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Sub-100 nm lithography poses strict requirements on photoresist material properties and processing
conditions to achieve necessary critical dimension control of patterned structures. As resist thickness
and feature linewidth decrease, fundamental materials properties of the confined resist polymer can
deviate from bulk values and impact important processing parameters such as the postexposure bake
(PEB) temperature. The effects of these confinement-induced deviations on image or linewidth
spread have not been explored. In this work, we characterize the resist thickness dependence of the
spatial extent of the reaction-diffusion process in a chemically amplified photoresist system under
varying processing conditions. Bilayer samples are prepared with a lower layer of a protected
polymer (p-tert-butoxycarboxystyrene and a top layer of a de-protected polymer
[poly(4-hydroxystyreng loaded with a photoacid generator. After flood exposure, PEB, and
development, changes in the thickness of the protected polymer provide a measure of the spatial
extent of the reaction front between the polymer layers. The velocity of the reaction front is
significantly reduced with decreasing thickness of the protected polymer layer under identical
processing conditions. @001 American Vacuum SocietyDOI: 10.1116/1.1421559

[. INTRODUCTION istry and physics of the acid diffusion process, but a full

During photolithographic patterning of chemically ampli- description of the process involves a complex coupling of

fied resists, factors such as photogenerated acid dif'I‘usiotr-')P.th reac'glon and diffusion procesé@gl.:or example, each
acid species catalyzes the deprotection reaction of a large

strongly affect the interface between protected and depro . ) . .
tected polymers as a function of bake time and temperaturé].umber of protection groups increasing the effective range of

The resolution limits of chemically amplified photoresists are? pf|10to|generateq_ acid. :.Cr']d. d!ﬁu5|0n| 'S ?Ils?j a fun.ct%nbof
affected by the material properties that control these factor €loca composu_tlon, which is In turn locally eterml_ne y
and can result in either pattern blur or image spread. Th e rate of r'eact|o.n. Many other factors. can contribute to
constant demand for smaller device dimensions and thinnéf'@9€ blur, including thermal de-protection where the de-

photoresist layers in the semiconductor industry introduceQrOteCt'on occurs solely due to thermal fluctuations, dispari-

continuing challenges in the research arena. Critical dimenli€S In the glass transition temperatures of the polymer spe-

sion control of less than 10 nm will be required for structural €S, as Well as the presence of residual solvents and other
dimensions below 100 nm. At these length scales, manjPurties. , _ _

properties of polymeric systems such as the glass transition Many of the properties affecting the spatial extent of the
temperature or the Young’s modulus become significantly ald€-Protection reaction are known to be dependent on the di-
tered from their bulk quantities. The characterization and th&n€nsions of the feature. For example, the glass transition
fundamental understanding of these changes and their effet§mperature, Tg, of ultrathin polymer films has been ob-

on feature resolution are essential for the development of€rved by many groups to increase or decrease with film

new resist materials with the required sensitivity and/or resothickness with a dependence upon the nature of the interac-
lution. tion between the polymer and the substfdt&@ther studies

The diffusion of photogenerated adi@GA) in the photo- of thin films have demonstrated changes in small molecular
. . . O . 1 .

resist is among the most prominent factors identified in the’robe diffusivity?® solvent ab:;orptloﬁ, a:?d polymer chain
literature as a source of image blur and dimensional controfM0bility near surfaces and mterfac?@s? Changes in the
There has been extensive past work on acid diffusion ifhermophysical properties of a resist polymer suggest
chemically amplified resists using techniques such as iofhanges in the dynamics of the material in confined geom-
conductivity' 8 diffusional lengths;*® spectrofluorometric ~ etries that directly impact critical photoresist processes such
detectiont*~'® and computation method&® In general, @S acid diffusion during postexposure bake P&Bhe effect

these studies have used a simple interpretation of the cherfif film thickness on the spatial extent of the reaction front
has been identified in past work, but has not been studied in

dauthor to whom correspondence should be addressed; electronic maifietail. Fry_eret al. r(_apor_t a r_educed hefat O_f reaCti_On of the
goldfarb@us.ibm.com de-protection reaction in thin photoresist films using a local
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thermal probe techniqu.Houle et al. have also reported C. Sample processing
increases in the de-protection kinetics for thinner photoresist
films.*®

In this article, the spatial extent of the de-protection reac
tion is investigated in sub-100 nm films over length scale

relevant to lithographic resolutiof®—20 nm. We introduce centrated sulfuric acid96% and hydrogen peroxidé80%)
a variation of a diffusional length technique using a bilayerin a 70:30 volume ratio at 56 °C fd. h followed by rinsing

sample prepared by spin coating a film of de-protected pOIy\'Nith de-ionized water to remove any trace organic impurities

mer loaded with a photoacid generator PAG on top of A%rom the substrate. A hydrophobic surface was generated by

ultrathin protected polymer layer. The bilayer system emu'treating the silicon wafers with hexamethyldisilazane vapor

