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C
ontrolling and differentiating be-
tween chemical kinetic processes
through temperature and time is

critical to synthesis and processing of nearly
all materials.1,2 As kinetic rates increase
exponentially with temperature, it is critical
to simultaneously reduce the time when
increasing temperature to maintain control
and stability.3 For example, in semiconduc-
tor junction processing, achieving defect
annealing without diffusion has forced
processes to shift from furnace anneals at
<1000 �C to temperatures approaching
∼1250 �C, but for only millisecond time
frames.4 In contrast to such inorganic sys-
tems, polymers and small molecules are
considerably more fragile and the tempera-
ture range available for processing has gen-
erally been assumed to be limited,5 yet high
temperatures may offer unique opportu-
nities for processing. Using a transient laser
heating source, we are able to characterize
and process thermally sensitive organic
molecules to temperatures at least 400 �C
higher than conventionally accepted limits.
In addition, we have characterized chemical
kinetic rates over 10 orders of magnitude
for a near-solid state system, revealing
previously unobserved and unexpected be-
havior. Identifying and quantifying such
fundamental reaction mechanisms, critical
to the understanding and processing of
small molecule and polymer systems, is
now possible over a vastly expanded tem-
perature range.
Millisecond transient thermal anneal-

ing, developed to address issues of do-
pant activation and diffusion,4 is achieved
using a continuous wave (CW) laser
focused to a line and scanned over the

surface. The surface temperature rises on
time frames of microseconds to millise-

conds followed by cooling at similar rates

by thermal conduction into the substrate.

For these studies, films were irradiated

using a CO2 laser (λ = 10.6 μm) focused

to a 90 μm by 700 μm line beam scanned

at velocities of 13�2000 mm/s, as sche-

matically shown in Figure 1. These condi-

tions correspond to dwell times (τdwell) of

7500�50 μs, defined as the beam full

width half-maximum divided by the scan
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ABSTRACT

Probing chemical reaction kinetics in the near-solid state (small molecules and polymers) is

extremely challenging because of the restricted mobility of reactant species, the absence of

suitable analytical probes, and most critically the limited temperature stability of the

materials. By limiting temperature exposure to extremely short time frames (sub-millisecond),

temperatures in excess of 800 �C can be accessed extending kinetic rate measurements many
orders of magnitude. Here we demonstrate measurements on a model system, exploiting the

advantages of thin-films, laser heating, and chemically amplified resists as an exquisite probe

of chemical kinetic rates. Chemical reaction and acid diffusion rates were measured over 10

orders of magnitude, exposing unexpected and large changes in dynamics linked to critical

mechanism shifts across temperature regimes. This new approach to the study of kinetics in

near-solid state materials promises to substantially improve our understanding of processes

active in a broad range of temperature-sensitive, low-mobility materials.
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velocity. In contrast to a hot-plate, the temperature is
never entirely isothermal but remains within 5% of the
peak temperature for approximately τdwell and cools to
the ambient within ∼10τdwell (see Supporting
Information). Although polymers are generally poor
thermal conductors (DT ≈ 10�4 to 10�3 cm2/s), the
characteristic thermal diffusion distance for a 1 ms
dwell is >3 μm, resulting in nearly complete equilibra-
tion across 100 nm thick films.
To characterize and probe the thermal stability and

kinetics of a model near-solid state system, chemically
amplified photoresist systems were studied. In these
systems, the critical chemical transformation is a cas-
cade of thermally activated side-chain cleavage reac-
tions catalyzed by the diffusion of photochemically
generated acids (produced by UV irradiation of small
molecule photoacid generators).2,6 Cleavage of these
side-chains modifies the solubility of the polymer in a
basic solution resulting in dissolution of exposed areas.
This property enables the resist systems to be used as
a sensitive monitor of chemical reaction rates. In this
article, we report the kinetics of this side-chain cleavage
reaction and the diffusivity of thephotogenerated acids

as a function of both temperature and heating time
over the millisecond to second time frames.
The model resist system consists of a copolymer

