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Anette Löfstrand has written this doctoral dissertation in the 
field of patterning at the nanometer scale. It includes creation 
of features in silicon of 5 nm width, at 12 nm periodicity, 
via infiltration of metal-organic molecules into carbohydrate-
based block copolymer, and investigation thereof using 
neutron reflectometry. It also includes fabrication of vertical 
III-V nanowires at about 50 nm periodicity in specific 
configurations, using templates patterned by directed self-
assembly of block copolymers on a silicon platform. A path for 
gate stack deposition for vertical gate all-around transistors 
was also demonstrated at this high nanowire density.
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Abstract 

As high technology device patterns are continuing to move towards decreasing critical 
dimensions and increasing pattern density, there is a need for lithography to move in 
the same direction. Block copolymer (BCP) lithography is a promising technique, 
which has single digit nanometer resolution, has a pattern periodicity of about 
7-200 nm, and easily scales up to large area at a low cost. The use of BCPs with high 
immiscibility of constituent blocks, so-called high-c material, enables smaller pattern 
dimensions and is therefore of special interest. However, for lithography techniques to 
be applicable, also integration into existing nanofabrication processes is necessary. 
Furthermore, development of techniques to perform sub-10 nm pattern transfer is an 
enabler for continued device development. This dissertation first provides an overview 
of the BCP lithography field, to thereafter study the selective infiltration synthesis of 
alumina into the maltoheptaose block in high-c poly(styrene)-block-maltoheptaose of 
12 nm pattern periodicity. The infiltration was studied using neutron reflectometry, and 
a subsequent sub-10 nm pattern transfer was performed into silicon. Also, it studies 
the process of surface reconstruction of high-c poly(styrene)-block-poly(4-
vinylpyridine) of 50 nm pattern periodicity, more specifically the effect of time and 
temperature on pore diameter. Furthermore, pattern transfer of the surface 
reconstructed BCP film into silicon nitride, and selective area metal-organic vapor 
phase epitaxy (SA-MOVPE) of indium arsenide vertical nanowires on a silicon 
platform, using directed self-assembly is demonstrated. By directing the self-assembly 
along different crystal directions of the substrate, two vertical nanowire configurations 
were grown. Demonstration of gate all-around stack deposition of oxide/metal to the 
densely packed nanowire configurations was thereafter made. The results have 
contributed to the knowledge on BCP lithography and pattern transfer in the 
sub-50 nm regime, enabling new approaches for applications such as vertical nanowire, 
or fin transistors. 
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Popular Science Summary in Swedish 

Vad kan vi göra för att vidareutveckla högteknologin, som vårt samhälle bygger på 
idag? Tillverkning av högteknologisk utrustning kräver ofta att mönster görs på 
nanometerskala, dvs i storleksordningen från miljondelar av en millimeter till knappt 
en tusendel av en millimeter. Detta arbete handlar om hur mönster ner till 5 nm kan 
göras genom att använda en särskild typ av polymer. Denna kallas för sampolymer och 
består av minst två olika delar, som inte vill sammanblandas. Generellt kan man säga 
att ju svårare delarna har att blandas, desto mindre strukturer kan man göra. Att göra 
mönster för att överföra dem till ett annat material kallas även för litografi med 
mönsteröverföring. Det finns alltså ett intresse från såväl industrin, som från 
universitet, att vidareutveckla litografi- och mönsteröverföringstekniker.  

Arbetet visar dels hur man kan överföra linjer med endast 12 nm periodicitet ner i 
kisel, dels hur man kan göra en mall för att växa nanotrådar med endast 50 nm 
periodicitet, vilka båda skulle kunna användas för exempelvis vidareutveckling av 
transistortillverkning. Genom att belägga en yta med en tunn sampolymerfilm och 
sedan utsätta filmen för ångor från lösningsmedel, har polymeren först organiserats i 
olika mönster – med liggande eller stående cylindrar av den ena polymerdelen. Dessa 
mönster kan även styras, genom att polymeren läggs på en yta med vägledande linjer. 
Om man dessutom gör dessa linjer i samma riktning som ytans kristallriktning, alltså i 
samma riktning som atomerna ligger ordnade i materialet under, kan man få särskilt 
ordnade uppställningar av stående nanotrådar när man senare växer material från ytan.  

Innan man kan växa material från ytan måste man på något sätt överföra mönstret. 
Ett sätt är att göra en mall, då man först öppnar upp porer i cylinderdelen av polymeren 
genom att sänka ner den i alkohol, och här har visats att framför allt en förhöjd 
alkoholtemperatur gav en större pordiameter, samt ett något glesare mönster. Då 
porerna öppnats har sedan s.k. torretsning använts för att öppna upp hålen hela vägen 
ner till ytan inunder. Torretsning utförs med hjälp av gaser i en lågtryckskammare, där 
endast vissa typer av material tas bort på ett välkontrollerat sätt. Därefter har materialet 
inunder etsats vid de blottlagda hålen, medan det skyddats av den kvarvarande 
polymeren runtomkring. För att sedan kunna växa nanotrådar användes substrat av 
kisel, belagda med halvledarmaterialet indiumarsenid, samt ett tunt lager kiselnitrid. 
Med hjälp av sampolymer, organiserad längs linjer i substratets kristallriktning, har 
porer öppnats upp och mönsteröverförts genom kiselnitriden. För att minimera skador 
på den känsliga ytan har den sista kiselnitriden i hålen etsats bort i syrabad. Därefter 



 10 

lades substratet i en lågtryckskammare vid hög temperatur med ångor, där både indium 
och arsenik ingick. Från ytan kommer, under rätt förutsättningar, vertikala trådar av 
indiumarsenid att växa. Märk väl att de endast kommer att växa upp ur öppningarna i 
kiselnitriden. På grund av att materialet växer snabbare i vissa riktningar än andra, 
kommer nanotrådarna att få ett karakteristiskt sexkantigt utseende i genomskärning. 
Det har här visats att rader med 35 nm breda stående nanotrådar, med cirka 50 nm 
periodicitet, kunnat styras antingen till en ordnad uppställning, där mellanrummen 
mellan trådarna är mer triangulära, en s.k. stjärnkonfiguration, eller också till en, där 
mellanrummen är mer jämna, en s.k. solkonfiguration. Eftersom sådana nanotrådar kan 
användas för att göra transistorer, och intresset att få plats med fler transistorer per 
ytenhet aldrig verkar avta, har även oxid- och metallager lagts på för att demonstrera 
hur grind runtom (eng. gate all-around) ter sig för dessa tätt stående nanotrådar. Detta är 
nämligen ofta ett efterföljande steg för att göra transistorer. 

