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Abstract. Directed self-assembly of polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) during laser
thermal annealing at peak temperatures of 300°C-800°C for dwells of 1-10 ms has been explored. The
enhanced mobility of polymer chains at these temperatures improves registration compared with conventional
thermal anneals. PS-b-PMMA films (forming 15-nm line /space standing lamellae) were cast on chemically pat-
terned substrates with a copolymer neutral layer and annealed by laser and hot plate. Annealing by hot plate or
multiple laser scans resulted in well-aligned features over micron length scales. By laser annealing multiple
times, defectivity was reduced by ~60%. However, laser annealing for only 10 ms before performing a hot
plate anneal reduced defectivity by >80%. We believe that this reduction arises from improved interfacial align-

ment of the film to the template during laser annealing near the order—disorder transition. © 2015 Society of Photo-Optical
Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JMM.14.3.031205]
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1 Introduction

Directed self-assembly (DSA) of block copolymers (BCPs)
has emerged as a likely candidate to enable bottom up lithog-
raphy for patterning at dimensions below 20 nm; however,
defect density currently limits practical implementations.
BCPs consisting of two or more covalently bonded immis-
cible polymers microphase segregate into domains with the
geometry determined by the polymer composition. The
alignment of phases, such as lamellae and cylinders, can
be directed either chemically (chemoepitaxy) or physically
(graphoepitaxy) to form intentional patterns.'~® The polysty-
rene-block-poly(methyl methacrylate) (PS-b-PMMA) sys-
tem has been extensively explored and has demonstrated the
ability to register patterns via both chemoepitaxy and graph-
oepitaxy during thermal annealing at temperatures near
250°C in the minutes time frame. However, challenges
remain with regard to defects, registered domain sizes and
line-edge roughness.*® Although annealing for much longer
periods improves patterning characteristics, throughput con-
cerns remain. Use of higher temperatures on hot plate time-
scales to accelerate the alignment is limited by thermal
degradation of the polymers.

Early efforts on DSA required thermal anneals for tens of
hours at elevated temperatures.” Refinements in methods
have reduced annealing time to the minutes timescale’ at
temperatures approaching the thermal degradation limit.
BCP phase segregation has also been demonstrated using
rapid thermal annealing on the 10 s time frame at 250°C®
and using multiple millisecond pulsed CO, laser irradia-
tions;’ these data suggest DSA could be viable at higher tem-
peratures and correspondingly greater polymer mobility.

*Address all correspondence to: Alan G. Jacobs, E-mail: agj27 @cornell.edu
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Others have attempted to circumvent thermal annealing
limits by incorporating solvents to swell the BCP film
and increase polymer mobility,'®!! also potentially linked
with hot plate'? or laser induced'*™'* heating to accelerate
segregation and alignment.

We have previously demonstrated the ability to extend
polymer processing to higher temperatures by limiting
anneals to the millisecond time frame in a process known
as laser spike annealing (LSA).'® For PS-b-PMMA, the
processing window, prior to observable material loss, is
extended to ~850°C at 10 ms compared to ~300°C in the
seconds time frame. In this work, we utilize this extended
process window to explore segregation of BCPs on millisec-
ond time frames, and demonstrate the feasibility of using
LSA for pattern registration and annealing of residual defects
during DSA. Indeed, Li et al. suggest that defect annealing
at lower yN values'’ is potentially more effective due to
lower energy barriers to defect annihilation. The high tem-
peratures available to LSA enable access to this yN regime.

