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T
he promise of self-assembly lies in the
spontaneous and intrinsically paralle-
lized ordering, yielding macroscopic

materials with nanoscale precision and
prescribed functionality. Block copolymers
(BCPs) are a particularly well-studied self-
assembly motif, wherein chemically distinct
blocks of a polymer architecture lead to
microphase separation, forming a nanoscale
morphology with well-defined periodicity.
This powerful paradigm has already demon-
strated its potential for the formation of bulk
materials,1 ordered thin films,2 and func-
tional templates.3 Despite the enormous
potential, self-assembling thin films have
seen comparatively little uptake in commer-
cial applications, owing to substantial out-
standing challenges: (1) themorphology and
orientation of the nanodomains must be
controlled; (2) especially for device architec-
tures, the nanodomains must be patterned,
ideally with macroscopic registry and pre-
scribed spatial distribution; (3) the typical
thermal annealing times for achieving rea-
sonable order in self-assembling systems
are often impractically long for industrial
viability.

A wide range of novel studies have ad-
dressed these challenges. The orientation of
BCP domains can be controlled via proces-
sing conditions (e.g., the interplay of tem-
perature and film thickness4), substrate
surface energy5�7 and topography,8�10 elec-
tric11,12 or magnetic13 fields, or shear.14�17

The patterning of BCPs has been accom-
plished by using topographic18�20 and
chemical21,22 templates in order to locally
direct morphology,23 where it has been
shown that density multiplication24,25 is pos-
sible and that minimal design rules can
enforce arbitrary nanoscale patterns.26,27

Block copolymer assembly kinetics havebeen
enhanced through the use of templating,28

interfacial energy,29 solvent annealing,30�32

and microwave annealing.33 Thermal zone
annealing34;sweeping a localized hot re-
gion through a material to improve order;
has been applied to organic materials35 and
recently to block copolymers,36,37 where im-
proved ordering kinetics, compared to con-
ventional oven annealing, were observed.38

In the so-called “cold zone annealing” (CZA)
implementation, the maximum annealing
temperature iswellbelowtheorder-to-disorder
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ABSTRACT For the promise of self-assembly to be realized,

processing techniques must be developed that simultaneously

enable control of the nanoscale morphology, rapid assembly, and,

ideally, the ability to pattern the nanostructure. Here, we demon-

strate how photothermal gradients can be used to control the

ordering of block copolymer thin films. Highly localized laser heating

leads to intense thermal gradients, which induce a thermophoretic

force on morphological defects. This increases the ordering kinetics

by at least 3 orders of magnitude compared to conventional oven

annealing. By simultaneously exploiting the thermal gradients to induce shear fields, we demonstrate uniaxial alignment of a block copolymer film in less

than a second. Finally, we provide examples of how control of the incident light field can be used to generate prescribed configurations of block copolymer

nanoscale patterns.
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transition temperature. Ordering is thus occurring on
both the heating and cooling fronts, through an
accelerated annealing process, which is qualitatively
different from directional solidification.39,40 The origin
of the enhanced kinetics of CZA was tentatively as-
cribed to the in-plane thermal gradients,41 which are
on the order of 10�70 �C/mm.
Despite this immense progress in controlling the

assembly of BCPs, it remains difficult to formulate a
single processing protocol that simultaneously ad-
dresses all of the above-enumerated challenges. Here-
in, we demonstrate the use of laser illumination to
generate highly localized thermal fields within a block
copolymer thin film. The immense thermal gradients,
coupled to high peak temperatures, yield a massive
kinetic enhancement with respect to conventional oven
annealing. Moreover, the use of a laser as a directing
field provides unprecedented control over the assembly
process. Photothermal annealing enables robust control
of thermal history, allowing tuning of morphology and
orientation (both in-plane and out-of-plane). Simulta-
neously, the use of light as a heat source offers a

substantial advantage: optical masking allows anneal-
ing to be performed in a spatially controlled way,
allowing direct patterning of the BCP morphology via

the incident light field. Thus, our photothermal gradient
method provides a path toward simultaneously addres-
sing the three challenges outlined above.
Laser illumination has been applied to a variety of

material-processingprotocols, includingordering intrin-
sically photoresponsive materials,42 heating inorganic
and semiconducting materials, and, more recently, an-
nealing polymeric materials including photoresists43,44

and during solvent annealing of block copolymers.45

What we demonstrate here is that careful control of a
sweeping laser line enables tuning of the spatiotempo-
ral thermal gradient, providing a precise and powerful
method for exploiting the directed ordering effects of
zone annealing. This allows for rapid ordering and
alignment of samples over macroscopic areas.

