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M
icrophase-separated periodic struc-
tures of block copolymers have
been studied widely because they

offer a simple and low-cost nanopattern-
ing methodology. In particular, thin films of
block copolymers can be used as nanolitho-
graphy masks for fabrication of devices.1�9

Although there are many types of block
copolymers, AB diblock copolymers have re-
ceived most attention both experimentally
and theoretically due to their relative sim-
plicity and their ability to form either line-
space patterns or close-packed dot or hole
patterns. Awider range of self-assembledmor-
phologies can be obtained from ABC triblock
terpolymers,10�12 and this has stimulated re-
search into their thin-filmbehavior.13�16 AnAB
diblock copolymer can be modeled using two
parameters, χABN and fA, which specify the
equilibriummorphology (whereχ is theFlory�
Huggins parameter, N the degree of polymer-
ization, and fA the A-block volume fraction),
but an ABC triblock terpolymer requires three
interaction parameters (χAB, χBC, χAC), two
independent volume fractions (fA, fB, with
fC = 1� fA� fB), and a definition of the block
sequence, such as linear or a miktoarm star
architecture.10�12 Because of the large
number of parameters, triblock terpolymers
can self-assemble into dozens of fascinating
periodic structures,10�12,17�25 while an AB
diblock copolymer can form a more limited
set of morphologies including lamellar, cy-
lindrical, spherical, and gyroid.26�28

A particularly interesting structure from
the point of view of microelectronic device
fabrication is the square-symmetry array,
which can be formed spontaneously by an
ABC linear triblock terpolymer with specific
ranges of volume fractions and interaction
parameters,10,17,29�32 where χAC > χAB and
χBC and fB = 0.6�0.7. In the bulk ABC linear
triblock terpolymer, cylinders of A and C
form an alternating checkerboard pattern in

a matrix of the majority B block. Square-
symmetry structures can also be formed
from a blend of diblock copolymers that
form hydrogen bonds, mimicking an ABC
linear triblock terpolymer;33 or from tem-
plating of diblock copolymer films by a
patterned substrate.34,35 In a previous study,
we obtained square-symmetry microdo-
mains from an ABC linear triblock terpoly-
mer thin film of polyisoprene-b-polystyrene-
b-polyferrocenylsilane (PI-b-PS-b-PFS) blended
with PS homopolymer.30,31 Etching the film in
oxygen reactive ion etch (RIE) removed the PI
and PS, leaving oxidized PFS posts in a square
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ABSTRACT

Microphase separation of a polyisoprene-b-polystyrene-b-polyferrocenylsilane (PI-b-PS-b-PFS)

triblock terpolymer film during chloroform solvent-annealing formed a 44 nm period square-

symmetry array of alternating PI and PFS cylinders in a PS matrix. This nanostructure was

converted to either a positive pattern of posts or a negative pattern of holes with tunable

diameter by oxygen reactive ion etching or by surface reconstruction in a solvent, respectively,

and coexisting post and hole patterns were also formed. Square arrays of silicon posts, pits,

and inverted pyramids were fabricated by pattern transfer from the triblock terpolymer film

into silicon substrates. The morphology of the triblock terpolymer film varied with the

chloroform vapor pressure during solvent annealing, which was explained by selective

swelling of the PI block at high vapor pressures. This triblock terpolymer system provides a

convenient block copolymer lithography process for generation of nanoscale posts or holes

with square symmetry.

KEYWORDS: block copolymer . triblock terpolymer . self-assembly .
nanolithography . square pattern . solvent vapor annealing
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array. The quality of ordering (correlation length) was
increased by using a nonpreferential brush layer on the
substrate such as polyethylene oxide (PEO) or poly(2-
vinylpyridine) (P2VP) that was chemically dissimilar to
all three blocks.30 The nonpreferential brush layer
promoted a vertical cylinder orientation inwhich all three
blocks contacted the substrate, in contrast to a prefer-
ential brush layer, which induced formation of a wetting
layer and led to spherical PI and PFS microdomains.
Microphase separation of the triblock terpolymer

film can be accomplished by thermal annealing below
the order�disorder temperature or by annealing in a
solvent vapor, usually at room temperature. The vapor
pressure and selectivity of the solvent(s) used during
solvent vapor annealing lead to different degrees of
swelling of the blocks and consequently control over
the morphology of the film. Russell et al., Kramer
et al.,29,36 and our earlier work used solvent vapor to
anneal triblock terpolymers,21,30,31 and Krausch et al.37