With the use of high temperature and a short time, thermal
annealing can be independently used from, or in conjunction
with, conventional thermal anneals. Utilizing LSA alone, the
enhanced polymer chain mobility at high temperatures may
enable rapid phase segregation and aligned pattern forma-
tion. The use of LSA after traditional hot plate processing
may anneal out residual defects while maintaining the pre-
viously aligned regions. Finally, an initial high temperature
anneal may enhance phase segregation and initial interfacial
alignment to the directing template allowing for rapid
structural development of the fully aligned pattern during
a subsequent conventional thermal anneal.
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2 Experimental

2.1 Laser Spike Annealing

Millisecond thermal annealing for shallow junctions, in the
form of LSA, was originally developed to address issues
involved in the activation and diffusion of dopants.'® LSA
is achieved using a line focused continuous wave (CW) laser
scanned over the sample, as shown in Fig. 1(a). Power
absorbed in the substrate raises the film temperature on milli-
second time frames followed by cooling at similar rates by
thermal conduction into the substrate as the beam passes.
The anneal time frame and temperature profile are controlled
by the beam shape, power density and scan velocity of the
beam. LSA can be characterized by a scaling parameter
referred to as the dwell time, which is defined as the beam
full width at half maximum of the laser in the scan direction
(X) divided by the scan velocity. Typical dwell times range
from 250 ps to 10 ms.

Figure 1(b) shows the temperature as a function of time
experienced by a sample during a 1-ms dwell LSA anneal.
Though intrinsically transient in nature, the sample temper-
ature remains within 5% of the peak temperature for approx-
imately the dwell time followed by rapid quenching at
~10° K/s. From the peak, samples cool to approximately
half the peak temperature in ~1.5 dwell times, and reach
room temperature within ~10 dwell times. Although poly-
mers are generally poor thermal conductors (Dy = 107 to
1073 ¢cm?/s), even in polymers the characteristic thermal dif-
fusion distance for a 1 ms dwell is >3 ym resulting in com-
plete equilibration through the ~100 nm thick films. The
laser source was either a CO, laser (A = 10.6 um) or a
diode laser (A = 980 nm). For the CO, source, silicon wafers
were heavily doped (0.01-0.02 Q-cm) to ensure complete
absorption of the 10.6 ym light. For the diode laser source,
doped and undoped substrates were used. Temperatures were
calibrated to gold and silicon melting points and measured
using thin film thermistors."”

2.2 Block Copolymer Phase Segregation Samples

For preliminary studies of BCP phase segregation,
cylinder-forming PS-b-PMMA  (M,, = 57-b-25 kg/mol)

(a)

z Direction

(b) 600 11—

Temperature (OC)

was obtained from Polymer Source, Inc. (P8269-SMMA)
and was used as received. As the bare silicon surface is pref-
erentially wetted by the PMMA block, a cylinder-forming
morphology was chosen in order to show features regardless
of BCP phase orientation. The polymer was dissolved in
toluene to create a 2 wt.% solution and spun coat to a target
thickness of 100 nm on highly doped bare silicon (native
oxide). No attempt was made to match the thickness to a
multiple of the BCP periodicity; for these samples, we were
interested only in identifying the phase segregation. As-spun
samples were annealed at temperatures from 300°C to 620°C
for dwell times from 250 us to 10 ms utilizing the CO, laser.
For comparison purposes, control samples were annealed in
a vacuum oven at 180°C for 24 h.

Scanning electron microscopy (SEM) images were
obtained both directly after annealing and after a short oxy-
gen plasma etch to enhance contrast. Film morphologies
were independent of the etch time indicating uniformity
through the film thickness, and subsequent images were gen-
erally taken after a 15-s oxygen plasma etch to preferentially
remove the PMMA block.

2.3 Directed Self-Assembly Defectivity Samples

In addition to the undirected cylinder-forming BCP samples
above, DSA alignment studies were performed using
lamellae forming PS-b-PMMA films obtained from EMD
Performance Materials (Merck KGaA). The molecular
weight of these films was adjusted to achieve a 15-nm half-
pitch. The films were coated on silicon substrates with a PS-
r-PMMA random copolymer neutral layer to promote the out
of plane orientation. In DSA areas, a 45-nm half-pitch
directing chemical template was lithographically patterned
to direct assembly of 15 nmlines/spaces at 3Xx density
multiplication as described by Liu et al.”>?! A standard 2-
min hot plate anneal at 250°C in air was used as the reference
annealing condition. LSA samples were annealed using a
980-nm diode laser with a 10-ms dwell at peak temperatures
from 300°C to 800°C.

