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  1.     Introduction 

 The directed self-assembly (DSA) of block copolymers (BCPs) 
is expected to be a low-cost and high-yield technical route to 
complement the resolution limit of photolithography. [ 1–11 ]  The 
secure registrations of BCP microdomains in lithographi-
cally defi ned templates can achieve the multiplication of the 
pattern density by a few to tens of times. [ 6,7,11,12 ]  Remaining 
challenges related to DSA include further reductions of the 
defect density (<0.01 cm −2 ), minimizing the size (<10 nm), 
and reducing the edge roughness (<8% of line width). [ 13 ]  Both 
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traditional thermodynamic theories and 
recent self-consistent simulation results 
predict that the use of BCPs with a higher 
Flory-Huggins interaction parameter 
( χ ), [ 14 ]  a measure of the degree of incom-
patibility between two blocks, is one of 
the key strategies to resolve these chal-
lenges. Poly(styrene- b -ethylene oxide) (PS-
 b -PEO), [ 8 ]  poly(styrene- b -dimethylsiloxane) 
(PS- b -PDMS), [ 15,16 ]  poly(2-vinylpyridine-
 b -dimethylsiloxane) (P2VP- b -PDMS), [ 17 ]  
polyhedral oligomeric silsesquioxane 
(POSS) containing BCPs, [ 18,19 ]  poly( N -
xyloglucooligosaccharide- b -para-trimethyl-
silylstyrene) (XGO- b -PTMSS), [ 20 ]  and 
poly(trimethylsilylstyrene- b - D , L -lactide) 
(PTMSS- b -PLA) have been suggested as 
examples of high- χ  BCPs. However, the 
use of high- χ  BCPs is also associated with 
technical issues, as follows: 1) the diffi -
culty of achieving a perpendicular align-
ment with respect to the substrate surface, 

and 2) the signifi cant slow-down of self-assembly kinetics, 
affecting the aspect ratio and throughput. 

 The fi rst issue stems from the inevitable signifi cant differ-
ence in the surface-free energy between two polymer blocks 
in high- χ  BCPs. Many previous studies showed that the 
use of appropriate solvent annealing conditions can enable 
perpendicular alignment by directional solvent evaporation. [ 21,22 ]  
Recently, Willson et al. demonstrated that the application of a 
polarity-switchable top-coat layer can provide a neutral interface 
for both blocks and uniformly achieve the perpendicular align-
ment of a low-molecular-weight BCP. [ 23 ]  On the other hand, the 
use of a cylindrical morphology for the formation of line/space 
patterns can serve as an alternative to circumvent this issue 
despite the concomitant relatively low aspect ratio. [ 4,5,24,25 ]  Si-
containing BCPs [ 15–17,26–30 ]  can be used as a robust etch mask to 
enhance the aspect ratio via pattern-transfer to the underlying 
resist. 

 The kinetic issue is caused by the exponential decrease of the 
interdiffusivity of polymer chains as a function of the segrega-
tion strength ( χN ), where  N  is the degree of polymerization. [ 31 ]  
Typically, the rate-limiting step during the defect removal pro-
cess during BCP self-assembly is the diffusion of polymer 
chains through the interface (i.e., interdiffusion), which is 
especially slow for high- χN  BCPs. A thermal annealing treat-
ment, which is simple, convenient, and highly effective for 
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the assembly of low- χ  BCPs (e.g., poly(styrene- b -methylmeth-
acrylate)(PS- b -PMMA)) or low- N  BCPs, often results in poorly 
ordered morphologies for high- χN  BCPs [ 17,29,30 ]  if  N  is not 
suffi ciently small. It is well known that this constraint can 
be mitigated by solvent annealing due to its far better effec-
tiveness as regards the facilitation of BCP chain diffusion. 
Nonetheless, solvent annealing for strongly segregated BCPs 
typically requires an assembly time of a few to even tens of 
hours, resulting in an insuffi cient throughput of pattern for-
mation. [ 15,17 ]  Recently, Buriak and co-workers reported con-
siderably faster alignment of BCPs through a combination of 
microwave heating and solvent annealing. [ 32 ]  Moreover, Morris 
et al. reported microwave annealing for rapid pattern forma-
tion without the use of a solvent. [ 33 ]  We also previously dem-
onstrated the ultrafast formation of low- N  (forming sub-10 nm 
patterns) PS- b -PDMS BCP patterns via the low-temperature 
thermal assistance to solvent annealing. [ 30,34 ]  Ryu et al. found 
that two-step annealing consisting of solvent and thermal treat-
ments is highly effective for the assembly of high- N  BCPs. [ 35 ]  
Ross and co-workers also reported a signifi cant reduction of the 
assembly time of BCPs on densely guided narrow trench tem-
plates by rapidly increasing the substrate temperature following 
a conventional room-temperature solvent annealing process. [ 36 ]  
However, the rapid, one-step assembly of long-range ordering 
of high- χN  BCPs on micrometer-scale wide templates, obtain-
able by low-cost photolithography, has yet to be demonstrated. 