Ett helt annat sätt att göra mönsteröverföring från sampolymerer är att infiltrera 
polymeren med ämnen som innehåller metall, respektive syre. Om detta görs i en 
lågtryckskammare vid förhöjd temperatur, kan de tillförda ämnena reagera med vissa 
funktionella grupper i polymeren, och sedan bilda metalloxid där. Detta kallas då för 
ett hybridmaterial. I arbetet har en sampolymer använts, som har sådana funktionella 
grupper endast i den ena delen av polymeren. På så vis har aluminiumoxid bildats i 
enbart cylinderdelen av mönstret, medan övrig polymer förblivit oförändrad. 
Härigenom underlättades mönsteröverföringen avsevärt, då hybridmaterialet kan 
motstå etsning mycket längre tid än polymeren. Det kvarvarande mönstret av 
hybridmaterial har här sedan använts som mall, för att överföra ett linjemönster med 
12 nm periodicitet ner i kisel. Även denna typ av mönster skulle kunna vara användbart 
vid transistortillverkning, till exempel s.k. FinFET:ar, som ofta har höga fenor etsade i 
kisel. Utöver detta har infiltreringsgraden i polymerer undersökts med hjälp av s.k. 
neutronreflektometri. Då används en samlad stråle av neutroner, vilken reflekteras mot 
ytan. Varje typ av ämne reflekteras sedan på ett unikt sätt. Genom att titta på den 
reflekterade strålen kan man sedan bestämma vilka ämnen som ligger på ytan, samt hur 
tjocka de olika lagren är. Metoden har använts för att undersöka hur olika parametrar 
inverkar på infiltrationsgraden, där upp till 40 vol% aluminiumoxid uppnåtts i 
polymeren maltoheptaose, medan polystyren var opåverkad. Resultaten bidrar således 
till vidareutvecklingen av litografi med mönsteröverföring på nanometerskala, särskilt 
för strukturer mindre än 50 nm. 
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1 Introduction 

Society today is to a high extent built upon high technology devices, and these devices 
often require patterning, or lithography. Lithography is a term generally thought of as 
producing a topological pattern of a specific design in a material, often to enable 
subsequential processing. The term originates from the Greek words lithos for ‘stone’, 
and graphein for ‘to write’, and in 1796 a printing technique was invented where wax 
was used to draw on top of a flat stone, which then was further processed to selectively 
deposit ink for printing on paper [1]. Today, lithography for micro- and 
nanofabrication comprises of several different patterning techniques, and development 
within the area of lithography could help to improve efficiency and to lower cost in 
many application areas. The classical lithography techniques typically use charged 
particles or light to modify the exposed material, and selectively remove either the 
exposed or the unexposed material, but there are alternative techniques. First, looking 
at pros and cons of the more traditional patterning technique UV lithography, it is 
flexible in feature design, fast, enables large area patterning, and low cost for micron 
sized patterns. Extreme UV lithography uses 13.5 nm wavelength and can reach a 7 nm 
half-pitch resolution [2]. However, cost and stochastic defects increase rapidly as 
feature sizes decrease [3]. Another traditional patterning technique, electron beam 
lithography (EBL), is flexible in feature design, and has a lower feature size limit around 
5 nm half-pitch, although isolated features can be as small as 2 nm [4], and even 3 nm 
pitch features have been shown by electron beam induced deposition [5]. However, the 
writing speed of a traditional EBL configuration is very slow, and the technique is 
therefore not suitable for large area patterning. Also, the so-called proximity effect, 
which broadens the exposure of features relative to their design, as well as the forward 
broadening, limits the minimum feature size made by EBL in dense patterns even 
further [6]. The proximity effect limits the minimum feature size also in a more 
advanced EBL configuration, in which you multiply the number of exposing electron 
beams. So, even though this configuration makes it a faster technique, it is therefore 
generally not suitable for very high-density patterns. A patterning technique alternative 
to exposing with light or charged particles is material self-assembly. Self-assembly of 
block copolymers is a good lithography candidate for highly dense sub-50 nm features. 
The resolution of block copolymer self-assembly is currently well within the single digit 
nanometer range, 3.2 nm half-pitch [7], and is considered to be a low-cost lithography 
method, especially since it has the ability to pattern very large areas. The self-assembly 
morphologies for diblock copolymers are somewhat limited, and the most oftenly used 
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pattern types from block copolymer lithography are cylinders in a hexagonal lattice, or 
lamellae, which both are suitable for a number of different application areas. 

The origin of block copolymer (BCP) lithography is said to be a discovery by 
physicist P. M. Chaikin in the office of the polymer chemist L. J. Fetters in the late 
1980s, where he in an electron micrograph noticed a hexagonal array of dots formed 
by a microphase separated BCP with 30 nm spacing [8]. Appreciating the length scale 
to be appropriate for some electron transport measurements, he then initiated research 
resulting in well-ordered spheres in monolayer poly(styrene)-block-poly(butadiene) 
(PS-b-PB) [9], removal of the PB block using ozone [10], and pattern transfer processes 
to achieve both polarities into silicon nitride [11]. Many research groups have followed 
in his footsteps and further developed the area of BCP lithography and 
nanofabrication. 

For a BCP to be suitable for nanofabrication it should, in general, fulfil two 
requirements: (1) achieve a sufficient separation of the constituent polymer blocks, and 
(2) possibility to selectively modify a polymer block. The first requirement is mainly 
controlled by the immiscibility of the constituent blocks, where a high degree of 
immiscibility also is known as a high-c material [12]. When a high-c material is used it 
enables sharp transitions between phase-separated areas, and therefore a higher pattern 
resolution is possible. The second requirement becomes relevant for most cases of 
nanofabrication. By utilizing the dissimilarities in the constituent blocks, one of the 
blocks could be selectively removed [13, 14], selectively incorporated with inorganic 
material [15-17], or selectively swelled by solvents [18]. One technique to selectively 
form metal oxide inside one polymer block is to repeatedly diffuse molecules 
containing metal, and oxygen, respectively, into it, so-called sequential infiltration 
synthesis (SIS) [15]. By selectively swelling one block, pores can be opened in the BCP 
film, also known as surface reconstruction [19]. Furthermore, already in the polymer 
synthesis, one block could be made more electro-conductive [20], or be made to include 
other groups of interest. This selective modification can thereafter be exploited to 
enable pattern transfer into another material. There are also examples, where the BCP 
material is used in an application without pattern transfer e.g., organic/inorganic BCP 
electrolyte for battery applications [21], or BCP material for pH sensors [22]. 