SEM images were obtained after a 4-s oxygen plasma
etch to preferentially remove the PMMA block and increase
contrast. To reduce sample charging, a thin Au-Pd film was
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Fig. 1 (a) Schematic representation of the laser spike annealing (LSA) process. Laser is scanned along
the X direction, while the peak temperature reached along the Y direction follows a Gaussian-like profile.
(b) Representative empirical temporal temperature profile for a 1-ms dwell LSA showing rapid heating

and quenching rates on the order 10° K/s.
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deposited. The areal fraction of completely aligned domains
after DSA was determined using a custom ImageJ** macro on
typically 120 um? areas. For the reference hot plate anneals,
multiple 120 ym? areas were imaged to estimate statistical
variations in the alignment fraction.

3 Results and Discussion

3.1 Block Copolymer Phase Segregation under
Laser Spike Annealing

Cylinder-forming PS-b-PMMA films on unpatterned sub-
strates were annealed by LSA to peak temperatures of
300°C to 550°C with a 10-ms dwell. SEM images of the
films after annealing are shown in Fig. 2. As-spun films (not
shown) are featureless; however, it is likely that some initial
composition fluctuations exist after spin coating and solvent
evaporation on the seconds timescale. Clear BCP phase
segregation into the expected cylindrical morphology is
observed even at the lowest temperature of 300°C [Fig. 2(a)].
With increasing temperature under LSA, the segregation
becomes increasingly pronounced. At ~420°C [Fig. 2(d)],
the film shows in-plane and out-of-plane cylinders exhibiting
the expected mixed morphology with cylinder size and spac-
ing that are nearly identical to that observed for oven
annealed samples at 180°C for 24 h [Fig. 3(g)].

Above 420°C, however, the morphology changes mark-
edly into a structure that is independent of any further
increases in the annealing temperature. These data then sug-
gest that 420°C marks the order—disorder transition (ODT)
temperature (Topr) of these films under LSA conditions.
During the time that the temperature is above Topr, the
existing order in the film is lost and the subsequent rapid
quench permits development of only a limited morphology
before being kinetically frozen. As the quench rate is
changed with the LSA dwell (over a factor of 100), the
onset of this transition occurs at the same temperature, but
the “spot” size of the morphology scales inversely with the
quench rate.”> While the peak temperature reached in
Figs. 2(e)-2(g) varies significantly, the quench rate changes

300 °C

350 °C 400 °C

only over a range from 2.3 x 10* to 2.8 x 10* K/s, yielding
comparable morphologies.

Estimation of the expected Topt from literature values is
challenging. The often reported critical yNopy = 10.5 for
phase segregation must be corrected for asymmetric BCP
composition, finite chain length and fluctuation effects.?*°
Applying these corrections, we expect this cylinder-forming
polymer to segregate at yN ~ 21, or y ~0.025. Literature
values for y vary widely with some authors suggesting that
the y never falls below this critical y = 0.025 value for any
temperature.”’* Measurements by other authors suggest
Topr to be between ~330°C and 530°C.*'3? While these
values neglect film thickness effects,” the correction is
expected to be small relative to the large difference in
reported y values.

To explore the limits of phase segregation under LSA, iso-
thermal studies at a constant peak temperature, just below the
420°C Topr, were performed at varying dwell times from
250 ps to 10 ms [Figs. 3(a)-3(f)]. These data show that
phase segregation requires 2—5 ms for this molecular weight,
with longer dwells allowing the segregation pattern to be fur-
ther refined. For peak temperatures below Tgpr, multiple
LSA passes are effectively equivalent to increasing the
dwell time, with patterns becoming increasingly pronounced
after each scan.

3.2 Ordering and Directed Self-Assembly under
Laser Spike Annealing

Having demonstrated that BCP segregation occurs on LSA
timescales in these cylinder-forming films, we also evaluated
the behavior of the lamellar forming templated BCP samples
for DSA. Self-assembly and registration to a directing pattern
may require longer duration or multiple LSA anneals due to
the small driving force directing pattern formation. Under a
similar analysis for the ODT, these lamellar forming DSA
films are expected to have a Topy between ~200°C and
700°C.**? Based on our experimental measurement, the
effective Topr in directed regions appears to be between
650°C and 670°C.