backbone of 2-methyl-2-adamantyl methacrylate-co-γ-
butyrolactone-2-yl methacrylate (MAdMA-co-GBLMA,
Figure 2a), with a relatively high glass transition tem-
perature (Tg ≈ 160 �C).7 A triarylsulfonium hexafluor-
oantimonate salt (THS, Figure 2b) was used as the
photoacid generator,8 which reduced the Tg of the
copolymer to∼110 �C at 5wt% loading (see Supporting
Information). Poly(MAdMA-co-GBLMA) containing 5 wt
% THS was vigorously stirred overnight in propylene
glycol monomethyl ether acetate (PGMEA). The pre-
pared solution was spun onto a silicon wafer substrate
with 100 nm as the target thickness. All samples were
soft baked on a vacuum hot-plate at 130 �C for 90 s to
remove the PGMEA solvent. The initial concentration of
acids in the film was established by exposing resist-
coated wafers to UV irradiation (235�260 nm) at doses
of 0.1�12 mJ/cm2 to activate the THS. Samples were
subsequently heatedunder either isothermal conditions
on a vacuumhot-plate or using the submillisecond laser
heating system. In the presence of a free acid and
sufficient temperature/time, a side-group of MAdMA is
cleaved and converted to methacrylic acid, which sub-
sequently regenerates the acid as it stabilizes to methy-
lene adamantane9 (Scheme 1). Following either hot-
plate or laser heating, sampleswere developed in 0.26N
tetramethylammonium hydroxide (TMAH) for 60 s at
room temperature. Three critical properties for this
polymer system were measured: the thermal stability
of the polymer at extreme temperatures, the side-group
cleavage kinetics via dissolution measurements, and
diffusion of the photogenerated acids using a bilayer
technique.10,11

RESULTS AND DISCUSSIONS

To establish the temperature range for polymer
characterization and processing in the millisecond
time frame, poly(MAdMA-co-GBLMA) without additive
(Tg ≈ 160 �C) was spin coated on a wafer substrate.
Figure 3 shows the thickness remaining as a function of

Figure 1. Millisecond heating of a resist polymer using a
CO2 laser system. Schematic drawing shows a continuous
wave CO2 line beam scanning the substrate in the x direc-
tion. The beam is scanned with 100 μm steps to cover large
areas. Thermal profile of the beam with a beam dimension
of 90 μm by 700 μm is shown.

Figure 2. Chemical structures of (a) resist poly(MAdMA-co-GBLMA) (2-methyl-2-adamantyl methacrylate-co-γ-butyrolac-
tone-2-yl methacrylate) and (b) photoacid generator THS (triarylsulfonium hexafluoroantimonate salts).
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peak temperature for a 60 s hot-plate bake and for laser
bake thermal cycles of 0.5, 1, and 5 ms. For all heating
times, the thickness of the film decreases by 60%
at intermediate temperatures due to decomposition
of thermally sensitive side groups.12 As the heating
temperature increases, C�C bonds in the backbone
are broken and the film completely decomposes.
The shape of the curves are similar, but the ultimate
thermal stability of the polymer is increased by
∼400 �C at 500 μs, showing that even sensitive organic
molecules can be characterized at temperatures far
above conventional use limits.
To take advantage of the extended temperature

regime, reaction kinetics and acid diffusion, both cri-
tical properties of a resist, were investigated. These
chemical kinetic rates have been extensively investi-
gated on time frames of seconds to minutes using
conventional heat sources (hot-plates), but at shorter
time frames and higher temperatures the behavior is
essentially unknown.2,13 Polymer side-chain cleavage
kinetics were measured using dissolution curves, plot-
ting the thickness of resist remaining after develop-
ment as a function of UV dose (mJ/cm2). The dose
to clear (E0) is a function of both heating time
and temperature13 with representative data shown in