 Furthermore, despite the improvements in the self-assembly 
kinetics, relatively little attention has been paid to the effects 
of the annealing parameters on the DSA pattern quality based 
on high- χ  BCPs. The line edge roughness (LER) and line width 
roughness (LWR) are widely used as useful measures of the 
lithography pattern quality, which directly infl uences the per-
formances of semiconductor device. [ 37–39 ]  For example, the 
leakage current of sub-100 nm MOS transistors signifi cantly 
increases with the LWR. [ 37 ]  Along this line, ITRS (International 
Technology Roadmap for Semiconductors) requires that the 3σ 
roughness should be below a pattern width of 8%, which is a 
stringent requirement for DSA and other emerging lithography 
solutions. [ 13 ]  Although the remediation of line edge roughness by 
DSA was successfully demonstrated by Stoykovich and Nealey, [ 40 ]  
the LER and LWR of low- χ  BCPs are typically larger than those of 
the target. To reduce the pattern roughness effectively, the width 
of the intermixing layer between two polymer blocks should be 
reduced by the use of high- χ  BCPs. Using calculations based on 
a phase-fi eld model, Patrone et al. recently predicted, to achieve 
an LER below 1 nm, that a BCP with a larger  χ  by several fold 
would be required. [ 41 ]  However, thus far, there has been no sys-
tematic study to reveal the dependence of the high- χ  DSA pat-
tern quality on solvent-based treatment parameters. 

 Here, we report that warm solvent annealing (WSA) per-
formed at 40–60 °C can simultaneously achieve both a sig-
nifi cant improvement in the pattern formation kinetics 
as well as improvements in the pattern quality of BCPs 
with a high segregation strength ( χN  ≈ 128 at RT). We 
employed a solvent annealing system equipped with multiple 
temperature-feedback controllers and an in situ swelling ratio 
monitoring device. While there is a trade-off effect between 
the pattern formation time and the edge roughness for con-
ventional room-temperature solvent annealing (RTSA) as a 

function of the swelling ratio (SR) of BCP thin fi lm, we found 
that WSA shows a considerably shorter pattern formation 
time ( t  min  ≈ 3 min for 1-µm-wide templates with  t  min  equal 
to approximately 0.5 min for 360-nm-wide templates) as well 
as a lower LER (≈2.5 nm), which are highly superior to those 
( t  min  ≈ 10 min for 1-µm-wide templates, corresponding to an 
LER of approximately 4.5 nm) of conventional solvent annealing 
with the same BCP. To the best of our knowledge, no previous 
study has reported that solvent vapor annealing at a slightly ele-
vated temperature can markedly reduce the roughness of pat-
terns despite the inevitable decrease of effective  χ . Although the 
conventional prediction is that a lower effective  χ  would cause 
a relatively diffuse interface between two blocks and the deg-
radation of pattern quality, the new fi ndings in this study are 
contrary to such expectations. On the basis of a self-consistent 
fi eld theory (SCFT) simulation, the smaller LER associated with 
WSA is explained by the relatively small internal stress and 
consequently less deformation of the microdomains during the 
last stage of solvent evaporation.  

