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Abstract	
	

Block copolymers microphase separate to form periodic patterns with period of a 

few nm and above without the need for lithographic guidance. These self-assembled 

nanostructures have a variety of bulk geometries (alternating lamellae, gyroids, cylinder 

or sphere arrays, tiling patterns, core-shell structures) depending on the molecular 

architecture of the polymer and the volume fraction of its blocks. And in thin films, 

surface interaction and commensurability effect influence the self-assembly and result in 

more diverse morphologies including hexagonal-packed perforated lamellae, square array 

of holes. The progress of self-assembly can be tracked in situ using Grazing Incidence 

Small Angle X-ray Scattering, and the annealed morphology can be revealed in 3D using 

TEM tomography.  

Moreover, non-bulk morphologies can be produced, the ordering of the 

microdomains can be improved and their locations directed using various templates and 

processing strategies. The blocks can themselves constitute a functional material, such as 

a photonic crystal, or they can be used as a mask to pattern other functional materials, 

functionalized directly by various chemical approaches, or used as a scaffold to assemble 

nanoparticles or other nanostructures. Block copolymers therefore offer tremendous 

flexibility in creating nanostructured materials with a range of applications in 

microelectronics, photovoltaics, filtration membranes and other devices. 

Thesis Supervisor: Caroline A. Ross 
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Chapter	1	
Introduction	
	
	
1.1 Overview	and	Contents	

	
Synthesis	 of	 the	 nanoscale	 architectures	 with	 controlled	 chemical	 composition	 is	
essential	in	nanotechnology.1	Integrated	fabrication	is	moving	towards	devices	with	
more	computational	power	for	less	energy	consumption.2	Memory	storage	media	is	
not	 only	 focusing	 on	 scaling	 down	 but	 also	 the	 design	 of	 device	 architecture,	
physical	mechanism,	and	novel	materials.3–5	Micro/Nanoelectromechanical	systems	
(MEMS	or	NEMS),	and	Biosensors	require	nanostructures	with	desired	mechanical	
or	 biological	 properties.6,7	 Battery	 cells,	 photovoltaics,	 photonic	 crystals	 and	
filtration	 membranes	 also	 demand	 3-dimensional	 nanostructures	 with	 controlled	
chemistry.8,9	 Nanostructure	 fabrication	 strategies	 therefore	 need	 to	 become	more	
diverse	to	fit	these	different	technologies.10,11	Among	those	fabrication	routes,	block	
copolymer	 (BCP)	 self-assembly	 can	 form	 periodic	 nanostructures	 spontaneously	
with	 low	 cost	 and	 high	 efficiency,12,13	 and	 directed	 self-assembly	 of	 BCPs	 can	
produce	device-oriented	nanostructures	with	feature	size	from	a	few	nanometers	to	
hundreds	of	nm.14		
	
This	 thesis	 focuses	 on	 fundamental	 understanding	 of	 the	 BCP	 self-assembly	
behavior	and	exploring	 templating	 strategies	 in	order	 to	 fabricate	device-oriented	
nanostructures.	 Chapter	 1	 briefly	 introduces	 thermodynamics	 of	 block	 copolymer	
and	 several	 nanofabrication	 techniques	 that	 are	widely	 used.	 Chapter	 2	 generally	
reviews	 block	 copolymer	 self-assembly	 and	 its	 use	 for	 fabrication	 of	 functional	
nanostructures.	 Chapter	 3	 focuses	 on	 a	 Si-containing	 BCP	 thin	 film	 self-assembly	
using	solvent	vapor	annealing	and	using	it	for	pattern	transfer	into	other	functional	
materials	such	as	metals.	Chapter	4	discusses	an	 in	situ	observation	of	 the	solvent	
vapor	 annealing	 and	 structural	 orientation	 control	 associated	 with	 annealing	
process.	 Chapter	 5	 shows	 the	 templating	 strategies	 in	 order	 to	 fabricate	 device-
oriented	nanostructure.	Chapter	6	concludes	the	thesis	and	suggests	future	works.	
	
1.2 Block	Copolymer	Thermodynamics	

	

Block copolymers are macromolecules in which two or more chemically distinct repeat 
units are joined together in covalent bond. For example, a polystyrene-block-
polymethylmethacylate (PS-b-PMMA) BCP consists of a PS chain covalently bonded to 
a PMMA chain. If the blocks are immiscible, the BCP can self assemble into periodic 
nanostructures with dimensions ranging from a few nm to several 100 nm.13,15–21 The 
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microphase-separated structure consists of “microdomains” of each block whose 
geometry depends on the volume fraction of the block and whose periodicity depends on 
the length of the polymer chain.12,22 The periodicity of the structure can range from a few 
nm to over 100 nm. A rich variety of nanostructures can be self-assembled based on the 
intrinsic properties of the blocks and the microdomain geometry, which is influenced by 
the polymer architecture, the annealing process (e.g. annealing by exposure to a solvent 
vapor environment or to an elevated temperature), and constraints such as those imposed 
by a patterned substrate.23–25 BCPs with two (e.g. diblock copolymers, Figure 1.1, or 
triblock copolymers) or three (e.g. triblock terpolymers) chemically distinct blocks are 
most commonly used, but incorporating further blocks and various architectures such as 
linear, star, cyclic or brush copolymers brings more diversity to both the properties and 
the morphology of the resulting self-assembled structure.26,27  
 

	
Figure	 1.1.	 Schematics	 of	 Block	 Copolymer	 self-assembly.	 	 (a)	 Self-assembled	
morphology	of	a	diblock	copolymer,	and	the	morphology	revealed	after	etching	one	
block.	 (b)-(d)	 Representative	 structures	 from	 block	 copolymer	 self-assembly.	 (b)	
lamellae;	(c)	cylinders,	both	from	a	diblock	copolymer;	(d)	Archimedean	tiling	from	
a	star	terpolymer.		

	
	
	
The	 phase	 behavior	 of	 a	 linear-shape	 diblock	 copolymer	 is	 governed	 by	 three	
experimentally	 controllable	 factors:	 the	 degree	 of	 polymerization	 N,	 the	 volume	
fraction	of	one	block	f,	and	the	Flory-Huggins	interaction	parameter	χ.13	N	and	f	are	
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regulated	through	the	polymerization	stoichiometry	and	influence	the	translational	
and	configurational	entropy.	The	magnitude	of	χ	 is	determined	by	 the	selection	of	
chemically	distinct	monomers,	contribute	to	the	enthalpic	part,	and	is	dependent	on	
the	temperature		𝜒 ≈ 𝛼𝑇!! + 𝛽,	where	𝛼 > 0	and	𝛽	are	constants	for	given	values	of	
f.	At	equilibrium,	a	dense	collection	of	monodisperse	diblock	copolymer	chains	will	
be	 arranged	 in	 minimum	 free	 energy	 configurations.	 Increasing	 the	 interaction	
parameter	𝜒 	(i.e.	 lowering	 the	 temperature)	 favors	 a	 reduction	 in	 contacts	 of	
distinct	blocks.	If	N	is	sufficiently	large,	this	may	be	accomplished	with	some	loss	of	
translational	 and	 configurational	 entropy	 by	 local	 compositional	 ordering	 (Figure	
1.1).	 Such	 local	 segregation	 is	 referred	 to	 as	microphase	 separation,	 and	 the	 local	
segregated	domains	are	referred	to	as	microdomains.	Alternatively,	if	either	𝜒	or	N	is	
decreased	enough,	 the	entropic	 factors	will	dominate,	 leading	to	a	compositionally	
disordered	phase.	Since	the	entropic	and	enthalpic	contributions	to	the	free	energy	
density	 scale	 as	 N-1	 and	𝜒,	 respectively,	 it	 is	 the	 product	𝜒𝑁	that	 determines	 the	
linear-shape	diblock	copolymer	phase	state.	Depending	on	the	magnitude	of	𝜒𝑁,	the	
microphase	 separation	 can	 be	 weak	 segregation	 limit	 ( 𝜒𝑁~10) ,	 or	 strong	
segregation	limit	(𝜒𝑁 ≫ 10).13	The	phase	diagram	of	a	typical	linear-shape	diblock	
copolymer	 can	 be	 described	 by	 the	 “incompatibility	 degree”	𝜒𝑁 	and	 the	 one	
independent	composition	variable	(fA	in	Figure	1.2a),	and	consists	of	structures	like	
spheres,	cylinders,	lamellae	and	gyroid.	More	details	of	BCP	thermodynamics	can	be	
found	in	Ref.	13.	
	
	

	
Figure	 1.2.	 Bulk	 morphology	 and	 Phase	 diagram	 of	 diblock	 copolymer.	 (a)	
Equilibrium	 morphologies	 of	 linear-shape	 diblock	 copolymers	 in	 bulk:	 S	 and	 S’	
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=body-centered-cubic	spheres,	C	and	C’	=hexagonally	packed	cylinders,	G	and	G’	=bi-
continuous	gyroids,	and	L=	lamellae.	(b)	Theoretical	phase	diagram	of	linear-shape	
diblocks	 predicted	 by	 the	 self-consistent	mean	 field	 theory,	 depending	 on	 volume	
fraction	(f)	of	 the	blocks	and	 the	segregation	parameter,	𝝌𝑵,	where	𝝌	is	 the	Flory-
Huggins	segment-segment	interaction	energy	and	N	is	the	degree	of	polymerization;	
CPS	 and	 CPS’	 =closely	 packed	 spheres.	 (c)	 Experimental	 phase	 portrait	 of	
polyisoprene-block-polystyrene	 copolymers,	 in	 which	 fA	 represents	 the	 volume	
fraction	 of	 polyisoprene,	 PL=	 perforated	 lamellae.	 Reproduced	 with	 permission	
from	AIP,	Ref.	12.	

	
1.3 Nanolithography	

	
Many	 applications	 are	 based	 on	 thin	 films	 of	 BCPs,	 and	 one	 of	 the	 most	 widely	
studied	applications	of	thin	film	BCPs	is	in	nanoscale	lithography,	where	one	block	is	
removed	 by	 etching	 and	 the	 other	 is	 used	 as	 a	 mask	 to	 define	 features	 in	 a	
microelectronic	 device	 (Figure	 1.1).	 More	 advanced	 BCP	 nanolithography	
techniques	are	 realized	based	on	combining	BCP	self-assembly	with	other	widely-
used	 lithography	 methods.	 Some	 of	 the	 lithography	 methods	 were	 briefly	
introduced	here.	

1.3.1 Photon-based	Lithography	
	

Photon-based	 lithography	 uses	 photon	 to	 transfer	 the	 space	 profile	 of	 photon	
intensity	 into	 a	 physical	 profile	 of	 a	 photoresist.28,29	 Photon-induced	 chemistry	
changes	in	the	photoresist	result	in	a	solubility	change	of	the	resist	when	immersed	
in	a	specific	solution	which	is	called	a	developer,	so	that	the	developer	can	dissolve	
the	 region	 that	 was	 exposed	 to	 photons	 (Positive	 Tone	 Photoresist)	 or	 the	
unexposed	 regions	 (Negative	Tone	Photoresist)	 depending	 on	 the	 property	 of	 the	
photoresist.	 	 The	 basic	 steps	 in	 photolithography	 are	 illustrated	 in	 figure	 1.3:	 (i)	
Exposure;	(ii)	Development;	(iii)	Etching.	
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Figure	 1.3.	 Schematic	 illustration	 of	 main	 steps	 of	 photolithography.	 (i)	
Exposure;	(ii)	Development;	(iii)	Etching.	

In	the	exposure	step	(figure	1),	the	space	profile	of	light	intensity	can	be	created	by	
inserting	a	photomask	between	the	light	source	and	the	sample.	The	photomask	can	
be	 in	 physical	 contact	 with	 sample	 (Contact	 Printing),	 which	 results	 in	 high	
resolution,	 but	 damage	 of	 the	mask	 and	 defects	 in	 the	 pattern	 can	 be	 induced	 by	
trapped	 fragments	 between	 the	 resist	 and	 the	mask.	 To	 avoid	 this	 damage	 of	 the	
mask	and	the	pattern,	usually	a	small	gap	is	kept	between	the	mask	and	the	sample	
(Proximity	 Printing),	 or	 projection	 lenses	 are	 inserted	 to	 both	 avoid	 the	 mask	
damage	and	achieve	high	resolution	and	uniformity	(Projection	Printing).		
	
Interference	 lithography	 is	 a	 type	 of	 photolithography	 without	 using	 mask.	 In	
interference	 lithography,	 the	 space	 profile	 of	 light	 intensity	 is	 created	 by	 the	
interference	between	 two	or	more	coherent	 light	waves.30–32	Typically,	 a	 coherent	
laser	 beam	 passes	 through	 a	 spatial	 filter	 and	 interferes	 with	 a	 second	 coherent	
beam	which	is	reflected	from	a	mirror	(Lloyd’s	Mirror).	A	standing	wave	pattern	is	
thus	 generated	 at	 which	 two	 beams	 intersect	 and	 record	 a	 grating	 image	 in	 the	
photoresist.	The	periodicity	of	 the	exposed	grating	can	be	 tuned	usually	 from	100	
nm	to	1500	nm	by	varying	the	wavelength	of	light	(λ)	and	the	half	angle	between	the	
two	 beams	 (θ),	 as	 the	 equation:	𝑃 = λ (2sin ( θ)).	 More	 details	 on	 Interference	
Lithography	can	be	found	in	Ref.	33.		
	
There	are	many	 factors	 to	 influence	 the	resolution	of	patterned	 features.34	Among	
those	 factors,	 the	 wavelength	 of	 the	 light	 used	 has	 a	 critical	 effect	 because	
diffraction	 limits	 resolution.	 Therefore,	 the	 wavelengths	 of	 the	 light	 continue	 to	
decrease	from	ultraviolet	(UV)	to	extreme	UV	or	X-ray	in	order	to	fabricate	denser	
integrated	circuits	in	semiconductor	industry.	
	

	
1.3.2 Electron/Ion-based	Lithography	

	
Electron-beam	 or	 Ion-beam	 lithography	 can	 fabricate	 customized	 pattern	 with	
resolution	 as	 small	 as	 a	 few	nm,	which	 is	 far	 beyond	 the	 resolution	 of	 traditional	
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photolithography.	 In	 electron-beam	 lithography,	 a	 resist	 such	 as	 PMMA	 is	 used	
which	is	sensitive	to	electron.	And	cascades	of	secondary	electrons	cross-link	resist	
or	 cause	 chain	 scission.35–37	 Similarly,	 ion-beam	 lithography	 uses	 accelerated	 ion	
beam	 to	 expose	 the	 resist	 on	 the	 substrate.	 In	 ion	 sculpting,	 the	 physical	
bombardment	 from	 the	 heavy	 ion	 removes	 materials	 from	 the	 film	 creating	
nanostructure.38	 Furthermore,	 ion-beam	 lithography	 can	 also	 be	 employed	 for	
depositing	materials	such	as	carbon,	platinum,	and	tungsten.	

	
1.3.3 Imprint	and	Scanning	Probe	Lithography	

	
Imprint	lithography	utilizes	a	stamp	to	imprint	a	solution	of	molecules	(ink)	onto	a	
substrate	for	pattern	transferring.39–41	The	stamp	or	mold	can	be	soft	material	(such	
as	cross-linked	PDMS)	or	hard	material	(such	as	SiO2).	Heating	or	UV	curing	may	be	
adopted	into	imprinting	lithography	in	order	to	facilitate	the	viscosity	transition	of	
the	 patterned	 film	 after	 the	 mold	 is	 applied.	 A	 schematic	 of	 the	 mechanism	 is	
illustrated	in	figure	1.2.	Using	a	mold	enables	the	large	area	patterns.	
	
Scanning	 probe	 lithography	 uses	 the	 sharp	 probe	 in	 atomic	 force	 microscope	 to	
heat,	scratch,	oxidize	or	transfer	substances	to	the	surface	of	a	substrate	in	order	to	
produce	 nanostructures.	 Among	 these	 techniques,	 dip-pen	 nanolithography	 is	
widely	used	 to	 create	patterns	directly	on	a	 range	of	 substances	with	 a	 variety	of	
inks.42,43	
	

	
Figure	1.4.	Schematic	 illustration	of	main	steps	of	 imprinting	lithography.	(i)	
Apply	Mold;	(ii)	Molding;	(iii)	Release	Mold.	

	
	
1.3.4 Self-Assembly	Lithography	

	
	

Self-assembly	 is	 a	 process	 in	 which	 structure	 formation	 is	 driven	 by	 internal	
interaction	 among	 the	 components	 themselves	within	 the	 system.44–47	Meanwhile	
communication	 with	 environment	 also	 provides	 influence	 on	 the	 self-assembled	



	 16	

structure.	 Self-assembly	phenomena	are	 found	at	 all	 scales	 from	 the	universe	 to	a	
single	 atom.	 In	 nanolithography	 where	 interests	 are	 currently	 focused	 towards	
shrinking	 fabricated	 feature	 sizes,	 self-assembly	 is	 found	 particularly	 useful.	 In	
nanoscale	 fabrication,	 the	 idea	 of	 “building	 small	 hands	 in	 order	 to	 build	 small	
things”	 finds	 its	 limitation,	 as	 “smaller	hands”	become	difficult	 to	build.	 Following	
the	mechanism	of	how	nature	multiplies	herself,	the	idea	of	“structure	builds	itself”	
or	self-assembly	is	attractive	to	explore.	
	
	
Among	those	self-assembled	systems	which	includes	colloids,	lipid	bilayers,	crystals,	
phase-separated	 polymers,	 and	 self-assembled	monolayers,	 self-assembly	 of	 block	
copolymer	 became	 a	 classical	 system	 to	 study	 self-assembly	 mechanism	 and	 a	
promising	material	 in	 nanostructure	 fabrication.	 A	 block	 copolymer	 is	 a	 polymer	
that	 covalently	 unites	 two	 or	 more	 different	 monomers,	 and	 its	 molecular	
architecture	can	be	varied	from	linear,	star-shape,	or	brush-shape,	etc.	If	the	blocks	
in	 the	 block	 copolymer	 are	 immiscible	 with	 each	 other,	 the	 block	 copolymer	
material	tends	to	phase	separate	into	microdomains	to	form	periodic	self-assembled	
structure.	 More	 details	 on	 BCP	 nanostructure	 fabrication	 and	 its	 application	 are	
explained	in	Chapter	2.	
	
	
In	this	 thesis	work,	a	Si-containing	BCP,	polystyrene-block-polydimethylsiloxane (PS-
b-PDMS), is used to explore the self-assembly behavior. PS-b-PDMS is useful for 
nanolithography applications due to the high etch selectivity between the PS and PDMS 
blocks,48–50 the etch resistance of the PDMS block, and the high χ parameter (χPS-PDMS ~ 
0.14-0.27 at room temperature).48,51 Self-consistent mean field theory simulation is used 
to predict the phase behavior of PS-b-PDMS self-assembly under different processing 
conditions or at different templating environment. 
	
	
1.4 Conclusion	
 
 
Block copolymer is a classical model to study the mechanism of self-assembly and also a 
promising material in application of nanolithography, in which other lithography methods 
could be integrated together with block copolymer lithography. But still, many challenges 
are remained to explore. Understanding the mechanism of self-assembly both 
experimentally and theoretically is essential to control the self-assembled nanostructure 
and lower its defects. Directed self-assembly of BCP is a key to produce device-oriented 
nanostructure, while templating strategies are still in the necessity of diversification both 
from fundamental mechanism and from advanced characterization. This thesis is trying to 
address those challenges by exploring the thin film behavior of a Si-containing BCP, the 
progress of its self-assembly using in situ observation method, and its templating effect 
using photon or electron beam patterned substrates or using electric field. 
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Chapter 2: Functional nanostructured materials based on 
self-assembly of block copolymers 
 
 

2.1 Abstract 
 
In this chapter, we review the self-assembly of block copolymer in thin films and 
in bulk and discuss the self-assembly strategies to fabricate functional 
nanostructures. Block copolymers microphase separate to form periodic patterns 
with period of a few nm and above without the need for lithographic guidance. 
These self-assembled nanostructures have a variety of bulk geometries 
(alternating lamellae, gyroids, arrays of cylinders or spheres, tiling patterns, core-
shell structures) depending on the molecular architecture of the polymer and the 
volume fraction of its blocks. Moreover, non-bulk morphologies can be produced, 
the ordering of the microdomains can be improved and their locations directed 
using various templates and processing strategies. The blocks can themselves 
constitute a functional material, such as a photonic crystal, or they can be used as 
a mask to pattern other functional materials, functionalized directly by various 
chemical approaches, or used as a scaffold to assemble nanoparticles or other 
nanostructures. Block copolymers therefore offer tremendous flexibility in 
creating nanostructured materials with a range of applications in microelectronics, 
photovoltaics, filtration membranes and other devices. This work was published 
in Ref. [1] 

2.2 Introduction 
 
Block copolymers can be used in a wide range of applications,2,3 constituting 
functional materials themselves by virtue of the properties of the blocks, or by 
selectively etching4,5 one block to form masks or templates for the synthesis of 
functional materials. BCPs can include organic coil-like blocks, liquid crystalline 
blocks, Si- or metal-containing blocks, biological blocks, and/or conductive 
blocks providing a multitude of properties.6–9 The BCP nanostructure can be 
altered by several chemical methods such as sequential infiltration synthesis (SIS) 
which introduces metals or oxides from a precursor as in chemical vapor 
deposition;10,11 by salt complexation;12,13 or by nanoparticle incorporation.14,15  
 
In this review, we will first discuss the applications of thin film BCPs in 
lithography and other fields where a two-dimensional nanopatterned structure is 



 

 22 

required. We will then discuss three-dimensional BCP assemblies. We show that 
BCP nanostructures have applications in fabrication of integrated circuits,16,17 
magnetic storage media,18–20 sensors,21–24 photonic crystals,25–27 photovoltaics28–30 
and separation membranes,31,32 as well as for making 3-dimensional 
nanostructures.33 
 
2.3 Block Copolymers for Nanolithography 
 
In nanolithography, a film of a BCP is prepared on a substrate and one of the 
blocks is removed. The remaining structure serves as a mask for pattern transfer 
into a metal, dielectric or other material. This can be carried out using the 
microdomain pattern made from an untemplated block copolymer film, producing 
a dense array of dots, holes or lines. However, the greatest efforts have been 
expended in developing BCP nanolithography for nanoscale electronic devices, 
where precise registration and reproducibility of the self-assembled 
nanostructures and low defect levels are essential. Conventional 193 nm 
wavelength photolithography feature sizes are limited by diffraction, although 
sub-lithographic feature sizes may be obtained by complex double or quadruple 
patterning processes. However, 193 nm lithography is unlikely to produce 
features below about 20 nm dimensions, and directed self-assembly (DSA) of 
block copolymers has become a candidate planar process for semiconductor 
device nanofabrication, according to the International Technology Roadmap for 
Semiconductors.  
 