RESULTS AND DISCUSSION

Figure 1a shows the laser zone annealing (LZA)
setup we constructed to enable localized heating of

Figure 1. Overview of laser zone annealing (LZA). (a) Cutaway view of the vacuum chamber mounted on a motorized stage,
loaded with a set of substrates under laser illumination (laser line shown in green). (b) Schematic of a typical sample: light
absorption by a layer of germanium underlying a block copolymer film induces heating (yellow). The thermal profile is
determined by the laser line and conduction (red arrows). (c, d) Surface temperature profiling: (c) a series of melt-marks
inscribed in a thin film of thermometric substance (TBAHFP), as a function of increasing laser power. The contours represent
isotherms fromwhich we reconstruct the thermal distribution. (d) Reconstructed surface temperature profile of a 100 nm Ge
coated glass slide (across the laser line), showing both experimental isotherms (black dots) and a fit to an analytical function
(red curve). The corresponding thermal gradient is plotted above. (e) Reconstructed thermal profiles for different laser
focusing. The data have been rescaled into the time domain (for a 20 μm/s sweep speed) in order to emphasize the temporal
processing history (time = 0 is arbitrary).
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polymer thin films. A high-power (3 W) green (532 nm)
laser beam is focused into a sharp line and reflected
toward samples within a vacuum enclosure. The en-
closure is mounted to a linear translation stage, allow-
ing the samples to be swept through the focused laser
line (the illuminated area is ∼20 μm by >20 mm).
We induce local photothermal heating of the poly-
mer samples through the use of specially designed
substrates (Figure 1b): a thin germanium coating
(50�300 nm) is used as a light-absorbing layer, depos-
ited onto a glass substrate (whose relatively low ther-
mal conductivity enables larger thermal gradients to
be established). The laser line is locally absorbed by the
Ge layer, giving rise to a thermal field that locally
anneals the BCP film cast atop. This setup provides
detailed control over the annealing conditions: the
temperature scale can be adjusted by laser power
and/or Ge thickness, the thermal gradient can be
controlled by the laser focus, the dynamic annealing
history can be controlled by the sample motion
through the laser line, and, more generally, the de-
tailed thermal field can be controlled by shaping the
incident light field.
We assessed the local temperature distributionwith-

in our nanoscale thin films using a novel phase-change
thermometry method (Figure 1c,d; refer to the Sup-
porting Information, SI, for details). As can be seen in
Figure 1e, defocusing the laser leads to a correspond-
ingly broader temperature distribution; that is, the
thermal distribution can be optically prescribed. There
is a limit to the sharpness of the thermal zone, because
the thermal field becomes dominated by the intrinsic
thermal diffusivity of the substrate. For the glass sub-
strates consideredhere (thermal diffusivity 0.517mm2/s),
the sharpest possible thermal zone has a fwhm = 76 μm.
Because zone annealing imposes a nontrivial thermal
history, there can be no single definition of the effective
annealing temperature or time. We note that the max-
imum temperature of the thermal profile ismaintained in
the film only for a vanishingly short time (owing to the
sweeping of the thermal zone) and is thus not the most
meaningful measure of processing. We thus characterize
the thermal profile by THM, the temperature at the half-
maximum of the thermal excess. We similarly character-
ize the typical thermal gradient of a given profile using
rTHM, the gradient at the half-maximum position along
the thermal curve, while noting that the gradient varies
throughout the thermal profile. For the sharpest
(76 μm) thermal zone with THM = 274 �C, we obtain
rTHM = 1790 �C/mm, with a maximum thermal gradi-
ent greater than 4000 �C/mm. We similarly refer to
tHM;the time the film is above THM;as the “residence
time” and use this as an effective annealing time.
Although this definition is arbitrary, we note that
because of the extreme sharpness of the hot zone,
alternate definitions of the effective annealing time
(e.g., the total time above Tg) would be within a small

multiple of tHM and would not appreciably affect our
conclusions. The total residence time can be conveni-
ently varied by adjusting the LZA sweep velocity and/
or by performing repeated sweeps of the sample
through the narrow hot zone.
Figure 2 shows results for annealing of a cylinder-