1.1 Sequential Infiltration Synthesis and sub-10 nm Pattern 
Transfer 

Although the resolution of self-assembled BCP can be well below 10 nm, it may be 
very challenging to selectively modify one of the constituent blocks, and to perform 
pattern transfer into another material at these feature sizes. Nanofabrication processes 
that are suitable for features in the order of hundreds of nanometers may be detrimental 
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for sub-10 nm features. Within the European project GreeNanoFilms [23] a 6 nm half-
pitch carbo-hydrate based BCP was used [24]. Even if initial process development on 
blanket films looked very promising, the 6 nm half-pitch pattern transfer was not 
successful using polymer as etch mask. The first research question (RQ) of this work 
was:  

RQ1: How to enable pattern transfer of the 6 nm half-pitch carbohydrate based 
BCP poly(styrene)-block-maltoheptaose (PS-b-MH)? 

Researching RQ1 revealed challenges both in finding suitable characterization 
methods for these materials and at this scale, and in finding suitable etching tools. It 
turned out that the fabrication process answering RQ1 showed some limitations in 
possible aspect ratio after pattern transfer. Since the process utilized infiltration of 
alumina, to fabricate an etch mask, optimizing the degree of infiltration and the 
infiltration selectivity between constituent blocks was deemed relevant to enable 
enhancement of the aspect ratio after pattern transfer. Also, reducing material 
consumption was of interest. The second research question of this work was therefore: 

RQ2: How do the process parameters in semi-static sequential infiltration 
synthesis of trimethyl aluminium and water into carbohydrate-based 
maltoheptaose (MH) and poly(styrene) (PS) influence the degree of infiltration? 

Regarding applications, patterns consisting of tall fins at a small pitch, etched into 
silicon, could very well be used for next generation lateral field effect transistors 
(FinFETs) [25]. 

1.2 Pattern Transfer for Selective Area Nanowire Epitaxy 

Scaling of transistors has been ongoing for decades. Moore’s theory about future 
transistor development was presented in 1965 [26], but has an updated interpretation 
in the More Moore international roadmap for devices and systems (IRDS) [27]. For 
each generation, the cost per transistor should decrease, whereas the number of 
transistors per surface area should increase. Furthermore, should the power 
consumption be reduced. This aim to increase the number of transistors per surface 
area pushes development to move from two-dimensional transistor design to three-
dimensional. By using cost-efficient BCP lithography at a high pattern density to 
template small footprint vertical nanowire transistors of III-V semiconductor material, 
suitable for low power consumption devices, and based on a silicon platform, all three 
points are addressed. The third research question was therefore: 

RQ3: How to grow thin indium arsenide nanowires at a high pattern density 
templated by block copolymer lithography? 
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Researching RQ3 revealed challenges with contamination of the polymer mixture 
from containers and consumables, with deposition of material on indium arsenide in a 
hydrogen rich environment, and with surface damage sensitivity during epitaxy. Aiming 
to increase the yield, as well as the control, subsequent transistor processing should be 
facilitated, and a fourth research question was formulated: 

RQ4: How will directed self-assembly (DSA) of block copolymer affect 
templated growth of indium arsenide nanowires, and the possibilities for gate 
all-around deposition? 

These four research questions are all answered in the four papers that are included 
in this work. 

1.3 Outline 

In summary, the topic of this work is block copolymer nanolithography for sub-50 nm 
structure applications. Where the classical lithography approaches might fail in creating 
cost-effective solutions for dense features over large areas, BCP lithography has its 
greatest strengths. The work can be divided into two sub-topics: (1) sequential 
infiltration synthesis (SIS) and sub-10 nm pattern transfer, which is a hot topic for next 
generation lithography, and (2) nanofabrication using BCP templated pattern transfer 
for selective area nanowire epitaxy. Although the results could be used for several 
different applications, they could also be directly applied to the development of 
transistor fabrication.  

Chapter 2 starts by describing BCPs, principles of BCP self-assembly, and then 
presents some self-assembly methods.  

Chapter 3 is on the lithography step, presenting methods to selectively modify one 
of the constituent blocks.  

Chapter 4 is dealing with the nanofabrication techniques pattern transfer, lift-off, 
electroplating, and nanowire growth. 

Chapter 5 brings up several characterization methods suitable for BCP lithography, 
pattern transfer, and nanowires. 

Chapter 6 is discussing some possible applications of BCP lithography, and BCP 
templated nanofabrication. 

Chapter 7 presents results and discussion for each included paper. 

Chapter 8 is containing some concluding remarks on challenges, limitations, and 
advantages regarding BCP lithography and nanofabrication, and finally 

Chapter 9, which includes an outlook on suggestions for future work in the field. 
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2 Block Copolymer and Self-Assembly 

This section will deal with the principles of block copolymer self-assembly, and how to 
direct the generated patterns. 

2.1 Block Copolymer 

Polymers are typically monomers in repeating units, linked into chains. A block 
copolymer consists of minimum two types of repeating units, each type repeating into 
a longer sequence, or block [28, 29]. The blocks are then covalently bonded together. 
Many different types of block copolymers exist. For lithography purposes, it is more 
common to work with diblock copolymers, which consist of two types of blocks. This 
configuration is of type A-B. It is, however, becoming increasingly more common to 
work with linear triblock copolymers, in configuration type A-B-A or A-B-C (see 
Figure 1). An advantage of the A-B-A configuration can be larger process windows to 
achieve self-assembly in the sub-10 nm regime, compared to an A-B configuration with 
the same domain spacing [30]. The A-B-C configuration can be an advantage when 
more advanced patterns, such as dot arrays inside lamellae, are desired [31, 32]. There 
are also other configurations, such as star-shaped block copolymer (A-B)n [33]. 
However, this work will focus exclusively on diblock copolymers, in the A-B 
configuration. An example of a commonly used A-B configuration copolymer is 
poly(styrene)-block-poly(methylmethacrylate) (PS-b-PMMA) (see Figure 1). 

 

Figure 1. Block copolymer configuration schematic. To the left, PS-b-PMMA illustrating an example of an A-B 
configuration. To the right, diblock A-B, linear triblock A-B-A and A-B-C, and star shaped (A-B)n configuration.  
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Block copolymer synthesis was introduced by Szwarc in the 1950s, and was made by 
a so-called living polymerization of styrene and isoprene [34]. Living polymerization 
allows a high degree of control of compositions, molecular weights, and narrow 
molecular weight distribution, which are all important to achieve well-defined self-
assembled BCP structures. Unless an end group is introduced to terminate the process, 
the polymer chain will continue to grow as long as there are available monomers for 
the reaction, and there are three general schemes used for the BCP synthesis: (1) if all 
monomer types A, B use the same reaction mechanism, addition of monomer B when 
A is consumed, (2) if the reaction mechanism of monomer A and B are incompatible, 
a functional end group can be introduced at the end of the A type chain, to thereafter 
add monomer B, or (3) addition of a functional end group to the end of the A type 
chain, as well as another functional end group to the end of the B type chain, to then 
let the two highly reactive functional end groups react to form the covalent bonds [28, 
34]. The polymer poly(styrene)-block-maltoheptaose (PS-b-MH) used for sub-10 nm 
patterning in Paper I and Paper II was synthesized by the third synthesis scheme, 
using azido-functionalized (R-N3) PS, propargyl-functionalized (HCºC-CH2-R’) MH, 
and a copper catalyst in dimethyl formamide (DMF), and is described in detail in the 
supporting information of Paper I. The reaction utilizes the high reactivity of the triple 
bonds and is called click chemistry via copper-catalyzed azide-alkyne cycloaddition (see 
Figure 2). The molecular structure of the resulting BCP PS-b-MH is shown in Figure 
3. After completion, the BCP is in powder form.  