  2.     Results and Discussion 

  Figure    1  a schematically describes the solvent annealing chamber 
system, which has a bottom receptacle and an upper lid. The 
chamber was designed for independent and precise control of the 
temperatures of the solvent ( T  sol ), BCP sample ( T  sub ), and upper 
lid ( T  lid ). Three independent heating modules enable precise 
control of the temperatures. Even though we can control the tem-
perature of both the solvent and sample independently, we fi xed 
the temperature of the sample ( T  sub ) to be the same as the tem-
perature of the solvent ( T  sol ) during the WSA process. Although 
SR can be controlled using different  T  sub  and  T  sol , SR responded 
too sensitively to the difference between these two temperatures. 
For example, if  T  sol  is slightly higher than  T  sub , the solvent vapor 
can condense to a liquid on the BCP fi lms. A similar phenom-
enon was already reported in our previous research. [ 34 ]  On the 
other hand, if  T  sub  is slightly higher than  T  sol , the SR signifi cantly 
decreases, resulting in insuffi cient chain mobility. Thus, main-
taining the condition of  T  sol  =  T  sub  and controlling the amount 
of solvent in the bottom chamber were more advantageous for 
precise control of SR and to achieve high-quality patterns. A fl ex-
ible silicon rubber heater is used to maintain a slightly and uni-
formly higher  T  lid  than  T  sol  during the annealing process. In this 
way, we were able to prevent the solvent from condensing on the 
bottom lid and on the quartz plate for the maintenance of a con-
stant vapor pressure in the chamber.  

 The transparent quartz plate was used as a feed-though to 
optically measure the swelling ratio (SR) of the BCP fi lm. Thin 
fi lm refl ectometry (F20-UV, Filmetrics Inc.) was used to in 
situ measure the refl ectance spectra and to calculate the thick-
ness of dry and swollen BCP fi lms. SR values were obtained 
by dividing the swollen thickness by the initial thickness. Also, 
keeping the same temperature ( T ) for both the BCP sample 
and the solvent prevents solvent vapor condensation on the 
BCP fi lms. The leakage holes in the chamber can play a role 
in preventing fi lling of the chamber with saturated vapor. To 
obtain precise controllability of SR in a wide range, we adjusted 
the amount of solvent in the chamber rather than changing 
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the number of leakage holes. Slow solvent removal after self-
assembly can affect the domain spacing of BCPs and lateral 
ordering of the BCP microdomains, and thus we used a rapid 
(<1 s) quenching process to freeze-in the BCP morphology. 
While the rapid removal of solvent from annealed BCP samples 
are equally important for RTSA and WSA, the higher temper-
ature of WSA would lead to faster evaporation of solvent and 
expedite the quenching process. 

 We adopted an SR range from 1.7 to 2.3 for SD45K BCP. If 
SR is lower than 1.7, the self-assembly kinetics is too slow to 
induce ordering of the patterns. On the contrary, if the swelling 
ratio is higher than 2.3, partial dewetting of the BCP fi lms is 
observed due to BCP fi lm instability. In these experiments, we 

mainly used toluene (solubility parameter,  δ  = 18.3 MPa 1/2 ), [ 42 ]  
which is a good solvent for the majority of PS ( δ  = 18.5 MPa 1/2 ) 
blocks. We chose PS- b -PDMS at 45 kg mol −1  (SD45) as a model 
high- χN  (≈128 at RT) BCP system, which requires at least 
several hours for self-assembly via conventional RT solvent 
annealing. Figure  1 b schematically compares the self-assem-
bled pattern formation results for the RTSA and WSA treat-
ments, showing a clear difference in the roughness depending 
on SR and T. These results will be discussed in detail based on 
experimental data as well as theoretical models. 

  Figures    2  a–d show the time evolution of BCP patterns assem-
bled with different temperatures and SR conditions. The meas-
ured pitch ( L  0 ) and line width (= critical dimension; CD) values 
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 Figure 1.    Schematic illustrations of directed self-assembly induced by warm solvent annealing. a) Structure of the treatment chamber system equipped 
with three independent temperature controllers and heaters. The swelling ratio (SR) of the BCP fi lms was in situ monitored using an optical thickness 
measurement tool. b) Schematic comparison of the self-assembled pattern quality depending on the assembly temperature.