forming polystyrene-b-poly(methyl methacrylate) thin
film (170 nm); this material has a repeat spacing
(cylinder-to-cylinder distance) of 31 nm. Conventional
oven annealing for 1 h yields a mixed morphology of
horizontally and vertically oriented cylinders, as evi-
denced by the coexistence of fingerprint/line patterns
and hexagonal/dot patterns, respectively. At this film
thickness, we do not observe any surface terracing
(“islands and holes”), which can occur when film thick-
ness is incommensurate with the morphological layer-
ing distance. We estimate the average grain size using
the orientational correlation length (ξ), computed
using previously reported image analysis methods
applied to the SEMmicrographs.38,41 We note that this
means of estimating the grain size is very conservative,
as it includes both the effect of abrupt changes of
in-plane orientation appearing at grain boundaries and
more subtle meandering of the morphology within a
morphologically connected region. For oven anneal-
ing, the grains grow with annealing time, following a
power law of the form ξ = AtR. Grain coarsening in BCP
systems is dominated by the diffusion and annihilation
of topological defects within the morphology. The
prefactor A includes the temperature dependence of
the grain-coarsening process, which is frequently as-
sumed to be Arrhenius-like, with an activation energy
related to the barrier for defects to combine. The
exponent R can vary depending on the dimensionality
of the system (e.g., bulk vs thin film) since this affects
the random diffusion of the defects,46 and more gen-
erally can be thought of as a proxy for describing the
dominant mechanism for grain growth.47

For identical thin films processed using LZA, remark-
ably large grain sizes form, especially considering
the extremely short annealing times. An example is
shown in Figure 2 of a film that experienced only
15 s of annealing, yet yields grains ∼3� larger than
the corresponding oven-annealed sample. Remark-
ably, even millisecond annealing is sufficient to yield
relatively well-ordered materials. Figure 2c compares
quantitatively the grain-growth kinetics for LZA and
oven annealing, where it is evident that LZA can reduce
the time required to achieve a given grain size by 3
orders of magnitude. The exponent of the scaling is
markedly different for LZA vs oven annealing, suggest-
ing that the LZA method is affecting the grain-growth
mechanism, rather than simply multiplying grain-
growth rates. (Exponents as high as R = 0.48 were
observed for 420 nm films; refer to the SI for details.)
Moreover, this larger exponent shows that the dispar-
ity between LZA and oven annealing grows larger with
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longer annealing times; the LZA method will always
generate quantitatively better ordering if annealing is
performed for sufficiently long. Experimentally, we
observed that mere seconds of local annealing is
sufficient to achieve the levels of order that are com-
monly targeted for BCP research.
For the film thickness studied here (170 nm), the

morphology adopts a vertical cylinder orientation at
early annealing times, but eventually converts to a
horizontal orientation, passing through a coexistence
region. Compared to oven annealing, LZA reduces
the time scale for this reorientation by ∼3 orders of
magnitude (Figure 3), demonstrating that LZA en-
hances morphological conversion, in addition to grain
coarsening.
Part of the enhancement of LZAmust come from the

high temperatures; for example, for annealing at THM =
262 �C, the film experiences a maximum temperature
of 500 �C, albeit for an infinitesimal time. Because of the

exponential dependence of grain growth rate on
temperature, the short pulse of high-temperature an-
nealing can yield substantial ordering. It is important to
note, however, that LZA improves upon conventional
oven annealing in that it exploits this high-tempera-
ture annealing without giving rise to film degradation.
For conventional oven annealing, film degradation
arises whenever the annealing temperature is too high
(polystyrene degrades48 at 330 �C, and poly(methyl
methacrylate) at49 350 �C). Thermal polymer degrada-
tion is a stochastic process, influenced by exogenous
species, and can thus accumulate even at lower tem-
peratures if annealing times are sufficient. This limits
the annealing times and temperatures that can be
realistically used and thus limits the level of order
possible for self-assembling materials. By comparison,
LZA allows for substantial enhancement of the kinetics
of morphological ordering, without simultaneously
enhancing the kinetics of polymer degradation.50