The period of the microphase-separated BCP structure is governed by the polymer 
chain length and hence the degree of polymerization, N (the number of monomers 
constituting the chain) but the driving force for self-assembly is governed by the 
product χN where χ is the Flory-Huggins interaction parameter quantifying the 
incompatibility between the blocks. Therefore, high χ is desirable to obtain 
features with small period from BCPs with low N. BCPs which yield feature 
period below 10 nm can microphase-separate at room temperature if χ is high 
enough,34–36 or by design of the macromolecular architecture (such as brush BCPs). 
This makes BCP lithography an attractive path to continued device 
miniaturization.  
 
BCP thin films can be spin-coated from solution like a resist layer, annealed using 
a hotplate at moderate temperatures or by placing them in a solvent vapor, and 
etched by reactive ion etching, making them compatible with conventional 
semiconductor fabrication technology.37–39 Diblock copolymer films on 
unpatterned substrates form periodic morphologies after annealing consisting of 
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closepacked spheres, in-plane or out-of-plane-oriented cylinders or lamellae, 
perforated lamellae, or gyroids, by controlling the block volume fraction40 and the 
annealing process.11,13,41–45 More diverse morphologies can be produced from 
triBCPs (or multi-BCPs),14,46,47 mixtures of diBCPs,48 or multi-BCPs blended with 
homopolymer. 18,46 For example, square arrays were achieved by using triblock 
terpolymer/homopolymer blends, 18,49 Archimedean tiling patterns were produced 
from a 3-miktoarm star terpolymer (a star-shaped polymer where 3 different 
polymer arms emanate from a core),46 and blended morphologies between spheres 
and perforated lamellae were demonstrated by blending a Si-containing BCP with 
an iron-containing BCP.48 Examples of thin film BCP morphologies are given in 
Figure 2.1. 
 

	
Figure	2.1.	Representative	SEMs	of	thin	film	self-assembled	block	copolymer	
structures.	(a)	Monolayer	of	spheres;	(b)	cylinders;	(c)	perforated	lamellae;	(a),	
(b),	(c)	are	from	a	bulk	gyroid-forming	polystyrene-block-polydimethylsiloxane	
(PS-b-PDMS)	with	molecular	weight	75.5	kg/mol,	and	volume	fraction	
fPDMS=0.415;	(a),	(b)	(c)	Reproduced	with	permission.41	Copyright	2014,	ACS	
Publications;	(d)	Square	array	of	holes,	from	a	linear	triblock	terpolymer	
polyisoprene-b-polystyrene-b-polyferrocenylsilane	(PI-b-PS-b-PFS)	with	volume	
fractions	of	25%,	65%,	and	10%,	respectively,	and	total	molecular	weight	82	
kg/mol,	blended	with	Polystyrene	homopolymer;	Reproduced	with	permission.47	
Copyright	2012	ACS	Publications;	(e)	Archimedeam	tiling	pattern,	from	a	3-
miktoarm	star	terpolymer	(polyisoprene-arm-polystyrene-arm-
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polyferrocenylethylmethylsilane	with	volume	fractions	of	39%,	35%,	26%,	
respectively,	and	total	molecular	weight	66	kg/mol)	blended	with	polystyrene	
homopolymer;	Reproduced	with	permission.46	Copyright	2013,	ACS	Publications;	
(f)	Hierarchical	nanostructure,	from	blend	of	a	polydimethylsiloxane-b-
polystyrene	(PDMS-PS,	MW=45.5	kg/mol,	fPDMS=33.7%)	and	a	polystyrene-b-
polyferrocenyldimethylsilane	(PS-PFS,	MW=35	kg/mol,	fPFS=11.5%).	Reproduced	
with	permission.48	Copyright	2013,	Nature	Publishing	Group.	

 
 
The microdomain patterns formed in thin films of BCPs possess short-range order 
but lack long-range order, as seen in some of the images of Figure 2. A top-down 
method can be employed to guide BCP self-assembly, providing registration and 
alignment with features in the substrate, and minimizing the defectivity. 
Graphoepitaxy and chemoepitaxy are the two main templating strategies for 
DSA50–55 using confinement-induced structural frustration and interfacial 
interactions respectively to control BCP self-assembly. This can produce well-
ordered periodic arrays as well as aperiodic structures not found in bulk.56–60 
Topographical templates include small posts fabricated by electron-beam 
lithography, functionalized to be attractive to one block,61 or trenches fabricated 
by photolithography or interference lithography;62–65 whereas chemoepitaxy 
templates consist of chemically distinct regions of the substrate that are attractive 
to one or other block, such as stripes, bends, dots and other features 66–68. In both 
graphoepitaxy and chemoepitaxy, pattern multiplication has been demonstrated, 
i.e. the density of templating features can be less than the final density of the BCP 
pattern.51,66,78 To optimize the templates in order to produce desired self-assembled 
BCP geometries, inverse design algorithms combined with self-consistent field 
theory (SCFT) simulations have been developed, in which SCFT can predict the 
BCP morphologies at conditions of film thickness, topographic confinements, and 
surface energy.16,69–72  
 
Figure 2.2 shows examples of BCP films templated by graphoepitaxy (Fig. 2.3a-
e,g,h) and chemoepitaxy (Fig. 2.3f). Scaleup of these processes to wafer level 
using templates made by photolithography has been demonstrated.73–75  
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Figure	2.2.	Directed	self-assembly	of	BCPs.	(a)	SEM	of	ordered	BCP	spheres	
formed	within	a	sparse	2D	lattice	of	HSQ	posts	(brighter	dots).	The	substrate	and	
post	surfaces	were	functionalized	with	a	PS	brush	layer;	Reproduced	with	
permission.51	Copyright	2008,	AAAS.	(b)	By	using	an	array	of	dashes	oriented	in	
the	x-	and	y-	directions,	nested-elbow	structures	form	with	a	cross-point	junction	
in	the	center;	Reproduced	with	permission.76	Copyright	2010,	Nature	Publishing	
Group;	(c)	SEM	of	an	etched	3D	bilayer	structure	on	a	substrate.	The	bright	dots	
and	the	light	gray	linear	features	represent	HSQ	and	oxidized-PDMS,	respectively;	
Reproduced	with	permission.61	Copyright	2012,	AAAS;	(d)	SEM	of	parallel	
cylinders	on	a	trenched	substrate	with	narrow	mesas	(width	Wmesa=125	nm	and	
Wtrench=	875	nm)	annealed	under	a	high	vapor	pressure	of	toluene.	(e)	SEM	of	
perpendicular	cylidners	in	a	wide	mesa	pattern	(Wmesa=270	nm	and	Wtrench=730	
nm)	at	a	lower	vapor	pressure.	(d),	(e)	reproduced	with	permission.77	Copyright	
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2007,	ACS	Publications	(f)	Top-down	SEM	of	90o-angled	lamellae	from	
chemoepitaxy	of	a	ternary	PS-b-PMMA/PS/PMMA	blend.	Reproduced	with	
permission.78	Copyright	2005,	AAAS	(g)	Directed	self-assembly	of	lamellar	phase	
PS-b-PMMA	BCP	to	form	line-space	circuit	patterns	in	order	to	fabricate	Si	fin	
features;	(h)	A	transmission	electron	microscope	image	of	29	nm	pitch	silicon	on	
insulator	fins	formed	by	BCP	directed	self-assembly.	(g),	(h)	reproduced	with	
permission.63	Copyright	2014,	ACS	Publications.	

 
 
As mentioned above, a high χ is desirable to obtain microdomains with small 
period. However, high-χ BCPs usually exhibit large differences in surface energy 
between the blocks, leading to the formation of a layer of the lower surface 
energy block at the air interface, and favoring in-plane orientation of lamellar or 
cylindrical microdomains. Perpendicularly-oriented microdomains provide higher 
aspect ratio features that facilitate pattern transfer, and can be promoted by a 
neutral coating,79,80 a comb-like polymer architecture, 81 and processing under 
external conditions including electric field, 82–84 magnetic field,85 temperature 
gradient, 86–88 solvent gradient, 80,89,90 shear, 91,92,93 zone casting,94 
Electrohydrodynamic Jet Printing95 or electrospray deposition96. Figure 2.3 shows 
examples of the alignment of BCP microdomains perpendicular to the substrate. 
 
In contrast to the precise and intricate structures formed by DSA, some 
applications only require short-range-ordered nanostructures with or without a 
common orientation. This is straightforward to accomplish by BCP thin film self-
assembly. Examples include porous dielectrics97,98 such as the IBM Airgap,99 
filtration membranes or water desalination membranes,100 some photovoltaic 
membranes,101,102 and electrodes for batteries.103,104  
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Figure	2.3.	Controlling	the	orientation	of	microdomains.	(a)	Lamellar	
microdomains	oriented	perpendicular	to	the	substrate	from	the	self-assembly	of	
a	brush	BCP,	Left:	schematic,	Right:	AFM;	Reproduced	with	permission.81	
Copyright	2013,	ACS	Publications;	(b)	The	solvent	annealing	process	of	block	
copolymer	thin	films	with	a	top	coat	layer	to	produce	a	perpendicular	orientation	
of	the	microdomains.	Top	coats	were	carefully	chosen	for	solvent	permeability	
during	solvent	annealing	and	were	simply	removed	with	a	non-solvent	for	both	
blocks	of	the	BCP.	Left:	schematic,	Right:	SEM	of	cross-section	and	top-down	view;	
Reproduced	with	permission.80	Copyright	2014,	Wiley-VCH;	(c)	Zone	casting	
method	to	direct	the	self-assembly	of	BCPs;	Left:	semicrystalline	lamellar	
poly(octadecyl	methacrylate)-b-Poly(t-butyl	acrylate)-b-Poly(octadecyl	
methacrylate)	(PODMA-b-PtBA-b-PODMA)	system	above	and	below	melting	
point.	Right:	AFM	images	and	GISAXS	patterns	of	aligned	microdomains.	Arrow	
indicates	casting	direction.	Reproduced	with	permission.94	Copyright	2011,	ACS	
Publications;		(d)	Electric-field-induced	alignment	of	block	copolymer	
microdomains.	TEM	image	of	lamellar-forming	polystyrene-block-polyisoprene	(SI)	
BCP	morphology	after	electric-field	alignment.	Reproduced	with	permission.105	
Copyright	2002,	APS;		(e)	The	electrospray	process	of	polystyrene-b-
polybutadiene-b-polystyrene	(SBS)	triBCP.	Small	droplets	containing	SBS	are	
generated	from	a	charged	atomizer	and	transported	onto	heated	substrate.	
Arriving	SBS	particles	equilibrate	with	the	substrate	and	adopt	out-of-plane	
morphology	dictated	by	the	strong	evaporation	of	solvent.	Crosslinking	of	PB	



 

 28 

occurs	simultaneously	with	ordering	as	the	film	undergoes	thermal	annealing,	
preserving	the	vertical	alignment	of	the	film.	Reproduced	with	permission.96	
Copyright	2015,	Wiley-VCH.	

 
2.4 Pattern transfer from 2D block copolymer films 
 
In some applications the BCP film itself forms the functional material, such as a 
porous dielectric formed by etching a BCP film, but in many cases the BCP film 
is used as a sacrificial mask for patterning another material.33,106–109 Monolayers of 
in-plane cylinders or spheres, perpendicular cylinders and lamellae, and 
perforated lamellae are particularly suitable for pattern transfer. Pattern transfer 
takes advantages of the methods developed for planar processing, including 
additive (e.g. liftoff) and subtractive (etching) methods. Figure 2.4 shows how 
these processes were applied to pattern dots of Co using a polystyrene-block-
polydimethylsiloxane (PS-b-PDMS) BCP.  
 

	
Figure	2.4.	Pattern	transfer	from	a	BCP	film.	(a)	Left:	Schematic	of	liftoff	from	a	
BCP	mask	using	a	sacrificial	PMMA	underlayer,	Right:	SEM	of	cobalt	nanodots	
fabricated	by	lift-off	process.	Inset:	tilted	views	illustrate	edge	tapering;	(b)	Left:	
Schematic	of	Damascene	pattern	transfer	process	from	BCP	to	metal	
nanostructure.	Right:	SEM	of	cobalt	nanodots	transferred	from	a	PS-b-PDMS	
perforated	lamellar	structure;	(c)	Left:	Schematic	of	subtractive	pattern	transfer	
process	from	BCP	self-assembled	mask	by	ion-beam	etch	process.	Right:	Plan	
view	and	cross-sectional	SEM	showing	the	cobalt	nanodots	transferred	from	a	
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perforated	lamellar	pattern	using	a	hard	mask	of	tungsten.	Reproduced	with	
permission.108	Copyright	2015,	IOPscience	

 
 
Etching an underlying material through a BCP mask allows pattern transfer into 
many materials including multilayers or epitaxial structures that cannot be grown 
on top of the BCP mask.108,110,111 The success of the etching process depends on 
the etch contrast between the BCP mask and the material, the aspect ratio of the 
mask, the relative thicknesses of the layers, and available etch chemistries for the 
material. Reactive ion etching or ion-beam etching are typically used, and the 
BCP pattern may first be transferred into a hard mask such as a heavy metal (Ta, 
W, etc.) or hard carbon which has greater durability than the BCP film during the 
etch of the functional material.  
 
Additive patterning has also been widely applied including electrodeposition, lift-
off and damascene processes.18,112 Lift-off involves depositing the functional 
material onto a soluble BCP pattern with vertical or undercut pores using a 
collimated vapor deposition process such as evaporation to produce well-defined 
edge morphologies of the deposited material. Dissolving the BCP pattern removes 
the material on top of it, leaving only the material that was deposited on the 
substrate at the bottom of the pores. The solubility of the BCP can be improved, 
and the pore aspect ratio and sidewall undercut enhanced, by using a sacrificial 
layer such as PMMA inserted between the BCP film and the substrate, which is 
etched through to the substrate in the locations of the BCP pores. In a damascene 
process,111 the functional material is deposited over BCP topographical features 
then etched back and planarized by, for example, reactive ion etching. Etching is 
stopped once it has reached the BCP features, leaving the functional material 
within the pores of the BCP film. The remaining BCP can then be selectively 
removed.113 
 
2.5 Block copolymer-based routes to 3D nanostructured materials 
 
So far we have discussed 2D or planar processing where a layer of BCP 
microdomains is used to pattern a film or surface. BCPs can also produce 3D 
structures which can be built up from 2D layers, or which can be formed in one 
step from thick film or bulk BCPs with multiple layers of microdomains.  
 
One class of synthetic routes involves building a 3D functional material from 
stacks of 2D layers or by repeatedly templating one BCP on another.33 
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Independent BCP layers can be stacked by separating them, for example using a 
graphene or silicon layer in between the layers.114,115 The orientation of 
microdomains in different layers can be controlled independently by shear 
alignment induced by a laser pulse, solvent incorporation, a thermal gradient, or 
direct mechanical shear. This has been used to make lattice structures with 
arbitrary symmetries from a cylinder-forming BCP.116,117 Sequential self-assembly 
processes use the etched self-assembled BCP microdomains of a lower layer as a 
new template for an upper layer of the same or different BCP, which can result in 
a wide range of novel 3D nanostructures.118 The orientation of one layer of 
cylinders on another one can be controlled by the substrate chemistry and 
topography.119 Meshed structures consisting of two layers of cylinders at an angle 
to each other can also be made in one step by suitable templating.71,120 Figure 2.5 
shows examples of these structures. 
 

	
Figure	2.5.	Sequential	Self-assembly	Processes.	(a)	Hierarchical	line-on-line	
structures	made	from	16	kg	mol-1	PS-b-PDMS	line	patterns	on	45	kg	mol-1	line	
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patterns.	(b)	Self-assembly	of	16	kg	mol-1	PS-PDMS	dot	patterns	on	45	kg	mol-1		
PS-b-PDMS	line	patterns	forming	a	dots-on-line	structure.	(a),	(b)	reproduced	
with	permission.118	Copyright	2011,	Wiley-VCH;	(c)	Multicomponent	
nanopatterning	and	elemental	mapping	of	Pt	nanowire-Pd	nanodot	array	made	
using	sequential	BCP	self-assembly.	Reproduced	with	permission.121	Copyright	
2013,	ACS	Publications;	(d)	Left:	Schematic	showing	independent	control	of	a	
double	layer	of	BCP	microdomains	by	inserting	a	graphene	layer	in	between	the	
BCP	layers.	Right:	Al	nanowire	crossbar	array	made	from	double	layers	of	
orthogonally	directed	self-assembly;	Reproduced	with	permission.114	Copyright	
2013,	Wiley-VCH;	(e)	Soft-shear	laser	zone	annealing	(SS-LZA).	SS-LZA	is	used	to	
produce	aligned	BCP	templates	for	nanowire	synthesis.	Experimental	schematic:	
a	focused	laser	line	is	absorbed	by	a	layer	of	germanium	underlying	a	BCP	film,	
inducing	local	heating	and	high	thermal	gradients.	At	the	same	time	the	thermal	
expansion	of	an	overlaid	PDMS	sheet	shears	and	aligns	the	BCP.	Reproduced	with	
permission.117	Scale	bars	200	nm.	Copyright	2015,	Nature	Publishing	Group.	

 
 
3D BCP structures can be obtained from bulk BCPs or from films thick enough to 
show periodic structures in the out of plane direction. BCPs confined in pores 
with cylindrical or spherical shape show a diversity of non-bulk 3D 
structures,57,122–124 for example helical, toroidal or concentric cylindrical 
morphologies.123 
 
Converting these 3D morphologies into functional materials can be done by a 
variety of methods. One block can be replaced by another material, for example 
by etching it and backfilling by electrodeposition,116,125 or by selectively 
depositing material by SIS10 or chemical reduction. SIS uses precursors such as 
those used in chemical vapor deposition: TiCl4, AlCl3, Al(CH3)3, etc.126 Chemical 
reduction of precursors took place in the poly(ethylene oxide) microdomains of a 
cylinder-forming polystyrene-block-poly(ethylene oxide) (PS-b-PEO) BCP, 
which tuned the material chemistry of the resulting self-assembled nanostructure 
and changed the microdomain orientation.12 Nanoparticles such as Au can be 
formed within poly-4-vinylpyridine blocks by reduction of salts.127 Alternatively 
nanoparticles can be synthesized separately and blended with the BCP during 
casting to produce a co-assembled structure.27,28,128 The nanoparticles can be 
located within the microdomains or at the interfaces. As an example a blend of Au 
nanoparticles capped with 1-dodecanethiol and a cylinder-forming polystyrene-
block-poly-4-vinylpyridine (PS-b-P4VP) BCP hydrogen-bonded to 3-
pentadecylphenol was annealed under chloroform vapor and produced 
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hexagonally packed 3D structures in which the Au nanoparticles were selectively 
located at the interstitial sites in the P4VP matrix.129   
 
2.6 Functional materials made from BCPs 
 
Nanostructured films made by pattern transfer from a BCP layer using planar 
processing have exhibited a wide range of interesting and useful properties.130 
Some examples of these structures are given in Fig. 2.6. For example, 
considerable effort has been applied to patterning of magnetic films for patterned 
media applications. The magnetic anisotropy, magnetic domain structure and 
reversal process are dominated by the shape and size of the features as well as the 
material properties. Arrays of magnetic dots, rings or pores have been made from 
various magnetic alloys. 33,131–133 A recent study compared the properties of Co 
dots made by additive and subtractive methods using the same BCP, determining 
that etching produced the smallest switching field distribution.108 Bit patterned 
media with area density beyond 1.5 teradot/inch2 was achieved by pattern transfer 
from an ordered BCP.133  
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Figure	2.6.	Functional	materials	made	using	block	copolymers.	(a)	Left:	The	
surface	topography	of	ion-beam	etched	cobalt	nanodots	imaged	by	scanning	
probe	microscopy,	Right:	The	corresponding	magnetic	structure	of	the	patterned	
nanodots	showing	in-plane	magnetization;	Reproduced	with	permission.108	
Copyright	2015,	IOPscience;	(b)	Left:	Cross-Sectional	SEM	(52o	tilt)	of	a	focused	
ion	beam	milled	dry	PS-b-QP2VP	lamellar	film.	To	enhance	the	layer	contrast,	the	
films	were	exposed	to	iodine	vapor	for	a	selective	staining	of	the	QP2VP	layers,	
resulting	in	brighter	layers.	Right:	Schematic	representation	of	the	mechanism	for	
color	change	in	a	PS-b-QP2VP	photonic	lamellar	gel	by	a	direct	exchange	of	
counterions	leading	to	swelling.	Reproduced	with	permission.134	Copyright	2012,	
ACS	Publications;	(c)	Side-view	SEM	of	a	silicon	superhydrophobic	surface	
textured	with	nanocones;	Reproduced	with	permission.135	Copyright	2014,	Wiley-
VCH;	(d)	Side-view	SEM	of	silicon	nanotextured	surface	that	exhibits	antireflective	
properties;	Reproduced	with	permission.136	Copyright	2015,	Nature	Publishing	
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Group;	(e)	Co-assembly:	TEM	image	of	CdSe	nanorods	co-assembled	with	PS-b-
P4VP	/(pentadecylphenol	(PDP))1	film.	Reprinted	with	permission.137	Copyright	
2012,	American	Chemical	Society.	(f)	Cross-sectional	SEM	images	of	a	phase-
change	memory	device.	The	inset	shows	a	TEM	image	of	the	interface	between	
TiN	and	GeSbTe,	where	the	self-assembled	nanostructures	are	incorporated;	
Reproduced	with	permission.138	Copyright	2013,	ACS	Publications;	(g)	Schematic	
of	a	FET	based	on	graphene	nanoribbon	arrays	patterned	by	BCP	lithography	and	
the	corresponding	SEM	image.	Reproduced	with	permission.139	Copyright	2013,	
Wiley-VCH;	(h)	Chiral	plasmonic	structure	made	from	Au	templated	in	a	gyroid	
triblock	terpolymer.	Reproduced	with	permission.125	Copyright	2011,	Wiley-VCH.	
(i)	Branched	Au	plasmonic	structures	from	seeded	electrodeposition	in	a	gyroid	
BCP.	The	inset	shows	an	enlarged	area.	Reproduced	with	permission.140	Copyright	
2013,	Wiley-VCH.	(j)	filtration	membrane,	cross-section	near	the	surface	showing	
ordered	pores	extending	for	about	100	nm	vertically	into	the	film	above	a	
disordered	porous	network.	Reproduced	with	permission.141	Copyright	2011,	ACS	
Publications.	