  

Figure 2. Reaction scheme for copper catalyzed azide-alkyne cycloaddition. 
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Figure 3. Molecular structure of poly(styrene)-block-maltoheptaose. Figure adapted with permission from [35], 
copyright 2021 the Authors. Published by American Chemical Society. 

The BCP poly(styrene)-block-poly(4-vinylpyridine) (PS-b-P4VP) used for templating 
to grow nanowires at 50 nm pitch in Paper III and Paper IV was purchased 
readymade in powder form from Polymer Source Inc., Canada, and its molecular 
structure is shown in Figure 4. To be able to spin-coat the BCPs into thin films, the 
powder is dissolved in a solvent, and the weight percentage of BCP will then be the 
main factor controlling the film thickness. 

 

Figure 4. Molecular structure of poly(styrene)-block-poly(4-vinyl pyridine). 

2.2 Self-Assembly 

If the BCP blocks repel each other, and enough mobility is provided, they will micro-
phase separate, much like oil and water phase separate. The blocks want to surround 
themselves with their likes, but as they are covalently bonded together, they will have 
to relate to one another (see Figure 5). This phenomenon can be utilized to generate  
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Figure 5. Diblock copolymer self-assembly into spheres/cylinders. 2D schematic. 

micro-phase separated patterns for lithography purposes [36]. Block copolymer 
thermodynamics [12] describes the interaction between the blocks, how strongly they 
segregate, what shapes the blocks will form i.e., which morphology it will have, and 
what is required for segregation to occur. The polymer-polymer interaction is described 
by Flory-Huggins interaction parameter c, where a high value represents 
immiscibility [28]. The Flory-Huggins interaction parameter c for a diblock copolymer 
A-B is dependent on the temperature T according to 

c»aT-1+b,  (1) 

where a>0, and b is a constant for a given value of the volumetric block ratio f [12]. 
In other words, a lower temperature will favor phase segregation. Ordering of blocks 
may take place if the entropy is lowered by the ordering [12]. The degree of 
polymerization N is closely related to the polymer chain length [28]. The entropic 
contribution to the free energy scales as N-1, whereas the enthalpic contribution scales 
as c, and microphase separation takes place when the product cN is above 
approximately 10 [12]. At weak segregation, close to the transition from disorder to 
order, the pattern periodicity scales as N1/2 [12]. If cN is much larger than 10 it is 
referred to as strong segregation, and here the pattern periodicity scales as aN2/3c1/6, 
where a is the characteristic block segment length [12]. Furthermore, the block-to-block 
interface width in strong segregation is narrow, and can be described by ac -1/2 [12]. 
The interface width of PS-b-PMMA was found to be approximately 5 nm independent 
on molecular weight [37]. If the polymer chain length is too short, or the segregation 
is too weak, the diblock copolymer will not order into a self-assembled pattern. This 
puts a restriction onto the lower limit of pattern dimensions. A BCP of a high c is thus 
necessary to enable sub-10 nm patterning [38]. Sinturel et al. scaled the effective Flory-
Huggins interaction parameter ceff for various BCPs to a common statistical segment 
volume for comparison, and the ceff value for PS-b-PMMA was then 0.030, it was 0.40 
for PS-b-P4VP, whereas it was 1.1 for poly(lactide)-block-poly(dimethyl siloxane) 
(PDMS-b-PLA) [38, 39]. 
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The relative volume of the two blocks f in a diblock copolymer essentially determines 
the morphology of the BCP. In general, a relative volume A:B of 1:1 will give lamellae, 
whereas 1:4 will give a hexagonal lattice of cylinders of block A, inside a matrix of block 
B as can be seen in Figure 6 [40]. These two morphologies are probably the most 
commonly used for lithography purposes. Furthermore, self-assembled spheres are 
occasionally used, and their assembly occur in the transition region from disordered to 
cylinder state [40]. More uncommon is the gyroid state, which occurs in the transition 
from cylinders to lamellae  [40]. The equilibrium microphase separated pattern 
periodicity in the bulk is often referred to as domain spacing, or L0. Typically, BCP 
work is being done on pattern periodicities of 10-50 nm, but up to 210 nm was reported 
using diblock copolymer PS-b-PMMA [41, 42], and down to 6.5 nm pattern periodicity 

 

Figure 6. Microphase separation states of diblock copolymer. a) Typical theoretical binary phase diagram 
according to self-consistent field theory of diblock copolymers, where DIS denotes the disordered state, L lamellae, H 
hexagonal cylinders, CPS closely packed spheres, Q229 body centered spheres, Q230 double gyroids. Furthermore, c 
denotes Flory-Huggins interaction parameter, N the overall degree of polymerization (related to the polymer chain 
length), and f the relative volume of the two blocks. b) Morphologies in a) illustrated, c) Corresponding lithography and 
pattern transfer scheme, using inorganic infiltration. Figure reprinted with permission from [16], copyright 2016 John 
Wiley and Sons; a) adapted with permission from [40], copyright 2006 American Chemical Society, and b) adapted with 
permission from [43], copyright 2010 Elsevier.  
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has been reported using special configuration type called three-armed cage BCP [7]. It 
can be noted, that it is also possible to use a combination of diblock copolymers 
A-B/B’-C purposing lithography of cylinders in a square lattice [44], a morphology 
which might be of interest for some applications.  
 

Triblock copolymers in A-B-C configuration can self-assemble into morphologies, 
which are depending on the cN values of the interaction between respective polymer 
block [45]. Many interesting morphologies, such as square array dots, or dots arranged 
in separated lines can be induced (see Figure 7). 

 

Figure 7. Ternary phase diagram of ABC star triblock copolymers in bulk. Structures are arranged in (fA, fB, fC) 
for cABN=cBCN=cACN=40. The red dashed line is the isopleth of the AC boundary. Figure reprinted with permission 
from [45], copyright 2013 The Royal Society of Chemistry. 