Figure 2. Accelerated kinetics of grain size development in LZA compared with conventional oven annealing. (a) GISAXS
patterns and (b) corresponding SEM images of 170 nm thick PS-b-PMMA films annealed in the oven at 240 �C for 1 h and laser
annealed for 15 s (THM = 274 �C); the latter yields grain sizes∼3� as large as oven annealing.Well-developedmorphology can
be obtained with LZA even after only 250 ms. (c) Evolution of grain size (horizontal cylinders) in an oven at 240 �C (black
squares) and in LZA (red circles). Error bars represent the standard deviation obtained by analyzing different film regions. In
LZA performed at constant sweep velocity, thewidth of the thermal field and the number of passages determine the effective
annealing time. The data were fitted to a power law equation: red lines.
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Indeed, we determined that LZA with extremely slow
push speeds yields degradation, at rates quantitatively
consistent with that observed for oven annealing
(Figure 3b). This implies that zone annealing influences
kinetics at the scale of the morphology, but is not
accelerating molecular reactions or chain dynamics.
The high temperatures of LZA alone cannot explain

the observed grain growth. Extrapolating oven anneal-
ing data to very high temperature (even ignoring the
onset of polymer degradation) would not predict the
rapid grain growth observed in LZA; indeed the in-
creased exponent R observed for LZA suggests an
alteration of the ordering mechanism. In order to
isolate the thermal gradient contribution from the
high-temperature contribution, we performed a series
of laser static annealing (LSA) experiments, wherein
the film was held stationary in the laser field. Different
thermal histories (temperature and gradient) can be

studied simply as a function of position within this
static thermal field of a known profile. Figure 4 com-
pares LSA data with corresponding oven annealing
data (rT = 0 �C/mm), for both horizontal cylinders (a)
and vertical cylinders (b). Comparing matched tem-
peratures, it is clear that annealing in the presence of a
thermal gradient leads to faster grain growth. The
effect of the gradient (relative increase in R) is more
pronounced for the horizontal morphology than for
the vertical morphology; this could suggest that the
effect of the thermal gradient occurs at the scale of
the morphology (i.e., the BCP repeat spacing or larger).
Morphological defects may be implicated; they can be
thought of as quasi-particles arising from the collective
behavior of many chains and whose size is determined
by the repeat spacing. Increasing the thermal gradient
(Figure 4c) systematically increases grain-coarsening
rates. We propose that the strong thermal gradient

Figure 3. SEMmorphology evolutionof cylindrical domains in 170 nm thick PS-b-PMMAfilms. (a) LZA allows block copolymer
film processing in less than a second without thermal degradation. (b) In conventional vacuum oven annealing, long
processing times are required since excessively high temperatures lead to polymer degradation. Color legend: blue,
horizontally oriented cylinders; red, vertical cylinders; violet, mixed morphology; gray, thermal degradation. Orientations
were determined by SEM and confirmed by select GISAXS measurements.

Figure 4. Enhancement of the grain-coarsening kinetics by temperature gradients. To facilitate direct comparison between
laser and oven processing, the samples were subjected to laser static annealing (LSA), where a stationary laser line was
heating the film, enabling unambiguous determination of annealing temperature (to within(5 �C). (a) The time exponent of
grain growth of horizontal morphology atrT = 1200 �C/mm (red dots) is much larger than for oven annealing at a matching
temperature (black squares). (b) The influence of thermal gradients on growth kinetics of vertical (hexagonally packed)
cylinders at 200 �C (rT = 620 �C/mm, red circles;rT = 2300 �C/mm, blue triangles; oven, black squares). Data at longer times
were obtained by analyzing the subregions exhibiting vertical orientation in mixed-morphology samples. (c) The grain size
for vertical domains (30 min LSA at 200 �C) shows directly the influence of temperature gradient.
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induces a thermophoretic force on the defects them-
selves, driving them toward the high-temperature end
of the gradient (to lower the system free energy; refer
to the SI). The concentration of defects would increase
their annihilation rate, while being driven preferen-
tially into the higher temperature region would simul-
taneous increase their diffusion speed and again
increase annihilation probability. The thermophoretic
driving of defects opens a more efficient defect anni-
hilation mechanism and thus faster grain growth
kinetics. The extremely large gradients available via

photothermal fields are a particularly powerful way
of exploiting this enhancement effect. Under this
hypothesis, the thermal gradient is influencing the
quasi-particle defects in the morphology, altering their
diffusion without altering the diffusion or dynamics of
the polymer chains.
With respect to the annealing times of LZA, Figure 5