Figure 4a for a 60 s hot-plate and a 500 μs laser at
various temperatures. Owing to the large difference in
heating time (500 μs versus 60 s), laser bake requires
much higher temperatures to achieve a response
similar to the hot-plate (e.g., compare laser curve at
∼420 �C with the 150 �C hot-plate curve).
To summarize data over a range of temperatures

and times, isotherms on a log�log E0 versus heating
time are plotted in Figure 4b. For laser bake, the
temperature varies continuously during heating, and
an effective time at temperature must be used. This is
defined as the duration of an equivalent isothermal
process at the peak temperature and is dependent on
the activation enthalpy of the underlying process and
the actual temperature�time profile (see Supporting
Information for detailed calculation). For side chain
cleavage rateswith an activation enthalpy of 21 kJ/mol,
the effective time is 4.0τdwell.
At a given temperature, E0 increases as heating

time decreases consistent with a kinetic limit for side-
chain cleavage. While both laser and hot-plate data
exhibit substantial temperature dependence, they
exhibit remarkably different behavior with respect to
the heating duration. The data suggest a power law
dependence E0 � tn, as shown by the solid line fits. For
hot-plate heating, the slope is �0.25 ( 0.05 at 115 �C
(just above Tg ≈ 110 �C) and decreases slightly with
temperature until the resist begins to decompose
above ∼190 �C where the slope becomes ill-defined.
In contrast, the slope for laser data is independent of
temperature and time at �1.0 ( 0.2.
It is difficult to reconcile these data with simple

Arrhenius activated kinetics. For modeling it is more
appropriate to consider the time required, at fixed
temperature, to achieve the necessary side-chain clea-
vage as a function of the exposure dose (initial con-
centration of acids). The data suggest a form E0

n � t =
C(T) where n is the power law exponent (=slope�1) and
C(T) is a constant dependent on the peak temperature
and heating conditions. The exponent is ∼4 for hot-
plate and ∼1.0 for laser. This unity exponent for laser
bake is consistent with a simple first-order kinetically
limited process for side-chain cleavage � halving the
number of acids (catalysts) present in the system

Figure 3. Film thickness remaining as a function of tem-
perature showing the thermal stability limits under hot-
plate (60 s) and laser (0.5, 1, and 5ms) heating. Reducing the
heating duration by 5 orders of magnitude increases the
temperature stability of the polymer by 400 �C.

Scheme 1. Side-chain cleavage scheme ofmodel resist systempoly(MAdMA-co-GBLMA). Side-chain cleavage occurs through
acidolysis as MAdMA is converted to methylene adamantane.
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requires twice the time to achieve the same number of
cleaved segments. In contrast, halving the exposure
dose with hot-plate heating increases the time re-
quired by 16 times � suggesting a fourth-order reac-
tion mechanism or more complex kinetic pathways.
FTIR measurements of the ester and carbonyl peaks
(from the side-chain) after laser bake exhibit the same
decay observed in hot-plate experiments7 indicating a

similar fundamental underlying chemical reaction (see
Supporting Information).
The behavior observed for this resist system is not

unique. Similar behavior was observed with another
resist system consisting of a copolymer of 4-hydroxy-
styrene (HOST) and tert-butyl acrylate (TBA),14 whose
chemical reactions involve a different mechanism
with conversion of an ester to carboxylic acid. Slopes
(corresponding to Figure 4b), are ca.�0.5 for hot-plate
and ca. �1.1 for laser heating. The simple first-order
behavior of the laser regime appears universal while
the complex hot-plate kinetic regime may vary with
polymer systems and the relative temperature devia-
tion T�Tg.
As underlying reactions are expected to be thermally