 Figure 2.    Solvent-annealed morphologies of a PS- b -PDMS BCP depending on the temperature, swelling ratio (SR), and time. Warm solvent annealing 
(WSA) at 60 °C achieved markedly faster assembly than a RT treatment with a comparable SR.
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were between 34–38 nm and 12–17 nm, respectively. As we 
previously reported, the CD of the pattern derived from high-χ 
BCPs is strongly affected by the SR. [ 17 ]  This causes a decrease 
in the CD with an increase of the SR due to the interfacial 
screening effect caused by the incorporated solvent molecules, 
resulting in a decrease of the effective  χ -parameter ( χ  eff ). [ 43,44 ]  
The decrease of  L  0  and CD with an increase of the SR, which 
follows the relationship of  L  0  ∼  χ  eff  1/6 , [ 14 ]  was previously reported 
for the same PS- b -PDMS BCP. [ 27 ]  Recently, Russell and co-
workers confi rmed similar phenomenon using in situ grazing-
incidence small-angle X-ray scattering (GISAXS). [ 45 ]  For a sim-
ilar SR (2.05–2.06), the required annealing times for RT and 
60 °C treatments were 420 min (7 h) and 5 min, respectively, 
showing the marked effectiveness of the thermal assistance 
in solvent annealing in terms of its ability to prevent defects. 
A higher SR (2.19) for the 60 °C treatment further shortened 
the assembly time to 3 min.  Figure    3  b shows the change in 
the defect density depending on the annealing conditions. To 
measure the defect density, we used an image analysis tool for 
SEM images. This method has already been reported in pre-
vious studies regarding DSA defects. [ 32,35 ]  For line/space pat-
terns, typical examples of self-assembly defects are dots, junc-
tions, dislocations, and terminal points. According to a power 
law, the defect density ( ρ ) of self-assembled BCP patterns as a 
function of the assembly time ( t ) can be expressed as t vρ −~ , 
where  v  is the empirical kinetic exponent. The kinetic exponent 
( v ) of RTSA was calculated to be 0.63, 0.84, 1.01, and 1.67 at 
SRs of 1.75, 2.05, 2.22, and 2.30, while those for WSA were 2.15 
and 2.97 at SR 2.06 and 2.19, respectively, indicating that the 
defect density decreases much more rapidly with an increase 
in  T  sub  (= T  sol ) and SR. These results confi rm that the adoption 
of WSA is highly effective for throughput enhancement during 
the DSA pattern formation process.   

 Although there is a relatively small change in absolute tem-
perature between WSA and RTSA, their self-assembly kinetics 
was strikingly different, as mentioned above. The thermally 
induced improvement of the self-assembly kinetics for the 
high- χ  BCP can be attributed to two major factors: 1) the faster 
swelling dynamics of the BCP fi lm resulting from the faster 
evaporation of solvent molecules from the solvent (source) 
and their gas-phase transport and diffusion in BCP fi lms and 
2) increased chain diffusivity of BCPs due to the thermal acti-
vation effect during the polymer interdiffusion process. First, 
the more rapid BCP swelling can be experimentally confi rmed 
by monitoring the swelling kinetics. Using optical refl ectom-
etry, we measured the time-dependent SRs of BCP fi lms under 
various conditions. The SR was adjusted (by changing the 
empty volume in the chamber) between 1.70 and 2.30, which 
was found to be appropriate for the assembly of the SD45 BCP. 
While the saturation SR (2.20) took approximately 1000 s for 
RTSA, the 60 °C warm treatment arrived at a similar saturation 
swelling level (2.19) within only 100 s, as shown in  Figure    3  a. 
This can be understood from the exponentially increasing 
evaporation rate of the solvent as a function of the tempera-
ture. Faster swelling reduces the time-delay for the initiation of 
the assembly process, during which the BCP chains organize 
promptly. For example, the assembly at 60°C is complete even 
before the time to reach the saturation swelling state at RT. 
However, the much faster swelling rate alone cannot explain 

the enhanced self-assembly kinetics. The RT assembly pro-
cess required orders-of-magnitude longer treatment times 
(>400 min) after the saturation swelling point, whereas WSA 
took only few minutes of additional treatment time, indicating 
the signifi cant effectiveness of thermal activation for defect 
removal. It should be noted that the best WSA results were 
obtained for a high SR of >2. The high concentration of sol-
vent in the BCP would signifi cantly lower the activation energy 
barrier compared to dry BCPs and may be associated with the 
marked improvement of self-assembly kinetics despite the 
small change of temperature. On the other hand, the upper 
boundary of the assembly temperature at the high SR was set 
by the instability of the BCP fi lms. We observed that a  T  sub  value 
higher than 80 °C at an SR of ≈2.2 led to the dewetting of the 
fi lm. For the normal WSA operating ranges, however, there was 
no dewetting of the BCP fi lms due to stringent management of 
the process parameters in our chamber system. 