shows a matrix of X-ray scattering data for combina-
tions of sweep velocity and number. Annealing gen-
erates vertical cylinders (in-plane peaks in grazing-
incidence small-angle X-ray scattering, GISAXS), which
convert into horizontal states (peaks above the Yoneda
line), which then coarsen (peak sharpening). For con-
served total annealing time (diagonals in Figure 5),
grain size is also conserved, except at very high sweep
velocity (Figure 5b). Although laser power remains
constant, rapid motion of the sample counteracts local
heat buildup (Figure 5c). This effect could be offset by
simply increasing the input laser power. However, our
data indicate that there is no significant difference
between slow and fast LZA processing, as long as the
total residence time is conserved. Thus, although the
spatial thermal gradient plays a critical role, it appears
that the temporal thermal gradient does not. Finally,
we note that even extremely short annealing times
can, if accumulated, give rise to reasonable order. In
other words, the BCP material is able to respond to
thermal ordering on a millisecond time scale.
LZA demonstrably enhances ordering kinetics by

orders of magnitude compared to oven annealing.
However, processing a macroscopic sample with zone
annealing involves translating the entire length of the
sample through the narrow hot zone (i.e., the laser line
in LZA). Remarkably, the kinetic enhancement of LZA is
more than sufficient to offset this. The total processing
time for LZA (in contrast to the local annealing time,
previously discussed) is dependent on the sample size
(specifically, the sample length divided by the sweep
velocity). For instance, at a sweep speed of 20 μm/s
(and fwhm = 93 μm), the local annealing time is 5 s,
while the total annealing time for a 1 cm sample would
be 8 min. Since LZA can operate at sweep speeds of
∼103 μm/s, the one-dimensional hot zone can process
∼1 mm of material per second; for example, a typical
1 cm sample can be entirely processed within ∼10 s.
Thus, even over macroscopic areas, LZA can order

material in record time (seconds to minutes). As an-
other point of comparison, a vacuum oven has the
advantage that it can process multiple samples simul-
taneously, limited by the size of the oven. LZA can, less
conveniently, process samples in parallel, limited by
the width of the laser line orthogonal to the sweep
direction. Another possibility would be to generate a
comb of laser lines (e.g. via interference) to induce
multiple annealing cycles in a single sweep, thereby
increasing throughput and offsetting the serial nature
of LZA.
The ability of LZA to generate high temperatures

over short time scales allows access to ordering re-
gimes not seen in other techniques. In LZA, the anneal-
ing temperature can be adjusted using laser power or
the thickness of the light-absorbing Ge layer or by
tuning the temperature of the sample-mounting block.
Figure 6a shows a sample processed using high-
temperature LZA (THM = 312 �C), where spontaneous
uniaxial alignment of the BCP morphology is observed
over the macroscopic dimensions of the processed
sample (see SI Figure S9). This “monodomain” global
alignment yields effectively infinite grain size, from the
point of view of the orientational correlation length.
Thus, the previously described enhancement is a lower
bound to the kinetic speedup that LZA can induce;
high-temperature LZA yields grain sizes that diverge to
infinity. This new phenomenon can be ascribed to local
shear and flow of the polymer film (along the sweep
direction), due to the high temperatures and the
extreme thermal gradient. We confirm this hypothesis
by processing samples with intentional discontinuities
in the polymer film, where we observe (Figure 6b,c)
that the morphology aligns along the local stress-relief
direction; that is, creep-flow of the polymer causes the
morphology to align perpendicular to the edges of the
film (refer to SI Figure S10 for additional examples).
The use of a laser beam as a heat source offers a

major advantage over conventional annealing techni-
ques: it can be highly localized by the use of optical
masking. More generally, an arbitrary pattern of ther-
mal gradients can be induced by appropriate spatial
and temporal control of the input light field. This points
toward the tantalizing possibility of using LZA to
simultaneously order and pattern materials. Here, we
demonstrate several proofs-of-principle in this regard.
First, we performed LZA through an optical mask,
thereby spatially dictating annealing and thus pattern-
ing the morphology (refer to SI Figure S11). The size
scale of this patterning is regulated by thermal diffu-
sion; for the substrates studied here, this generates
feature sizes of∼70 μmor greater, with morphological-
transition boundaries of width ∼4 μm. The results of
Figure 6b,c provide a second demonstration. High-
temperature LZA induces local BCP alignment that
is regulated by the local stress-relief direction, i.e.,
perpendicular to film boundaries. This allows relatively
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coarse (microscale) structuring of the film continuity to
template the nanoscale in-plane orientation of the
morphology (see also SI Figure S10).
We can also activate shear effects at more modest