2.3 Annealing 

To self-assemble a BCP, a certain degree of polymer chain mobility is required. This 
can be achieved by adding either heat or solvent, a process which is called annealing. 
If the thermodynamic equilibrium state is represented by the desired morphology, an 
extended annealing time will result in an extended long range order [41], that is, the 
ordered pattern grain size will increase.  
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2.3.1 Thermal Annealing 

By adding heat to the BCP, the polymer chains can get enough mobility to self-
assemble into their most favorable state of energy. The temperature must be above the 
so-called glass transition temperature Tg, which is where the material starts to soften 
[28], and below, often just below, the order-disorder transition temperature TODT, 
where cN becomes too low for ordering to occur [46], but also preferably below the 
degradation temperature, where the material starts to deteriorate, although degradation 
could also affect self-assembly positively [47]. Thermal annealing [48] is often 
considered to be a more industrially adapted approach, as it is solvent free, and easy to 
integrate into a track. However, an increased temperature will also lower c, according 
to Equation 1. After the thermal annealing has allowed the BCP to order, the BCP is 
quenched by quickly removing the sample from the elevated temperature to room 
temperature, and the morphology is frozen in its position. Thermal annealing of 
PS-b-PMMA has been shown to get less eccentric pores in vertical hexagonal cylinders 
for a film thickness in the same order as the pattern periodicity, a decreased pore 
diameter distribution with annealing time, and a decreasing pore size distribution and 
spacing distribution with increasing annealing temperature, up until 250°C, a 
temperature approaching the order-disorder transition temperature TODT [48]. 

2.3.2 Solvent Vapor Annealing 

By annealing at room temperature, a high-c can be maintained, according to 
Equation 1. Adding solvent to the BCP will disentangle the polymer chains, and 
increase the mobility, effectively lowering the glass transition temperature Tg of the 
polymer, enabling ordering at lower temperatures. In this case the polymer will swell, 
as solvent molecules will be penetrating the polymer [28]. When the solvent is 
introduced as vapor, the process is referred to as solvent vapor annealing (SVA). The 
so-called solubility parameter d is commonly used to determine the solubility of 
substances, and can be given by the semi-empirically derived Hildebrand values, or by 
Hansen values, which includes van der Waal’s dispersion forces, dipole-dipole 
interaction, and hydrogen bonding [28]. The difference between the Hansen solubility 
parameter of the polymer and that of the solvent should be less than approx. 
2.5 (MPa)1/2 to be soluble [49]. If two polymer blocks have very different solubility 
parameters, two solvents that selectively dissolve each block can be chosen. By using a 
mixture of these solvents, the relative volume of the two blocks can be altered, which 
can be used to tune the BCP morphology (see Figure 6) [50]. The ratio of solvents can 
not only control the type of morphology, but also the orientation of the pattern in a 
thin film [24, 50]. Solvent vapor annealing can thus be advantageous to enable vertical 
self-assembly in BCPs with a small pattern periodicity, suitable for subsequent 
lithography processing. A typical SVA duration lasts from a few minutes [51] to 24 h 
[52]. It has, however, been seen that BCP film dewetting might eventually occur after 
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longer solvent vapor annealing times, but by adjusting the substrate’s surface energy, 
in relation to the desired BCP morphology, the dewetting can be suppressed [41]. 
Solvent vapor annealing, in a so-called jar, at room temperature was the technique used 
in Paper I, Paper II, Paper III, and Paper IV. 

2.3.3 Solvothermal Annealing 

A combination of adding heat and solvent to the BCP is used in microwave annealing 
[53, 54]. The processing time can then be reduced to the order of seconds, but the 
technique is still immature and, so far, only developed for smaller samples. Another so-
called solvothermal annealing process, by first performing SVA, and subsequently 
adding a thermal quench, can reduce the annealing time substantially, in comparison to 
solely performing SVA [55]. The idea is then to not only control the swelling, but also 
the deswelling of the polymer, since both steps affect the final morphology of the BCP 
[55]. Another approach is to adjust the temperature during SVA [51]. By decreasing the 
temperature, the relative solvent vapor saturation increases, which in turn increases the 
polymer swelling [50], and control of the polymer swelling ratio is one way to effectively 
control the resulting BCP morphology [51]. 

2.3.4 Solvent Vapor Annealing Chamber 

The classical method to perform SVA is to introduce liquid solvents into an enclosed 
container, where the sample is contact with the solvent in vapor form only, sometimes 
referred to as jar annealing (see Figure 8). An interest to increase the understanding of 
the process, as well as to find more industrial friendly solutions for SVA has led to 
further development [56], and has resulted in several different SVA chamber designs. 
One design uses the injection of liquid solvent into a chamber, but in combination with 
a controlled diluting nitrogen gas flow, and an in situ film thickness measurement tool, 
to control the degree of polymer swelling [57]. Another design uses so-called bubblers, 
where the solvent vapor is introduced via controlled flow of carrier gas though one or 
several solvent containers, along with a diluting nitrogen gas flow, and a film thickness 
measurement tool [50]. The bubblers can either contain one type of solvent, or a 
mixture of solvents. The design can be expanded to also include a heated stage [55, 58]. 
Addition of a computer-controlled heater with feedback from a film thickness 
measurement tool could further automate the SVA process [51]. 
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Figure 8. Schematic of solvent vapor annealing methods. a) jar annealing with sealed chamber containing the 
sample (blue), and the liquid solvent (green) reservoir, b) jar annealing with gas inlet and outlet, and c) solvent vapor 
flow via a carrier gas through inlet and outlet. Figure reprinted with permission from [56], copyright 2018 the Authors. 
Published by MDPI. 

2.3.5 Solvent Evaporation Rate 

Rapid quenching of a swelled BCP after SVA can lead to another morphology than 
slower deswelling would, and it has been suggested that a longer deswelling time will 
allow for relaxation into the thermodynamically favored morphologies [59]. However, 
the boundary conditions for the confinement where the polymer self-assembles will 
also change during the film deswelling [60], and a further elaboration on the topic can 
be found in Chapter 2.4. An example of SVA with slow deswelling is jar annealing 
with a small leak, allowed to anneal until all solvent has evaporated and the polymer 
has regained its original volume [61]. An experimental study on the effect of 
evaporation rate on BCP morphology showed propagation of morphology changes 
from the free surface towards the substrate for slower deswelling [59]. A simulation 
study, where evaporation was assumed to propagate from the free surface towards the 
substrate, showed a wider surface preference window for obtaining vertical cylinders 
in SVA than in thermal annealing, and that if the surface preference to the majority 
block was weak, or neutral, vertical cylinders would be promoted, whereas if the surface 
preference to the majority block was strong a fast solvent evaporation rate, and a strong 
solvent selectivity towards the majority block would be beneficial [62]. Chapter 2.4 
will describe surface preference further. 