  Figure    4  a shows a low-magnifi cation SEM image of pat-
terns assembled with an SR of 2.19 and with  T  sub  = 60 °C. 
These settings constitute the condition that maximizes the 
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 Figure 3.    Comparison of a) swelling dynamics and b) self-assembly 
kinetics of a PS- b -PDMS BCP for RTSA and WSA. a) Swelling ratio as a 
function of the treatment time and temperature. b) Time-trace of defect 
density. The BCPs treated with WSA show much faster swelling and decay 
times of defect densities.
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DSA throughput without compromising the degree of uni-
formity. The assembly time could be shortened even more to 
30 s by reducing the dimension of the template width further 
to 360 nm, as shown in Figure  4 b. The assembly condition 
was also effective for circular trench templates, which induce 
the generation of circular patterns (Figure  4 c,d) and for sphere-
forming PS- b -PDMS (MW = 56 kg/mol, Figure  4 e,f). It should 
be noted that the extremely short assembly time of 30 s is even 
shorter than the saturation time of the BCP swelling ratio.  

 We now discuss how thermal assistance to solvent annealing 
process can also improve the quality of the patterns in addition 
to the self-assembly kinetics.  Figure    5  a,b shows high-magnifi ca-
tion SEM images of patterns assembled at RT (with SR = 2.30) 
and at 60 °C (SR = 2.19), respectively. The two samples were 
prepared using the conditions that maximize the assembly 
kinetics without causing dewetting at the different assembly 
temperatures and while ensuring that the two samples have 
the same line width of 12.1 nm. The superior pattern quality 
of the 60 °C-annealed sample, as shown in the SEM images, is 
quantitatively substantiated by the 44% and 48% smaller LER 
(2.50 nm) and LWR (3.12 nm) values. This tendency was also 
noted in the comparisons of the patterns shown in Figure  5 c,d, 
which have comparable line widths of 13.6 nm and 13.3 nm, 
respectively.  Figure    6   represents the power spectral density 
(PSD) analysis results, which provide the information related 
to how the roughness determined at each spatial frequency 

contributes to the overall roughness. The lower power spec-
tral density (PSD) values over all frequencies between 3 and 
850 µm −1  for the WSA samples (Figure  6 a,b) quantitatively con-
fi rm the superiority of WSA in terms of pattern quality. This 
tendency was also consistent for the 40 °C-annealed samples. 
Especially, the low frequency roughness of WSA always shows 
the much lower than that of RTSA. This will be explained the 
following SCFT simulation results.   

  Figure    7   present the dependence of the pitch, LER, and LWR 
values on SR and CD. For the RT treatment, the LER and LWR 
increased with an increase in SR (and with a decrease in CD 
due to the decreasing trend of CD as SR increased, as men-
tioned above and as shown in Figure  7 a). Thus, for RTSA, 
there is a clear trade-off between the assembly time and pat-
tern quality, as shown in  Figure    8  . For example, boosting the 
self-assembly kinetics (assembly time ≈ 10 min) by increasing 
the SR to 2.30 inevitably increased the LER to 4.49 nm, and the 
achievement of small LER of 2.50 nm under a low SR of 1.75 
required a prolonged assembly time that exceeded 1000 min.   