 
 
Several microelectronic devices such as nanowire transistors,142 capacitors,143 
phase change memories, 138,144 resistive memories,145 or triboelectric generators146 
have been made using BCPs. Sub-10 nm wide graphene nanoribbon array field-
effect transistors were fabricated by using PS-b-PDMS as a etch mask.139 In 
phase-change memory, an insulating silica nanostructure produced from the self-
assembly of PS-b-PDMS, incorporated between the phase change material and the 
heater electrode reduced the switching volume of the phase change material in 
order to resolve the chronic issue of power consumption.138  
 
Bulk BCP structures such as gyroids,147 lamellae or cylinders are attractive in 
applications such as batteries, photovaltics and photonics. In the field of photonics, 
reflective iridescent colors can be produced from optical microstructures with 
periodic microdomains of alternating refractive index.26,27 Well-ordered BCP 
microdomain arrays can produce photonic bandgaps spanning the entire visible 
spectrum and with large tunability by swelling. 37,38,39,134,148 As shown in Fig 2.6b, 
the tunable BCP photonic gels were well-ordered self-assembled lamellae of 
polystyrene-block-poly(2-vinylpyridine) with the P2VP layers quaternized (PS-b-
QP2VP). The total dry film thickness is 1 μm, which is around 20 times the PS-b-
QP2VP periodicity. The swelling of the PS-b-QP2VP lamellae induced by 
exposure to aqueous solvent vapor showed full-color tunability.134   
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Superhydrophobic surfaces have self-cleaning, antireflection and anti-bacterial 
functions and can be produced from nanostructured films of block copolymers. 
For example, nano-cone textures transferred from sphere-forming PS-b-PMMA 
have shown advancing water contact angle exceeding 160˚. 135 A moth eye 
nanostructure fabricated from the self-assembly of PS-b-PMMA has shown 
broadband antireflection properties.163 Amphililic block copolymers have been 
used as building blocks for the preparation of micellar drug carriers. Typical 
BCPs for drug delivery include a poly(ethylene oxide) (PEO) block, because of its 
hydrophilicity that can form a tight shell entrapping the micellar drug core 
enabling transport at concentrations that can exceed the intrinsic water-solubility 
of the drug.149 BCPs have also been used to make detectors for biomolecules24 
as well as for solvent vapors.34  
 
Nanoporous membranes produced from BCP films can generate a high density of 
uniform pores with diameter from 10 nm to below 200 nm, and are treated as 
promising materials for tunable filtration with high permeability and selectivity.150 
Typical BCP filtration membranes preparation methods include spin casting or 
bulk casting and thinning with a doctor blade directly on a macroporous substrate; 
or an indirect method by first coating on a nonporous substrate and then 
transferring to a macroporous substrate. Nanoporous structures with graded pore 
sizes were demonstrated using PS-b-P4VP in a tetrahydrofuran and 
dimethylformamide solvent system.151 A film made from a blend of PMMA 
homopolymer with cylinder-forming PS-b-PMMA with its microdomains 
oriented normal to the surface was floated onto a macroporous support to 
demonstrate virus filtration.152 A simple nanoporous structure fabrication process 
used PS-b-PEO with oligomeric PEO (o-PEO) as the additive. After thermal 
annealing, the film was immersed in a protic solvent (e.g., water, methanol, or 
ethanol) to dissolve and remove the o-PEO while the PS is still in a frozen state, 
producing pores in the locations of the o-PEO.151 Roll-to-roll cold zone annealing 
realized the mass production of thin films with vertically-oriented BCP 
microdomains which can be used as filtration membranes.153  
 
Nanoparticle inclusion within BCPs can produce a well-ordered morphology in 
which the orientation and spatial arrangement of the nanoparticles, and thus their 
anisotropic physical properties, can be controlled.27,28,132,154–156 For example, 
localized surface plasmon resonance and surface-enhanced raman scattering from 
nanorods with ordered arrangement and common orientation can be used for 
photonics or for sensing.157,158 A self-assembled BCP nanostructure can be treated 
as a 3D template after one block is removed, and back-filling of nanoparticles 
such as those made of transition metal oxide particles can provide unique 
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electronic, optical and catalytic properties, useful in applications such as solar 
cells and batteries.104 
   
A final example we discuss is the fabrication of excitonic photovoltaics. In these 
structures the donor-acceptor interfaces are critical for photogeneration of charges 
and device performance. Conjugated BCPs such as poly(3-hexylthiophene)-block-
poly(ethylene oxide) (P3HT-b-PEO),159 poly(3-hexylthiophene)-block-poly((9,9-
dioctylfluorene)-2,7-diyl-alt-[4,7-bix(thhiophen-5-yl)-2,1,3-benzothiadiazole]-
2’,2”-diyl) (P3HT-b-PFTBT),101 or poly(3-hexylthiophene)-block-polylactide 
(P3HT-b-PLA) with C60 have all demonstrated efficient photoconversion and 
good device stability.160 Early organic solar cells had a bilayer architecture where 
the acceptor material was deposited on top of the donor material, but this structure 
suffered from high excitonic losses. Subsequent organic solar cells intermixed the 
donor and acceptor material in a bulk heterojunction active layer, but the 
disordered interface morphology was still not optimized and the stability of the 
device was limited by macrophase separation. A conjugated donor-acceptor BCP 
can resolve these problems, allowing a stable active layer morphology to be 
optimized based on the block volume fraction and annealing process.161  
 
 
2.7 Summary 
 
We have seen that BCPs offer extensive opportunities for the fabrication of 
functional materials. This can take advantage of the bulk periodic morphology of 
the BCP, or of thin films or confined regions of the BCP in which non-bulk 
morphologies can form. Microdomains can be aligned by applying fields, shear, 
solvent evaporation, temperature gradients or substrate topography, and their 
positions can be precisely controlled by nanoscale graphoepitaxial or 
chemoepitaxial substrate features. BCPs may themselves be functional, for 
example they can include conjugated blocks for charge transfer, or they can be 
used as templates to produce other functional materials. Numerous methods exist 
for pattern transfer, including the incorporation of nanoparticles within one block, 
selective deposition in one block using infiltration or chemical reduction, etching 
of one block and backfilling, or using a film of the BCP as a mask for planar 
processes such as etching or liftoff. BCPs enable hierarchical synthesis where one 
material is templated by another to give a material with different length scales. 
 
BCP-inspired functional materials are already in use or under development for a 
vast range of applications, including membranes, photovoltaics and next-
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generation lithography. Their role will certainly increase as BCP synthesis, 
processing and pattern transfer methods improve. 
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Chapter 3: Thin Film Morphologies of Bulk-Gyroid 

Polystyrene-block-Polydimethylsiloxane under Solvent Vapor 

Annealing 
 

3.1 Abstract 

 

In this chapter, we investigate the thin film self-assembly of a PS-PDMS block 

copolymer showing the influence of film thickness, solvent composition ratio, and 

swelling ratio. Thin film morphologies of a 75.5 kg/mol polystyrene-block-

polydimethylsiloxane (PS-b-PDMS) diblock copolymer subject to solvent vapor 

annealing are described. The PS-b-PDMS has a double-gyroid morphology in bulk, but as 

a thin film the morphology can form spheres, cylinders, perforated lamellae or gyroids, 

depending on the film thickness, its commensurability with the microdomain period, and 

the ratio of toluene:heptane vapors used for the solvent annealing process. The 

morphologies are described by self-consistent field theory simulations. Thin film 

structures with excellent long-range order were produced, which are promising for 

nanopatterning applications. This work was published in Ref. [1].  

 

3.2 Introduction 

 

Solvent annealing provides a convenient process for controlling microphase separation in 

block copolymer thin films.2–4 The film thickness during solvent annealing (both as-cast 

and swelled with solvent) is an important factor in determining the film morphology,5 and 

combinations of film thickness, substrate chemistry and a nonpreferential solvent control 

morphological transitions, such as the gyroid-lamellar transition in a bulk-gyroid triblock 

terpolymer film.6 Other studies have shown that surface energy plays a role in gyroid-

cylinder transitions in bulk-gyroid films over 100 nm thick,7 and solvent removal rate 

determines the orientation of cylindrical microdomains.8 Selective solvent annealing can 

produce diverse thin film morphologies from a given block copolymer because selective 

solvents change both the effective interaction parameter and the volume fraction of the 

block copolymer thin film system.2,9 Therefore, during solvent vapor annealing, the film 

morpology will depend on not only the as-cast film thickness, but also on the solvent 

composition and the swelling of the film exposed to the solvent vapor.  

 

Most work on block copolymer films has focussed on bulk lamellar, cylindrical or 

spherical morphology diblock copolymers, but gyroid structures also form over a narrow 

compositional range in bulk.10–17 Bulk gyroid block copolymers have been investigated in 

cylindrical confinements,18 but there have been only a few studies of the thin film 

morphology of solvent-annealed bulk gyroid block copolymers.32,33 Transitions between 
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gyroids and other morphologies have been observed for a variety of block copolymer 

compositions.44,32,33 

 

Here we present a study of the self-assembly of thin films of a solvent-annealed bulk-

gyroid polystyrene-block-polydimethylsiloxane (PS-b-PDMS (SD75), Mw=75.5 kg/mol) 

by fine-tuning both the solvent mixture and the film thickness. PS-b-PDMS is useful for 

nanolithography applications due to the high etch selectivity between the PS and PDMS 

blocks,4,20,21 the etch resistance of the PDMS block, and the high χ parameter (χPS-PDMS ~ 

0.27 at room temperature,20 though a recent analysis22 suggests a lower value of 0.14). 

The molecular weight used here is greater than that of PS-b-PDMS used for previous thin 

film studies.4 Spun-cast films were solvent vapor annealed in a chamber containing a 

volume of a liquid solvent mixture. We show that, by selection of the solvent mix ratio, 

swelling ratio and as-spun film thickness, in-plane cylinders (period ~ 60 nm), perforated 

lamellae (period ~ 96 nm) or spheres (period ~ 66 nm) with excellent long range order, as 

well as coexisting morphologies such as lamellae plus cylinders, could be produced. The 

morphologies are modeled using self-consistent field theory simulations.  

 

3.3 Materials and Methods 

 

Thin films of SD75 were spin-cast from 1wt.% solution in cyclohexane at various spin 

speeds to control the film thickness. Substrates consisted of oxidized silicon which was 

chemically functionalized with hydroxyl-terminated polydimethylsiloxane (1 kg mol-1, 

~2 nm thick), which corresponds to the minority block of the SD75 block copolymer. The 

initial film thickness and the thickness during solvent annealing were determined using 

reflectometry (Filmetrics F20).23   

 

Solvent vapor annealing of the block copolymer thin film was done using a range of 

volumetric mixtures of toluene and heptane (1:0, 10:1, 5:1, 4:1, 3:1, 2.5:1, and 1.5:1) in a 

solvent reservoir annealing system consisting of a closed chamber of volume 80 cm3 with 

a loosely fitted lid that allowed the vapor to leak out slowly. The sample was placed in 

the chamber supported above 6 cm3 of liquid solvent. The solvent vapor annealing was 

carried out at room temperature, 23 ˚C ± 2˚C with humidity 83%. The swelling ratio of 

the film resulting from each solvent mixture could be varied by using different chambers 

and lids, which affected the amount of exchange between the solvent and the ambient and 

therefore affected the partial pressures during anneal. The solvent anneal process was 

monitored by continuous measurements of the swelled film thickness. After solvent-

annealing for times of 3 hours or more under an approximately steady state vapor 

atmosphere, the film was deswelled over 20 min by sliding open the lid of the chamber in 

four steps of equal area, one step every 5 min. Based on the time to fully evaporate the 
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solvent for each position of the lid, each step increased the evaporation rate by ~3 cm3 of 

solvent/min.  

 

The toluene-heptane system is not an ideal mixture so the ratio of vapor pressures above 

the liquid mixture is different from the volume fractions of the liquids2. The expected 

vapor pressures for the 1:0, 10:1, 5:1, 4:1, 3:1, 2.5:1, 1.5:1 toluene:heptane volume 

mixtures at room temperature is described in the supplementary information (section 2(c) 

and Table S1).  

 

After annealing, a short 5 s CF4 reactive ion etch was usually performed to remove the 

surface layer of PDMS that formed due to the low surface energy of PDMS. Then an 

oxygen plasma treatment removed the PS and converted the self-assembled PDMS 

microdomains to an immobilized silica-rich topographical pattern which could be imaged 

by scanning electron microscopy.24  

 

 

 

 
Figure 3.1. (a): Small angle X-ray scattering plots of intensity I(q) vs. q in nm-1 for the 

SD75 sample at a range of temperatures from 140˚C to 240˚C. The horizontal scales are 

offset for clarity with the main peak appearing at 0.1 nm-1. (b): TEM image of the bulk 

morphology of SD75 corresponding to a double gyroid structure. Fig. 3.1a was provided 

by Dr. Karim Aissou. Fig. 3.1b was provided by Prof. Apostolos Avgeropolos 

 

3.4 Bulk morphology 

The PS-b-PDMS used here (labeled SD75) has a total molecular weight (Mw) of 75.5 kg 

mol-1, polydispersity index (PDI) of 1.04, PDMS volume fraction fPDMS = 0.415, N = 847, 

and 𝜒𝑁 ≅ 229  at room temperature based on the value of χPS-PDMS = 0.27. It was 

synthesized by a procedure described by Bellas et al.25 Figure 3.1a is a synchrotron small 

angle x-ray scattering (SAXS) profile of a bulk sample of SD75 measured at different 
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temperatures. The SAXS profile shows the existence of one main peak and higher-order 

peaks with positions (q/q100)
2 = 6, 8, 14, …, 100,… The scattering vector q is defined by 

q=4πsinθ/λ, with scattering angle 2θ and x-ray wavelength λ, and corresponds to a real 

space periodicity of 4π/q. This sequence of peaks corresponds to a double gyroid (DG) 

structure with the cubic 𝐼𝑎3̅𝑑 space group having a domain spacing d211 = 61 nm from 

the first peak, and cubic unit cell parameter of 150 nm. These parameters are in 

agreement with prior measurements11 on the same bulk SD75. TEM images of bulk 

unstained SD75 exemplified by Figure 3.1b shows morphology consistent with a double 

gyroid structure.10 

 

3.5 Film morphology as a function of as-cast film thickness 

The solvent annealing process used to process thin films of SD75 is described in detail in 

the Methods section. The samples were annealed in a chamber containing a reservoir of 

liquid solvent and the partial vapor pressure was varied by changing the leak rate of the 

chamber. The swelled thickness of the block copolymer films was monitored by optical 

reflectometry. To evaluate the influence of as-cast film thickness on the morphology, 

films were annealed under a vapor from a toluene:heptane 3:1 volumetric mixture for 3 

hours. The partial pressures are expected to be Ptol = 10.37 Torr, Phep = 6.29 Torr at 23 oC 

above the non-ideal solvent mixture2 (supplementary information (SI) section 2(c)). 

Under this anneal condition all films swelled to 2.1 - 2.2 times the initial film thickness. 

Due to the high N of the SD75 (N is the total number of chemical repeat units, in which 

C8H8 is the repeat unit of Polystyrene, SiOC2H6 is the repeat unit of 

Polydimethylsiloxane), the swollen films are expected to be be below the order-disorder 

temperature (ODT) when the solvent concentration is below ~60%.16,26 This suggests that 

even in the swelled state the films are below the ODT during our experiments. 

Microphase separation therefore occurs while the film is swelled rather than occuring 

during drying, which would be the case if the swelled state were disordered. After a 20 

min drying step accomplished by gradually removing the lid of the annealing chamber, 

the film deswelled to near its as-cast thickness, trapping the swollen morphology.27 Faster 

drying by blowing nitrogen to deswell the film produced similar morphologies but with 

poorer order, described in detail below. 

 

Figure 3.2 shows a series of scanning electron microscopy (SEM) images of the self-

assembled structures formed by SD75 films with varying initial thickness under the same 

solvent annealing conditions, after etching to remove PS and reveal the PDMS 

morphology, which appears bright. In thicker films, upper and lower layers of PDMS 

microdomains in a bilayer structure can be distinguished by their different contrast, with 

the upper layer of PDMS microdomains always appearing brighter. (This contrast 

difference was also seen previously in bilayer cylindrical structures,28 in which TEM 
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holography confirmed the presence of a bilayer.) Further examples are given in, section 

2(e) and Figures 3.13-14.  

 

With an initial film thickness of 103 or 137 nm, a poorly ordered porous structure was 

found throughout the film which exhibited interconnected struts reminiscent of the bulk 

gyroid. Hexagonally-coordinated perforated lamellae (HPL) became the dominant 

structure as initial film thickness decreased from 85 nm to 63 nm.  

 

Terracing (island and hole formation) can occur during annealing of block copolymer 

films that form in-plane microdomains due to incommensurability between the polymer 

film thickness and the out-of-plane period.5,29 Optical microscopy data (section 2(b) and 

Figure 3.10) demonstrated that the as-cast film thickness was uniform. The 3-hour 

solvent annealing used here did not lead to obvious terrace formation in the thicker films 

(137 nm, Figure 3.2a and 103 nm, Figure 3.2b) where gyroid-like structures existed. 

However, thinner films, where HPL occurred, form terraces if the film thickness is 

incommensurate with the HPL layer thickness.  

 

For a 3 hr anneal, films with thickness around 80 nm formed a structure resembling a 

double layer of HPL (Figure 3.2c) with connections between the upper and lower 

lamellae in some regions whereas in other regions of the sample there was just a 

monolayer of HPL. The portion of the sample exhibiting a monolayer HPL increased as 

the films became thinner. The thickness varied gradually between these types of regions, 

without terracing. In contrast, further annealing, 6 – 15 hrs, enabled 60-90 nm thick films 

to exhibit terraces (section 2(b) and Figure 3.10). When the film thickness was 45 nm and 

swelling ratio around 2.2, no terraces were found except in some regions close to the 

edge of the substrate, and a highly ordered HPL was formed after the 3-hour toluene: 

heptane 3:1 vapor annealing. This appears to represent a commensurate thickness, since 

terraces did not form even on further annealing except in some non-uniform parts of the 

film. The quality of the structure formed from an initial film thickness of 45 nm was 

remarkably good, with ‘grain sizes’ or correlation lengths of several µm diameter 

containing a few point defects, shown in SI section 2(a) and Figure 3.8b. 

 

These results therefore show a transition in morphology from HPL to double layer HPL 

then to a poorly ordered porous network with increasing thickness for 3:1 toluene:heptane 

vapor, with particularly well-ordered HPL occuring at 45 nm initial thickness. 

Experimentally the transition from single to double layer HPL occurred between 45 nm 

and 79 nm film thickness, while at 85 nm the morphology consisted of an upper and a 

lower perforated layer with interconnections between them. We therefore estimate the 

single-layer to double-layer transition thickness at ~65 ± 10 nm.  
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Figure 3.2. Representative SEM images of PDMS microdomains formed in thin films 

with differing initial thickness at the same solvent vapor annealing condition, from a 3:1 

toluene:heptane volumetric mixture (all films swelled to 2.1 - 2.2 times the initial film 

thickness). The as-cast initial film thickness is indicated at the upper-left corner of each 

image. a,b: Poorly ordered porous network. c,d: Perforated lamellae (HPL) appeared and 

dominated as the film became thinner. At ~80 nm thickness two layers of interconnected 

HPL are visible. e-f: Highly ordered perforated lamellae. e, inset, red circle highlights 5-

fold coordinated pores. f, upper inset, red circle highlights 8-fold coordinated pores; 

lower inset, red circle highlights 7-fold coordinated pores. The images all have the same 

magnification, shown in a.  

 

3.6 SCFT Modeling of film thickness effects on morphology  

Self-consistent field theory (SCFT) simulations were performed to examine the 

morphology transition as the film thickness changed. These simulations used similar 

methods to those previously reported by Mickiewicz et al.30 Further details of the 

modeling are described in the SI. The interaction and structural parameters used in the 

SCFT simulation were chosen to represent a bulk-double-gyroid diblock copolymer 

whose bulk structure is shown in Figure 3.3 inset. The model is described in terms of a 

characteristic lengthscale, L0, which was chosen to be the microdomain period when the 

modeled block copolymer forms a bulk cylindrical morphology. L0 corresponds to 5.27 

Rg with Rg the radius of gyration.  
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In the experiment the air interface was minority-attractive (evidence for this will be given 

in the next section), and the oxidized silica substrate was also minority-attractive due to 

the PDMS brush layer. Films with minority-attractive top and bottom surfaces were 

modeled, and as expected the model produced a PDMS wetting layer at each surface with 

thickness L0/2 surrounding a thickness-dependent internal morphology such as spheres, 

cylinders, etc. Majority-preferential surfaces were also modeled, and we found that the 

internal morphology was identical to that seen in a simulation of a thicker film with 

minority-preferential surfaces. In other words, a majority-attractive simulation of 

thickness t was equivalent to a minority-attractive simulation of thickness t+L0 without its 

surface layers. This is shown schematically in Fig. 3.3(a). In order to reduce computation 

time, we therefore modeled majority-preferential top and bottom surfaces for 

convenience. The model structures in Fig. 3.3(b) are therefore shown without the top and 

bottom surface layers, even though these layers exist in the experiment.  

 

The model calculates the morphology of the swelled film. Therefore when comparing 

model and experimental results, a model of thickness t corresponds to an experimental 

swelled film thickness of t+L0, and to an as-cast film of thickness (t+L0)/SR where SR is 

the swelling ratio. 

 

In Figure 3.3(b), results for a simulation with (χN)eff = 18.0 and f = 0.411 are shown. 

(χN)eff is smaller than the χN of the neat block copolymer because of both the coarse-

graining of the model which reduces the number of units in the chain by a factor of 0.15 

(125 repeat units were used in the simulation instead of N = 847), and the effect of 

swelling which lowers χ by approximately a factor of 2.31 The volume fraction was 

chosen to match the bulk volume fraction, but preferential uptake of the toluene and 

heptane by the blocks will vary the effective volume fraction. Simulations describing the 

effects of vapor composition on morphology will be presented elsewhere,32 but the 

simulations presented here correspond most closely to a 3:1 toluene:heptane ratio in the 

vapor.  

 

The free energy of the microphase-separated film decreased with increasing film 

thickness until the transition between one and two layers of microdomains was reached. 

Around this transition region (0.8 < t/L0 < 1.2) there was a local free energy minimum 

representing perforated lamellae. As thickness increased from the minimum energy 

thickness the morphology transitioned from perforated lamellae to cylinders, 

bicontinuous cylinders and double-layer perforated lamellae (as shown in SCFT 

simulation results, figure 3.3b). Variations in the effective volume fraction lead to 

dominance of different morphologies, e.g. HPL was present over a wider thickness range 

as effective volume fraction increases, but all the models showed a transition from one to 

two layers of microdomains at a thickness ~L0. 
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In the model, the single-to-double layer transition at a thickness ~L0 corresponded to an 

actual film thickness of 2L0 when the wetting layers are included. The spacing of in-plane 

cylinders measured experimentally (see next section) yields L0 = 63 nm, from which the 

transition thickness should be 2L0 = 126 nm. This is in reasonable agreement with the 

transition thickness of the swelled film (~65 ± 10 nm multiplied by the swelling ratio of 

2.1, which is ~136 ± 20 nm). This supports the use of the swelled film thickness when 

comparing the model to the experiment.  

 

 

 

           

 
 

Figure 3.3. (a) A schematic showing the equivalence of the internal structure in a 

simulation of thickness t+L0 with minority-attractive surfaces vs. a simulation of 

(a) 

(b) 
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thickness t with majority-attractive surfaces. The latter were simulated in order to reduce 

computation time. (b) Normalized free energy difference ΔH of the simulated thin film 

structures compared to a disordered state for a bulk-gyroid BCP system (χNeff = 18.0, f = 

0.411) versus film thickness. k is the Boltzmann constant, T the temperature, 𝝆𝟎 is the 

monomer density, Rg the radius of gyration, and L0 is 5.27 Rg. The inset shows the bulk 

gyroid structure at different magnifications. Fig. 3.3b data was provided by Dr. Adam 

Hannon. 