2.4 Bulk vs. Thin Films 

When self-assembling a BCP thin film it will normally become a microphase separated 
continuous film (see Figure 6). The thermodynamics of disordered BCP bulk has no 
boundaries to consider. However, when moving to BCP thin films, which is most 
commonly used in BCP lithography, there are boundary conditions to take into 
account [60]. There will then be one interface between substrate and polymer, and 
another interface between polymer and air, or free space. As the self-assembly strives 
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for the most favorable state of energy, these interface energies become highly 
important. Modification of the surface energy of the substrate can be done in such a 
way that it is neutral to both blocks in a diblock copolymer, which means that both 
blocks are equally attracted, or it can be adjusted to attract only one of the two 
blocks [63]. This is also referred to as surface preference, wetting, or affinity to blocks. 
For lithographical purposes, neutral surface energies, or a slight affinity towards the 
majority block is often suitable, since it usually promotes vertical cylinder morphologies 
[63, 64]. One widely used method to create a substrate surface energy suitable for the 
intended BCP morphology, is using a so-called polymer brush layer. This brush 
polymer often contains a hydroxyl terminal group, that can bond to hydroxyl groups 
on e.g., a silicon surface, via a condensation reaction upon heating [64]. This method 
is called grafting, and the excess material can thereafter be removed in a solvent [65]. 
Another method of altering the substrate’s surface energy is utilizing self-assembled 
monolayers, often of silanes [66]. 

Furthermore, the film thickness is relevant for the resulting morphology [63, 67, 68], 
as it defines the confinement between the substrate and free space, and the thickness 
is commonly presented as a factor of the polymer domain spacing L0. Unless the 
thickness is optimized to the so-called commensurability condition, that is, fitting the 
self-assembled pattern into the confinement without introducing defects, resulting 
defects could be seen in form of mixed morphologies, larger holes, or islands in the 
BCP film [60, 68]. Self-assembly of BCP thin films were used in Paper I, Paper II, 
Paper III, and Paper IV. 

2.5 Directed Self-Assembly 

As BCP self-assembly is affected by the surface energy of the substrate, as well as by 
other restrictions to the polymer confinement, the self-assembled pattern can be 
directed by both substrate topography, and by local surface energy modification. This 
is known as directed self-assembly (DSA) [69-74]. Directing the pattern using substrate 
topography is referred to as grapho-epitaxy [75, 76], whereas directing using local 
surface modification is referred to as chemo-epitaxy [30, 65, 67, 77]. Guiding patterns 
are typically made by other lithographical techniques, such as EBL [78], or immersion 
lithography [79].  

A grapho-epitaxial pattern can be made by creating a topography in one single 
material e.g., by etching a pre-defined pattern into a substrate, to thereafter remove the 
etch mask [80]. Another approach is to create the topography in several materials, such 
as a pre-patterned EBL resist, or an oxide, resting on top of a substrate, which can be 
left to direct the self-assembly [76]. The guiding pattern can then be used with a brush 
layer [76], partly with [81], or without a brush layer [80]. A chemo-epitaxial pattern is 
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typically made by either (1) chemically modifying selected parts of a brush layer, to then 
remove the protecting mask (see Figure 9) [78], or (2) by etching pre-defined patterns 
into a polymer mat, which is affine to one block, and thereafter remove the etch mask, 
and selectively graft a brush layer affine to the other block to the underlaying 
substrate [77]. Lane et al. directed a 10 nm pitch BCP by using a nanoimprint 
lithography (NIL) defined guiding pattern in hybrid chemo-/grapho-epitaxy [82]. Pre-
patterned EBL resist resting on top of a substrate was used for hybrid chemo-/grapho-
epitaxial DSA without brush layer in Paper IV. 

DSA can be used for the purpose of pattern densification [78, 79], pattern 
rectification (see Figure 9) [78], via hole shrinkage [83], as well as for extending the 
long-range order [67], or for control of pattern placement. It is also possible to use a 
BCP pattern to direct e.g., nanomaterial deposition [84].  

 

Figure 9. Schematic of process for DSA of BCP cylinders by chemo-epitaxy. A) Guiding patterns created using 
EBL, B) chemical activation of EBL-defined areas using O2-plasma for stronger affinity to one block, C) deposition of 
BCP film, and D) DSA of the BCP to the underlying chemical pattern during annealing. From [78]. Reprinted with 
permission from AAAS.  

In DSA, the BCP pattern defect level is strongly dependent on the lateral 
confinement size (see Figure 10) [67, 80]. The self-assembly can however adjust 
somewhat to different conditions. For example, the lamellae pattern periodicity of 
PS-b-PMMA directed by a chemo-epitaxial line pattern has been found to be able to 
stretch up to 2.5%, or compress up to 4.9% from the equilibrium bulk domain spacing 
L0, without introducing defects [85]. 
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Figure 10. Directed self-assembly of BCP poly(styrene)-block-poly(ferrocenyl dimethylsilasane) by grapho-
epitaxy. a) showing SEM top view images of self-assembly by lines of different gap sizes, and b) showing the overlap 
of number of BCP rows fitted into a confinement. Figure adapted with permission from [80], copyright 2004 Nature 
Publishing Group. 

It can be noted, that morphology alignment can also be performed by shear, building 
upon differences in mechanical properties of the blocks [86], zone annealing, which 
has a translational temperature gradient [87], zone casting, where BCP is deposited onto 
a slowly moving substrate [88], using electric fields, based on the differences in 
dielectric permittivity of the blocks [89], or magnetic fields, relying on anisotropy in the 
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magnetic susceptibility of the self-assembled BCP [90]. However, these techniques are 
not commonly used for BCP lithography purposes. 
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3 Block Copolymer Lithography 

Block copolymer lithography can be used to produce patterns of several design types 
(see Chapter 2.2), but linear or hexagonal pattern designs are used for most 
applications. A general feature of BCP lithography is that the patterns are both high-
resolution and high-density. The self-assembled BCP pattern consists of a microphase 
separated polymer layer, and therefore needs to be further processed to achieve the 
desired topology. This can be done if one of the polymer blocks is modified to be more 
easily removed than the other block. The technique is sometimes referred to as BCP 
lithography with a sacrificial component [91]. This is in analogy with classical 
lithography, where the material is modified by exposure to light or electrons to have a 
different solubility than the unexposed areas. Thereafter, the development is made by 
dissolving part of the polymer film [92]. In BCP lithography, there are numerous 
possibilities of achieving contrast e.g., by selective swelling and quenching of one block 
to open pores [93], by UV exposure modification and wet etching [94], by optimizing 
dry etching selectivity between blocks [95], by selectively infiltrating metal oxide into 
one block [15], or by selective inclusion of metal [96], and these techniques will be 
further presented in this chapter. 