 In contrast, for WSA, low roughness values were maintained 
nearly continually regardless of the SR when it was between 
1.70 and 2.19, indicating that a high throughput of pattern 
formation can be obtained without compromising the pattern 
quality, as shown in Figure  8 . Thus, simultaneous minimiza-
tion of both the assembly time (3 min for a 1-µm-wide tem-
plate and 30 s for a 360-nm-wide template) and roughness 
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 Figure 4.    Ultrafast assembly of cylindrical patterns in various trench templates via WSA ( T  = 60 °C, SR = 2.19). a) A low-magnifi cation SEM image of 
line patterns generated with 1-µm-wide trench templates in 3 min. The inset shows the corresponding GISAXS pattern. b) Self-assembled patterns 
assembled in a relatively narrow trench (width = 360 nm) at 30 s. c,d) The assembly was also successful with circular trenches. e) Low- and f) high-
magnifi cation SEM images of sphere-forming BCP patterns assembled via WSA.
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(LER ≈ 2.50 nm; LWR ≈ 3.12 nm) is achieved by increasing 
the solvent annealing temperature. We also tested the use of 
other solvents with similar δ with toluene such as tetrahydro-
furan (THF,  δ  = 18.5 MPa 1/2 ) and propylene glycol monomethyl 
ether acetate (PGMEA,  δ  = 18.2 MPa 1/2 ) for both spin-casting 
and WSA. As Figure S1 in the Supporting Information dem-
onstrates, similar rapid self-assembly was achieved using THF 
(30 s) and PGMEA (3 min). Although we suppose that further 
optimization is needed for improvement of pattern quality, we 
can conclude from these preliminary results that these CMOS-
process-compatible solvents have suffi cient potential to replace 
toluene for both spin-casting and WSA. 

 However, the result of mostly lower LER and LWR values 
for the 60 °C WSA treatment compared to the RT treatment 
is not consistent with the above-mentioned calculated results 
that predicted a decrease in the roughness values with an 
increase in the  χ -parameter because, for the same SR, a BCP 
at a higher temperature would have a smaller effective  χ  value. 
This discrepancy demands a theoretical analysis that can more 
realistically refl ect the physical situation of solvent annealing—
especially its nonequilibrium nature during and after solvent 
evaporation from BCPs. Evaporation of the solvent from a BCP 
sample abruptly and signifi cantly reduces the volume of BCP 
fi lms along the vertical direction while the external and internal 

structures along the in-plane directions are preserved, resulting 
in the shrinkage of the fi lm thickness and a geometrical change 
in the microdomains only along the vertical direction, as was 
experimentally confi rmed by Ober and co-workers. [ 46 ]  The value 
of  χ  eff  also increases with a decrease in SR, eventually recov-
ering to a dry value. 

 Thus, we used a SCFT calculation able to refl ect changes 
of the fi lm thickness, shape-deformation, and effective  χ  para-
meter ( χ  eff  N ) to investigate their effects on the quality of the 
patterns. The SCFT study in this article focuses on the effects 
of  χ  eff  N  and thickness shrinkage on the long-range interfacial 
fl uctuation at the “fi nal quenched state” after solvent evapo-
ration, and can explain why the roughness of pattern is very 
sensitive to a relatively small change of absolute temperature of 
solvent vapor annealing. At a high SR, self-assembly is induced 
with a lower effective  χ ; as a result, the system is governed by 
a lower  χ  eff  N  than bulk BCPs. To estimate the  χ  eff  N  values, we 
used the equation of the effective Flory-Huggins interaction 
parameter based on the screening effect ( χ  eff  =  χ (1 –  f  s ),  f  s  = the 
volume fraction of solvent in the BCP fi lms) and the temper-
ature of BCPs. For an SR of 2.20, the estimated  χ  eff  N  values 
were approximately 0.33  χN  at RT and 0.29  χN  at 60 °C. How-
ever, when the system is rapidly quenched with the removal 
of the solvent from the BCP fi lms, the swollen fi lm thickness 
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 Figure 5.    Superior pattern quality obtained by WSA. a,b) High-magnifi cation SEM images of the 12-nm-wide cylinder patterns prepared by RTSA and 
WSA, respectively. c,d) Comparison of the 13-nm-wide patterns.
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returns to the as-spun thickness. At the very last stage of the 
quenching process, due to the remaining solvent molecules, 
polymer chains can still be slightly mobile and locally redis-
tributed under a higher  χ  eff  N  compared to that in the fully 
swollen state, causing the deformation of microdomains and an 
increase in the degree of interfacial fl uctuations. At this stage 
(almost dried fi lm), the WSA process has a lower  χ  eff  N  than 
in the RTSA process due to the elevated temperature. We sim-
plifi ed the dynamic status of solvent annealing to three steps: 
1) solvent annealing at a constant SR, 2) rapid volume 
shrinkage along the thickness direction, and 3) a rearrange-
ment of polymer chains under an increased  χN .  Figure    9   shows 
simulation snapshots of these steps for both the RTSA and the 
WSA process. The initial (swollen) state of the system is mod-
eled using RTSA with  χ  eff  N  = 40 at RT and WSA with  χ  eff  N  = 35 
at 60 °C with an optimized box size to represent a fully relaxed 
state of the swollen fi lm (Figure  9 a). The quenched morphology 
is then obtained by compressing the system in the  z -direction 
while redistributing all fi eld values, resulting in an elliptical 
cross-sectional shape of the cylinders, as shown in Figure  9 b. 
After being quenched, the polymer chains are locally rear-
ranged with a higher  χ  eff  N . For this specifi c case, we modeled 