!ates the interface betvyeen eX.DOS.Ed "?‘_”d unexposed regioggne i 5 vacuum oveliYield Engineering SystemsThe
in a patterned photoresist. In this simplified approach, a flood| .. - peoCST layer was spin cast from solution in PG-

exposure removes the contribution of the aerial image to thﬁ/IEA at 3000 rpm and subsequently baked at 130 °C for 60 s
spatial distribution of acid in the resist, and the remaining, \ - oot hot platéi100 CEE, Cost Effective Equipment

factors that modulate the spatial extent of de-protection, ye fijm thickness determinéd. The top PHOST layer was
events are exclusively materials related. During PEB, thespin cast on the PBOCST layer from a 1-butanol solution

acid may diffuse into the protected layer creating an advancwith a solids mass fraction of 5% PFOS and the bilayer was
ing front of de-protection. After development, decreases inagain baked at 130 °C for 60 s

the thickness of the protected layer are used to identify the
position of the boundary between protected and de-protect?#)

Samples consisted of bilayers of protec(tB8OCST and
de-protectedPHOST) polymers as the bottom and top lay-
‘ers, respectively, on a hydrophobic silicon substrate. Silicon
afers were pretreated by immersion in a solution of con-

Exposure of the bilayer system to broadband UV radiation

) . X X riel Instruments deposited a dose of 1000 mJfgnas
layers. By studying bllaygr samples prepared under identic easured with a dose metdPowerMay. The dose neces-
expostre an_d PEB c_ondltlons, any observe_d changes are r?z‘;iry to create enough acid to de-protect the PBOCST layer
lated to confinement-induced effects from either the substratguring PEB was chosen after performing separate experi-

or the confined polymer material. ments with single layers of fully protected PBOCST carrying

similar PAG loads, which were exposed to increasing
Il. EXPERIMENT amounts of radiation and placed in contact with standard
aqueous developer. The “dose to clear” value was used as
the criterion to determine a range of useful doses.

The de-protected polymer pa#rhydroxystyreng After postexposure bakingPEB) the flood exposed bi-
(PHOST) (M, ,=5260, polydispersity 1.12 as measured by |ayer films at selected temperatures and times, the PHOST
GPQ was obtained from Triquest.Fully protected polymer  top |ayer and the de-protected section of the PBOCST bot-
p-tert-butoxycarboxystyrene (PBOCST (M, ,=15288, tom layer were removed by immersion of the wafer in
polydispersity=2.71) was prepared by free radical polymer- TpAH 0.26 N for 30 s, followed by a rinse with de-ionized

ization of t-butyl 4-vinylphenyl carbonatéAldrich) follow- \yater. The thickness of the remaining PBOCST layer was
ing a literature proceduré.Di(t-butylpheny) iodonium per-  measured as described above.

fluorooctanesulfonate(PFOS acid was obtained from

DayChem. Propylene glycol methyl ether acet®@E&MEA)

and 1-butanol were purchased from Aldrich. Developer|. RESULTS AND DISCUSSION
CD-26 (TMAH 0.26 N) was obtained from Shipley.

A. Materials

Figure 1 shows the change in thickness of the lower pro-
tected polymer layede, , @s a function of baking time for a
range of PEB temperatures. The observed changes in thick-

Film thickness was measured using an n&k analyné&k ness of the remaining PBOCST layer are expected from the
Technology, Ing. The interference fringes from the acquired development of a broadening or moving interface between
UV-visible reflectivity spectrum were fit to the Forouhi— the two polymer layers due to the de-protection reaction. We
Bloomer equations. The film thickness calculated with thisnote that the postdevelopment AFM measurements on the
techniqgue was compared with the values obtained using RBOCST layer yielded rms roughness values on the order of
variable angle spectroscopic ellipsometdr A. Woollam  (5—-8 A. The roughness was significantly smaller than the
VASE). Only small systematic differences up to a maximumoverall thickness removed and does not contribute to any
of 10 A were detected between the two methods. Roughnessror in the thickness measurement. Although a distribution
was determined using an atomic force microscpk3000  of de-protection fractions is expected through the bilayer in-
AFM, Digital Instrument$ in tapping mode using standard terface, we reasonably assume that the developed interface is
DI software. Differential scanning calorimetfSC) (TA  proportional to a critical de-protection fraction to analyze the
2020 MDSC, TA Instrumenjswas used to obtain the glass data. As a result, any variation in the deprotection profile
transition temperatureT) of bulk samples. DSC measure- from changes in material or transport properties in the inter-
ments were performed using heating/cooling cycles at 10 °Ciacial region will be observed from changes in the remaining
min with the experimental value of ; determined in the PBOCST thickness. For the data in Fig. 1, the original thick-
second cycle. ness of the protected layers was chosen dakocst