550°C

500 °C

Fig. 2 Cylinder-forming PS-b-PMMA films laser annealed for 10 ms to peak temperatures of (a) 300°C,
(b) 350°C, (c) 400°C, (d) 420°C, (e) 450°C, (f) 500°C, and (g) 550°C.

250 ps 500 us 1 ms

Fig. 3 Isothermal segregation behavior of cylinder-forming PS-b-PMMA as a function of dwell time at
420°C for (a) 250 us, (b) 500 us, (c) 1 ms, (d) 2.5 ms, (e) 5 ms, and (f) 10 ms. (g) Reference oven
annealed substrate for 24 h at 180°C in vacuum.
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Fig. 4 Directed self-assembly (DSA) alignment of lamellar PS-b-
PMMA formed during (a) hot plate annealing for 2 min at 250°C in
air, (b) 10-ms LSA at 480°C, and (c) 10-ms LSA at 450°C repeated
for 100 scans.

Figure 4 compares the hot plate and LSA annealed DSA
structures for the 15-nm half pitch lamellar polymer. Under
hot plate annealing for 2 min at 250°C, the pattern density
multiplication is well-developed though a significant fraction
of the area remains defective [Fig. 4(a)]. Figure 4(b) shows
the morphology developed after a single 10-ms LSA scan at
480°C. While phase segregation has occurred, little or no
alignment is observed by top view SEM. This alignment
can be improved using multiple LSA scans below the Topr,
though accumulated damage limits the peak temperature for
multiple scans. Figure 4(c) shows the substantial alignment
that can be achieved for samples annealed with 100 scans
at 450°C with a 10-ms dwell. Indeed, the alignment is
improved relative to the hot plate anneal with 60% reduced
defectivity in larger comparable images. This suggests that
alignment and defect reduction are possible on a 1-s time
frame at temperatures near 450°C. However, the large num-
ber of LSA scans required makes this process impractical on
a manufacturing scale.

3.3 Hot Plate Anneal Followed by Laser Spike
Annealing

From as-spun films, LSA requires multiple scans to develop
the full DSA alignment. However, the high temperature of
the LSA, with the dramatically enhanced polymer chain
mobility, may be sufficient to anneal defects in local areas
following the initial alignment achieved during a hot plate
anneal. DSA samples were annealed for 2 min at 250°C fol-
lowed by single or multiple LSA scans. To correct for sys-
tematic variations in the DSA alignment layer, quantitative
measurements of the initial alignment were taken in areas
outside the LSA affected zone. Changes in the alignment
between these non-LSA areas and the LSA affected zones
are reported. A representative image from the non-LSA

area [Fig. 5(a)] shows an alignment of 74%. Based on multi-
ple images in non-LSA areas, the variation in aligned area
fraction between different areas on the same substrate was
determined to be +2%, while substrate-to-substrate variabil-
ity produced baseline alignment from ~60% to 80%.

Upon annealing once via LSA at up to 700°C for 10 ms,
any improvement is minimal as shown in Fig. 5(c). The
alignment after annealing is 70% and is statistically indistin-
guishable from the control area at 68%. Multiple LSA scans
after the standard hot plate anneal (not shown) provide sta-
tistically significant reductions in defectivity. After 10 passes
at 590°C, alignment increases to 80% compared to a 62%
baseline, representing a 45% relative reduction in defective
area.