activated, Figure 4c shows the log of the side-chain
cleavage rate (over 10 orders of magnitude) as a func-
tion of inverse temperature for constant acid catalyst
concentrations (corresponding to UV exposures of 1, 3,
and 10 mJ/cm2). At high temperatures (300�600 �C),
the rates exhibit Arrhenius behavior with an activa-
tion enthalpy EA = 21 ( 1 kJ/mol, consistent with side-
chain protonation, acidolysis, and/or acid regenera-
tion15 steps in the cleavage. However, as the system
approaches Tg (∼110 �C), the cleavage rates decrease
rapidly with a fingerprint typical of dynamics associated
with segmental polymer motion near Tg. Between
these limiting regimes, a crossover range exhibiting a
power law dependence is expected.16 At even lower
temperatures below Tg, the behavior is expected to
return again to Arrhenius behavior but with an activa-
tion enthalpy in the range of 100 kJ/mol.17,18 Direct
observation of the transitional behavior between seg-
mental dynamics above Tg and the newly observed
Arrhenius behavior with low activation enthalpy at
high temperature is possible only because of the ability
to extend the temperature using this laser heating
technique.
The limiting high and low temperature behavior

may be associated with a common kinetic process
coupled to the polymer segmental dynamics, but
it is more likely that two distinct kinetic processes,
acting sequentially in the cleavage, are rate-limiting.
At low temperatures the limiting step is likely acidolysis
to cleave the side-chain, which would exhibit both a
high activation enthalpy (observed below Tg

17,18) and
coupling to segmental-like dynamics associated with
conformational changes in the polymer backbone
during this step (Scheme 1). At high temperatures
well-above the glass transition, we believe the back-
bone dynamics are no longer rate-limiting, but the
formation of the double-bond and acid regeneration
associated with the final formation of the methylene
adamantane limits the rates. This structural stabiliza-
tion is expected to be relatively athermal consistent
with the observed low activation enthalpy at high
temperatures.

Figure 4. Comparison of dose to clear (E0) between hot-
plate and LB heating. (a) Normalized thickness versus UV
dose for HP and 500 μs LB. (b) Isotherms of E0 versus time.
Data exhibit different slopes for HP and LB heating. (c)
Arrhenius plot of reaction rate (panel b) for E0 = 1, 3, and
10 mJ/cm2.
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A shift in the underlying rate-limiting reaction step
would also potentially explain the observed power-law
exponent difference. With different steps in the reac-
tion chain critical in the two time/temperature regimes,
it is reasonable to expect a shift from simple first-order
kinetics at high temperature to a more complex kinetic
process involving coupling to segmental dynamics
of the polymer chain and reaction byproducts at low
temperature.
While a shift in rate-limiting steps ismost likely, other

mechanism shifts could produce similar changes in the
apparent activation enthalpy at low and high tempera-
tures. Intermediate steps in the stabilization of the final
byproduct methylene adamantane may act as acid
traps at low temperatures, increasing the apparent
activation enthalpy. Such a trap would act with the
rate-limit shift to give rise to both the activation
enthalpy change and the lack of first order kinetics at
low temperature.
Given the complexity of the low and high tempera-

ture regimes, diffusion of the photoacids (another
step in the reaction chain) must also be considered.
Substantial changes in the acid mobility would directly
impactpolymer side-chain cleavagekinetics. In addition,
in contrast to complex side-chain cleavage kinetics,
diffusion is amuch simpler randomwalk problem, albeit
potentially impacted by structural changes arising from
the cleavage kinetics. Bilayer structures, consisting of an
acid-containing top layer and acid-free bottom layer,
were treated by hot-plate or laser after UV exposure.14

Acids initially only present in the top layer diffuse and
subsequently cleave side-chains in the lowerfilm aswell.
Thickness loss of the bottom layer after development
thus measures the proton diffusion as shown in Figure
5a. Tg differences in the bilayers impacts the localized
acid motion, but not the limiting diffusion distance in
these films (see Supporting Information). Diffusion be-
comes significant on these length scales for hot-plate
temperatures above 130 �C and for laser temperatures
above ∼385 �C (26 W).
The acid diffusivity D = (Δx2/4t), based on diffu-