and Han et al.38 demonstrated the effects of solvent
type and annealing time on triblock terpolymer mor-
phology. Despite this, there has not been a study of the
effect of vapor pressure on triblock terpolymer mor-
phology. In addition, research to date has mainly
focused on pattern formation from only one of the
three blocks (e.g., making posts from PFS by removing
the other two blocks),30 but this approach does not
take full advantage of the three different block che-
mistries that are available. Hillmyer et al. proposed the
use of more than one etching process in a triblock
terpolymer system,39 and Hawker et al. demonstrated
different nanoscale patterns by applying two orthogonal
etching processes to a blend of diblock copolymers.40 In
this work, we show that the three blocks in a PI-b-PS-b-
PFS triblock copolymer can not only form various mor-
phologies using a continuous-flow solvent annealing
system but also provide routes to generate patterns
consisting of posts, holes, or a combination. Pattern
transfer from the hole/post patterns is demonstrated
via dry etching and anisotropic wet etching.

RESULTS AND DISCUSSION

An 82 kg/mol (Mn) PI-b-PS-b-PFS triblock terpolymer
was used with volume fractions of 25%, 65%, and 10%,
respectively, dissolved in toluene at 0.85 wt %. PS
homopolymer of molecular weight 27 kg/mol (Mn)
was added to the solution at 0.15 wt % to increase
the range of film thickness over which the square-
symmetry pattern forms.30,31 Spin-cast films were an-
nealed in flowing chloroform vapor diluted with nitro-
gen gas. The thin film morphology is shown sche-
matically in Figure 1a. Previously, we have shown that
the self-assembled microdomain structure of PI-b-PS-
b-PFS can be processed to form PFS posts by removing
the PI and PS simultaneously, relying on the higher
etching resistance of the silicon- and iron-containing
PFS phase in oxygen RIE.30,31 In this study, we combined

the oxygen RIE process (Figures 1a (i) and 1b) with a
second process that formed a square array of holes
by surface reconstruction of the PI as described in
Figure 1a (ii). Surface reconstruction is a convenient
way to generate holes from a cylinder morpho-
logy block copolymer film.41,42 Immersing the self-
assembled PI-b-PS-b-PFS triblock terpolymer film in
liquid hexane, which is a good solvent for PI and a
poor solvent for PS and PFS, swelled the PI block, which
diffused to cover the top surface of the film. A rapid
quench of the solvent concentration with nitrogen gas
shrank the PI and generated holes where the PI cy-
linders had been located, leaving the PI on the film
surface. Figure 1c is an SEM image of a square array of
holes produced by surface reconstruction in hexane.
The average diameter of the holes was 15 nm and the
pitch was 44 nm. The PFS microdomains were still pre-
sent as a square array within the film even after surface
reconstruction. Therefore an additional oxygen RIE
step could transform the hole pattern to a post pattern
as described (Figure 1a (iii)) by removing the PI and PS.
The oxygen RIE widened the holes left by the PI, which
then merged to leave the PFS as posts, as shown in
Figure 2. The average diameter of holes just after sur-
face reconstruction was 15 nm (Figure 2a) and was
widened to 21 nm (Figure 2b) and 30 nm (Figure 2c) by
oxygen RIE for 10 or 15 s, respectively. After 30 s the PS
and remaining PI were removed, to form a PFS post
array (Figure 2d). We also demonstrated a mixed
morphology consisting of holes and posts by applying
these two processes in sequence, described in Figure 2e.

Figure 1. (a) Schematic illustration of the self-assembled
structure of the PI-b-PS-b-PFS triblock terpolymer thin film,
and pattern developing processes (i) to form a square array
of posts and (ii) a square array of holes and (iii) fromholes to
posts. SEM images of (b) PFS post pattern after oxygen RIE
and (c) hole pattern after surface reconstruction.
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First, a hole patternwas generated by surface reconstruc-
tion in hexane; then a region of the filmwas transformed
to a post pattern by oxygen RIE using a 1.2 μm diameter
holey carbon film as a shadow mask, Figure 2f.
Figure 3 shows the transfer of these morphologies

into a silicon substrate. A pattern of posts was etched
into the substrate by CF4 RIE (Figure 3a) using the array
of PFS posts formed from oxygen-etching the triblock
terpolymer film as a mask. A similar process was ap-
plied to transfer a hole pattern, Figure 3b. A 5 s oxygen
RIE was employed to remove the polymer brush layer
at the bottom of holes before etching the substrate by
CF4 RIE followed by oxygen RIE to remove the remain-
ing polymer mask. The average diameter and depth of
the transferred holes were 19 and 20 nm, respectively.
The diameter of the transferred holes was varied by
tuning the initial size of the holes in the triblock
terpolymer film by changing the oxygen RIE time.