temperatures by exploiting a soft polymer (poly-
dimethylsiloxane, PDMS) capping layer on the BCP
film during LZA processing. This “soft-shear” (SS)
effect has been previously reported in conventional
zone annealing experiments,51 where the differential

thermal expansion of the soft cladding (340 μm/m 3 K)
compared to the rigid substrate (∼8 μm/m 3 K) shears
the polymer film. Figure 7 demonstrates that LZA can
efficiently exploit this effect, aligning the morphology
along the sweep direction. GISAXS indicates complete
ordering through the film thickness (Figure 7c); uni-
axial alignment was confirmed by the disappearance
of the GISAXS peaks upon in-plane rotation (SI
Figure S13). This near-perfect uniaxial alignment over

Figure 5. Influence of laser sweep velocity and number of sweeps on morphology of block copolymer films. (a) Synchrotron
GISAXS patterns of 170 nm thick PS-b-PMMAon 100 nmGe coated substrates. The progression along diagonals (upper-left to
lower-right) corresponds to a constant total annealing time. Processing conditions: THM = 214 �C, fwhm = 93 μm.
Complementary SEM images are presented in the SI. (b) The size of horizontal domains (red circles) with conserved total
annealing time is unaffected by the sweep velocity below a critical value of∼300 μm/s. Above that velocity, substratemotion
leads to substantial thermal transport away from the heated zone, lowering the processing temperature (blue squares) but
sharpening the thermal profiles (shown in c), which decreases the annealing time. (c) Numerically simulated steady-state
temperature profiles of substrates moved across the laser line at different velocity. Parameters used in the simulation were
derived from experimentally obtained static temperature profiles.
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macroscopic areas represents a degree of ordering
impossible in conventional thermal annealing; yet
LZA allows this exceptional order to be achievedwithin
<300 ms. The localizable nature of LZA, coupled to SS,
provides a third proof-of-principle with respect to
patterning: an edge of the PDMS cladding can define
a boundary between ordered/aligned material and
disordered material. Figure 7d shows the formation

of a right-angle contact line between two horizontal-
cylinder domains. For this demonstration, the laser line
was first swept over a film partially covered by a PDMS
layer (the uncovered portion of the film was protected
from light exposure using an optical mask). This
laser passage creates a region of aligned BCP cylinders
covering the exposed region, sharply terminated by
the edge where illumination was blocked. During a
second orthogonal laser sweep, the whole film is
illuminated. However, the second alignedmorphology
is induced only in the previously unexposed region,
since the domains are relatively stable against shear
realignment. Figure 7d shows a magnified SEM image
of the transition region between the two patterned
zones (see SI Figure S12 for a larger view). The align-
ment direction on either side of the transition can be
independently controlled by the sweep direction in the
two SS-LZA steps. The boundary over which the align-
ment of the cylindrical domains shifts is locally very
narrow (∼2L0), while its position at larger scales is
determined by mask quality/alignment.
With respect to orientation control, Figures 6 and 7

demonstrate how LZA can exploit shear effects to
control in-plane orientation of BCP morphology, while
Figure 3 demonstrates how out-of-plane orientation
can be controlled via annealing temperature and time.
We note that this latter effect arises from the tempera-
ture-dependent surface tensions of PS and PMMA and
may not generalize to all BCP materials.7 On the other
hand, the wide temperature range accessible to LZA
may allow the exploitation of this effect in a wider
range ofmaterials. We also note that themorphological
repeat spacing (L0) is also temperature-dependent,52,53

offering another way to tune material response. In
particular, when film thickness is incommensurate with
L0, there is an energy penalty associated with horizontal
alignment of the morphology, which can result in
reorientation or the formation of surface terracing
(“islands and holes”).4,54 For the results presented here
(170 nm film thickness), we do not observe surface
terracing. LZA experiments across a range of polymer
film thicknesses displayed trends qualitativelymatching
those described for 170 nm films. Coupling LZA with
commensurability effects is an exciting avenue for
future study.