B. Instrumentation
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Fic. 1. Measured diffusional lengthdge,) of perfluorooctanesulfonic acid Fig. 2. Diffusion of PFOS into PBOCST at different temperatures)
(PFOS in PBOCST at different temperaturess) 90 °C, (A) 100°C,(+) 90 °C,(A) 100 °C,(+) 110 °C,(0J) 120 °C,(M) 130 °C. Thickness: 1250 A.
110°C, (0J) 120 °C, (M) 130 °C. Thickness: 1250 A. The standard uncer- The standard uncertainty in tit., measurement is10 A.

tainty in thedy, measurement is10 A.

the bulk film. A radius of gyratioiRg) of ~30 A is expected

=1250A. These samples will serve as a reference for thosfr the M, , of PBOCST used in our experiments which
results obtained using thickness values below 1000 A, whiclagrees with the observed thickness loss values.
are presented later. As a simple approximation, we can analyze the movement

For all temperatures, increasing PEB time increases thef the reaction front into the PBOCST layer in terms of a
rate at which the reaction front moves into the PBOCSTFickian-type model, namelyggy<t>° wheret is time. For
layer as expected from an exposed PAG loaded PHOST laydr<Tg,pgocstthe movement of the reaction front is consis-
next to a protected polymer layer. For each temperaturgent with a Fickian-type scaling at short baking timese
there is sharp rise in the rate at which the reaction fronfig. 2). The velocity of the reaction front propagation can
moves into the PBOCST layer that then reaches an apparetiten be parametrized by an effective diffusion coefficient,
asymptotic limit at longer times. This more rapid initial rate Do. In earlier work, this diffusion coefficient was directly
of de-protection has been observed and analyzed in studiessigned to acid diffusion, but actually encompasses many
on similar system&>!8As the temperature increases, the rateother physical and chemical factors.
at which the reaction front moves into the PBOCST layer In relation to Fig. 2, the acid mobility at higher tempera-
increases. However, for PEB temperatures at or above theres is large enough to preclude any quantification of its
measured bulk PBOCST4(~120°C), the effect of the scaling prior to reaching a plateau. The source of the plateau
PEB temperature on the velocity of the reaction front isis unknown at this time, however results from prior measure-
smaller than the error in the experiment. It is perhaps surprisnents of probe diffusion through PHOST below Ttg sug-
ing that de-protection is observed at temperatures well belowest that PAG diffusion in the PHOST layer is negligible and
the Tg of PHOST (Tg~150 °C) where the diffusivity of the self-limiting reaction front propagation mechanisms have
acid has been found to be very 13t Enhanced acid mo- been proposed. These include the complex interplay of many
bility at the interface between protected and de-protected layfactors including the coupling of diffusion with the chemical
ers at subFg temperatures is possible resulting from a vari-reaction, free volume generation in the reaction zone due to
ety of factors including local changes in tig due to the the evolution of gaseous reaction products, relaxation and
presence of the PAG, residual casting solvent or a redliged densification of the de-protected layers and acid trapping in
at the boundary. Nevertheless, the variations in the velocityhose de-protected regions with substantially slower chain
of the reaction front with temperature strongly suggest thatlynamics. However, regardless of the exact combination of
acid transport is determined by thermally activated events. factors behind the movement of the reaction front, the dra-

A systematic film loss 0f20—30 A in the bottom layer matic slowdown of the boundary at longer bake times sug-
was detected after development on bilayers processed witlgests that while this movement is finite, it occurs over sig-
out PEB (Fig. 1,t=0). The same behavior was observed nificant distances under normal processing conditions.
when unexposed films were developed, irrespective of the We note that diffusion coefficients from the data in Fig. 2
baking time. Rinsing of PBOCST films with 1-butanol led to are consistent with the values reported for other PGA in pho-
the same thickness change, but repeated rinsing of the sart@esists using a similar type of analysis. A comparison of
PBOCST film with 1-butanol did not introduce any further diffusional  lengths  of  several photoacids in
loss. The systematic loss observed can be justified in termolyhydroxystyrene-based matrices at different baking tem-
of the molecular size and binding energy of the individualperatures, obtained using experimental techniques, is given
polymer chains. Removal of a loose monolayer of PBOCSTin Table I. A general close agreement with reported values
from the surface by the casting solvent is possible due to &or the diffusion of photoacids was obtained, given the varia-
lower binding energy of those polymer chains compared tdions in molecular size, and the wide range of processing
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TaBLE |. Reported diffusion coefficient of several photoacids under different temperature ranges. 24 BS:
2,4-dimethyl benzenesulfonic, PFBS: perfluorobutanesulfonic, PFOS: perfluorooctanesulfonic.

