulated RCS gradient plotted Withyechanisrts) responsible for surface induction.
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