RTSA with  χ  eff  N  = 100 and WSA with  χ  eff  N  = 85, considering 
the reciprocal dependence of  χ  on  T . The solvent in the BCP 
fi lm was rapidly removed by opening the lid of the chamber 
system, during which the temperature of the BCP sample was 
maintained by the feedback temperature controller.  
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 Figure 6.    Power spectral density (PSD) functions depending on the 
assembly temperature. For the line patterns with a) CD = 12 nm and 
b) = 13 nm.

 Figure 7.    Quantitative characteristics of the generated self-assembly pat-
terns. Measurements of a) the CD (critical dimension) and pitch and 
b) the LER and LWR as obtained for different swelling ratios and assembly 
temperatures. c) The LER and LWR are plotted as a function of CD for 
comparison.
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 During the rearrangement process, the elliptical shapes 
of the cylinders are partially deformed due to the incommen-
surate thickness of the quenched fi lm (the dry thickness of 
the BCP fi lm is much thinner than that in the swollen state 
under dynamic equilibrium). For the RTSA process, due to the 
high  χN  in the dry state, a highly compressed cylinder in the 
 z -direction and a fl at interface between the top PDMS and PS 
layer produce a high stress fi eld near the interface of the cyl-
inder. As a result, relatively large fl uctuation at the interface of 
the cylinder and greater lateral undulation of the cylinder pat-
terns were observed in the calculated result, as described in 
Figure  9 c. However, for WSA, due to the smaller  χN , a lower 
stress fi eld resulted from the weaker compression along the 

 z -direction, achieving a smaller LER and LWR compared to the 
conventional RTSA process. These results can explain the big 
difference of low frequency roughness between the WSA and 
RTSA in Figure  6 . The much higher PSD values of low fre-
quency for RTSA indicate the relatively larger degree of defor-
mation during solvent evaporation compared to WSA. 

 Because the sample with CD = 12 nm had a higher SR than 
that of the sample with CD = 13 nm, the degree of roughness 
reduction using warm SVA is comparatively much more pro-
nounced. In other words, although the pattern quality of the 
fi nal patterns is comparable for the WSA patterns with CD = 12 
and 13 nm, the RTSA pattern quality is relatively worse in the 
case of CD = 12 nm due to more deformation caused by a 
higher SR. Therefore, our experimental results are well con-
sistent with SCFT simulation results.  

  3.     Conclusions 

 In conclusion, we suggested a warm solvent annealing treat-
ment as a practical route which simultaneously improves the 
pattern quality and throughput of the directed self-assembly 
process based on a high- χ N BCP. We experimentally demon-
strate that solvent annealing at an elevated temperature (60 °C) 
can eliminate the inevitable trade-off between the self-assembly 
kinetics and the edge fl uctuations which arise during conven-
tional room-temperature solvent annealing. 