 

3.7 Film morphology as a function of solvent vapor composition and swelling ratio 

 

In PS-b-PDMS, heptane selectively swells PDMS while toluene is slightly selective for 

polystyrene but swells both blocks,4 so changes in morphology with solvent vapor 

composition are expected. The solvent vapor composition can also affect the surface-

wetting layer, so we first verified that PDMS was present at the air interface, as seen in 

several prior studies,4 due to its lower surface energy. To establish whether PDMS was 

present at the top surface of solvent-annealed films, samples were compared after two 

processes: a one-step etch in O2 which removes PS, and a two-step process consisting of 

a short CF4 etch which removes any PDMS surface layer then an O2 etch. The two-step 

process produced clear images of the internal PDMS microdomains whereas the one-step 

process showed evidence of the remnants of the unetched PDMS surface layer on top of 

the internal microdomains (Figure 3.4). This shows that a PDMS surface layer was 

present in samples annealed in the full range of toluene:heptane vapors studied here, 

including pure toluene. 

 

 

 
 

 

 

 

Figure 3.4. Representative SEM images of oxidized PDMS nanostructures with differing 

toluene:heptane (T:H) volumetric ratio in solvent annealing. a. T:H = 1:5, b. 3:1, c. 5:1, d. 

10:1 imaged after 5s CF4 etch and then 22s O2 etch; e. T:H = 1:5, f. 3:1, g. 5:1, h. 10:1 

imaged after 22s O2 etch.   
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Figure 3.5 shows the morphology of films of SD75 with as-cast thickness 45 nm as a 

function of volumetric ratio of the liquid solvents added to the chamber as well as the 

swelling ratio, which was adjusted by changing the solvent vapor pressure. At a solvent 

ratio of toluene: heptane = 3:1 the swelling ratio was 2.1 (i.e. swelled thickness 95 nm), 

and the film formed HPL (Figure 3.5e) with center-to-center spacing 96 nm and hole size 

around 75 nm. The row spacing of the pores was √3/2 x 95 nm = 79 nm.  In contrast, at a 

solvent ratio of toluene: heptane = 5:1 the swelling ratio was 1.4 (swelled thickness 63 

nm), and the film formed a monolayer of in-plane cylinders (Figure 3.5c) with period 63 

nm and line width around 35 nm. Figure 3.6a,b show additional images of cylindrical 

microdomains containing spiral and fingerprint defects. At a solvent ratio of toluene: 

heptane = 10:1 the swelling ratio was 2.5, and the film formed spheres with a period 66 

nm (Figure 3.5b, Figure 3.13). Figure 3.9 shows the distribution of microdomain sizes for 

samples consisting of spheres and for HPL. 

 

At other solvent ratios of 4:1 (swelling ratio 1.9), 2.5:1 (swelling ratio 1.4), 1.5:1 

(swelling ratio 1.2), and pure toluene (swelling ratio 2.4), coexistence of HPL and 

cylinders (C), C and lamellae (L), HPL and L, and spheres (S) and a wetting layer were 

found respectively. The HPL/L interface (Figure 3.5g) was a curved line that outlined the 

hexagonal hole close-packed arrays; the HPL/C interface (Figure 3.5d) had a serrated 

border; the C/L interface (Figure 3.5f) was a straight line; and the S/wetting layer 

interface had a size-gradient of spheres (Figure 3.5a). Figure 5h indicates that the mixed 

morphologies corresponded to terrace formation and the morphological interface is the 

boundary of the terrace. Additional examples are shown in section 2(d) and Figures 3.11 

and 3.12. 

 

The data of Figure 3.5 indicate that at these modest solvent vapor pressures of a few Torr, 

the structure that forms is influenced by both the solvent ratio, which governs swelling, 

effective χ, and the effective volume fraction of the blocks,33 and the swelled film 

thickness, which determines commensurability with the microdomain spacing. We expect 

that when the swelled film thickness is commensurate with the block copolymer period a 

uniform, single morphology would form over the film, as in the HPL formed under the 

3:1 toluene:heptane (Figure 3.5e), the cylinders in the 5:1 toluene:heptane mixture 

(Figure 3.5c) and the spheres in the 10:1 mixture (Figure 3.5b). However when the 

swelled thickness is incommensurate, a mixed morphology is more likely and terracing is 

promoted, as in the samples which exhibited mixed HPL+C, C+L or HPL+L 

morphologies.  
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Figure 3.5. Morphologies observed for as-spun film thickness = 45 nm under different 

solvent vapor annealing conditions (the ratio of toluene: heptane in the solvent reservoir 

and the swelling ratio are labeled on each image). a. coexistence of spheres and lamellae 

or wetting layer in pure toluene. b. Spheres from 10:1 toluene: heptane forming patterns 

with period 66 nm. c. Cylinders formed in 5:1 toluene: heptane with period 63 nm and 

PDMS linewidth 35 nm; d. coexistence of cylinders and perforated lamellae; e. perforated 

lamellae, 3:1 toluene: heptane mixture vapor forming perforated lamellar patterns with 

period 92 nm, hole size 75 nm; f. coexistence of cylinders and lamellae; g. coexistence of 

perforated lamellae and lamellae; h. 3D AFM image of coexistence of perforated 

lamellae and lamellae showing a height change.  

 

3.8 The effect of drying rate 

 

The annealing process consists of three successive regimes: solvent incorporation, 

annealing at a constant swelling ratio, and drying or deswelling. In the SD75 we expect 

microphase separation to occur in the swelled film. Drying then causes the swollen film 

to collapse in the out-of-plane direction and trap the morphology since the PS goes below 

the glass transition temperature. In general, the solvent-annealed microdomain 

morphology will depend on all three regimes, and the contribution of the drying process 

has been examined, for example in thick films.8, 44  

 

Figure 3.6 shows the effect of a higher drying speed using a blast of nitrogen, after 

annealing under the conditions that produced well-ordered HPL (45 nm film, 3:1 

toluene:heptane, swelling ratio = 2.2) and C (45 nm film, 5:1 toluene:heptane, swelling 

ratio = 1.5) as used in Fig 3.5g and 5c respectively. The films deswelled within 1 second. 

In Figure 3.6c the pore size in the HPL had a greater variability (though the average 

center-to-center spacing was 90 nm, which is similar to Figure 3.5e), while in Figure 3.6d 
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the cylinders had more discontinuities and a more irregular edge roughness (though the 

average period is ~60 nm similar to Figure 3.5c). In comparison the samples shown in 

Figure 3.5 were quenched by gradually opening the chamber lid in 20 min, and the 

deswelling was observed to follow an exponential decay with time. Most of the solvent 

was removed from the film in the first 50s of the 20 min drying. Hence the dried 

morphology is affected by both the steady state solvent atmosphere and the drying 

process.21  

 

 

Figure 3.6. a. Fingerprint pattern around a defect in the cylinder array; b. spiral pattern, a 

defect in the cylinders, both annealed under the same conditions as Figure 3.5c. c, d. 

Morphologies observed for fast drying by using a blast of nitrogen. c. Perforated 

lamellae; d. cylinders. 

 

3.9 Defect analysis 

 

The best ordered structures achieved in the present work were cylinders with defect 

density ~0.01 defects/ μm2 over an area of about 10 × 10 μm2 (Figure 3.8a), or perforated 

lamellae with defect density ~0.2 defect/ μm2 within ‘grains’ of areas about 4 × 4 μm2 
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(Figure 3.8b). Nearest neighbor distances and pair correlations for HPL and spheres are 

given in Figure 3.9. The defects in the cylinder arrays mainly consisted of a single 

disclination (cylinder termination) surrounded by a large area of cylinders bent by 180˚ 

(Figure 3.6b) or forming a spiral (Figure 3.6a), unlike the defectivity in lamella-forming 

diblock copolymers.34 Other defects included Y-junctions between two or more cylinders, 

and a Y junction associated with a termination.  

 

For the HPL, there were two dominant defect types. Some of these defects were 8-fold 

coordinated pores that adopted an elliptical shape, and can be described as the result of a 

missing bridge between two pores. Similarly coordinated defects have been observed in 

other HPL films produced from a bulk cylindrical block copolymer.3,27 Defects consisting 

of adjacent 5-, 7- and 8-coordinated pores (figure 3.2e,f insets) were also seen 

representing a dislocation in the 2D array. Separated 5- or 7-fold coordinated pores 

occurred at grain boundaries. For the monolayer of spheres, the defects within a grain 

consisted of missing spheres or sphere-size variations. Multiple annealing further reduced 

defects, i.e. for the same swelling ratio, deswelling and swelling the film several times 

increased the ordered area.  

 

 

3.10 Self-consistent field theory simulations 

 

In the simulations performed, the system was modeled using real space unit cells of 

𝑁𝑥 by 𝑁𝑦 by 𝑁𝑧 grid points. The system is modeled using a standard block copolymer 

partition function 𝑍 = ∫ 𝑒−𝐻[Ω(𝑟)]𝑑Ω where 𝐻[Ω(𝑟)] is the free energy Hamiltonian of 

the system as a functional of the chemical potential fields Ω which are a function of the 

real space position 𝑟. Using a mean field approximation, the assumption is made that 

there exists a dominant chemical potential field configuration Ω∗  that makes 𝑍 ≅

𝑒−𝐻[Ω∗(𝑟)]  such that 
𝛿𝐻

𝛿Ω∗ = 0 is satisfied. This means that if Ω∗  is found, it is a saddle 

point solution that represents either a minimum or metastable equilibrium structure for 

simulation conditions considered. These equations are solved by initiating the system 

with a random density field configuration, using a complex Langevin relaxation scheme 

to find Ω∗  that satisfies the saddle point condition, and updates the conjugate density 

fields and propagator functions related to the Ω∗ field. More information on the numerical 

implementation of SCFT in block copolymer systems is presented by Fredrickson et 

al.30,35,36 
 

For bulk simulations, periodic boundary conditions are considered in all 3 directions with 

𝑁𝑥 = 𝑁𝑦 = 𝑁𝑧 = 16. To gauge the natural periodicities of the morphologies in the bulk, 

a length 𝐿 in units of 𝑅𝑔 was assigned to the to the x, y, and z sides of the unit cell and 
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varied from 2.43𝑅𝑔 to 7.30𝑅𝑔. The simulations were then performed over this range of 

assigned box lengths and the resulting morphologies were categorized. The dominant 

morphologies found then had free energy curves computed by taking the density field 

solutions from the side length simulations, calculating equilibrated energies by holding 

those density fields constant, and finding the corresponding chemical potentials under the 

different conditions. These calculations were done for 4 proposed structures: square 

packed cylinders, hexagonally packed cylinders, cubic gyroid, and double gyroid, for 

three different values of χN. The 3D morphology density fields are shown in Figure 3.7. 

From this analysis, the natural period of the hexagonal cylinder phase was found to be 

5.27𝑅𝑔  and this was used as L0 in order to provide a length scale for the thin film 

simulations. 

 

More details on using SCFT simulation to understand solvent vapor annealing can be 

found in Ref. [37] 

 

 
Figure 3.7. Simulated SCFT equilibrium structures of the nanostructures formed in the 

bulk state.  Green surfaces are where the polymer density 𝜙 = 0.5 and red areas are 

where the density is minority rich (𝜙 > 0.5). Top row shows a single unit cell from the 

SCFT calculations and bottom row shows 3 units cells by 3 unit cells of the structure. 

From left to right the structures are hexagonally packed cylinders (blue), square packed 

cylinders (green), cubic gyroid (magenta), and double gyroid (cyan). Figure 3.7 data was 

provided by Dr. Adam Hannon. 

 

3.11 Experimental Supplementary infomation 

 

(a) A large area of Perforated Lamellae and Cylinders 

Figure 3.8 (a) shows a large area of cylinders with few defects (0.2 / µm2) and (b) shows 

a large area of perforated lamellae with few defects (0.4/ µm2).  
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Figure 3.8. (a) A large area of cylinders. (b) A large area of Perforated Lamellae with 

initial as-cast film thickness 45 nm. 

 

The pair correlation functions and nearest neighbor distance distributions of the 

hexagonal perforated lamellae and spheres are plotted in Figure 3.7 in order to learn the 

respective correlation lengths. Spheres have an inter-domain spacing of 67.47.8 nm and 

their correlation length is about 800 nm, whereas the hexagonal perforated lamellae have 

an inter-domain spacing of 96.47.8 nm and their correlation length is over 5 µm. 
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Figure 3.9. (a), (c), Nearest Neighbor distance distribution; (b), (d), Pair-correlation 

function; (a), (b), Sphere phase; (c), (d), Hexagonal Perforated Lamellae phase. Fig. 3.9 

data was provided by Dr. Karim Aissou. 

 

 

(b) Terrace formation as annealing time increased 

 

For SD75 PS-PDMS films with thickness 90 nm, vapor from a toluene: heptane 3:1, 

volumetric mixture (Ptol = 2.055 kPa, Phep =0.673 kPa) did not lead to dewetting for 3-

hour annealing as shown in Figure 3.18.a. Terraces were observed after 6-hour annealing 

as shown in Figure 3.10.b. During annealing, the shape and thickness of terraces were 

found to change and stabilized after ~15 hour for the 90 nm SD75 film.  

 

A film with thickness 90 nm annealed in a vapor from a toluene:heptane 3:1 volumetric 

mixture is incommensurate with the optimum thickness of any of the possible 

morphologies calculated by SCFT. Therefore the films start to form terraces in which 

each terrace has an optimum thickness for a particular morphology. The in situ optical 

microscopy records this terrace forming process. Quenching the films when the film just 

started to form terraces then etching showed that the terraces corresponded to different 

morphologies (see Figs. 3.11).  
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Figure 3.10. BCP films with films of thickness of ~90 nm annealed under vapor pressure 

(Ptol = 2.055 kPa, Phep =0.673 kPa) from a toluene: heptane 3:1 volumetric mixture at 

room temperature. Terraces form when annealing time is around 6 hours or longer. (a) 3-

hour annealing (b) 6-hour annealing. 

 

(c) Expected Vapor pressures for various solvent mixtures (toluene:heptane) at 

room temperature (23 ˚C ± 2˚C) with controlled leakage 

 

The non-random two liquid model (NRTL) model38 can be used to calculate activity 

coefficients (γ1, γ2) for liquid mixtures of binary solvents. The calculated partial pressure 

is given by: 

p1= γ1x1 p1
* 

p2= γ2x2 p2
* 

where p1, p2 are the partial pressures of components 1, 2. p1
*, p2

* are saturated vapor 

pressures in the pure states. x1, x2 are the mole fractions of components 1, 2 in liquid 

mixtures. 

 

Therefore the expected vapor pressures for various solvents mixtures (toluene: heptane) 

at room temperature (23 ˚C ± 2˚C) are: 
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Toluene: 

Heptane 

(Swelling 

Ratio) 

1.5:1 

(1.3) 

2.5:1 

(1.5) 

3:1 

(2.2) 

4:1 

(2.0) 

5:1 

(1.5) 

10:1 

(2.5) 

1:0 

(2.5) 

ptoluene(Torr) 4.90 6.73 10.37 10.06 7.86 14.29 16.34 

pheptane(Torr) 5.94 4.90 6.29 4.57 2.86 2.60 0 

Table 1. Expected vapor pressures for various solvent mixtures (toluene:heptane) at room 

temperature with controlled leakage. 

 

 

(d) The height difference between two morphologies in one film   

With other conditions in solvent annealing the same, slightly changing the ratio of 

solvents can leading to a different area ratio of lamellae and cylinders. The shape of the 

region containing cylinders (lighter region in Figure 3.12, 13) also changed from 

equiaxed to stripe-like as the fraction of toluene increased. The AFM images of the 

etched film (Figure 3.11) show that the two regions of different morphology have a 

height difference at their boundary. The L phase is higher than HPL phase therefore we 

concluded that that the L region is lamellar and does not indicate dewetting. The step 

height is half of the film thickness. The optical microscopy images (Figure 3.12) of the 

unetched film during annealing and the SEM images of the etched film indicate that the 

two-phase boundary corresponds to the terrace boundary.  

 

 
Figure 3.11. AFM image of mixed morphologies (a, L and C, b, HPL and L). The 

interface between two phases (left: C+L, right HPL+L) corresponds to a terrace edge. 
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Figure 3.12. Optical microscopy images of the unetched films with cylinder-lamella 

coexistence. After SEM, the lighter region was found to be cylinders, and the darker 

region is lamella. (a) Volumetric ratio of Toluene and Heptane 1.3:1 (b) Volumetric ratio 

of Toluene and Heptane 1.5:1. 

 

 

Figure 3.13. Cylinder-Lamella coexistence observed at different solvent annealing 

conditions with swelling ratio around 1.5, as-cast film thickness 45 nm, 3-hour annealing. 

The lighter region is cylinders, the darker region is lamellae. (a) Volumetric ratio of 

toluene and heptane 1.3:1, area ratio of cylinders is ~0.4 (b) Volumetric ratio 1.5:1, Area 

ratio of cylinders is ~0.7. 

 

(e) Formation of a layer of PDMS at the air/BCP film interface 

SD75 films with initial film thickness 45 were annealed in various solvent mixtures. The 

CF4/O2 etch (upper images, Figure 3.14) removes any PDMS surface layer, whereas 

using just O2 (lower images) leaves a residue of the PDMS surface layer seen as bright 
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particles, and the internal PDMS microdomains are not as clear.  The SEM images show 

the PDMS layer is present on the top surface for all the solvent vapor conditions, though 

this layer appears thinner as the toluene fraction increased.  

 
Figure 3.14. SD75 BCP films with initial film thickness 45 nm were annealed in various 

solvent mixtures. (a-d) Reactive Ion Etching in CF4 then in O2. (f-i) Reactive Ion Etching 

directly in O2. 

(f) Identifying bilayer self-assembled structures: 

 

To distinguish between spheres and perpendicular cylinders, a thicker film was annealed 

under the same annealing condition for producing spheres (figure 3.5b). In the 

highlighted region of figure 3.15a, the contrast and the center-to-center distance indicate 

that a bilayers of spheres formed, rather than perpendicular cylinders. The upper layer of 

spheres is brighter, as seen for bilayer cylinders in which the bilayer was verified both by 

tilted view SEM6. Fig. 3.16 shows another example of a bilayer structure with a region of 

cylindrical morphology and a region of interconnected microdomains. 
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Figure 3.15. (a) Spheres observed for film thickness = 65 nm under 10:1 toluene: heptane 

volumetric ratio. The circled region shows a bilayer of spheres with one layer darker 

contrast (lower height) than the other. (b) Top view SEM image of SD75 BCP with a 

region of cylinders at the left and interconnected structures at the right.  

 
3.12 Pattern transfer using self-assembled nanostructure as a mask 

 

The etched BCP film can be used as a sacrificial mask for patterning another material.39,40 

Monolayers of in-plane cylinders or spheres, perpendicular cylinders and lamellae, and 

perforated lamellae are particularly suitable for pattern transfer. Pattern transfer takes 

advantages of the methods developed for planar processing, including additive (e.g. 

liftoff) and subtractive (etching) methods. More details on BCP pattern transfer can be 

found in Ref. [41]. 

 

Etching an underlying material through a BCP mask allows pattern transfer into many 

materials including multilayers or epitaxial structures that cannot be grown on top of the 

BCP mask.40,42,43 Reactive ion etching or ion-beam etching are typically used, and the 

BCP pattern may first be transferred into a hard mask such as a heavy metal (Ta, W, etc.) 

or hard carbon which has greater durability than the BCP film during the etch of the 

functional material. Many transition metals cannot be easily etched by reactive ion 

etching. Ion beam etching may be used but this process typically exhibits redeposition 

and poor etch selectivity, often requiring a hard mask. 
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Additive patterning has also been widely applied including electrodeposition, lift-off and 

damascene processes.44,45 Lift-off involves depositing the functional material onto a 

soluble BCP pattern with vertical or undercut pores using a collimated vapor deposition 

process such as evaporation to produce well-defined edge morphologies of the deposited 

material. Dissolving the BCP pattern removes the material on top of it, leaving only the 

material that was deposited on the substrate at the bottom of the pores. In a damascene 

process, the functional material is deposited over BCP topographical features then etched 

back and planarized by, for example, reactive ion etching. Etching is stopped once it has 

reached the BCP features, leaving the functional material within the pores of the BCP 

film.46  

 

Using the damascene pattern transfer process, Cobalt nanodots and nanowires are 

fabricated using a gyroid-forming PS-PDMS (Mw=75.5 kg/mol) BCP. Localized 

topography and magnetic structures were probed by MFM after dc demagnetization, as 

shown in Figure 3.16. The MFM image of the etched cobalt dots (Figure. 3.16b) shows a 

dark and bright contrast at each end of a diameter which is indicative of an in-plane 

dipole. The magnetization directions in most of the dots were parallel with their nearest 

neighbors, in agreement with the effect of magnetostatic interactions at remanence after 

in plane saturation. On the other hand, in the MFM image of cobalt wires, bright contrast 

was found either at the end of wires or at the location of large-angle bends, indicating the 

existence of magnetic poles and domain walls in the wires.41  
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Figure 3.16. The surface topography of ion beam patterned (a) cobalt nanodots and (c) 

nanowires imaged by scanning probe microscopy. (b), (d) The corresponding magnetic 

structure of the morphologies in (a) and (c). The figure was reproduced from Ref. [41]. 

3.13 Conclusions 

 

Thin film morphologies of a bulk gyroid block copolymer showed a rich set of 

morphologies determined by the film thickness and solvent annealing conditions, 

including solvent vapor pressure and composition, annealing time and drying process. A 

feedback mechanism was established by applying a Filmetrics to monitor the swelling 

ratio in situ and adding a fine leakage valve to control the vapor pressure; therefore the 

swelling ratio can be tuned at different solvent compositions. The solvent composition 

and pressure affect the relative swelling of the two blocks and therefore the effective 

volume fraction, the swelled film thickness, and the effective χ. In plane cylinders (period 

63 nm), HPL (center to center spacing 92 nm) and spheres (center to center spacing 66 

nm) with excellent long range order and low defect levels were produced from the SD75 

at specific film thickness and solvent vapor compositions. Other solvent ratios produced 
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mixed morphology structures such as comb-like patterns from coexisting lamellae and 

cylinders. The morphologies obtained at different thicknesses matched some of those 

predicted by SCFT, which included the formation of in-plane lamellae, single or double 

layer perforated lamellae, or single or double layer cylinders depending on the film 

thickness and the block volume fraction. 