3.4 Laser Spike Annealing Followed by Hot Plate
Annealing

Since no alignment was observed for a single LSA scan on
an as-spun film [Fig. 5(b)], LSA before a hot plate anneal
was expected to have little effect. However, the order of
annealing is critical as LSA dramatically improved the result-
ing film quality. Figure 5(d) shows a film annealed initially to
510°C for 10 ms by LSA followed by the standard hot plate
anneal for 2 min at 250°C in air. The aligned area fraction
increased from 74% in control areas [Fig. 5(a)] to greater
than 95%, an 80% relative reduction in defective area.
Although LSA does not provide sufficient time at tempera-
ture to fully align the film, modifications of the initial struc-
ture, most likely at the polymer-directing template interface,
during the short, high temperature anneal are effective in ena-
bling higher fidelity pattern formation under a subsequent
low temperature anneal.

It is critical to examine the effect of the LSA temperature
on this two-step annealing alignment process. To follow the
annealing behavior as a function of the peak LSA temper-
ature, SEM images were taken orthogonal to the laser scan
direction, i.e., across the Gaussian-like laser intensity profile.
This permitted comparison of nominally identically treated
samples where only the peak temperature was changed.
Figure 6 shows the aligned area fraction as a function of
this peak LSA temperature. At low temperatures, the align-
ment after all processes is equivalent to hot plate only
annealing with 74% alignment. As the LSA temperature is
increased to ~500°C, the aligned area fraction increases to a
peak of 95.6% [Fig. 5(d)]. At higher temperatures, the align-
ment is reduced and indeed drops below the standard hot

\\\\(\ ;’ /
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Fig. 5 SEM images of lamellar PS-b-PMMA DSA with superimposed shading of aligned regions. Insets
are low magnification images with >120 yum? areas used to quantify the aligned area fraction.
(a) Standard hot plate anneal for 2 min at 250°C in air, (b) LSA only at 500°C for 10 ms, (c) standard
hot plate anneal with subsequent LSA at 500°C for 10 ms, and (d) LSA for 10 ms at 510°C prior to a

standard hot plate anneal.
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Fig. 6 Temperature dependence of DSA alignment for 10 ms LSA
preannealed substrates. Solid line is a guide to the eye only.

plate anneal for LSA temperatures above ~650°C, near the
observed Topr of ~660°C.

The decrease in alignment at the highest temperatures
does not appear to be due to film loss or damage. The sta-
bility of these BCP films was determined by measuring the
film thickness as a function of the peak annealing tempera-
ture. For single LSA scans, no measurable thickness loss was
observed up to 850°C for a 10-ms dwell LSA. In addition,
films annealed at 800°C by LSA and subsequently annealed
on the hot plate continued to form the expected
15 nm lines/spaces with no visible change in color or tex-
ture. While it is possible that the high LSA temperatures
may have disturbed the underlying directing pattern, we
believe this to be unlikely. First, the BCP itself is stable
against thermal degradation up to 850°C. Second, the
cross-linked polystyrene guide stripes were still visible in
SEM at temperatures above 1000°C, though the origin of
the contrast is not known. In addition, modification of defec-
tivity cannot be a simple thermal diffusion effect as LSA
after the hot plate has only minimal impact on pattern align-
ment. If the defect reduction process were purely thermal,
that is, only dependent upon polymer diffusion, hot plate
and LSA treatments would be additive and scale with the
effective diffusion distance v/Dr, with the final result being
independent of the annealing order.

Consequently, we believe both the enhanced alignment
and loss of alignment at higher temperatures are due to
changes in the initial ordering of the BCP film developed
during LSA prior to the hot plate anneal. Ordering behavior
of the BCP under spin coating and subsequent thermal
processing may explain this behavior. The driving force
for phase segregation impacts the film structure starting at
the spin coating step. During spin coating, the polymer will
develop composition fluctuations while quenching from the
swollen solvated state to the kinetically trapped thin film.
These composition fluctuations are not fully developed nor
completely aligned to the directing template due to the lim-
ited evaporation time. It is likely, however, that a preferential
texturing to the directing template does develop nuclei which
then refine during the hot plate temperature ramp. Phase seg-
regation will be essentially complete during the ramp to the
hot plate temperature since only tens of milliseconds are
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required at 250°C. Imperfections in this initial alignment
then must be annealed out during the remaining anneal
time as large-scale polymer motion establishes the full
DSA alignment.