sion from an initial concentration step,19 is shown
in Figure 5b as a function of inverse temperature.
For a laser bake, the effective time at temperature
is ∼1.2τdwell based on an activation enthalpy of
∼175 kJ/mol (see Supporting Information for detailed
calculation). At low temperatures (but still above Tg ≈
110 �C), acid diffusion in similar polymer systems has
been shown to follow the Williams�Landel�Ferry
(WLF) model, which links diffusion to free volume near
the glass transition temperature.20,21 As with the side-
chain cleavage dynamics, while the low temperature
regime (<280 �C) appears linked to free volume near
the glass transition, the high temperature regime
(>300 �C) exhibits Arrhenius behavior. Surprisingly
however, in contrast to the chain cleavage dynamics,
at high temperatures the diffusivity is accelerated

and exhibits an activation energy significantly higher
than expected from extrapolation of the WLF behavior
(compare with Figure 4c). As these mechanisms act in
parallel, we model the overall diffusivity as a sum of an
Arrhenius term and the WLF model:

D ¼ DArrhenius þDWLF

¼ D0 exp � EA
kT

� �
þDTgexp

C1g 3 (T � Tg)
C2g þ (T � Tg)

 !
(1)

whereDTg is the diffusivity at Tg. With Tg fixed at 110 �C,
fits to the data yield D0 = 1.4 � 105 cm2/s, EA = 175 (
25 kJ/mol, DTg = 1.6 � 10�15 cm2/s, C1g = 16.2 ( 2.7
and C2g = 84.7 ( 27.6. These WLF fit parameters are
well within the range expected for similar polymer
systems,22,23 and the crossover from WLF to Arrhenius
behavior at 350 �C occurs more than 200 �C below
the thermal decomposition limit (Figure 3). However,
the Arrhenius activation energy of 175 kJ/mol is sig-
nificantly higher than expected for typical diffusive

Figure 5. Photoacid diffusivity measurements. (a) Bilayer
structure consisting of a top layer containing a photoacid
generator and a resist-only bottom layer. Heating was for
60 s (HP) or 500 μs (LB). (b) Plot of measured acid diffusivity.
Arrhenius behavior (red dotted line) is observed at high
temperatures while WLF model (blue dotted line) is obeyed
at low temperatures. The fit provided by a combined
WLF and Arrhenius model is represented by the solid black
line.
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processes in polymer liquids far above Tg (∼60 kJ/
mol).24 Ultimately, the remarkable agreement of this
simple model with the experimental data over eight
orders of magnitude is compelling evidence for the
validity of this linked WLF and Arrhenius model. In-
deed, observation of this unexpected crossover is
possible only because of the extremely large tempera-
ture span enabled by this submillisecond heating
technique.
While a transition from segmental dynamics near

Tg to Arrhenius behavior at high temperature has
been used to explain these data, several alternatives
associated with the substantial differences between
hot-plate and laser heating were also considered.
Photoinduced chemical processes, unlikely given
the 0.12 eV CO2 photons, were shown to be negligi-
ble for power levels up to 20 W/cm2. Similarly, while
there is potential for relaxation of UV induced defects
during the 100 K/s ramp rate of a hot-plate that might
be bypassed with the 105 K/s ramp rate of laser
heating, the laser bake behavior was unmodified
after a short (15 s) hot-plate bake indicating negligible
film changes during slow temperature ramping.
Ramp rate may still be a critical factor as it may
influence mechanical relaxation mechanisms above
Tg, or induce kinetic changes from reaction bypro-
ducts that have insufficient time to escape during
laser heating.

CONCLUSIONS

We have demonstrated the ability to extend the
temperature range for characterization and processing
of polymers and small molecule systems by at least
400 �C using transient laser heating on submillisecond
to millisecond time frames. Using a model system
based on a chemically amplified photoresist, chemical
reaction kinetics were characterized over nearly 10
orders of magnitude covering temperatures from 115
to 560 �C. The transition from kinetics defined by local
polymer segmental dynamics at low temperature to
kinetics associated with the equilibrium liquid at high
temperature were quantified. In the low temperature
regime, side-chain cleavage kinetics exhibited a power
law scaling suggesting a fourth-order reactionwhile the
high temperature regime was first order. In the high
temperature regime, the activation enthalpy was 21 (
1 kJ/mol for side-chain cleavage and 175( 25 kJ/mol for
acid diffusion. Across nearly 8 orders of magnitude, the
diffusion was accurately modeled using combined WLF
and Arrhenius behaviors. These observed behaviors
have potentially critical implications for the processing
and characterization of a broad range of complex poly-
mers. More generally, the use of laser induced heating
opens up an entirely new area for investigation of
polymer and small molecule reaction kinetics in the
near-solid state at extended temperatures.