 

The best ordered nanostructures were achieved by selecting the film thickness, solvent 

ratio and swelling ratio to obtain a swelled film whose thickness was commensurate with 

the morphology corresponding to the effective volume fraction and N in the swelled 

film, thereby avoiding terracing, and using a slow solvent drying process after solvent 

vapor annealing. The excellent order and tunability produced from this untemplated block 

copolymer of relatively large molecular weight is likely to inspire applications in 

fabricating devices such as heterojunction photovoltaics, fuel cells, desalination or heat 

transfer membranes where periodicity in the 60 – 100 nm range is required. 
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Chapter 4: In Situ Characterization of the Self-assembly of a 

Polystyrene-Polydimethylsiloxane Block Copolymer during 

Solvent Vapor Annealing 
 

 

4.1 Abstract 

 

In this chapter, we investigate self-assembly mechanism of a PS-PDMS BCP using in situ 

Grazing incidence Small angle X-ray scattering measurement with focus on the process-

dependent evolution of microdomain orientation, lattice dimension and degree of 

ordering. Grazing incidence small angle X-ray scattering was used to follow the 

microphase separation during room-temperature solvent annealing of films of high 

interaction parameter cylinder-forming 16 kg/mol polystyrene-b-polydimethylsiloxane 

block copolymer in a toluene-heptane mixed solvent vapor. Microphase separation was 

observed for swelling ratios above 1.2, but swelling ratios above 1.9 caused the films to 

disorder. The films exhibited a thickness-dependent microdomain reorientation during 

annealing, with the initial out-of-plane cylinder orientation converting to an in-plane 

orientation as a result of preferential surface interactions. Drying led to a reduction in the 

out-of-plane cylinder spacing, with slower drying leading to greater deswelling and larger 

distortion of the hexagonal lattice. This work was published in Ref [1]. 

 

4.2 Introduction 

 

In situ measurements of the microphase separation during annealing can provide insight 

into the kinetic processes that take place in the film. Solvent vapor annealing (SVA) has 

been demonstrated as a powerful method for controlling the order in BCP films, allowing 

control of microdomain morphology (due to the different selectivities between the 

solvent vapor and the blocks), the microdomain orientation, and the correlation length.9,26 

SVA can be carried out at room temperature, and combinations of heating and solvent 

exposure have produced microphase separation in annealing times of a few minutes or 

less.11,27 Solvent vapor annealing can be described as taking place in three stages: i) 

solvent absorption, ii) solvent-BCP concentration equilibration, and iii) solvent 

desorption. Some solvent annealing methods only include stage i) and iii), 28 or iii).29,30 

However, the connection between the nanostructure formed in the swollen film and the 

final dried film is not well established,31 and in situ characterization is needed to 

quantitatively analyze the self-assembly during SVA. 

 

In stage i), solvent absorption swells the BCP film, decreases the Flory-Huggins 

interaction parameter χ, and reduces the entanglement of polymer chains, lowering the 
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glass transition temperature of the BCP/solvent system and enhancing polymer 

diffusivity.32,33 Solvent-swollen BCP systems can then rearrange, while the continuing 

absorption of solvent will influence the kinetic pathway for assembly. Prior work on the 

solvent absorption stage has shown the effect of swelling ratio (defined as swelled film 

thickness divided by as-cast film thickness) on the structural reorganization,30,34,35 and the 

spacing and orientation evolution of both lamellae-forming28,36 and cylinder-forming37 

block copolymers.  

 

Once the solvent concentration in the film reaches equilibrium (stage ii), the effective χN 

and volume fraction as well as interface or surface interactions determine the morphology 

in the swollen state. In stage iii), solvent desorption increases the entanglement of 

polymer chains, and the BCP/solvent system traverses the glass transition temperature, 

locking in the self-assembled structure. The deswelling of the film may induce 

reorientation38 and deformation or collapse of the microdomains as the film volume is 

reduced.35 Dynamical field theory simulations demonstrated that reorientation was 

influenced by solvent desorption rate,39 and the evolution of in-plane microdomain 

spacing and microdomain correlation length induced by solvent desorption was described 

for cylinder-forming polystyrene-b-poly2vinylpyridine.35 For sufficiently high solvent 

fractions the film may become disordered, and solvent drying then results in an ordering 

front propagating through the film.38 Previous studies have also described the evolution 

of microdomain spacing and correlation length during drying from the ordered swollen 

state.35,40  

 

The microdomain morphology produced in a BCP film by SVA is therefore strongly 

affected by the film thickness and swelling ratio, substrate surface energy, solvent 

composition and vapor pressure, and solvent absorption and desorption rates. It is 

challenging to quantify how these numerous factors influence the self-assembly process. 

Many questions remain unanswered, including the nature of structural transitions and 

microdomain deformation during annealing, and changes in period and symmetry of the 

structure as the film dries. In-situ studies of BCP ordering using grazing-incidence small-

angle X-ray scattering (GISAXS) can help in this regard, by resolving intermediate states 

and reconstructing the kinetic pathway that selects the final morphological states. In-situ 

GISAXS studies on solvent annealing of BCP thin films have focused on characterizing 

the swelling and deswelling of the BCP in the solvent vapor, and the associated structural 

transitions, reorientation and deformation or instability, usually with a single neutral 

solvent. 28,30,37,41–45 The solvent concentration was found to control the orientation of 

cylinders in polyisoprene-b-polylactide films 46,47, as well as the microdomain 

rearrangement of a lamellae-forming polystyrene-b-polybutadiene thin film.36 Thin films 

of polystyrene-block-poly(ethylene oxide) complexed with salts yielded cylindrical 

microdomains oriented with their axes either in-plane (IP) or out-of-plane (OP) to the 
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underlying substrate, with long-range lateral order after solvent annealing.42,48 Pore 

evolution by block-copolymer self-assembly was also observed using time-resolved 

GISAXS.49 These analyses have focused on BCPs with modest interaction parameter χ. 

The in-situ observation of the SVA ordering process for a high-χ block copolymer will 

provide an important comparison, and is particularly relevant to applications where a 

high χ enables scaling to small period structures. Further, in high χ BCPs, choice of 

selective solvents offers control over the morphology and period to produce non-bulk 

structures.9 In situ studies of microdomain morphology and orientation are particularly 

important for enabling applications where microdomains with out-of-plane orientation 

are needed, because microdomains in high-χ BCPs often exhibit in-plane orientation due 

to large surface energy differences between the blocks.50 

 

Polystyrene-b-polydimethysiloxane (PS-b-PDMS) is advantageous for forming 

microdomains with sub-10 nm period, because of its high χ (~0.27 at room temperature, 

though a recent analysis suggested 0.14).51,52 Moreover, its etch resistance and etch 

selectivity make it useful in nanolithography applications. Here, we describe an in situ 

GISAXS study of SVA of a cylinder-forming PS-b-PDMS block copolymer using a 

mixture of selective solvent vapors. PS-b-PDMS produced excellent contrast in GISAXS 

between the organic PS block and the Si-containing PDMS, allowing the early stages of 

structural evolution to be characterized. At most of the SVA conditions studied, the BCP 

remained below the order-disorder temperature and the evolution of cylinder orientation 

and cylinder spacing was determined throughout the three stages of SVA in toluene-

heptane vapor mixtures.  

 

 

4.3 Experimental Methods 

 

Experiments were conducted at the X9 beamline (National Synchrotron Light Source) 

using a custom cell into which solvent vapors were introduced. The BCP was PS-b-

PDMS with molecular weight 16 kg/mol designated SD16, with fPDMS = 0.31, PDI = 1.08, 

and a bulk cylindrical morphology with nominal center-to-center spacing of 18 nm, spin-

coated from cyclohexane onto oxidized silicon substrates. The initial film thickness was 

controlled by varying the SD16 solution concentration and spin speed. The solvent vapor 

was produced from a toluene: heptane mixture in a bubbler. The total volume of the 

solvent mixture and the nitrogen flow rate through the bubbler were tuned in order to 

control the solvent vapor pressure inside the cell and the film swelling was measured 

during the experiment by spectral reflectometry. A pure nitrogen flow was directly 

connected to the cell in order to control the solvent desorption rate. The structure was 

examined ex situ by SEM after etching the PS in oxygen to leave oxidized PDMS 

microdomains. Details of the experimental procedures are given in the Methods section 
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and in Figure 4.7 in the supporting materials. Where there is a mixture of cylinder 

orientations in the film, the period for the IP and OP cylinders can be independently 

measured from the GISAXS data (see supplementary information and Fig. 4.12 for 

method). We define the periodicity as follows: for IP cylinders Hz is the distance between 

layers of cylinders and Hx is the center-to-center distance (for ideally closepacked 

cylinders Hz/Hx = √3/2) and for OP cylinders Px is the center-to-center distance, 

nominally equal to Hx.  

 

The poly(styrene-b-dimethylsiloxane) (PS-b-PDMS) diblock copolymer was purchased 

from Polymer Source Inc., Canada. The molar mass is 16.0 kg/mol, and the volume 

fraction of PDMS is fPDMS~0.31 with polydispersity index 1.08. Solutions of the 16 

kg/mol PS-PDMS were made in cyclohexane with concentration 1%, 3%, 5%, 10% and 

15% respectively. Films with thickness ranging from 28 nm to 1.1 μm were obtained by 

spin coating on as-received Si substrates.  

 

For the solvent vapor annealing, the equipment was similar to the flow system described 

by Gotrik et al.8 Additionally a mass flow controller with 0-200 sccm range was added 

into the flow system in order to have a wide range of control on the solvent atmosphere. 

For in-situ GISAXS experiments, a custom solvent annealing cell was mounted inside the 

measurement chamber, Fig. 4.7. The small cell was air-tight and featured two Kapton 

windows, to allow the incident x-ray beam, and resultant x-ray scattering, to transit. The 

lid of the cell included a quartz window to allow real-time monitoring of film thickness 

via UV-VIS spectral reflectometry (Filmetrics). The cell also featured an inflow tube and 

solvent exhaust tube to allow for controlling the atmosphere within the chamber. The 

inflow tube was connected to a mixer fed by two flow channels: pure nitrogen for 

controlling the solvent absorption and desorption rate, and a solvent bubbler which 

contained a Toluene: Heptane 5:1 volumetric mixture. In order to obtain the highest 

solvent vapor pressure (process C, Fig. 4.2), 10 ml Toluene: Heptane 5:1 volumetric 

mixture was also added into the custom cell. Most of the annealing in this work was 

carried out during periods of 25 min to 85 min where the most dramatic structural 

changes took place. However it is likely that further annealing would lead to additional 

structural evolution and eventual dewetting of the film.  

 

After annealing, a thin PDMS layer preferentially wetted the air/BCP film interface due 

to the lower surface energy of the PDMS block, and was removed by a short CF4 reactive 

ion etch.9 Then an O2 plasma selectively removed the PS microdomains and converted 

the PDMS microdomains into a robust partially oxidized silica-rich nanopattern, which 

was imaged by scanning electron microscopy. The cross-sections were prepared by 

cracking the sample in liquid nitrogen followed by reactive ion etching, and imaged after 
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tilting the sample 70o to the SEM detector in order to show the morphology of both top 

and cross-section surface. 

 

The time-resolved measurements provided by synchrotron GISAXS are capable of 

studying the buried BCP film morphology in a non-destructive way and represent 

averaged statistical significant microscopic information over a millimeter-size area.65 

GISAXS experiments were performed at beamline X9 of the National Synchrotron Light 

Source (NSLS) at Brookhaven National Laboratory. An incident x-ray beam of energy 

14.1 keV (wavelength λ = 0.8793 nm) was collimated using a two-slit system, and 

focused to a beam 100 µm wide by 50 µm tall at the sample position using a Kirkpatrick-

Baez (K-B) mirror system, using polished Si surfaces as mirrors. Samples were mounted 

inside a custom chamber compatible with solvent vapor flow-through, which was affixed 

to a motion-hardware stack for GISAXS alignment and measurement. The light 

interferometer was mounted to the cell so as to maintain alignment with the sample 

during scattering experiments. Grazing-incidence experiments were performed over a 

range of incidence angles, both below and above the film-vacuum critical angle. Two-

dimensional scattering images were measured using either a charged-coupled device 

detector (MarCCD), or a hybrid pixel-array detector (Dectris Pilatus 1M). The SAXS 

detector was positioned at 5.274 m from the sample; data conversion to q-space was 

accomplished using Silver Behenate powder as a standard. Measurements were made 

every 2 minutes and the sample was translated between every two measurements to 

ensure that the results were not affected by cross-linking or other beam-induced damage.  

 

4.4 Results and Discussion 

 

We first describe the evolution of the structure of a film of SD16 with as-spun thickness 

of 241 nm in a vapor produced from a toluene:heptane 5:1 volumetric mixture, Figure 4.1 

(Process A). Solvent vapor generated from the toluene: heptane 5:1 volumetric mixture 

resulted in approximately equal swelling of the PS block and PDMS block (see 

supporting information and Fig. 4.8), enabling us to track the formation of bulk-

morphology cylindrical microdomains in situ in the swollen state. According to SEM, the 

as-spun film was poorly ordered, consisting of irregular micellar or short cylindrical 

features having a period of 12 - 16 nm. Corresponding GISAXS measurements confirm a 

poorly ordered structure, with 2Hz/√3 considerably smaller than Hx. This is consistent 

with the as-cast state being a vertically collapsed structure that became ‘frozen-in’ as a 

result of the rapid solvent evaporation. During the solvent absorption stage (0 – 3 mins), 

solvent uptake swelled the film from 241 nm as-cast to 341 nm (swelling ratio SR = 1.41), 

and Hz increased dramatically from ~12 nm to ~17 nm, according to the scattering peak 

position in the qz direction. However Hx only showed a slight increase of ~1 nm, based on 

the qx scattering peak. The GISAXS peaks became sharper and more intense, indicating 



 

 82 

improvement in structural order. The swollen lattice of microdomains was considerably 

less distorted (i.e. 2Hz/√3Hx was close to 1) than the as-cast state. 

 

After 3 min SVA the swelling ratio was near 1.5 and well-defined cylinders were present, 

with coexisting IP and OP orientations of the cylinder axes. A weak ring in GISAXS 

connecting the IP and OP Bragg peaks indicated orientational disorder at this early stage 

of the ordering process; i.e. a small fraction of cylinders were oriented in directions other 

than IP or OP. This orientational disorder rapidly decreased as annealing proceeded, 

yielding a mixture of IP and OP orientations. As annealing proceeded, the fraction of OP 

cylinders decreased; after only 30 min, the cylinders were almost all oriented IP. The 

cylinder reorientation depended on both film thickness and annealing time, and will be 

described in more detail below. To complete the annealing process, the solvent vapor 

flow was stopped at 30 min and pure nitrogen was injected slowly (100 sccm for 5 mins 

and then 200 sccm for 15 mins) which resulted in film deswelling from a SR of 1.56 to 

1.00. The higher ordering scattering peaks intensified as the solvent desorbed, due in part 

to an increase in the scattering contrast between the two BCP blocks as the solvent 

content in the film decreased. Solvent desorption led to a reduction in Hz from 17 nm to 

13 nm but Hx changed by only 1 nm (17 nm before solvent desorption, 18 nm after 

solvent desorption). The 1 nm changes were repeatable in several experiments. The 

solvent desorption rate affected the degree of structural deformation and will be described 

in more detail later.  The final structure consisting of highly-ordered IP cylinders is 

shown in the SEMs labeled A6 in Fig. 4.1.  
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Figure 4.1. Process A: Solvent Vapor Annealing of a film of SD16 with as-spun 

thickness of 241 nm under solvent vapor produced from a toluene:heptane 5:1 volumetric 

mixture. The abrupt change in slope during deswelling (between A5 and A6) is a result of 

the change in nitrogen flow rate after the first 5 min of flow.  The SEM images show the 
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as-cast film (A1) and the film after drying (A6) in top view and cross-sections. The 

GISAXS data correspond to times marked on the upper panel. The in situ measurement 

was done with help from Dr. Kevin Yager. 

 

 

The effect of swelling ratio on the structural evolution was then investigated by changing 

the solvent flow rate and the total volume of solvent mixture in the reservoir compared to 

the conditions of process A. The solvent vapor pressure was at steady state before the 

sample was introduced into the annealing chamber with little disturbance to the solvent 

environment. Higher solvent vapor pressures resulted in faster swelling and higher 

saturation swelling ratio, as shown in Figure 4.2. For process C shown by the red line in 

Fig. 4.2, carried out at the highest swelling ratio using 10 sccm solvent flow through the 

bubbler and 10 ml additional solvent added in the sample cell, as the swelling ratio 

reached SR = 1.70, the GISAXS peaks representing hexagonally-packed cylinders 

became weaker and were replaced by a ring-shaped peak, which disappeared at SR = 1.88. 

This is interpreted as the disordering of the BCP film, i.e the order-disorder temperature 

(ODT) decreased to room temperature for the SD16 in the toluene:heptane 5:1 vapor at a 

critical swelling ratio of SRC around 1.9. Both previous experiments and a theoretical 

model have demonstrated that vapor from a toluene:heptane 5:1 volumetric mixture 

induced a similar amount of swelling of PS and PDMS homopolymers (see 

supplementary information),8,53 therefore we expect the effective volume fraction of 

PDMS in the swelled film at equilibrium to be similar to that of the neat BCP, and the 

dilution approximation is used to interpret the ODT in the swollen state. From the 

relation χeff = χ(1 - fs)
n where χeff is the effective interaction parameter, fs is the fraction of 

solvent, which is known from the SR, n is an exponent taken as 1.6 for a high solvent 

concentration54,55. Common statistical segment volume ν=0.118nm3, the volume-

averaged degree of polymerization, N = 160, and χ = 0.27 (room temperature) for the 

SD16,51,52,56 at SRC we estimate χeffN = 15. This is in good agreement with the χN of an 

ideal block copolymer with cylindrical morphology (f = 0.31) at its order-disorder 

temperature57.  

 

For lower vapor pressures (produced by 3 sccm flow through the bubbler, shown by the 

purple line process B in Fig. 4.2), the swelling ratios remained small. At SR = 1.11 the 

structure was still a poorly ordered worm-like structure resembling the as-cast 

morphology, but with a larger Hz of ~14 nm compared with the as-cast film Hz ~12 nm. 

At SR = 1.17 the interface between blocks became sharper as the scattering peaks 

intensified. At larger swelling ratios, e.g. SR = 1.23, peaks characteristic of cylinders 

appeared, and the order and correlation length improved with increasing SR. Therefore a 

SR of at least ~1.2 was required to give sufficient mobility for cylindrical microdomains 

to form in the 241 nm thick film, but above SR ~1.88 the BCP became disordered. This 



 

 85 

defines an optimal window for SVA to be productive with respect to improving structural 

order. The film must uptake enough solvent to induce mobility and allow rearrangement 

of the morphology; but must not drive the system into the disordered part of the phase 

diagram.  

 

 
Figure 4.2. GISAXS during the solvent absorption stage for three different solvent vapor 

pressures achieved by varying the gas flow through the bubbler or adding additional 

solvent into sample cell. As-cast film thickness was 241 nm. The SD16 films were 

annealed under solvent vapor from a Toluene: Heptane 5:1 volumetric mixture. GISAXS 

data corresponds to the times marked on the plot of swelling ratio vs. times for processes 

B and C. SRc = 1.88 indicates the swelling ratio at which the BCP passed through its 

order-disorder temperature. GISAXS data of process A was given in Fig. 4.1. The in situ 

measurement was done with help from Dr. Kevin Yager. 
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We now describe the effect of film thickness in the regime of swelling ratio below SRc 

where a well-ordered cylindrical morphology formed in the swollen state. Films with as-

cast thickness from 28 nm to 1141 nm are compared in Fig. 4.3, which shows SEM 

images of the dried films, and Fig. 4.4, which shows the swelling ratio and cylinder 

orientation vs. time. Figs. 4.9, 4.10, and 4.11 show some of the GISAXS data. For the 

film with 28 nm as-cast thickness, commensurate with a monolayer of IP cylinders, a 

swelling ratio of 1.15 produced good order (Figs. 4.3a and 4.10), but for the thicker films 

a SR around 1.5 was used. The time required for the swelling ratio to stabilize at SR ~ 1.5 

increased with film thickness.  

 

The post-SVA morphology of the thinnest film, Fig. 4.3a, consisted of IP cylinders, 

whereas the other films exhibited coexisting IP and OP cylinders. All the samples had 

one or a few layers of IP cylinders at the top surface. After 1 hour anneals, Fig. 4.3g, 

highly oriented OP cylinders were present in a 1.1 μm thick film (except at the top 

surface) but in a 241 nm thick film, IP cylinders were the majority, Fig. 4.3c.  
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Figure 4.3. SEM of final etched morphologies of films with different thickness: (a) 28 

nm as-cast thickness, 20 min anneal, same sample as described in Fig. 4.10; (b) 101 nm 

as-cast thickness, 25 min anneal, same sample as described in Fig. 4.4a; (c) 241 nm as-

cast thickness, 45 min anneal, same sample as described in Fig. 4.1, Fig. 4.2a and Fig. 

4.4b; (d) 392 nm as-cast thickness, 45 min anneal, same sample as described in Fig. 4.4c; 

(e1), (e2) are two pieces of the same film with 478 nm as-cast thickness and 65 min 

anneal, same sample as described in Fig. 4.4d; e1 shows typical defects in OP cylinders, 

and e2 shows the boundary between IP and OP cylinders. (f) 495 nm as-cast thickness, 30 
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min anneal, same sample as described in Fig. 4.11; (g) 1141 nm as-cast thickness, 60 min 

anneal, same sample as described in Fig. 4.4e.  

 

 

 

Fig. 4.4 shows the calculated fractions of IP and OP cylinders for each film thickness as a 

function of time based on the GISAXS data. The 28 nm thick film (Figs. 4.3a and 4.10) 

and the 101 nm thick film (Figs. 4.3B and 4.4A) maintained IP cylinders throughout the 

anneal. However, for 241 nm and 392 nm films, the samples initially had an OP-

dominated orientation and the IP orientation did not develop until part way through the 

anneal (Fig. 4.4b,c). For the even thicker films (Fig. 4.4d,e) the orientation remained OP 

throughout the anneal. These results are consistent with the SEM images, where the 

fraction of OP cylinders in the annealed films increased with thickness.  
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Figure 4.4. Evolution of the fractions of in-plane and out-of-plane oriented cylinders and 

the film swelling ratio with time in SD16 films with as-cast film thickness (a) 101 nm, (b) 

241 nm, (c) 392 nm, (d) 478 nm, (e) 1141 nm. The samples were annealed under solvent 

vapor evaporated from a Toluene: Heptane 5:1 volumetric mixture. The in situ 

measurement and analysis were done with help from Dr. Kevin Yager. 

 

 

The reorientation of the cylinders is assumed to proceed via curved intermediate 

structures as shown on Fig. 4.3e1 for the 478 nm film. A comparison of Figs. 4.3e2 and 

4.3f, where films of similar thickness (~480nm) were annealed for different times, 65 and 

30 min respectively, shows that the longer anneal produced straighter, less defective 

cylinders, and apparently an increase in the fraction of IP cylinders. Fig. 4.4d also shows 
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a small increase in the fraction of IP cylinders between 30 min and 60 min. The GISAXS 

and swelling data for the sample of Fig. 4.3f is shown in Fig. 4.11. 

 

These results can be explained if the IP orientation is favored by interface interactions. 