Pattern transfer using wet chemical etching was also
investigated. The silicon was etched anisotropically by
a 30% KOH solution for 4 min at room temperature,
forming an inverted pyramid structure bounded by
(111) planes43�45 (Figure 3c) from a triblock terpolymer
film with widened holes. The facets of the inverted
pyramids are hard to resolve, but the plan view inset
shows the square shape of the pits in contrast to
Figure 3b. The location of the pits can be controlled
by templating the triblock terpolymer using topogra-
phical features,30 and this silicon inverted pyramid
structure may be useful in studies of physical phenom-
ena such as templated agglomeration.46

The sensitivity of the morphology of a triblock ter-
polymer to small variations in volume fraction of the
blocks enables tunability of the structure via solvent an-
nealing. In our previous PI-b-PS-b-PFS triblock copolymer
study, a simple solvent annealing system was used in
which the sample is placed in a chamber with a leak
containing a reservoir of liquid solvent and exposed to a
solvent vapor.30,31 This simple solvent annealing system
has poor controllability of solvent vapor pressure; the sol-
vent vapor pressure decreases as the solvent evaporates
and escapes from the chamber. To better quantify the
effects of vapor pressure, in this work a flow-controlled

Figure 2. SEM images of PI-b-PS-b-PFS triblock terpolymer
thin films (a) just after surface reconstruction, (b) after an
additional oxygen RIE for 10 s, (c) after additional RIE for
15 s, and (d) after additional RIE for 30 s. The average dia-
meter of holes increased from (a) 15 nm to (b) 21 nm and (c)
30 nm, and (d) holes merged to leave posts. (e) Schematic
process for mixedmorphology holes and posts and (f) corres-
ponding SEM image. Scale bar in (a, b, c, d) is the same.

Figure 3. SEM images of transferred patterns on silicon
substrates from a PI-b-PS-b-PFS triblock terpolymer. (a)
Square array of silicon posts transferred from PFS post
pattern via CF4 RIE. (b) Square array of pits transferred from
the polymer hole pattern via CF4 RIE. (c) Array of silicon
inverted pyramids transferred from the polymer hole pat-
tern via anisotropic KOH wet etching. All the residual
polymer was removed after pattern transfer by oxygen RIE.
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solvent vapor annealing system was used in which a
stream of saturated chloroform vapor diluted by a carrier
gas flowed into the chamber, Figure 4a. The design and
operation of the flow-controlled solvent vapor annealing
systemwill be discussed in detail elsewhere,47 but briefly,
nitrogen gas was bubbled through a liquid reservoir of
chloroformatflow ratesof 0�10 sccmandwasdilutedby
a dry nitrogen gas flow of 0�10 sccm so that the total
flow rate was 10 sccm into an annealing chamber of
volume ∼80 cm3 containing the sample. The film thick-
nesswasmeasuredby spectral reflectometry. The vapor
pressure P of chloroform in the annealing chamber is
given by

P ¼ QCHCl3

QCHCl3 þQN2

P0

where QCHCl3 and QN2
are the flow rates of saturated

chloroform vapor and nitrogen gas, respectively. P0 is
the saturated vapor pressure of chloroform, which is
205 Torr at the experimental temperature, 26 �C.