 We also conducted a modeling study based on self-consistent 
fi eld theory to suggest that edge fl uctuation of solvent-annealed 
patterns can be caused by the deformation of microdomains 
resulting from internal stress after most of the solvent mol-
ecules are removed. In contrast, in the case of warm solvent 
annealing, the degree of interfacial deformation was found to 
be reduced due to the lower effective  χ -parameter after drying, 

 Figure 9.    SCFT simulation. Side-tilt and top-down snapshot images of calculated self-assembly structures for different steps and annealing conditions. 
a) Swollen state, b) transient state at a later stage of solvent evaporation, and c) quenched morphology after the complete evaporation of the solvents. 
The calculated deformation degree of the microdomains and the interfacial fl uctuations were signifi cantly smaller for WSA as compared to RTSA.

 Figure 8.    Map of the pattern quality and assembly time depending on the 
solvent annealing temperatures. WSA can achieve both lower roughness 
(better pattern quality) and a shorter assembly time.
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achieving superior pattern quality. We expect that this approach 
can contribute to the development of more reliable and prac-
tical nanolithography solutions.  

  4.     Experimental Section 
  Block Copolymer (BCP) Self-Assembly : PS- b -PDMS BCPS with MWs of 

45 kg/mol (SD45) and 56 kg/mol (SD56) and a hydroxyl-terminated PS 
homopolymer with a MW of 38 kg/mol were purchased from Polymer 
Source Inc. (Canada). The toluene solutions of the hydroxyl-terminated 
PS homopolymer (1.5 wt%), SD45 (≈0.8–1.2 wt%) and SD56 (0.9 wt%) 
were prepared and used for the formation of monolayer cylindrical 
microdomains. The thickness of the BCP fi lms was optimized in a 
range of 30–35 nm depending on the swelling ratio. For the directed 
self-assembly (DSA) of BCPs, Si trench templates with a periodicity of 
1 um and a depth of 40 nm were fabricated using KrF photolithography 
followed by reactive ion etching. The hydroxyl-terminated PS 
homopolymer solution was spin-coated on the Si substrate and thermal 
annealed at 150 °C for 1.5 h. The brush-coated Si substrate was then 
washed with toluene to remove unattached polymer chains. Before 
starting the WSA treatment, the chamber system was already in a 
state of thermal equilibrium ( T  sol  =  T  sub  =  T  lid ) and this was confi rmed 
by employing multiple feedback controllers in real time. After fi lling 
the chamber with solvent vapor, we opened the upper lid and put the 
sample in the chamber and immediately closed the upper lid. After 
the annealing process, we rapidly opened the chamber, after which the 
solvent molecules in the BCP fi lm were immediately evaporated. 

  Plasma Oxidation : After the self-assembly process, the samples 
were etched by CF 4  plasma (50W, 21 s, 15 mTorr) to remove the top-
segregated PDMS, followed by O 2  plasma (60W, 30 s, 15 mTorr) to 
remove the PS matrix to obtain well-defi ned SiO x  line patterns (lateral 
dimensions, 12–17 nm). 

  Characterization : During the self-assembly process, the thicknesses of 
the BCP fi lms were in situ monitored by a thin fi lm refl ectometry tool 
(F20-UV, Filmetrics Inc.) by measuring the refl ectance spectra. The self-
assembled morphologies were investigated by fi eld emission scanning 
electron microscopy (FE-SEM: Hitachi S-4800) with an acceleration 
voltage of 15 kV and a working distance of 4.5 mm. For the quantitative 
analyses of the critical dimension (CD), pitch, line width roughness 
(LWR), and line edge roughness (LER) using the SEM images, 
commercial image analysis software (SuMMIT) was used. 

  Self-Consistent Field Theoretic (SCFT) Simulation : The cylinder phase 
of block copolymers having appropriate brush layers (modeled with 
light particles attracted to one of the blocks) was simulated through 
a hybrid particle-fi eld simulation method developed by Fredrickson 
et al. [ 47 ]  To obtain the cylinder phase, block copolymers with a minority 
volume fraction of 30% were compressed to thin fi lms with thicknesses 
comparable to those in the experimental data. The top PDMS brush 
and bottom PS brush successfully mimicked the experimental PDMS-air 
interface and PS brush on the Si substrate, respectively. Simulations 
were performed using the newly developed lattice Boltzmann diffusion 
equation solver optimized for graphics processing units (GPUs). [ 48 ]   
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 Supporting Information is available from the Wiley Online Library or 
from the author.  
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