This is a result of the difference in surface energy between PDMS (𝛾𝑃𝐷𝑀𝑆 ≈ 20.4 mN m-1) 

and PS (𝛾𝑃𝑆 ≈ 40.7 mN m-1), which causes a thin PDMS wetting layer to be present at 

the top surface,9 promoting in-plane cylinder alignment. Interface interactions are 

dominant in the thinnest films even in the early stages of annealing. However, initial 

formation of OP cylinders was more prevalent in thicker films, suggesting it may be 

kinetically determined by the solvent concentration gradient throughout the film 

thickness during the swelling.45 On annealing, the OP orientation changed to IP, but for 

the annealing times studied here, this reorientation only occurred fully for the 241 nm and 

392 nm films, and partly or not at all for the thickest films. For the 392 nm film, there is 

also evidence of a reverse IP to OP reorientation during deswelling (Fig. 4.4c), which 

may be a result of solvent gradients during that stage of the anneal. Conversely, the 

thicker films do not appear to reorient during deswelling, leading to a final dry-state 

dominated by OP cylinders. Prior work has shown that a solvent concentration gradient 

established during solvent desorption can facilitate OP cylinder formation,45,58 including 

in films annealed with a topcoat.50  

 

The rate of solvent desorption was also important in determining the final morphology 

and period of the films, the cylinder orientation and the sharpness of the microdomain 

interfaces. Fig. 4.5 shows the results of annealing a 241 nm thick film with different 

annealing times and solvent removal rates. Processes E, A, and D started from an ordered 

state with SR ~ 1.5. The films were swelled for 10 min, 30 min and 25 min for processes 

E, A, D respectively and similar morphologies (most cylinders oriented IP, with a small 

fraction OP) formed in the swollen state. Then nitrogen was introduced to deswell the 

film at different rates, with process E the fastest solvent removal (5 min) and process D, a 

two-step solvent removal process in which the film was held at SR = 1.35 for 4.5 hrs. In 

contrast, in process C the film was deswelled from a disordered state with SR > SRc after 

a 15 min anneal. The initial part of the annealing of process C was shown in Fig. 4.2.   
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Figure 4.5. GISAXS measurements during solvent desorption for as-cast film thickness 

of 241 nm and solvent vapor evaporated from a Toluene: Heptane 5:1 volumetric 

mixture. In process C, the film was annealed at high solvent vapor pressure to give SR = 

2.05 and quenched by 100 sccm nitrogen flow. The initial part of process C was shown in 

Fig. 4.2. The solvent desorption started after 15 min annealing. The purple-line, blue-line, 

and green-line processes D, A and E respectively were annealed at an intermediate 

solvent vapor pressure to give SR ~1.55 but quenched at different nitrogen flow rates: 

purple-line process D, 50 sccm for 5 h and then 200 sccm nitrogen; blue-line process A, 

100 sccm for 5 mins and then 200 sccm for 15 mins; green-line process E, 200 sccm. For 

processes D, A, E, the initial part of the annealing was carried out the same as process A 

in fig. 4.2. Solvent desorption started after 25 min annealing for D, 30 min annealing for 

A, and 10 min annealing for E. This in situ measurement was done with the help from Dr. 

Kevin Yager. 

 

 

Comparing the final morphologies, processes E, A, and D produced IP cylinders but the 

surface roughness of the cylinders was greater for process E with fastest solvent removal. 

In process C, deswelling from the disordered state, the cylinders appeared at SR ~1.7 

with IP orientation. We assume IP cylinders appeared first at the top surface of the film 

as the ordering interface moved down through the film as the solvent dried slowly. Other 

studies have also showed a structural transition and reorientation due to solvent removal 

starting from the disordered swollen state.38,59  
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Figure 4.6 shows in detail the evolution of the geometry of the microdomain array during 

the three different annealing processes E, A and D of Fig. 4.5. The left column of panels 

in Fig. 4.6 shows the data corresponding to processes E and A of Fig. 4.5, while the right 

column of panels corresponds to the slower process D of Fig. 4.5. In all three, the state at 

SR = 1.5 consisted mainly of IP cylinders and a small fraction of OP cylinders. We can 

define a distortion factor DF = 2Hz/(√3Hx) = 1 for IP cylinders when the array is ideally 

close packed, > 1 when it is expanded out of plane, and < 1 when it is compressed in the 

OP direction. Prior to deswelling, the films had DF = 1.1, 1.0 and 0.95 for processes E, A, 

D respectively. Thus, in the swollen state, the BCP forms a nearly ideal close packed 

unit-cell symmetry, due to the high mobility of the chains in this state.  

 

The in-plane spacing of the cylinders (Hx or Px) in the swelled state was ~19 – 20 nm. At 

equilibrium the BCP period is expected to decrease slowly with increasing SR because 

the solvent, which is present in both blocks, effectively lowers  and thus the period. 

These changes in period occur via a change in the number of domains.  However, during 

transient swelling before the system has equilibrated, the addition of solvent increases the 

microdomain volume without changing the number of domains, and hence the periodicity 

increases. Both these factors contribute to the change in period throughout the SVA 

process, and the time-dependence of the period will depend on the timescale of volume 

changes vs. BCP rearrangement. The small (< 1 nm) increases in Hx and Px as the SR 

decreased, Fig. 4.6(b) are attributed to the solvent-induced increase in . In contrast the 

dramatic decrease in Hz was dominated by volume reduction on deswelling.  

 

The changes in Hz depended on the rate of solvent desorption. For process E with fastest 

deswelling, the solvent removal resulted in a ~4 nm decrease in Hz to a value of ~15 nm. 

For process A, deswelling resulted in a ~5 nm decrease in Hz to a value of ~14 nm. For 

process D with a 4 hour hold at SR = 1.35, deswelling resulted in a ~6 nm decrease in Hz 

to a value of ~11 nm. Notably the first, slow part of the deswelling in process E raised Hz 

slightly, then the second solvent removal step lowered Hz. The increase in Hz in the first 

part suggests coalescence of cylinders to reduce the total number of layers of cylinders as 

 increased, which can occur because the block copolymer still has considerable mobility. 

In the second solvent removal step the mobility presumably became too low for 

appreciable domain rearrangement, and the change in Hz was dominated by volume 

reduction arising from solvent loss.  

 

Swelling and deswelling caused much greater changes in Hz compared to those in Hx and 

Px because changes in film volume can only be accommodated by vertical expansion or 

contraction of the film. The distortion factors in all three solvent removal processes 

dropped below 1, reaching 0.85, 0.78 and 0.62 in the dry state for processes E, A, D 

respectively. Therefore, all the IP cylinder arrays showed a compressive out-of-plane 
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distortion such that the angle between the horizontal and tilted layers of cylinders, which 

would be 60˚ for an ideal close-packed array, was 56.3˚, 52.6˚ and 48.0˚ for processes E, 

A, D respectively. Therefore in this experiment, slower drying led to greater collapse in 

the z-direction and a more distorted final array. In the case where the BCP chains still 

have enough mobility due to the remaining solvent in the film, extremely slow drying 

may lead to an increase in Hz due to the dominance of the increase of effective χ.35 

 

The distorted unit-cell after final drying of the film therefore represents a non-equilibrium 

configuration formed by collapse of the film. In principle, sufficiently slow deswelling 

should give time for the BCP to rearrange and form an undistorted morphology at the 

new, unswollen period. What we instead observed is that the decrease in polymer 

mobility during solvent evaporation was too severe to allow for this reconfiguration. 

Instead, the films retained the in-plane periodicity of the swollen state, and collapsed in 

the out-of-plane direction, thus adopting a distorted unit-cell. 

 

Finally, the correlation length (grain size) for IP cylinders was calculated using the 

scattering peak width. This increased during annealing at constant SR representing grain 

growth, but decreased during deswelling, presumably because the BCP rearrangement to 

accommodate film volume shrinkage degraded the long range order of the microdomains. 

For example, process A achieved a larger correlation length (1.6 µm) for the IP cylinders 

than process E during steady state swelling, because process A spent a longer time at SR 

= 1.5, but after deswelling, both samples had correlation lengths of 0.8 µm.  Process D 

reached a correlation length of 2 µm during steady state swelling at SR = 1.35, but this 

decreased to 0.8 µm after deswelling. Previous studies60–64 have found a power law 

behavior at equilibrium between the ordering grain size (correlation length) and 

annealing time in thermal annealing of e.g. a cylinder-forming PS-PI diblock copolymer, 

with exponents between 0.1 and 1. The SVA processes here do not represent equilibrium, 

but fitting the data for process A and process F (before the solvent removal) gave 

exponents of 0.8 ± 0.13 and 1.20 ± 0.15, respectively, for correlation length vs. time, 

shown in Fig. 4.6f.  
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Figure 4.6. Quantitative analysis of evolution of swelling ratio, microdomain spacing, 

and correlation length or grain size as function of time. (a) In-situ swelling ratio 

measurement for processes E, A, D;    (b) Evolution of period Hx and Hz of in-plane 

oriented cylinders for processes E, A, D;    (c) Distortion factor for processes E, A, D;   

(d) Evolution of period Px of out-of-plane oriented cylinders for processes E, A, D;      (e) 

Correlation length as function of time for processes E, A, D;   (f) Power law relation 

between correlation length and annealing time for process A;    (g) Schematic plot of final 

distorted structure of in-plane cylinders for processes E, A, D. The in situ measurement 

and analysis were done with help from Dr. Kevin Yager. 

 

 

 

 

 

 

 
Figure 4.7. In Situ GISAXS experimental set-up for block copolymer solvent vapor 

annealing. 
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4.5 GISAXS data analysis 

 

Grazing-incidence small-angle x-ray scattering (GISAXS) data were analyzed to obtain 

the lattice constants of the BCP hexagonal unit-cell, as well as the average grain size, and 

an estimate of the relative amounts of cylinder grains oriented in-plane vs. out-of-plane. 

GISAXS detector images were converted into reciprocal-space (q-space) using a standard 

sample with scattering rings at known q (silver behenate). To determine lattice constants, 

linecuts through the two-dimensional GISAXS images were taken. For the in-plane 

periodicity of the out-of-plane (vertically-oriented) cylinder population, a horizontal cut 

along the Yoneda, and through the 1st GISAXS peak, was used (the intensity along the 

Yoneda improves the signal-to-noise of this determination). The peak was fit using a 

Gaussian with a power-law background (to account for, e.g. diffuse scattering), in order 

to obtain the peak center position (qx) and peak width (∆q). This peak arises from the out-

of-plane (vertically-oriented) cylinder population, and its q-value can be used to compute 

the cylinder layering distance Lx = 2π/qx. The corresponding cylinder-cylinder distance 

can be computed, for a hexagonal unit-cell, as Px = Lx √3/2. For the in-plane cylinder 

population (horizontal orientation), the 1st peak above the Yoneda was used. This peak 

appears as a doublet in GISAXS, owing to the multiple possible scattering events, as 

described within the distorted-wave Born approximation (DWBA) framework.66,67 We 

analyzed the peak centered about the direct-beam (rather than the reflected beam); i.e. the 

‘transmission channel’.68 A horizontal linecut was used to determine the qx position of 

this peak, which gives the in-plane periodicity Hx of this in-plane (horizontal cylinder) 

population. To determine the out-of-plane (film normal direction) spacing of this 

population, the qz center of this same peak is obtained via a fit to a Gaussian function 

with a background. In this case, the peak position is corrected to account for the 

refraction-induced distortion to reciprocal-space, using the known incidence-angle and an 

estimate of the x-ray refractive index of the film (at 14.1 keV). The equations for this 

correction are well-known,66,68–72 and ultimately result from the application of Snell’s law 

to the grazing-incidence geometry. Note that solvent uptake by the film would be 

expected to modify the refractive index; however, this change is subtle since the 

refractive index of the polymer film and of a bulk organic solvent are similar (especially 

compared to the n = 1.0 refractive index of the ambient environment). The (corrected) qz 

component of this ‘diagonal’ peak is exactly half the qz value of the purely out-of-plane 

peak (which is hidden behind the beamstop/specular-rod). Thus, we compute the cylinder 

layering distance along the film-normal as Hz = 2π/(2qz). 

 

The average in-plane grain sizes were estimated by extracting the correlation-length 

using a Scherrer peak-width analysis applied to the qx linecut.73 Heuristically, broad 

peaks correspond to short distances over which positional order is maintained in the 

hexagonal cylinder lattice, whereas sharp peaks indicate large distances. The Scherrer 
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analysis was performed taking into account the peak-broadening contributions from 

instrumental effects (wavelength spread of incident radiation, divergence of microfocused 

beam, detector pixel size), as well as the geometric broadening resulting from the 

grazing-incidence geometry.74 

 

The amounts of cylinders oriented in-plane vs. out-of-plane was estimated using the 

intensity of the corresponding scattering peaks. For each image, the full integrated 

intensity of the aforementioned peaks was computed, after the corresponding local 

background was subtracted. The qx peak along the Yoneda arises purely from the out-of-

plane population, whereas the peak above the Yoneda arises from the in-plane 

population. The scattering intensity of a peak is linearly proportional to the amount of 

material that contributes to it (strictly, proportional to the scattering volume; i.e. the 

intersection between the beam and the given sub-population). We assume that our 

samples resemble in-plane powders (no preferred in-plane direction, confirmed by SEM 

images). Owing to the intersection of the Ewald sphere with reciprocal-space, the 

scattering peaks we observe arise from rings in the full three-dimensional reciprocal-

space. This applies to both peaks of interest; thus, to a first approximation, no correction 

of intensities is necessary. The relative integrated intensities of the scattering peaks can 

be used as an estimate of the relative amounts of the two populations. We note that a 

sin(χ) factor, where χ is the angle with respect to the qz axis, can be applied to account for 

the slightly different reciprocal-volume each peak represents.75,76 This suggests a relative 

correction-factor (for out-of-plane population relative to in-plane) of sin(60 º)/sin(90º) ≈ 

0.9. Conversely, the qx peak (vertical cylinders) arises from the in-plane averaging of 6 

diffraction peaks, while the qz peak (horizontal cylinders) arises from the in-plane 

averaging of 2 diffraction peaks, imposing a correction factor of 6/4 = 1.5. These two 

effects tend to offset one another: the combined correction is ~1.3. Finally, we note that 

the grazing-incidence intensity enhancement may not be strictly identical for the two 

peaks of interest. Despite performing a local background subtraction for each peak (and 

thus removing the baseline intensity of the Yoneda band), the qx peak may have a 

somewhat higher intensity enhancement, owing to its lower exit angle (this would impose 

a correction <1.0). Thus, while we interpret the relative scattering intensities as fractions 

of the two corresponding cylinder populations, we acknowledge a small systematic bias 

in the reported values. As such, we only attempt to interpret these values in a relative 

sense, in order to establish trends, and do not claim that the absolute population fractions 

are known unambiguously. 

 

 

 

4.6 The Swelling Behavior of PS-PDMS in vapor from a Toluene: Heptane 5:1 

volumetric liquid mixture 
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In this work, 2500 cm3 toluene: heptane 5:1 volumetric liquid mixture was used in the 

bubbler of the solvent flow system. A decrease of liquid level in the bubbler was not 

found in the 5-hour annealing test, which indicated that the amount of solvent that was 

evaporated from the bubbler was small and the composition of the vapor therefore 

remained constant. The mole fractions of toluene and heptane in the vapor phase 

generated from a Toluene: Heptane 5:1 volumetric solvent mixture are: 8 

𝑦𝑡𝑜𝑙 =
𝑝𝑡𝑜𝑙

∗

𝑝𝑡𝑜𝑡𝑎𝑙
 

𝑦ℎ𝑒𝑝 =
𝑝ℎ𝑒𝑝

∗

𝑝𝑡𝑜𝑡𝑎𝑙
 

where 𝑝𝑡𝑜𝑙
∗  and 𝑝ℎ𝑒𝑝

∗  are partial vapor pressures of tolune and heptane, and 𝑝𝑡𝑜𝑡𝑎𝑙 =

𝑝𝑡𝑜𝑙
∗ + 𝑝ℎ𝑒𝑝

∗  . 

Based on Raoult’s Law for non-ideal mixing, the partial pressures of toluene and heptane 

are: 

𝑝𝑡𝑜𝑙
∗ 𝜙𝑡𝑜𝑙 = 𝑝𝑡𝑜𝑙𝛾𝑡𝑜𝑙𝑥𝑡𝑜𝑙 

𝑝ℎ𝑒𝑝
∗ 𝜙ℎ𝑒𝑝 = 𝑝ℎ𝑒𝑝𝛾ℎ𝑒𝑝𝑥ℎ𝑒𝑝 

where 𝜙𝑡𝑜𝑙  and 𝜙ℎ𝑒𝑝 are fugacity coefficients of toluene and heptane; 𝛾𝑡𝑜𝑙 and 𝛾ℎ𝑒𝑝 are 

activity coefficients, and 𝑥𝑡𝑜𝑙 and 𝑥ℎ𝑒𝑝 are the mole fractions in the liquid solution. 𝑝𝑡𝑜𝑙 

and 𝑝ℎ𝑒𝑝 are the vapor pressures of pure solvents.  

 

For the situation of heptane diluted in toluene, 𝛾ℎ𝑒𝑝~1.4 and 𝛾𝑡𝑜𝑙~1,77 and assuming  

𝜙𝑡𝑜𝑙 and 𝜙ℎ𝑒𝑝 are equal,78 a 5:1 volumetric ratio of toluene and heptane liquid mixture 

approximately corresponds to a mole ratio of 6.89: 1 toluene: heptane.  

 

Therefore,  

𝑦𝑡𝑜𝑙 =
𝑝𝑡𝑜𝑙

∗

𝑝𝑡𝑜𝑡𝑎𝑙
~0.73 

This fraction of toluene in the vapor is close to the regime found in prior work where PS 

and PDMS homopolymers have equal swelling ratio for mixtures of saturated total vapor 

pressure, as shown in figure 4.8a which is reproduced here for convenience.8 

 

In a computational approach based on the effective volume fraction in the BCP as a 

function of solvent vapor composition,53 we found that a toluene mole fraction in the 

vapor of around 0.68 gave an effective volume fraction of PDMS equal to that in the bulk 

BCP (f = 0.33), as shown in figure 4.8b, reproduced here for convenience.  

 

Based on these results, we see that the vapor generated from a toluene: heptane 5:1 

volumetric mixture, which has a toluene mole fraction in the vapor of ~0.7, swells both 
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blocks equally so that the effective volume fraction f in the swelled state is the same as 

the dry volume fraction.  

 

 
Figure 4.8. (a) Swelling ratios of PS, PS-PDMS, and PDMS for different mole fraction 

of toluene in a toluene and heptane vapor mixture. The plot is reproduced from [8]; (b) 

Plots of feff using fitted selectivity parameters for toluene and heptane solvents in PS-

PDMS BCPs with given volume fraction of PDMS f =0.33 for three values of swelling 

ratio SR=1.5, 2, and 2.5. Plot is reproduced from [53].  
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Figure 4.9. GISAXS at the solvent-BCP concentration equilibration stage, in PS-b-

PDMS films with as-cast film thickness 28 nm, 101 nm, 241 nm, 392 nm, 478 nm, 1141 

nm, annealed under solvent vapor from a reservoir of Toluene: Heptane 5:1 volumetric 

mixture. The equilibrium swelling ratio was recorded for each sample, and the final 

etched morphology was imaged by SEM. The in situ measurement was done with help 

from Dr. Kevin Yager. 
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Figure 4.10. In Situ swelling ratio of SD16 PS-b-PDMS thin film with as-cast film 

thickness 28 nm (process F) under solvent vapor produced from Toluene:Heptane 5:1 

volumetric mixture. F1, F2, F3, F4, in situ GISAXS measurements. The in situ 

measurement was done with help from Dr. Kevin Yager. 
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Figure 4.11. In situ swelling ratio of SD16 PS-b-PDMS thin film with as-cast film 

thickness 496 nm (process G) under solvent vapor produced from a Toluene:Heptane 5:1 

volumetric mixture. G1, G2, G3, G4, show in situ GISAXS measurement data. The in 

situ measurement was done with help from Dr. Kevin Yager. 
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Figure 4.12. GISAXS of a solvent-annealed SD16 PS-PDMS block copolymer film with 

as-cast thickness 241 nm. Two groups of scattering peaks coexisted in the GISAXS data, 

corresponding to in-plane cylinders and out-of-plane cylinders, respectively. The in situ 

measurement was done with help from Dr. Kevin Yager. 

 

4.7 Conclusion 

 

in situ GISAXS has provided real-time observations of the progress of solvent vapor 

annealing in a high interaction parameter PS-b-PDMS block copolymer film with period 

~18 nm, including characterization of the orientation and period of the microdomains. 

The 16 kg/mol PS-PDMS became disordered at a swelling ratio of SRc=1.9 under the 

vapor of a toluene:heptane 5:1 volumetric mixture. Cylindrical microdomains formed 

during microphase separation at lower swelling ratios. The preference for PDMS to be 

present at the interfaces promoted in-plane cylinder orientation, whereas solvent 

gradients promoted perpendicular orientation. This led to the prevalence of in-plane 

cylinders for thinner films, and perpendicular cylinders for thicker films which reoriented 

in-plane during annealing. As found for other BCPs, the rate of swelling and deswelling 

influenced the structural orientation, deformation, and even reorganization. The swelled 

film formed close-packed cylinder arrays, but drying led to a decrease in correlation 

length and a collapse in the out-of-plane direction, so the close-packed array of in-plane 

cylinders became distorted. The amount of distortion of the in-plane cylinder array was 

greater for slower drying, and the angle between layers of cylinders reached 48˚ for the 

slowest drying process used here, compared to 60˚ in an ideal closepacked array. These 

results illustrate the multiple kinetic and thermodynamic factors which influence the final 

morphology, which is essential to the use of high-χ BCPs in sub-10nm nanolithography 
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and other applications where control of microdomain morphology and orientation is 

required.   
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Chapter 5: Templating Strategies to enable Orientation Control of BCP 

Microdomains  

 

 

5.1 Abstract 

 

In this chapter, we investigate mainly on the effect of high aspect ratio templates to 

enable perpendicular orientation of block copolymer microdomains, and briefly on 

combining effects between graphoepitaxy and electric fields as well as effects of multiple 

trenches on selective area control of BCP thin film self-assembly. Perpendicular 

orientation of lamellar microdomains in a lamellar-forming PS-PDMS was obtained 

within high aspect ratio gratings functionalized with a preferential sidewall brush. The 

experiments used polystyrene-block-polydimethylsiloxane with molecular weight 43 

kg/mol within trenches made using interference lithography. The perpendicular alignment 

was obtained for both thermal and solvent annealing, using three different solvent vapors, 

for a range of film thicknesses and trench widths. A Pt layer at the base of the trenches 

avoided the formation of a wetting layer, giving perpendicular orientation at the substrate 

surface. The results are interpreted using self-consistent field theory simulation to map 

the energies of lamellae of different orientations as a function of the grating aspect ratio 

and the surface energies of the sidewalls and top and bottom surfaces. The model results 

agree with the experiment and provide a set of guidelines for obtaining perpendicular 

microdomains within topographic features. Orientation control of cylindrical 

microdomains in a cylinder-forming PS-PDMS self-assembly was enhanced using a 

combined directing effect of simultaneously applied graphoepitaxy and electric field. 

And selective area control of 3D self-assembled nanostructure was achieved by using 

multiple trenches with various dimension and arrangements. Part of this work was 

published in Ref. [1], [2]. 