3.1 Surface Reconstruction 

When Sohn et al. performed so-called surface reconstruction of a free-standing film of 
PS-b-P4VP in ethanol, i.e., without support of a substrate, it was shown to invert from 
having features of P4VP cores in a PS matrix, into features having PS cores in a P4VP 
matrix [97]. Some areas did, however, obtain a more donut-like shape of PS, and they 
also found indications that one block was wetting the entire surface [97]. When a 
polymer is exposed to a solvent within solubility range [49], it will swell, and its mobility 
will increase [28]. If a diblock copolymer spin-coated onto a substrate is exposed to a 
solvent, which is within solubility range of only one of the two blocks, typically the 
minority block, this block will swell. As long as the temperature is below the glass 
transition temperature Tg of the majority block [28], the majority block matrix will 
remain kinetically trapped in a glassy state, i.e., remain frozen [91]. The swollen minority 
block will no longer fit into the confinement defined by the majority block, and it will 
start to wet the polymer surface [19]. Upon drying, the minority block will collapse on 
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the majority block matrix [19]. This will allow the creation of pores as the film is 
quenched, quickly dried via solvent evaporation [18]. If the majority block remains 
frozen, the ordering of the BCP should be kept intact [98]. The technique is known as 
surface reconstruction, confined swelling-induced pore generation, or pore opening 
(see Figure 11) [19], and have been explored on BCPs, such as poly(styrene)-block-
poly(acrylic acid) [99], PS-b-PMMA [18, 100], PS-b-P2VP, and PS-b-P4VP [93, 101-
104]. The surface reconstruction has been found to be reversible upon heating above 
Tg, which could be explained by the kinetically entrapped BCP having a large surface 
area of the more hydrophilic block, having a higher surface energy [98]. Surface 
reconstruction has also been found to be, at least partly, reversible by using a solvent 
within the solubility range of the majority block [97]. Furthermore, immersion of a 
PS-b-P2VP film on a substrate into diluted HCl resulted in donut-shaped P2VP when 
the pattern periodicity was larger, but a continuous film of P2VP on top of the PS 
matrix when the periodicity was smaller [105]. Patterns of both vertical cylinders in a 
hexagonal lattice, and perpendicular lamellae have been successfully surface 
reconstructed [106]. Surface reconstruction of PS-b-P4VP has been used in Paper III, 
and Paper IV. 

 

Figure 11. Schematic illustration of pore opening via surface reconstruction.  a) Block copolymer self-assembled 
onto a substrate, b) swollen minority block after immersion into a minority block selective solvent, and c) open pores 
in the BCP film after solvent evaporation. 

After surface reconstruction, the BCP can be used e.g., as a membrane [93], in a 
metal inclusion process [61], or for other subsequential processing to enable pattern 
transfer [102]. It should be noted that the process of surface reconstruction does not 
necessarily include any sacrificial component. 

3.2 Etch Selectivity Between Blocks 

A more classical approach to BCP lithography is to use photosensitivity. One example 
is modification of polymer blocks through UV exposure, which has been studied on 
e.g., PS-b-PMMA films [94]. A suitable UV exposure dose may predominately cross-
link PS chains, making the PS more difficult to dissolve, whereas the same exposure 
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dose will break bonds in the PMMA chains, which will not only make the PMMA easier 
to dissolve, but also possible to remove from the BCP film using acetic acid; under 
condition that the chain scission occurs close to the block junction [94]. Also, other 
wavelength ranges may be used to modify polymer material e.g., 532 nm laser light has 
been used for ablation of polymer, i.e., when material is removed by photon irradiation, 
and it was found that both P2VP and poly(hydroxy styrene) were removed at higher 
rates than PS [14].  

More common is use of dry etch selectivity between blocks in BCP, i.e., when one 
block is removed faster than the other in RIE. For example, features in PS-b-PMMA 
have been found to have an etch selectivity of 2:1 for PMMA over PS in RIE using 
Ar/O2 plasma [95]. Another example is the use of N2/H2 plasma RIE of P2VP, P4VP, 
and PS, where an etch selectivity of 0.9:2:1 for the respective materials were found [13]. 
Since the difference between P2VP and P4VP is the position of nitrogen in the 
aromatic ring, the steric hindrance was believed to contribute to their etch 
selectivity [13]. Lane et al. were able to selectively remove poly(5-vinyl-1, 3-
benzodixole) (PVBD) over pentamethyl disilylstyrene (PDSS) in CO2 plasma RIE, and 
these polymers can form 10 nm pitch patterns as a diblock copolymer [82]. However, 
when the pattern periodicity is small, the interface region between the two blocks 
becomes proportionally large, and removal of the sacrificial component becomes more 
challenging [37]. This is an important area of research, since enabling high fidelity 
pattern transfer of sub-10 nm pitch could potentially have a great impact on 
manufacturing strategies of high technology devices. If the etch selectivity between 
blocks is too low, a common strategy is to incorporate inorganic material into one of 
the blocks, thereby increasing the etch selectivity. 

3.3 Sequential Infiltration Synthesis 

In atomic layer deposition (ALD), two precursors, often one metal-organic and one 
oxygen containing, are used in cycles to deposit a metal oxide in monolayers on top of 
a surface [107]. However, the same tool and precursors can be used to infiltrate a 
polymer with  metal oxide, effectively creating a hybrid material; under the condition it 
is containing the necessary functional groups for reaction to occur, e.g., hydroxyl 
(-OH) [108], or carbonyl (>C=O) [109]. This process is also conducted in cycles of 
consecutive precursor exposures of each type, and the process is often referred to as 
vapor phase infiltration (VPI), or sequential infiltration synthesis (SIS) [15]. To achieve 
an increased contrast in a BCP, the metal oxide formation should occur selectively in 
only one of the blocks. The reaction between metal-organic precursor and functional 
group will then either be a reversible complex formation, or an irreversible chemical 
reaction [110].  
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Several factors regarding reaction mechanisms, thermodynamics, and kinetics should 
be taken into account in SIS: (1) available functional groups for precursor reaction 
[111], (2) solubility of precursor in the material, (3) diffusivity of precursor in the 
material [110], (4) effect of morphology on diffusion [112], (5) precursor partial 
pressure, (6) energy profiles for reaction pathways [108], and (7) forward and backward 
reaction rates [113]. Some amount of overlap does, however, exist between these 
points. 

A well-studied SIS process is the use of trimethyl aluminium (TMA) and water 
precursors in PS-b-PMMA [114]. Under appropriate conditions, the precursors can 
diffuse into both blocks, and the TMA will react with carbonyl groups in the PMMA, 
whereas the PS is left unreacted. Dandley et al. found that during the initial exposure 
of the strong Lewis acid TMA it may form a reversible Lewis adduct with the carbonyl 
group in PMMA, that at lower temperatures the TMA can desorb, and that at higher 
temperatures a covalent bond can be formed [115]. Furthermore, they proposed that 
the reaction was yielding a covalent bond between Al-(CH3)2 and the oxygen from the 
previous carbonyl group (C=O), and the remaining methyl group (-CH3) from TMA 
reacts with the methoxy group (-O-CH3) in PMMA. During the subsequential water 
exposure, water will supposedly adsorb to the methyl groups, react to form a covalent 
bond between the hydroxyl group from water and an aluminium atom, and at the same 
time form the by-product methane (CH4) [116], similar to the reaction occurring in the 
ALD case [107]. 