PBOCST Thickness PEB temp. D
Photoacid (fprod R) (°C) (cmPls) Ref.
PFBS 1.0 12 000 65-105 »510716—1.5x 10713 18
PFOS 1.0 1300 90-130 2607 %-1.0<10"* This work
24 BS 0.36 7000 60-120 610 5-3x 10" 3
PFBS 0.0 12 000 65-105 10" Y7—-1x 1071 18
PFBS 0.0 5000 165-185 3@0 *-5.4x 10 *? 13

conditions. The low diffusion coefficients of long chain flu- similar to that followed by Schlegeit al® The solution from
orinated PAGs are directly related to a relatively large mo-Fick’s laws to the infinite diffusion case was obtaifed
lecular volumé’ We also note that these values are compa- C
rable with the diffusion coefficients of linear iodooctane, C(x,t)=— —0_5)
comparable in size to PFOS, into a nonreactive matrix of 2 2(bY)
glassy polystyreng.”® In addition, the activation energy ob-  After a certain baking time the developer is able to re-
tained in this work for the diffusion of PFOS in a 1250 A move a de-protected PBOCST layer up to a certain depth
layer of PBOCST between 90 and 110°CE,E37  (dge,) characterized by a given deprotection lefigl,, then
=3 kcal/mol) agrees with the reportds}, for the diffusion  x=d,,. If we estimate that the local acid concentration at
of perfluorobutanesulfonic acid PFBS in the same r¥Sist the surface of the developed PBOCST layerg(,t) is
within the experimental error. much smaller than the surface concentratigra@d establish

To explore the thickness dependence of the movement a&fpproximate upper and lower limits
the reaction front, a series of experiments were conducted at
110 °C, just belowT 4 pgocsrfor protected layer thicknesses 0.5>2C(dget)/Co>0.05. 2
ranging from 2000 to 375 A. The samples are prepared iThen, using Eq(1),
identical fashion and any differences in the spatial extent of d
the reaction front arise from the reduced dimensions of the 0.8<$05< 1.6. (3)
PBOCST layer. In Fig. 3, the changes in the thickness of the 2(Dt)™
de-protected layer are plotted as a function of time in Fickiar good approximation to calculate the diffusion coefficients
form. As the initial PBOCST film thickness decreases, thefor the photoacid is
rate of propagation of the reaction front into the PBOCST 05
layer is significantly reduced. Extending the use of the Fick- dye=2.4D)™" @)
ian model, we can parametrize these changes through an ef- The extracted . values are plotted as a function of the
fective rate coefficientD o, from the slopes of the data in initial PBOCST thickness in Fig. 4. The coefficient shows an
Fig. 3. D values for the advance of the de-protection frontasymptotic limit for PBOCST layers thicker than 600 A but
were determined using a simplified mathematical approacts dramatically reduced for protected layer thicknesses less
than 600 A. The dramatic slowdown of the de-protection
front indicates thickness dependence of one or more PB-
OCST polymer material properties that control the resolution
limits of chemically amplified resists such as acid diffusion.

. (1)
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Fic. 3. Diffusion of PFOS into PBOCST at different thickneés) 375 A;

(m) 520 A; (A) 610 A, (@) 1250 A, () 2000 A at 110 °C. The data for PBOCSt thickness (A)
each thickness are offset vertically for clarity. The standard uncertainty in
the dge, measurement is=10 A. FiG. 4. D¢ as a function of film thickness for PFOS in PBOCST at 110 °C.
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These results are consistent with decreased heats of reactitman 600 A, the velocity of the reaction front is significantly

in photoresist thin films loaded with PAG using the thermalreduced. The precise origin of this thickness dependence is

probe studies of Fryeet al! still unclear, but is consistent with observation of reduced
In the literature, there have been reports on changingnobility of the small molecules or PGAs due to thickness

transport properties of small molecules in ultrathin films.dependent thermophysical properties of the protected poly-

Probe diffusion studies in ultrathin supported polymer filmsmer.

reveal that transport coefficients can be affected by positive

or negative deviations from bulk values, depending on the
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