 

 

5.2 Introduction 

 

Perpendicular (vertical) orientation of block copolymer microdomains can be produced 

by several methods, including i) a neutral top coating and neutral substrate brush that 

minimize the interfacial energy difference between the blocks at the air and substrate 

interfaces respectively; 3–5  ii) a specifically designed molecular architecture 6–8  such as a 

brush or multi-arm BCP that can form microdomains oriented out-of-plane without 

modification of the underlying substrate, due to the entropic penalty associated with the 

packing of the side chains;8  and iii) modifying the annealing process to use a solvent 

concentration gradient, 3,9 temperature gradient,10,11 electric 12 or magnetic field13 , 

chemoepitaxy and/or graphoepitaxy,14 and electrospray deposition15 to induce out-of-
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plane alignment of self-assembled microdomains. These methods have been used 

successfully in various BCP systems, but become more challenging as the blocks become 

more incompatible and the alignment method has to overcome a greater surface energy 

difference. In this article, perpendicular alignment of a high-χ lamellar BCP is 

demonstrated, not by minimizing the differences in surface energy of the blocks, but 

instead taking advantage of preferential wetting at the vertical sidewalls of high aspect-

ratio templates. There have been examples of lamellar BCP microphase separation in 

high aspect ratio pores16,17 but the effects of varying aspect ratio and surface chemistry 

have not been quantified. 

 

5.3 Experimental Methods 

 

A lamella-forming polystyrene-block-polydimethylsiloxane (PS-b-PDMS) with 

molecular weight Mw = 43 kg/mol, volume fraction ƒPDMS = 49%, PDI = 1.08, designated 

SD43, was used to demonstrate orientation control in high aspect-ratio gratings. The 

room-temperature χ of PS-b-PDMS is reported as 0.14 - 0.2731, and its high etch 

selectivity and the etch resistance of the PDMS makes it useful in nanolithography. After 

annealing, the PS block is removed by an oxygen plasma which oxidizes the PDMS, 

making a stable silica-rich nanostructure.  

 

Laser interference lithography was used to fabricate the high aspect-ratio gratings. An 

interference pattern between two coherent laser beams (wavelength 350 nm) produced a 

grating pattern with period of ~200 nm and above in resist over a large substrate area 

without the use of a photomask.20 The exposed and developed grating pattern was 

transferred from the photoresist into an underlying thick anti-reflective coating (ARC) 

layer, making trenches with width and depth ≥100 nm. To obtain a preferential surface, a 

PDMS brush polymer was grafted on the sidewalls and the trench floor. The surface 

affinity of the trench floor was modified by coating the substrate with electron-beam 

evaporated Pt prior to making the ARC grating. The brush layer did not graft well to the 

Pt, which does not bond to the hydroxyl group of the brush.21 This led to a surface that 

was considerably less attractive to PDMS than the brush-coated sidewall was. A process 

flow showing the fabrication method is described in the supplementary material. 

 

 

5.3.1 High Aspect ratio Trench Fabrication 

 

Anti-reflective coating (ARC) was first spin coated on a Si wafer and then baked on a 

hotplate at 175oC for 60 s to induce crosslinking. Then 20nm SiO2 was deposited by 

electron beam evaporation. A 200 nm PFI 88 photoresist was spin coated on top of the 

SiO2 layer and baked on a hotplate at 90oC for 60s. The sample was exposed by an 
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interference pattern that was generated from 2-beam coherent laser for several minutes 

using a Lloyds Mirror system. A post-exposure development was used to produce the 

photoresist grating. Then CF4 plasma etching transferred the photoresist pattern into the 

SiO2 layer, and an O2 plasma transferred the pattern into the ARC layer to make high 

aspect ratio trenches. A schematic is shown in figure 5.1. 

 
Figure 5.1. High Aspect-ratio Trenches Fabrication Process Flow. 1) Si wafer; 2) spin 

coat anti-reflective coating (ARC); 3) sputter SiO2; 4) spin coat photoresist; 5) Laser 

Interference lithography; 6) CF4 plasma etch of SiO2; 7) O2 plasma etch of ARC; 8) CF4 

plasma etch of SiO2. 

 

5.3.2 Brush treatment and Block Copolymer solution preparation 

 

The hydroxyl-terminated polydimethylsiloxane (0.8 kg mol-1, PolymerSource, Inc) was 

dissolved 5 wt.% in toluene and then spin coated on high aspect ratio templates at a spin 

speed of 2000 rpm. Then the samples were baked in a vacuum oven for 16 hr at a 

pressure of 2600 Pa (20 Torr) and temperature of 170 oC. After baking, the samples were 

rinsed with toluene to remove unreacted brush and then dried using N2 gas. 43 kg mol-1 

PS-b-PDMS (PolymerSource, Inc. fPDMS = 0.5) as 5 wt.% in toluene solution was spin 

coated onto the brush-treated templates at spin speed 3500 rpm. 

 

5.3.3 Solvent Vapor Annealing 

 

Solvent vapor annealing has been described in previous work.22,23 Briefly, liquid toluene-

heptane mixture, or cyclohexane, or acetone of 3 ml was placed in a glass annealing 

chamber of volume ~ 70 cm3 with a lid. The sample was placed on a small stage above 

the liquid. The generated solvent vapor was absorbed by the polymer film and the degree 

of swelling (measured by a Filmetrics reflectometer) was tuned by altering the leakage of 
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solvent vapor from the chamber. For three hour anneals there was remaining liquid 

solvent in the chamber, and the sample was deswelled within a few seconds by removing 

the lid of the chamber. For 24 hr anneals the solvent had fully evaporated so the condition 

corresponds to a slow deswelling. 

 

5.3.4 Thermal Annealing  

 

Samples were placed into a vacuum oven and annealed in 20 Torr at 150oC for 16 hr. 

 

5.3.5 Reactive Ion Etching 

 

To reveal the self-assembled nanostructure, a two-step reactive ion etching was applied. 

First, a 30 CF4 and O2 plasma with power 450 W and pressure 15 mTorr was performed 

to planarize the polymer film for 30s. Then, an O2 plasma with power 90 W and pressure 

6 mTorr was performed to selectively remove the PS block and partially oxidize the 

PDMS block into robust SiOx. 

 

5.3.6 Helium Ion Microscope 

 

In this work, the cross section of some samples was imaged by helium ion microscope 

(HIM), which has higher resolution and greater depth of field than a typical scanning 

electron microscope (SEM). HIM is similar to SEM, but uses He+ ions instead of 

electrons to image. Before imaging, the samples were coated with a 3-nm thin layer of 

Au-Pd alloy in order to make the surface conductive. During imaging, helium ions 

interact with the sample surface and generate secondary electrons, which were collected 

by the Everhardt-Thornley detector to provide image information. Due to the picometer 

wavelength of helium ions and high collimation of the beam, the diffraction limit and 

lens aberrations are negligible. However, for the polymer film, beam damage is possible 

if the exposure time is too long.  

 

5.4 Results and Discussion 

 

Interfacial interactions have a very important influence on the final equilibrium 

morphology of BCP self-assembly,24,25 and form the basis of templating strategies.26,27 In 

a high aspect-ratio template we consider three pairs of interfacial energies with respect to 

a lamellar-forming A-B diblock copolymer: γTop, γBot, γSide, where γ is the interfacial 

energy and “Top”, “Bot”, and “Side” refer to the top (i.e. air surface), bottom and 

sidewall surface, respectively, as shown in figure 5.2a. The interfacial energy difference 

for each surface is defined as Δγ = |γA - γB|, i.e. a neutral surface has Δγ = 0 and a 

preferential surface has non-zero Δγ. The aspect ratio of the slab of BCP in the trench is 
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defined as R = t/w with t the thickness of the film and w the trench width. A 

perpendicular lamellar orientation is expected when the interaction energy with the 

sidewalls dominates, i.e. ΔγSide.t >> ΔγTop.w , ΔγBot.w, i.e. ΔγSide >> ΔγTop/R , ΔγBot/R. 

Therefore perpendicular self-assembled microdomains are promoted by large R and large 

ΔγSide. In our experiment, we examine the effects of the surface energy of the grating 

walls (indicated in figure 5.2a) and the aspect ratio of the BCP in the trench. The 

fabricated trench depth was fixed at 450 nm, while the trench width varied from 150 nm 

to 500 nm, exemplified in Figs. 5.2b and 4b. To vary ΔγBot, a 20 nm thick platinum layer 

was inserted underneath the ARC, shown in Fig. 5.3. The surface tension of PS and 

PDMS on platinum has been reported as 33 mJ m-2 and 25 mJ m-2 respectively.28,29 

Therefore the platinum surface has a slight preference to the PDMS block, but this is 

much smaller than the surface affinity of a PDMS-grafted surface. 

 

We first describe the effect of aspect ratio R when the surface energy of the sidewall and 

bottom surfaces are equal. The ARC sidewalls and base of the trenches were made 

preferential to PDMS by grafting a hydroxy-terminated PDMS layer onto the template. 

The SD43 film thickness was varied from 100 nm to 550 nm.  The samples of Figs. 5.2 

and 5.3 were processed by solvent vapor annealing at room temperature,23 and the depth 

of the trenches was 550 nm. Previous studies reported that the choice of solvent 

composition and partial pressure, the swelling rate and solvent removal rate affect the 

final morphology and the microdomain orientation.30,31 We examined three different 

solvents: a selective solvent mixture (toluene: heptane vapor from a 3:1 volumetric ratio, 

in which heptane preferentially swells PDMS and toluene is weakly preferential), a 

selective solvent (cyclohexane) which preferentially swells PDMS, and a selective 

solvent (acetone) which preferentially swells PS (Table S1). For each solvent the final 

morphology depended primarily on the aspect ratio and surface chemistry, except that 

cyclohexane led to a morphological transition which will be described later (Fig. 5.2f).  
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The relevant Hildebrand solubility parameters (δ) are summarized in Table S1.32 The 

compatibility of nonpolar materials can be roughly estimated by comparing |δpolymer - 

δsolvent|, where a lower value represents more miscibility. 

 

 
Figure 5.2. PDMS-brushed templates, solvent anneal. (a). A schematic of lamella-

forming block copolymer film in a high aspect-ratio grating.  Side, Top, Bot are the 

interfacial energy at the sidewall, bottom and top surface. w is the width of the trench, t is 

the thickness of the film. Blue indicates the PDMS, red the PS blocks; (b). 75o SEM tilted 

view of a cross-section of a high-aspect ratio grating; inset shows top-down SEM of high-

aspect ratio gratings; (c1). Top-down SEM view of a 100nm thick SD43 film showing in-

plane lamellae after reactive ion etching (RIE). (c2). Top-down SEM view of a 230nm 

thick SD43 film showing out-of-plane lamellae after RIE; (d, e, f). Cross-section SEM of 

self-assembled perpendicular SD43 lamellae inside high aspect-ratio trench; 75o SEM 

tilted view. The lamella-forming SD43 PS-PDMS films were spin-cast with thickness (d) 
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230nm; (e) 550nm; (f) 250nm; (d), annealed under solvent vapor produced from toluene: 

heptane 3:1 volumetric mixture for 3 hr, showing a meniscus; (e), annealed under acetone 

solvent vapor for 3 hr. (f), annealed under cyclohexane solvent vapor for 3 hr; b-e, 

Trench width 450nm, depth 550nm. f, Trench width 170nm, depth 550nm. T: Toluene; 

H: Heptane. 

 

 

In a trench width of 450 nm, a 100 nm thick BCP film formed in-plane (horizontal) 

lamellae (Fig. 5.2c1) in a toluene:heptane anneal. Perpendicular lamellae were observed 

in a 230 nm thick film (Fig. 5.3 and 5.2d). We believe that the perpendicular orientation 

in the 230 nm film, where the aspect ratio < 1, is aided by the swelling of the film and by 

solvent concentration gradients during the anneal. A 500 nm thick film in a 450 nm wide 

trench (Fig. 5.4d) formed lamellae with straighter interfaces and with a PDMS wetting 

layer at the bottom surface, due to the PDMS-brush. A 550 nm thick film in a 450 nm 

trench (Fig. 5.2e) in an acetone anneal produced highly oriented perpendicular lamellae 

parallel to the sidewalls. In general, acetone anneals produced more wetting and 

interconnections between lamellae at the base of the trench than toluene:heptane anneals. 

The top air/film interface always favored a PDMS wetting layer, due to its low surface 

energy,23 but in these images this top in-plane layer was removed by the reactive ion etch 

and is usually not visible. Regions of an in-plane lamella at the top are visible in Fig. 5.2d 

and 4c. 

 

In comparison, when the trench width was narrowed down to 170 nm and the sample was 

processed by cyclohexane solvent vapor annealing, the effective increase in PDMS 

volume fraction led to a transition to a perforated lamella structure standing perpendicular 

to the substrate, in which the PDMS lamellae are connected by bridges through the PS 

(Fig. 5.2f).  

  

A high aspect ratio trench with PDMS-preferential sidewalls therefore favors 

perpendicular lamellae, except at the top and bottom surfaces. To avoid a wetting layer at 

the bottom surface, a thin layer of Pt was deposited on the substrate prior to forming the 

grating (Fig. 5.3a, schematic of sample; Fig. 5.4b, tilted SEM image). The PDMS brush 

is not expected to graft to the Pt surface, in contrast to its grafting to the ARC sidewall 

during the brush treatment process, making the sidewall surface more preferential to the 

PDMS block than bottom surface. The importance of the topography and surface 

chemistry can be seen in a 2 μm-thick SD43 film shown in cross-section in figure 5.3b. 

Excellent perpendicular alignment of the lamellae was achieved within the trench, but 

above the patterned area the polymer self-assembled into its expected lamellar structure 

parallel to the substrate. The figure clearly shows the ability of the polymer to switch 

between two orthogonal orientations to satisfy the imposed boundary conditions, and 
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shows that the perpendicular structure is not a metastable state due to directional 

evaporation of the solvent.  

 

Fig. 5.3c shows a similar sample with 400 nm thick SD43 in which several layers of 

parallel lamellae are present at the air surface. Fig. 5.3d shows the same film in which the 

top parallel lamellae were removed by applying high power (450 W) CF4 and O2 plasma 

for 50 s, planarizing the structure down to tr = 150 nm thickness, and demonstrating how 

smaller aspect ratio perpendicular lamellae can be produced. In Fig. 5.3b-d the lamellae 

form perpendicular to the Pt producing little or no PDMS wetting at the bottom. Fig. 5.4a 

and 5.4c show further examples of vertical lamellae in trenches with a Pt base. In Fig. 

5.4a the vertical orientation was produced in a film 150 nm thick in 300 nm wide 

trenches. This sample was not processed with the high power etch to better preserve the 

top layer morphology, showing a tilting of the PDMS lamellae at the top surface to form 

the thin wetting layer. 

 

 
Figure 5.3. Templates with Pt base, solvent anneal. Lamella-forming block copolymer 

film in high aspect-ratio gratings with sidewall made of ARC and bottom surface made of 

Pt.  Sidewall surface is attractive to PDMS; Bottom surface is more neutral. (a). 

Schematic of sample; (b). 85o tilted-view cross-section Helium Ion Microscope (HIM) 

image of 2μm thick lamella-forming PS-PDMS (SD43) film on the high aspect-ratio 

gratings after anneal; inset: magnified view; (c). 75o tilted-view cross-section HIM. 400 

nm thick SD43 film in high aspect ratio trenches after anneal; (d). 75o tilted-view cross-

section SEM. The same 400 nm thick annealed SD43 film was processed by a 30s, 450W 
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CF4/O2 plasma etch, planarizing the structure down to tr = 150 nm thickness.  (b-d) were 

annealed under solvent vapor produced from a toluene: heptane 3:1 volumetric mixture 

for 5hr. w: width of the trench. t: thickness of SD43 film inside trench. 

 

 

 

Fig. 5.5 shows that thermal annealing can also produce perpendicular lamellae in high 

aspect-ratio gratings. Samples with a SD43 thickness of 445 nm (Fig. 5.5a) and 311 nm 

(Fig. 5.5b) in 350 nm deep, 200 nm wide gratings with a Pt base were annealed at 150 oC 

for 24 hr in vacuum. In Fig. 5.5a, lamellae within the gratings were aligned along the 

grating, but the film just above the grating showed a transition to in plane orientation. 

Thinner films (Fig. 5.5b) were well aligned through the thickness, after removing the 

PDMS layer at the air interface. Figs. 5.5c and 5.5d show thermal annealing for a 450 nm 

wide trench with both sidewall and bottom layer made of ARC. Perpendicular lamellae 

were found for SD43 thickness of 227 nm and 394 nm, but a thin PDMS wetting layer at 

the bottom connected the lamellae, due to the grafted PDMS brush at the base.  

 

The ARC sidewalls in Figs. 5.5a,b,c showed a slight taper such that the trench width was 

smaller at the base than the top. This led to formation of an extra lamella in nearly all the 

trenches, i.e. one lamella branched into two, indicated in Fig. 5.5a.  

 

To explain the experimental results, a self-consistent field theoretic (SCFT) simulation 

was employed to study the equilibrium morphology of a diblock copolymer inside a 

trench confinement as a function of aspect ratio and surface affinity. A detailed 

description of the simulation method is given in the supplementary material. Here we 

consider a 2D rectangular volume of width Lx = 30Rg (where Rg is the radius of gyration) 

and a varying height Lz. This represents a cross-sectional view of the trench-confined 

BCP self-assembly. The geometry of the trench is varied to consider a range of aspect 

ratios R ≡ Lz/Lx ϵ [0.8, 1.0, 1.2, 1.4, 1.6, 1.8]. The four boundaries of the computational 

cell are made attractive to block A. The top surface has an independent strength of 

attraction wTop to simulate the low surface energy of PDMS,23 while the three remaining 

surfaces have equal affinity wSurr to A simulating a brush layer coating on the trench 

sidewalls and substrate. Hence, by modulating the strength of attraction in the model, we 

modify the interfacial interactions at the boundaries. The volume fraction f of the block 

copolymer is set to 0.5, and the degree of incompatibility (= χN, where N is degree of 

polymerization) to 14 in order to represent the lamella-forming PS-PDMS block. In this 

2D simulation, the effect of aspect ratio, free top surface affinity, and surrounding walls 

affinities on the alignment of the lamellar structure are investigated.  
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Figure 5.4. (a) SD43 film with thickness 150 nm in 300 nm wide trenches, processed 

without high power CF4 etch to better preserve the morphology of the top layer. Due to 

the capillary forces, a meniscus formed at the top surface of the SD43 film, which led to 

the bending of the perpendicular lamellae at the top surface; (b) tilted SEM view of high-

aspect ratio trenches with Pt layer underneath.  Trench width 300 nm, trench depth 550 

nm; (c) SD43 film with thickness 600 nm; When the SD43 filled the trench, the meniscus 

effect was avoided. (d) SD43 film with thickness 500 nm. (a), (c), (d) were annealed 

under the solvent vapor generated from Toluene: Heptane 3:1 volumetric mixture for 3 h. 

All sidewalls are PDMS-brush treated. (a), (c) with Pt base layer; (d) without Pt base 

layer. A PDMS wetting layer at the base was observed at a few locations in (c). (d) 

achieved excellent perpendicular-oriented lamellae throughout the film, assisted by the 

solvent concentration gradient during solvent annealing and the high aspect ratio of the 

SD43 film in the trench, but still shows a PDMS layer at the base of each trench in 

contrast with c). 

 

 

 

 

To compare the relative stabilities of perpendicular and in plane orientations, the analysis 

is first performed by seeding a vertical or a horizontal self-assembled lamellar structure 

to the SCFT simulation. The structure is allowed to relax by evolving the fields at varying 

surface attraction strengths, wTop and wSurr. This led to parallel lamellae with a PDMS 
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wetting layer at each surface. The free energies of both vertical FV and horizontal FH 

aligned lamellar structures are calculated following eq. S1 of Ref[1]. Figure 5.6 shows 

the corresponding free energy difference FV-FH calculated for R values 0.8, 1.0 and 1.2 

(the free energy difference for larger R values is shown in ref [1]). For R less than unity 

(R = 0.8) the free energy surface is predominantly positive. The horizontal lamellar 

structure is stable (white markers) when the surface attraction field is small and positive, 

wTop  ≥ 2. Vertical lamellae (black markers) can be attained with small wTop and wall 

attraction wSurr > wTop.  Increasing both wTop  and wSurr favors the horizontal lamellae. The 

behavior is switched when R ≥ 1; the free energy difference is predominantly negative. 

The vertical structure becomes stable for smaller wSurr while larger wTop is needed to 

realize a horizontal structure. The vertical structure is favored when increasing both wTop  

and wSurr. Increasing R raises the free energy difference between both morphologies, 

giving more stability to the vertical morphology. 

 

Figure 5.5. Thermal annealing. 70o tilted helium ion microscope of self-assembled 

lamella of PS-PDMS. All samples were annealed at 150 oC for 24 hr. a, b, sidewall is 

ARC, the bottom surface is platinum, ARC grating depth 350 nm, trench width 250 nm; 

Arrow: one lamella branched into two, a typical defect in perpendicular self-assembled 
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lamellae. c, d. both sidewall and bottom surface are ARC, depth 450 nm, trench width 

400 nm; SD43 thickness: a. 445 nm; b. 311 nm; c. 394 nm; d. 227 nm. 

 

 

 

While the free energy analysis aligns with the experimental work, there are regions in the 

parameter space where the free energy differences are quite small in magnitude, ~ 0.01 

nVkbT where V is the volume of the block copolymer and n the number of molecules per 

unit volume. These regions are primarily when wTop and wSurr are comparable and R is 

closer to unity. These almost degenerate situations would produce structures having 

mixed morphologies. It is insightful to observe the resulting polymer structure under 

these conditions. 

 

To allow for the formation of kinetically trapped morphologies, SCFT simulations were 

also conducted under the surface conditions previously investigated in Fig. 5.6, but 

instead, the structure was self consistently evolved from random fields, simulating 

polymer phase separation from the disordered state. The final structures obtained from 

the simulation can be divided into three main categories: Horizontal lamellae, Mixed 

lamellae, and Vertical lamellae (representative results for R = 1.4 are shown in Fig. 5.7b). 

A 4D plot summarizes the results of the SCFT simulations in Fig. 5.7a. The scale of the x 

and y axes are the surface field strengths for the walls wSurr and top surface wTop, 

respectively. For each pair of (wSurr, wTop), a set of six color bars represents results for the 

six values of R. The color indicates Horizontal (white), Mixed (gray), or Vertical (black) 

lamellar orientations. To objectively classify each structure, a vertical and a horizontal 

defect-free structure were employed as references for every R, and the characteristics of 

the self-assembly are then calculated using a correlation function between the reference 

and the model result. A polymer structure is considered vertical or horizontal when it has 

a correlation function higher than 0.7 with the corresponding reference structure (the 

density profiles of the SCFT simulations are provided in the supplementary information). 

The final structures agree very well with the free energy map in Fig. 5.6, except for the 

presence of mixed orientations which were not considered in Fig. 5.6 and which, once 

formed, could not anneal into parallel lamellae. However, the majority of the high-R 

simulations reached a defect-free equilibrium structure consisting of parallel lamellae 

with PDMS at each surface, and the overall order is improved by increasing the boundary 

attraction.  
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Figure 5.6. Free energy difference between vertical and horizontal lamellae subjected 

to trench confinement as a function of top surface attraction field and surrounding trench 

walls, from SCFT. Free energies are evaluated at surface attractions marked by circular 

markers. Black filled markers have negative free energy difference indicating stable 

vertical lamellar structure, while white markers are for stable horizontal lamellae. Aspect 

ratio R is indicated for every plot. Figure 5.6 data was provided by Karim Gadelrab and 

Professor Alfredo Alexander-Katz. 