MATERIALS AND METHODS
Temperature Calibration. Accurate peak temperature measure-

ments during millisecond heating are critical for this work.
Time-resolved temperatures were inferred from the resistance
change of thin-film (50 nm) platinum resistors (thermistors
fabricated on equivalent Si wafers) with an area (<10�5 cm2)
that minimally perturbed the incident CO2 laser.25 The resis-
tance of Pt is linearly proportional to temperature and was
measured with >10 kHz bandwidth. Absolute resistances were
calibrated at powers corresponding to experimentally observed
melting of silicon (1414 �C) and of micrometer size gold dots
(1064 �C) (see Supporting Information).

Sample Preparation and Acid Generation Using UV Exposures.
2-Methyl-2-adamantyl methacrylate-co-γ-butyrolactone-2-yl
methacrylate (MAdMA-co-GBLMA), and triarylsulfonium hexa-
fluoroantimonate salt (THS) were commercially obtained from
Mitsubishi Rayon Co., Ltd. and Sigma Aldrich. Poly(MAdMA-co-
GBLMA) containing 5 wt % THS were vigorously stirred over-
night in propylene glycol monomethyl ether acetate (PGMEA).
Target thickness for all films was 100 nm. All samples were soft
baked on a vacuum hot-plate at 130 �C for 90 s to remove the
PGMEA solvent. Resist layers and bilayers were exposed to deep
UV (λ = 235�260 nm) irradiation. Following either hot-plate or
laser heating, samples were developed in 0.26 N TMAH for 60 s
at room temperature.

For diffusion studies, bilayer resist samples with a THS-
containing top layer (acid generating layer) and a THS-free
bottom layer were fabricated using a polydimethylsiloxane
(PDMS) stamping technique. First, a PDMS stamp (∼5 mm
thickness and ∼90 mm diameter) was prepared and spun
with a 100 nm of THS-containing resist solution. Second, a
silicon wafer substrate was spun with THS-free resist solution to

achieve ∼100 nm thick film. Both substrates were soft baked
on a vacuumhot plate at 130 �C for 90 s. The PDMSwith the THS-
containing layer was then stamped onto the wafer and soft
baked for an additional 20 s at 90 �C for adhesion between the
two polymer films prior to the removal of the PDMS stamp.
Under UV exposure, the THS in the top layer generated free
acids that potentially can diffuse into the bottom layer upon
subsequent heat treatment.

Because of the potential for changes in the diffusion
behavior from differing glass transition temperatures in the
top and bottom layers, diffusion measurements were also
performed on bilayers where both layers contained the THS
photoacid generators. In these experiments, the top layer
was exposed under UV to generate free acids for diffu-
sion prior to lamination with the bottom layer. At high UV
doses, the diffusion distance observed in these bilayers was
essentially the same as that measured in films without THS.
However, this saturation was observed at lower UV doses for
these bilayers.

Heat Treatment. Photogenerated acids were introduced by
exposing resist-coatedwafers to UV irradiation (235�260nm) at
doses of 0.1�12 mJ/cm2. Samples were subsequently heated
under either isothermal conditions on a vacuum hot-plate or
using the submillisecond laser heating system. In the presence
of a free acid and sufficient temperature/time, a side-group of
MAdMA is cleaved and converted to methacrylic acid, which
subsequently regenerates the acid as it stabilizes to methylene
adamantane. Following either hot-plate or laser heating, sam-
ples were developed in 0.26 N tetramethylammonium hydrox-
ide (TMAH) for 60 s at room temperature.
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