Figure 4b shows how the swelling behavior of the
triblock terpolymer film varied with solvent vapor
pressure during solvent annealing. The film annealed
in saturated chloroform vapor pressure, 1.0P0, dewetted
after 30 min, but the swelling of the other samples at
lower vapor pressures reached a stable value after about
40 min of annealing. The final swelling ratio (defined as
swelled thickness/as-spun thickness) of those films in-
creased with solvent vapor pressure. These data can be
compared with the swelling ratios of the homopolymers
at different vapor pressures, Figure 4c. The swelling ratio
of homo-PS andhomo-PFSfilms increasedgraduallywith
chloroform vapor pressure, but the swelling ratio of
homo-PI increased more rapidly at higher vapor pres-
sures. Chloroform is a good solvent for all three blocks,
although its solubility parameter matches better with PS
andPFS thanwithPI. Thehigherdegreeof swellingof PI is
attributed to its high chain flexibility.48 This suggests that
the effective volume fraction of PI in the PI-b-PS-b-PFS
triblock terpolymer film increased with chloroform vapor

Figure 4. (a) Schematic of flow-controlled solvent vapor annealing system. (b) Change of swelling ratio of PI-b-PS-b-PFS
triblock terpolymer film during solvent annealing at five different chloroform vapor pressures. (c) Plot of saturated swelling
ratio of PI, PS, and PFS homopolymer films vs chloroform vapor pressure during solvent annealing.

Figure 5. SEM images of PI-b-PS-b-PFS triblock terpolymerfilms annealed at (a, f) 0.6P0, (b, g) 0.7P0, (c, h) 0.8P0, (d, i) 0.9P0, and
(e, j) 1.0P0. The images in the top row show the morphologies after oxygen RIE, and the images in the bottom row show the
morphologies after surface reconstruction in hexane. Annealing times are 1 h, except 30 min for 1.0P0.
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pressure, which drives the changes of morphology
described below.49,50

The SEM images in Figure 5 show morphologies of
triblock terpolymer films after 1 h solvent annealing (or
30min for the sample annealed at 1.0P0). The images in
the top panels show the morphologies after oxygen
RIE, and the images in the bottom panels themorphol-
ogies after surface reconstruction in hexane. At an
intermediate vapor pressure, 0.8P0, a highly ordered
square array of posts or holes was produced, as shown
in Figure 5c,h, indicating that both PI and PFS pro-
duced cylindrical microdomains consistent with the
schematic of Figure 1a. At a lower vapor pressure, 0.6P0
and 0.7P0, a square array of PFS posts was revealed
after oxygen RIE, but the quality of ordering was poor
compared to the result at 0.8P0. This is attributed to the
lower chain mobility resulting from the lesser amount
of solvent uptake by the film.51 Moreover, surface
reconstruction did not produce a square array of holes,
which is consistent with lower swelling of PI, leading to
spherical or elliptical microdomains that did not ex-
tend through the film thickness to the top surface,
preventing reconstruction in hexane. Figure 5f,g shows
that only a few of the PI microdomains intersected the
surface. The presence of PI spheres in a square lattice
was more clearly seen in the stained samples shown in
Figure S1a and b. These SEM images confirmed that
even though the PI microdomains were not opened by
surface reconstruction, they were still present between
the PFS microdomains. A few unopened holes were
also seen in Figure 5h annealed at 0.8P0.
Figure 5d,i shows the morphology of the film an-

nealed at a higher vapor pressure, 0.9P0. A square array

of PFS posts was observed after oxygen RIE, but the
morphology after surface reconstruction was a trench-
like structure. The increased volume fraction of PI
under high solvent vapor pressure conditions led to
interconnection between the PI cylinders. Figure S1c
shows the morphology of the stained sample. Finally,
the morphology of the film annealed in saturated
chloroform vapor, 1.0P0, is shown in Figure.5 e,j after
30 min of solvent annealing. Dewetting in some re-
gions was accompanied by film thickening in the
imaged regions, leading to in-plane cylinder morphol-
ogies as reported earlier.30,31

CONCLUSION

In summary, square-symmetry microdomains in
films of a PI-b-PS-b-PFS triblock terpolymer can be
processed to form two different patterns: a square
array of posts using oxygen RIE or a square array of
holes using surface reconstruction in hexane. The
hole array can be transformed to a post array using
oxygen RIE, and both patterns can be produced on a
substrate. Pattern transfer into silicon substrates was
demonstrated via dry and wet etching processes
using the hole and post arrays as etching masks.
The effect of solvent vapor pressure on the morphol-
ogies of the films was understood as a result of
preferential swelling of the PI by chloroform. These
results illustrate that the advantages of using a tri-
block terpolymer compared to a diblock copolymer
for lithography are not only the wider range of
morphologies available but also multiple routes for
pattern development facilitated by the different
chemical properties of each block.