CONCLUSIONS

In conclusion, we have demonstrated that moving
photothermal gradients can reduce the time required
for ordering thin films of block copolymers. The high
peak temperatures, coupled to extreme in-plane ther-
mal gradients, allow grain growth kinetics to be en-
hanced by many orders of magnitude, without the
onset of polymer degradation. Moreover, coupling to
shear effects allows macroscopic uniaxial alignment
of the block copolymer morphology in less than one
second.

Figure 6. Uniaxial alignment induced by high-temperature
LZA. (a) Performing LZA experiments at increased tempera-
ture (THM = 312 �C) accesses a new regime of ordering,
where the sample is spontaneously aligned along the
sweep direction (speed 20 μm/s), over the macroscopic
dimensions of the sample (inset shows in-plane orientation
histogram). This results from creep-flow of the film due to
the transient high temperatures. (b) Discontinuities in the
film surface can be used to locally align the morphology in-
plane, since the material flows (and thus shears) along the
perpendicular to an edge. (c) This is confirmed by using a
film edge that is perpendicular to the sweep direction.

Figure 7. Soft-shear laser zone annealing (SS-LZA). (a) The
shear effects of zone annealing can be enhanced by placing
a PDMS pad on top of the polymer film. The large thermal
expansion coefficient of PDMS induces a tangential stress in
the film, along the laser sweep direction. (b) SEM micro-
graph of the surface of a film (170 nm) processed using a
single sweep at 320 μm/s (laser line fwhm = 93 μm). The
sample is uniformly aligned over the entire sample area
(∼400 mm2). (c) GISAXS pattern collected after ultrafast
SS-LZA processing reveals an exceptionally well-ordered
block copolymer morphology aligned along the sweep
direction. The image was collected with an X-ray beam
along the sweep direction (refer also to the SI). (d) Example
of local patterning with SS-LZA. A perpendicular junction
pattern was obtained using two subsequent orthogonal
laser sweeps with the use of a beam-masking edge.
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Mechanistically, we observe a kinetic enhancement
for both grain growth and the kinetics of morphologi-
cal reorientation. The grain-growth enhancement is
different for horizontal and vertical morphologies.
Taken together, our results may suggest that zone
annealing operates at the scale of the morphology,
not by affecting molecular/chain dynamics (indeed
polymer degradation appears not to be enhanced).
LZA alters the exponent of grain growth (R), which
implies that it alters the mechanism of defect annihila-
tion. The prefactor for grain growth (A) is also influ-
enced by LZA (though more weakly), suggesting an
alteration of the activation energy and/or frequency
of defect annihilation. We propose that the spatial
gradients are applying thermophoretic forces to the
morphology, concentrating defects, and thereby
increasing the rate of defect annihilation.
Our new technique has obvious advantages with

respect to ordering kinetics. The enhanced scaling
indicates that for sufficiently long annealing time,
LZA will always exceed oven annealing in terms of

grain size. For the materials and conditions studied
here, this scaling is steep enough that even seconds of
photothermal zone annealing can yield larger grains
than hours of conventional oven annealing. Moreover,
the orientation of the BCP morphology can be con-
trolled with LZA, either through appropriate control of
processing conditions (material-dependent) or by cou-
pling to shear effects. Finally, LZA provides substantial
control over the annealing process. Laser power allows
control of temperature, while laser focus can tune the
thermal gradient. The total annealing time can be
controlled via the speed and number of sweeps. More
generally, by controlling the incident light field, the
ordering of the BCP can be prescribed in a spatially
defined way. In other words, one can pattern at a
micrometer scale using light, while allowing the BCP
self-assembly to spontaneously produce the desired
nanoscale pattern. Combined, these advantages poise
photothermal zone annealing for providing rapid and
robust control of block copolymer assembly in thin
films.

METHODS
Polymer Film Preparation. Block copolymer films (170 nm thick)

of cylinder-forming, polystyrene-b-poly(methyl methacrylate)
(31.6�17.5 kg/mol, PDI = 1.06, Polymer Source) were prepared
by spin-casting 3% toluene solutions onto germanium-coated
(100 nm, Ar plasma-sputtered) 1 mm thick glass slides. Films
were dried under vacuum at 60 �C for 4 h to remove residual
solvent.55 This BCP material exhibits a repeat spacing
(cylinder-to-cylinder distance) of 31 nm when oven-annealed
at 220 �C.

Oven Annealing. A reference set of samples (using identical
substrates) was prepared in a vacuum oven with a temperature
stability of (3 �C, verified by independent thermocouple
measurements.