An apparent ODT was observed in the DSA films above
~660°C, similar to that observed in the kinetics studies
(Fig. 2). Approaching the ODT, polymer mobility across
the segregated interfaces is greatly enhanced and enables
realignment of nucleated phase regions to the directing tem-
plate which is ultimately reflected in the lower defectivity
after a hot plate anneal. In contrast, heating far above the
ODT and then quenching leaves little time for realignment
of nuclei to the directing template. This is then exhibited
as a greater defect density, larger even than that which devel-
ops from the as-spun samples with partial preferential align-
ment. The most efficient alignment is expected to occur just
below Topr wWhere the polymer has enhanced mobility but
retains defined domains which preferentially align to the
directing template.

Majewski et al. recently published work suggesting that
BCP alignment could be induced along thermal gradients via
a “cold zone annealing” process.'® With thermal gradients up
to 4 K/pm, alignment was achieved in 49.1 kg/mol cylin-
der-forming PS-b-PMMA for laser irradiation to maximum
temperatures near ~600°C. While the present work is similar
in many respects, there are also significant differences and
we believe the alignment development is related to the ther-
mal quench rate through an order—disorder transition rather
than as a result of the relatively small spatial thermal gra-
dients. Compared to Majewski’s work, the thermal gradients
during LSA annealing are actually quite similar and are set
primarily by the focus of the line beam, ranging from
~10 K/um in the scan direction (X) for irradiation with
the CO, laser (250 us to 10 ms dwells) to ~1 K/um for
the diode laser (10 ms dwell) irradiation. However, gradients
along the long axis of the line beam (Y) are reduced by at
least an order of magnitude. In contrast, the temporal gra-
dients in this work are orders of magnitude larger reaching
nearly 10% K/s for the shortest dwells.

Despite the large asymmetry in the thermal gradients for
the line scan beam, both lamellar and cylindrical forming
BCP samples, annealed in the absence of any directing
template, exhibited no preferential alignment relative to the
scan direction. Similarly, no differences were observed
for scanning templated DSA samples either along or
perpendicular to the directing template [Fig. 5(b)]. This is
not overly surprising given that the spatial gradients, on
the length scale of the 15-nm phase segregation, are quite
small (<0.01 K/nm) and variations in the local driving
force are unlikely to be sufficient to induce long range order-
ing. In contrast, the morphology development observed in
Fig. 3 clearly shows variation for changing thermal quench
rates under relatively constant thermal gradient conditions.
Thus, we conclude that the quench rate is the critical param-
eter controlling the segregation and ordering kinetics of
these BCP films.

4 Conclusions

The phase segregation and DSA behavior of PS-b-PMMA at
elevated temperatures in the millisecond time frame is
reported. Under LSA annealing, BCP phase segregation
for 82 kg/mol cylinder-forming PS-6-PMMA was shown
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to occur on 2-5 ms timescales at 420°C. Above 420°C, the
segregation behavior changes markedly suggesting an ODT
in the millisecond time frame.

While single LSA scans do not provide sufficient time at
temperature to achieve full DSA alignment, multiple scans at
450°C for 10 ms resulted in films with reduced defectivity
compared to hot plate annealing alone. When combined with
a hot plate anneal, LSA after a hot plate anneal was shown to
be effective in annealing out residual defects. After 10 passes
at 590°C with a 10-ms dwell, defectivity was reduced from
36% to 20%.

A greater improvement in defectivity was achieved by
using a single LSA scan prior to the conventional hot plate
anneal. Utilizing a single 10-ms LSA scan at 510°C followed
by a standard hot plate anneal, the overall defectivity was
reduced by >80%, with the aligned area fraction increasing
from 74% to 95.6%. A maximum in overall defectivity
reduction was observed for LSA anneals near 500°C. The
correlation of this observation with an ODT near ~660°C
strongly suggests that initial nucleation of phase segregation
and subsequent alignment are critical in determining the
ultimate DSA alignment fidelity after LSA and hot plate
anneals.
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