 

 

Mixed morphology (blue rectangles) prevails at low trench wall attraction wSurr 

particularly at R ~ 1. The defect patterns demonstrate right angle bends mimicking the 

confining walls. The right angle bends create interlocked structures that are difficult to 

anneal. Additional structural characteristics are noticed in SCFT density maps. At low 

surface attraction strength, periodic short microdomains protrude from the surface 

towards the bulk of the polymer. These short microdomains become the seeds of a 

structure that is perpendicular to the surface. The short microdomains can merge to form 

arches at corners and even on the same surface, generating nonequilibrium defects. On 

the other hand, increasing surface attraction strength suppresses the extent of short 

microdomains and creates a uniform wetting layer on the surface. A propagating front 

from the surface then generates a structure parallel to it. For a defect-free structure 

surrounded by strong fields on all surfaces, the structure becomes disconnected from the 

surrounding surfaces as a flat wetting layer encapsulates the polymer domains. A circular 

cap is observed at both ends of every lamella.1 
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Figure 5.7. SCFT results. (a) Summary of the equilibrium morphology for simulations 

evolving from random fields (χN = 14, f = 0.5). Stripes represent different aspect ratios 

as explained in the top right corner. The walls are attractive to the red block. At a 

combination of trench wall and top surface attraction fields, three final structures are 

obtained: Horizontal lamellae, Mixed lamellae, Vertical lamellae. (b) A representation of 

the final structures that might emerge from SCFT simulations (R = 1.4). Figure 5.7 data 

was provided by Karim Gadelrab and Professor Alfredo Alexander-Katz. 

 

 

The formation of mixed orientation lamellae was also observed experimentally. For 

example, a concentric structure of rectangular tubes was observed after prolonged 

annealing (24 hr, fig. 5.8a,b) while with the same toluene/heptane solvent anneal 

condition, a 3-hr anneal resulted in perpendicular lamellae (Fig. 5.2d). This sample had a 

final thickness of 240 nm, but based on the swelling ratio, this corresponded to a 

thickness of 400 nm during annealing, similar to the trench width. The transformation of 

parallel to concentric lamellae is interpreted as a change in the wetting conditions of the 

confining surfaces, and we employ SCFT to understand the conditions under which such 

a structure might emerge. A concentric tubular structure was seeded to a SCFT 

simulation and allowed to evolve under varying surface conditions (see Fig. 5.8b). The 

free energy of the structure is compared to a fully vertical or a fully horizontal 

morphology for a given trench aspect ratio R = [0.8, 1.0, 1.2] and surface conditions. In 
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plane lamellae are stable for R = 0.8, whereas vertical lamellae are stable for R = 1.2.1 

While the free energy difference decreases as the surface fields are increased, the 

horizontal and vertical structures remain stable even when surface fields are doubled. The 

case of R = 1 on the other hand is particularly interesting. The vertical lamellae remain 

favorable at high surface fields but the free energy difference between the concentric 

structure and vertical one practically vanishes at wTop = 20 and wSurr = 19 reaching a value 

of ~ 10-3nVkbT. The asymptotic behavior of the plot asserts that the concentric structure 

can only be stable at very high fields, compared to the vertical morphology. This means 

that for R = 1, low surface fields would result in a stable vertical structure that would 

become degenerate with a concentric structure when surface fields grow in magnitude. 

This would explain the experimental observation where the slow evaporation of solvent 

over the 24 hr anneal amplifies the surface fields confining the polymer and generates the 

concentric structure.  In contrast, the shorter anneals are terminated by a rapid deswelling 

in air which preserves the morphology developed in the swelled state as it collapses in the 

out-of-plane direction.33  

 

 
Figure 5.8. Self-assembled concentric BCP nanotubes. (a), (b) Representative SEM of 

self-assembled concentric structure. SD43 film with thickness 250 nm in a trench with 

width 400 nm was processed under solvent vapor  from 3 ml toluene: heptane 3:1 

volumetric mixture for 24 hr. (c) SCFT results of the density map of polymer A (R = 1) 

under confinement. A concentric structure is seeded to the simulation and allowed to 

evolve under varying boundary conditions. Figure 5.8c data was provided by Karim 

Gadelrab and Professor Alfredo Alexander-Katz. 

 

5.5 Other templating strategies 

 

5.5.1 Combining Graphoepitaxy and Electric Fields toward Uniaxial Alignment of 

Solvent-Annealed PS-PDMS BCP 

 

A combination of graphoepitaxy for pattern registration and electric field-induced 

alignment to enhance the correlation length of the resulting microdomains is envisaged as 

a promising approach toward the directed self-assembly of BCP. The driving force for the 
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alignment under an electric field is the reduced electrostatic energy of the microdomain 

interfaces oriented parallel to the electric field vector compared to those oriented 

perpendicular to the electric field vector.34 The energy difference between the 

orientations is proportional to the square of the dielectric contrast (𝛥є)2 between the 

blocks of the block copolymer and to the square of the electric field strength E2. Since the 

difference in dielectric permittivity between PS and PDMS merely amounts to 𝛥є= єPS- 

єPDMS≈0.17,35,36 pure electric field induced alignment is not expected to provide a strong 

driving force, to promote a defect-free ordering of microdomains. In this work, we used a 

cylinder-forming PS-PDMS (MW=53 kg/mol, fPDMS=30%), which was synthesized and 

provided by Professor Apostolos Avgeropoulos and his group members. More 

experimental details can be found from Ref. [2]. 

 

 
Figure 5.9. He-Ion microscope images of PS-b-PDMS after solvent vapor annealing. 

The samples were annealed for 4 h in vapor from a 2:1 toluene/heptane mixture at an 

electric field strength of 12.5 V/µm. α indicates the angle between the electric field vector 

and the sidewalls, and x is the trench width. The direction in which the BCP is guided 

due to graphoepitaxy, flow, and electric field are indicated by the black and white arrows 

as indicated. (a1-a4) Aligned parallel to the topographic features; (b1-b4) cylinders 

oriented perpendicular to the trench walls. The scale bars display 500 nm. The figure was 

reproduced from Ref. [2]. 

 

 

In trenched substrates, the preferential wetting of one block of the BCP at the trench 

sidewall can induce the parallel alignment of the BCP cylinders, while the capillary 

motion of polymer at the edge of the trench possibly can result in vertical alignment. 

These two factors produce two opposite results so the directed self-assembly in trenches 

is highly sensitive to annealing process. To facilitate the uniaxial alignment of the self-

assembled cylinders, another external force, the electrical field, was added in order to 
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lock in the alignment and produce long range ordering. Figure 5.9 shows the alignment of 

the self-assembled cylinders determined by the combining effects from the trench 

confinement and the electric field. Results have shown that with electric field pointing 

parallel or perpendicular to the trench, the self-assembled cylinders pointed the same 

direction with long range ordering. 

 

5.5.1 Selective area control of 3D BCP thin film self-assembly induced by multiple 

trenches  

 
Figure 5.10. Directed Self-assembly of cylinder-forming BCP on cross-shape 

trenches. (a), (b) self-assembled cylinders were aligned parallel to each trench, but 

bended 45 degree at the cross region. Sample was processed by solvent vapor annealing 

with solvent vapor generated from toluene heptane 5:1 volumetric mixture.  

 
Graphoepitaxy is a local effect, in which the commensurability between template 

dimension and BCP radius of gyration is a key factor for BCP ordering, templating effect 

become weaker as confinement become wider or the region of BCP was relatively distant 

from templating feature. However, when multiple confinement effects applied to the 

region of BCP, competition between those effects is expected to occur to determine the 

self-assembled orientation. Figure 5.10 demonstrated the competing behavior from the 

confinement effects of two trenches with orientations orthogonal to each other. In the 

cross region, the self-assembled cylinders were found to be bended 45 degree to each 

trenches in response to the two competing confinement effects with equal influence on 

the cross region. 

 

 The influences become asymmetrical when the two orthogonal trenches have different 

dimensions. As shown in Figure 5.11a, several rods with periodicity 63 nm was 

positioned perpendicularly inside each wider trenches, and 36-nm thin film of cylinder-
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forming PS-PDMS with MW=53 kg/mol, fPDMS=30%, synthesized and provided by 

Professor Apostolos Avgeropoulos and his group members, was spin cast on the 

templates from 1% toluene solution at spin speed 4000 rpm.  After solvent vapor 

annealing using solvent vapor generated from toluene: heptane 5:1 volumetric mixture, a 

monolayer of self-assembled cylinders were synthesized and graphoepitaxy effect was 

observed. For self-assembled cylinders located right next to the HSQ rods, the orientation 

of cylinders were strongly rendered by the orientation of HSQ rods. However, for other 

regions, the self-assembly cylinders still followed the alignment of wide trench.  Then a 

42-nm thin film was spin cast on the same templates, which produced a double-layer 

cylindrical structure (Figure 5.11b,c). The bottom-layer cylinders followed the same 

alignment with the monlayer-layer thin film of Figure 5.11a. Interestingly, upper-layer 

cylinders were aligned following the orientation of wide trenches, even on the regions 

where the HSQ rods were, in order to form a localized 3D mesh structure. The mesh 

structure was induced by the different confinement effect between the bottom layer and 

the upper layer. For the upper-layer cylinders, the alignment was mostly determined by 

the hexagonal packing symmetry of the BCP itself, since the height of HSQ template is 

around 30 nm, which has very little interfacing interaction with upper-layer cylinders 

during swelling state of solvent vapor annealing. 

 
Figure 5.11. Directed self-assembly of cylinder-forming BCP on multiple trenches. 

(a) monolayer cylinders with 22s Oxygen plasma etching (10 mTorr, 90W); (b) double 

layer cylinders with 22s Oxygen plasma etching ( 10 mTorr, 90W); (c) double layer 

cylinders with 32s Oxygen plasma etching (10 mTorr, 90W). 
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5.6 Conclusion 

 

To summarize, we have introduced a simple fabrication protocol to create vertically 

standing lamellar structure from high-χ BCPs within high aspect ratio trenches that guide 

the self-assembly. The trench aspect ratio R and the surface energy difference between 

the sidewalls and the top and bottom surfaces were found to determine the lamellar 

orientation.  Through free energy analysis, SCFT simulations were employed to 

determine the morphological stability under varying confinements and surface attraction 

strengths. A horizontal lamellar structure prevails at low R even for a low top surface 

attraction strength, while vertical structures prevail when R > 1 for a small trench wall 

attraction. Ginzburg-Landau free energy analysis further demonstrates the importance of 

commensurability between film height and natural polymer periodicity. In addition, a 

concentric tubular structure was fabricated by allowing the lamellae to fuse at top and 

bottom surfaces. SCFT free energy analysis suggests that the change of surface affinity is 

responsible for such a structural evolution. The self-assembled perpendicular lamellae are 

expected to be useful for pattern transfer in nanolithography applications, and can also be 

functionalized by processes such as sequential filtration synthesis, nanoparticle 

incorporation, and salt complexation. The development of concentric tubes opens the 

door to fabricate 3D BCP nanostructures by design of substrate and annealing process. 

Besides, we also showed that the uniaxial alignment of solvent-annealed PS-PDMS BCP 

was achieved by combining graphoepitaxy and electric fields. Depending on the 

graphoepitaxy along, a rule-based design of 3D nanostructure synthesis was realized by 

the design of the multiple trench dimension and arrangement. 
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Chapter 6: Conclusions and Future Works 

 
6.1 Conclusions 

 
Self-assembly is an elegant process for nanostructure fabrication, and block copolymers 

provide a great model to study self-assembly, a promising material in engineering 

nanotechnology, and a possible solution to answer today’s or future nanofabrication 

challenges. This thesis started from a study of the thin film morphology control of a 

specific Si-containing block copolymer, PS-PDMS, with a bulk morphology consisting of 

a gyroid. Its high etch resistance and etch selectivity are attractive in applications such as 

nanolithography and sensors. The high Flory-Huggins interaction parameter between the 

PS block and PDMS block promotes a sharp interfacial dividing surface and, the 

formation of feature sizes below 10 nm. Its thin film morphologies include hexagonal 

packed perforated lamellae, cylinders, lamellar and spheres depending on the control of 

solvent annealing conditions and film thickness in both as-cast and swelled state. The 

selective solvent mixture (toluene and heptane) used in solvent vapor annealing is able to 

tune the effective volume fraction of the self-assembled system and kinetically trap the 

self-assembled BCP morphology in which toluene and heptane ratio, as-cast film 

thickness, swelling film thickness are key factors to obtain well-ordered morphology. A 

universal block copolymer pattern transfer method was demonstrated to produce Co 

nanostructures consisting of arrays of lines or dots from the gyroid-forming PS-PDMS. 

 

We used synchrotron Grazing Incidence Small Angle X-ray Scattering (GISAXS) to 

observe the self-assembly in situ during solvent vapor annealing. In this specific solvent 

vapor annealing process, solvent absorption facilitates out-of-plane microdomain 

orientation, while surface interactions favor in-plane microdomain orientation. 

Microdomain orientation behavior in thin films is dominated by surface interaction, while 

in thick films solvent interaction is dominant factor. Therefore microdomain orientation 
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can be engineered by tuning the annealing conditions (solvents, time, temperature, etc) 

and film thickness. 

 

Lastly we applied several templating strategies to the PS-PDMS system to program its 

self-assembly including electric field, trenched substrates and e-beam-fabricated posts or 

lines. A high aspect-ratio trench substrate was fabricated to increase the influence from 

the interface of trench sidewall. To optimize the orientation control, an inert metal (here, 

platinum) was deposited on the base of the trench, making PDMS brush preferentially 

bonded to the sidewall in order to make the sidewall much more preferential to PDMS 

block than the base of the trench. This led to perpendicular lamellar formation throughout 

the film, propagating from trench sidewall. In the high aspect-ratio templating system, the 

competition between interfacial interactions of sidewall and bottom surface was utilized 

to control the orientation of self-assembled microdomains, especially to enable the 

formation of perpendicular-oriented lamellae, which is essential in pattern transfer and 

other lithographical applications. This method is universal for general BCP systems, and 

more suitable for BCPs with extremely high interaction parameter, which is a key 

parameter to make extremely small features. The experimental findings are consistent 

with results of self-consistent mean field simulation. It enabled the possibility of a range 

of device fabrication such as sensors, filtration memory, magnetic storage media, and 

photonic crystal.  

 

 

6.2 Future works 

	

A study of diblock copolymer self-assembly is a great model towards understanding the 

beauty of natural self-assembly. I imagine in the future “machines” can be “grown” 

instead of “built”.  

 

Within the field of block copolymer self-assembly, many challenges still remain to be 

studied. These include: 
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1) A lack of fundamental understanding of the BCP self-assembly mechanisms that are 

associated with specific processing. Examples are solvent vapor annealing where 

additional components (solvents) are included in the system, and the process follows a 

nonequilibrium kinetic path; incorporation of nanoparticles and other nanostructures; and 

shear annealing where shear introduces residual strain into the BCP that influences 

subsequent BCP self-assembly. These require in situ observation methods such as 

Grazing Incidence Small Angle X-ray Scattering (GISAXS),1 and Atomic Force 

Microscope,2 etc, to track the progress of the BCP self-assembly in response to solvent 

vapor, laser beam, shear, or thermal treatment, etc.  For solvent vapor annealing, solvent 

vapor is absorbed by the BCP film from top air/film interface, in which self-assembly is 

dramatically enhanced first and propagate towards the bottom of the film. It is interesting 

to study the depth profile of self-assembly using in situ GISAXS with varying incident 

angle in response to choice of solvent and its partial vapor pressure. 

 

2) The ability to precisely control self-assembly to make 3-dimensional structures. Most 

directed self-assembly processes can be controlled well on planar substrates, but the 

precise registration of BCP self-assembly along the perpendicular direction is still 

challenging in terms of both fabrication and characterization. For graphoepitaxy, if 

complexity increases in z-direction of the templates, making uniform BCP film or filing 

BCP into templates would be challenging. However, imprinting technique is able to allow 

making a uniform BCP film first, and then templates come from top to provide additional 

interfacial interactions that affect the self-assembly behavior. The proposed experiments 

includes the traditional graphoepitaxy that uses a templated substrate with aspect ratio of 

template below certain degree in order to make sure a uniform BCP film can form on top, 

and an imprint mold also with certain degree of aspect ratio to confine BCP film from top. 

Therefore 3-dimensional self-assembled nanostructure can be controlled from both sides: 

top surface and bottom substrate. While demolding process is challenging to maintain a 

uniform film, back etching or UV curing can be utilized to improve the demolding 

process.   
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3) Defectivity of the self-assembled morphology still requires further work, in particular 

how to eliminate metastable defects. Novel annealing processes still remain to be found. 

One proposed experiment is to combine solvent vapor annealing and polymerization in 

order to obtain more controllability of the final self-assembled morphology from a given 

BCP. In this experiment, a thermal or UV crosslinkable solvent is used in the solvent 

vapor annealing. As a certain amount of crosslinkable solvent absorbed by the BCP film 

while the whole solvent/BCP system are still within the strong segregation limit regime, 

the solvent is expected to have asymmetric distribution between microdomains of each 

block. While at the swelling state, thermal treatment or UV irradiation is applied to 

induce the polymerization of solvent itself and/or solvent with BCP, the self-assembled 

morphology at swelling state is trapped through crosslinking. Therefore, solvent-drying 

induced structure collapse, high aspect-ratio swelling feature, or certain chemistry from 

solvents can be effective preserved through the polymerizing solvent vapor annealing.  

 

4) Novel molecular architectures or compositions are needed to realize greater control 

over the self-assembled morphology and functionality. Experiments such as the thin film 

morphology of a (AB:CD, AA:BB, or AB:AB, etc) Tetrablock bottlebrush copolymer are 

interesting to explore (A, B, C, and D represents chemically distinct sidechains). The 

disentanglement of the brush sidechains may result in a fast annealing of the high 

molecular weight BCP, preferential ordering or orientation due to its high entropy penalty 

to folding brush sidechains.  

 

 

 

 

 

 

 

 

 



	 135	

 

 

 

List of Publications 
 

1. Wubin Bai, Kevin G. Yager, Caroline A. Ross, “In Situ GISAXS Study on a Si-
containing block copolymer under solvent vapor annealing: effects of molecular 
weight and selective solvents mixture ratio”, in preparation, 2016 

 
2. Keehong Lee, Melissa Kreider, Wubin Bai, Melissa Kreider, Li-Chen Cheng, Kun-

Hua Tu, Tao Huang, Ntetsikas Konstantinos, George Liontos, Apostolos 
Avgeropoulos, Caroline Ross, “Nanochannels fabricated by self-assembly of 
Polystyrene-block-Polydimethysiloxane block copolymer”, submitted, 2016. 

 
3. Christine C. Kathrein, Wubin Bai, Jessica Gwyther, Ian Manners, Alexander Boker, 

Larisa Tsarkova, and Caroline Ross, “Electric Field induced Phasetransitions in Iron 
Containing 3-Miktoarm Star Terpolymers”, submitted, 2016  

 
4. Wubin Bai, Caroline Ross, “Functional Nanostructured Materials Based on Self-

assembly of Block Copolymers”, MRS Bulletin, 2016, Vol. 41 Issue 02 
 

5. Wubin Bai, Karim Gadelrab, Alfredo Alexander-Katz, Caroline Ross, “ 
Perpendicular Block Copolymer Microdomains in High Aspect-Ratio Templates”, 
Nano Letters, 2015, 15 (10), pp 6901–6908 

 
6. Wubin Bai, Kevin Yager, Caroline Ross, “ In Situ Real-time Characterization of PS-

PDMS block copolymer self-assembly during solvent vapor annealing”, 
Macromolecule, 2015, Accepted.  

 
7. Christine C. Kathrein, Wubin Bai, Jean Anne Currivan Incorvia, George Liontos, 

Konstantinos Ntetsikas, Apostolos Avgeropoulos, Alexander Böker, Larisa Tsarkova, 
and Caroline A. Ross, “Combining Graphoepitaxy and Electric Fields towards 
Uniaxial Alignment of Solvent-annealed Poly(styrene)-b-Poly(dimethylsiloxane) 
Block Copolymer”, Chemistry of Materials, 2015, 27 (19), pp 6890–6898 

 
8. Kun-Hua Tu, Wubin Bai, George Liontos, Konstantinos Ntetsikas, Apostolos 

Avgeropoulos, Caroline Ross, “Universal Pattern Transfer Methods for Metal 
Nanostructures by Block Copolymer Lithography”, Nanotechnology, 2015. 

 
9. Saman Safari Dinachali, Wubin Bai, Kun-Hua Tu, Hong Kyoon, Choi, Jinshuo 

Zhang, Melissa Kreider, Li-Chen Cheng, Caroline Ross, “Thermo-Solvent Annealing 
of Polystyrene-Polydimethylsiloxane Block Copolymer Thin Films”, ACS Macro 
Lett., 2015, 4, pp 500–504. 

 



	 136	

10. Adam F. Hannon, Wubin Bai, Alfredo Alexander-Katz and Caroline A. Ross, “ 
Simulation Methods for Solvent Vapor Annealing of Block Copolymer Thin Films”, 
Soft Matter, 2015, DOI: 10.1039/C5SM00324E 

 
11. Kevin Gotrik, Thomas Lam, Adam Hannon, Wubin Bai, Yi Ding, Jonathan 

Winterstein, Alfredo Alexander-Katz, J. Alexander Liddle, Caroline Ross, “3D TEM 
Tomography of Templated Bilayer Films of Block Copolymers”, Advanced 
Functional Materials, 2014, DOI: 10.1002/adfm.201402457 

 
12. Wubin Bai, Adam Hannon, Kevin Gotrik, Hong Kyoon Choi, Karim Aissou, George 

Liontos, Konstantinos Ntetsikas, Alfredo Alexander-Katz, Apostolos Avgeropoulos, 
Caroline A. Ross, “Thin Film Morphology of Bulk-Gyroid Polystyrene-block-
polydimethylsiloxane under Solvent Vapor Annealing”, Macromolecules, 2014, 47 
(17), pp 6000–6008 

 
13. Adam Hannon, Yi Ding, Wubin Bai, Caroline Ross, Alfredo Alexander-Katz, 

“Optimizing Topographical Templates for Directed Self-Assembly of Block 
Copolymer via Inverse Design Simulations”, Nano Lett., 2014, 14 (1), pp 318–325 

 
14. Caroline Ross, Kevin Gotrik, Hong Kyoon Choi, Karim Aissou, Adam Hannon and 

Wubin Bai, “ Self-assembling polymer patterns could shrink lithographic limits”, 
SPIE Newsroom, 30, January 2013 

 
15. Wubin Bai, Yen-Chih Lin, Tzon-Kun Hou, and Tzay-Ming, Hong, “Scaling Relation 

for a compact crumpled thin sheet”, Phys. Rev. E. 82.066112 (2010)  

 