Laser Annealing. A high-power (3W) solid-state 532 nm green
laser (Melles Griot 85 GHS 309) was used to irradiate the
Ge-coated substrates. The beam was focused into a narrow
(fwhm 20�400 μm) line (length ∼20 mm) at the film surface,
using two spherical and one cylindrical lens. Beam width was
tuned by adjusting the position of the first focusing lens.
A holder supporting the substrates was placed inside a
vacuum chamber fitted with a transparent quartz window
(see Figure 1) attached to amotorizedmotion stage (Newport
ILS 250CC). Optical profiles were measured by scanning
a thermal power meter (Newport 70268) equipped with a
15 μmpinhole at the sample position. For laser annealing, the
stage was swept across the laser line at velocities ranging
from 1 to 5000 μm/s. If multiple sweeps were performed,
the stage was moved across the beam in both directions.
Laser power was controlled by inserting neutral density filters
into the beam path.

Surface Temperature Profiling. A thin layer (∼200 nm) of a
thermometric substance, tetrabutylammonium hexafluoropho-
sphate (TBAHFP), an ionic compound with high melting point
(245 �C), was spin-coated onto our glass/Ge substrates, yielding
continuous films composed of very fine, submicrometer-sized
crystallites. The filmswere vacuum-dried at 100 �C for 2 h before
exposing them to a static laser beam. The film region heated
above the melting point of TBAHFP becomes visually distinct,
owing to dewetting and migration of film material. We refer to
the resultant opening as a “melt-mark”. The boundary of the
melt-mark is an isotherm contour corresponding to 245 �C.
Lowering the laser power narrows the melt-mark and allows

extrapolation to temperatures higher than the melting point of
TBAHFP using the formula

TEXT ¼ P0
PRED

(Tmp � 25�C)

where TEXT, PRED, and P0 are the extrapolated temperature,
reduced laser power, and initial laser power, respectively.
Conversely, lower isotherms were plotted using stearic acid
(Tmp = 70 �C). The series of melt-marks allows reconstruction of
the full experimental thermal profile due to the laser line. We
observed excellent agreement between our experimental ther-
mal profile and the analytical prediction (further details in the
SI), validating our method. The results are further corroborated
using our previously described numerical simulation.56 These
simulations are used to predict the temperature profiles that
exist during laser/substrate motion, i.e., the dynamic tempera-
ture fields that arise in LZA sweeps.

Soft-Shear LZA. Polydimethylsiloxane (Sylgard 184 with 5:1
mix ratio) precursor was cast onto Petri dishes to a thickness of
∼300 μm and cured under vacuum at 80 �C for 24 h. The PDMS
pads were cut and transferred onto the polymer films, where
intimate surface adhesion was observed. The samples were
laser annealed as previously described. After the annealing the
pads were gently peeled off; no evidence of residual PDMS was
observed on the BCP films.

Morphology Characterization. The surface morphology of sam-
ples was characterized, after acetic acid removal of the PMMA
block, using scanningelectronmicroscopy (Hitachi S-4800). High-
resolution (2560 � 1920 pixels) images at a magnification of
25000� were used for grain size analysis. We use the orienta-
tional correlation as an estimate of the grain size, as previously
reported.38,41 Briefly, particle analysis was used to differentiate
between film regions of horizontal morphology (larger image
structures consistent with “lines”) and verticalmorphology (small
structures consistent with hexagonally packed “dots”). For the
horizontal regions, spatial derivatives were used to compute a
local in-plane orientationmap,whereas for verticalmorphologies
vectors between nearest neighbors were used to compute the
average local in-plane orientation of the hexagons. The orienta-
tional correlation function was then calculated using

g(r) ¼ Æψ(0) ψ(r)æ
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where the angled brackets denote averaging over all angles for
a given distance r. Finally, a correlation length, ξ, was computed
by fitting g(r) to an exponential decay function, e�r/ξ. An
average value of the correlation length was obtained from at
least five micrographs.

GISAXS. Grazing-incidence small-angle X-ray scatteringmea-
surements were performed at the X9 beamline of the National
Synchrotron Light Source at Brookhaven National Laboratory.
Samples were measured under vacuum using an X-ray beam
of 13.5 keV (λ = 0.0918 nm). GISAXS data presented were
collected across a range of incidence angles (0.07� to 0.20�).
Silver behenate powder was used as a standard for data
conversion to q-space.
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