EXPERIMENTAL METHODS
Substrate Preparation, Thin Film Deposition. Si(100) substrates

with a native oxide layer were used. A P2VP brush layer was
applied to promote perpendicular orientation of the cylindrical
microdomains in the PI-b-PS-b-PFS triblock terpolymer film.30 A
1%hydroxyl-terminated P2VP (Mn = 6.2 kg/mol, Polymer Source
Inc.) solution in toluenewas spin-coated on the silicon substrate
and annealed at 170 �C overnight under vacuum. The ungrafted
polymer was removed by rinsing in toluene. PI-b-PS-b-PFS (Mn =
82 kg/mol) with volume fractions of 25%, 65%, and 10% was
synthesized as described in ref 31. A 0.85 wt % solution of the
triblock terpolymer was blended with 0.15% of PS homopoly-
mer solution (Mn = 27 kg/mol, Polymer Source Inc.) in toluene.
This polymer blend solutionwas spin-coated on prepared P2VP-
brushed silicon substrates to produce a film thickness of ap-
proximately 32 nm. In order tomeasure swellingof homopolymers,
PI (Mn = 153 kg/mol, Polymer Source Inc.), PS (Mn = 500 kg/mol,
Polymer Source Inc.), and PFS (Mn = 490 kg/mol, Polymer Source
Inc.) homopolymer solutions in toluene were spin-coated onto
silicon substrates.

Solvent Vapor Annealing. In the flow-controlled solvent anneal-
ing system, a saturated chloroform vapor was produced by
bubbling nitrogen through liquid chloroform. The flow rates of
the chloroform/nitrogen and pure nitrogen were regulated by
mass flow controllers (MKS Inc., M100B) maintaining 10 sccm
total flow. The partial pressure of chloroform in the annealing
chamber of volume ∼80 cm3 was controlled by changing the

ratio of the two gas streams. For example, the 0.8P0 condition
was obtained by flowing 8 sccm of saturated chloroform vapor
and 2 sccm of pure nitrogen gas. Triblock terpolymer films were
annealed for 1 h except for the film treated at 1.0P0, which was
annealed for 30 min.

Pattern Development and Transfer. To obtain a square array of
posts, the annealed triblock terpolymer film was treated with
RIE (30 s O2, 6mTorr, 90W, Plasma Therm 790) to remove PS and
PI and reveal oxidized PFS posts. To obtain a square array of
holes, the film was immersed in hexane for 15 s and quenched
with a nitrogengun. To obtain hole andpostmixedmorphology, a
TEM grid with holey carbon film (diameter of holes 1.2 μm, Ted
Pella Inc.) was placed on top of a filmwith a hole array as a shadow
mask, and reactive ion etching was performed through the
holes of the shadow mask (30 s O2, 6 mTorr, 90 W). A square
array of silicon posts was formed from the PFS posts by CF4 RIE
(1min, 10mTorr, 50W), and residual PFS was removed by O2 RIE
(1 min, 6 mTorr, 90 W). A square array of silicon pits was formed
using the hole pattern as an etching mask. O2 RIE (5 s, 10 mTorr,
90W), CF4 RIE (1min, 10mTorr, 50W), andO2 RIE (1min, 6mTorr,
90 W) were applied in sequence to remove the polymer brush
layer at the bottom of the holes, etch the silicon wafer through
the mask, and remove the residual polymer mask, respectively.
A square array of silicon inverted pyramids was formed by
transferring the hole pattern via anisotropic wet etching. First,
holes in a triblock terpolymer were widened by O2 RIE (15 s,
10 mTorr, 90 W; shown in Figure 2c). Then the silicon wafer was
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etched through the widened holes in 30% KOH aqueous solution
at room temperature and rinsed with water. The residual polymer
mask was removed by O2 RIE (1 min, 6 mTorr, 90 W).

Characterization. The surface morphologies of triblock terpo-
lymer films and transferred silicon patterns were observed
using SEM (Helios NanoLab 600, FEI; Gemini 982, Zeiss/Leo).
Thin films of polymer samples were coated with a thin Au�Pd
alloy in order to reduce charging effects. To increase the etch
resistance of PI against O2 RIE, triblock terpolymer films were
stainedbyplacing the samples in a chamber filledwithOsO4 vapor
for 4 h. A spectral reflectometer (Filmetrics, Inc. F20-UV) was used
for in situ film thickness measurments during annealing.
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