These reactions led to creation of alumina inside the PMMA block (see Figure 12). 
The metal oxide feature dimensions of an infiltrated BCP are known to increase with 
number of infiltration cycles [114]. Also, titanium oxide has been reported to have been 
SIS incorporated into PMMA using TiCl4 and water precursors [114]. By using an initial 
pulse of TMA to create a nucleation site, infiltration of other materials are also possible, 
such as zinc oxide, or tungsten [109]. Other examples of polymers known to have been 
successfully infiltrated with TMA and water are P2VP [113], P4VP [117], polyisoprene 
(PI) [118], poly(acrylic acid) PAA, and poly(vinylpyrrolidone) [119]. 

Figure 12. Schematic illustration of sequential infiltration synthesis. a) Cyclic infiltration of precursors into the 
self-assembled BCP, b) selective formation of metal oxide inside one of the blocks resulting in a hybrid material, and 
c) remaining hybrid material after removal of unaltered polymer block in RIE.  

 



 41 

SIS using TMA and water into PS-b-MH, hydroxyl-terminated PS (PS-OH) and 
MH was investigated in Paper I, and in the latter two materials in Paper II. By using 
e.g., oxygen plasma RIE the unaffected polymer can be removed, effectively leaving a 
hybrid material pattern on the substrate, and this RIE process has also been found to 
be effective for sub-10 nm patterns [30]. The hybrid pattern could later be used as an 
etch mask, which was the strategy used in Paper I. 

3.4 Selective Metal Inclusion 

Surface reconstruction can be utilized to incorporate metal into the opened pores, 
using e.g., a metal salt [96], or metal nanoparticles [106]. Cho et al. showed that by spin-
coating a solution of gold salt HAuCl4 in ethanol onto a surface reconstructed 
PS-b-P2VP film, and then exposing it to heat, or toluene vapor, the gold-loaded P2VP 
was drawn into the pores [104]. They found that the size of the gold particle was related 
to the concentration of gold salt in the solution. Furthermore, both iron salt FeCl3 and 
titanium isopropoxide could be used in the same manner [104]. Another method to 
include gold, is to immerse a PS-b-P2VP film on a substrate into a solution of HAuCl4 
and diluted HCl, thereafter rinse, dry, and use oxygen plasma to remove the polymer 
and reduce the metal salt to Au(0) [105, 120]. Furthermore, by including silver acetate 
in a PS-b-P4VP solution prior to spin-coating, silver salt could be selectively located in 
the P4VP block, and the silver salt could even be inverted, together with the P4VP, 
during surface reconstruction of a free-standing film [97]. In the particle case, palladium 
particles in an aqueous solution have been found to interact preferentially with the 
P4VP block of PS-b-P4VP, using capillary forces and affinity to one of the blocks to 
deposit material selectively [106]. 

Park et al. has found that when evaporating a very thin layer of gold onto a surface 
reconstructed film of PS-b-P4VP and thereafter heating it moderately, the gold will 
diffuse, preferentially interact with the P4VP block, and coalesce to form 
nanoparticles [98]. Using a slightly thicker gold layer in combination with a higher 
temperature resulted in a ring-like pattern, since some of the gold then was remaining 
on the majority block regions [98]. The various metal inclusion techniques provide the 
possibility of a high dry etch selectivity between metal and polymer, which e.g., can be 
done in oxygen plasma RIE. The metal patterns can be then be used e.g., as an etch 
mask for pattern transfer [103], or as catalysts [91]. 
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4 Nanofabrication 

The term nanofabrication could be considered to include all the processing steps, from 
BCP synthesis, via annealing, to subsequent processing. However, in this chapter, the 
subsequent fabrication steps which are applicable to also be used in combination with 
other lithography techniques are collected. One cornerstone in nanofabrication is 
transfer of the lithographically defined pattern into the underlying substrate. It can e.g., 
be transferred into a hard material for further processing. Integration of BCP 
lithography into existing processes may sometimes be challenging but is an important 
part of research within the field.  

4.1 Pattern Transfer 

 
In pattern transfer, etch selectivity between materials is utilized, i.e., that one material 
can be removed at a higher rate than another material [121]. Openings can then be 
defined in the material with the lower etch rate, to protect selected areas of the material 
underneath. A more classical example is using a UV-sensitive polymer, i.e, a UV-resist, 
on top of a silicon substrate, UV-expose selected areas of the polymer, to thereafter 
dissolve the exposed parts of the polymer to make openings in the polymeric film [122]. 
This film can also be used as an etch mask. By dipping the substrate into a suitable wet 
etchant, the substrate material can be removed at a much higher rate than the protective 
polymer material [121]. After etching, the polymeric film can be removed, and the 
pattern from the etch mask has been transferred into the underlying material. This 
process is known as pattern transfer. Many wet etchants etch isotropically, i.e., at the 
same etch rate in all directions, and one example is wet etching of silicon in 
HF/HNO3 [123]. Isotropic etching limits the possible aspect ratios in the pattern 
transfer. Other wet etchants etch anisotropically, at different etch rates in different 
crystal directions e.g., wet etching of crystalline silicon in KOH [124, 125].  

The most common way to perform pattern transfer at the nanometer scale today is 
probably by reactive ion etching (RIE), which can be made to etch anisotropically [92, 
126]. Reactive ion etching is performed in a low-pressure chamber, where gases are 
introduced, selected to have a low etch rate of the mask, and a high etch rate of the  
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Figure 13. Schematic of the chemical part of reactive ion etching. 1) Process gases ionized into chemically reactive 
species in plasma, 2) reactive species moving towards substrate, 3) reactive species adsorbing to the surface, 4) diffusion 
and reaction between reactive species and material layer, 5) volatile reaction compound desorbing, and 6) volatile 
compound diffusion. Figure reprinted with permission from [126], copyright 2021 the Author. Published by MDPI. 

material to be structured. Inside the chamber, one electrode, i.e., the sample stage, is 
connected to a radio frequency (RF) power source via a capacitor, and another 
electrode is connected to ground [92]. Free electrons will then be accelerated by the 
generated electric field, collide with the gas molecules and ionize them, converting the 
molecules to reactive species [92]. Some of the ions and electrons will recombine and 
emit light, which causes the typical plasma glow [92]. The electrons move faster than 
the ions, and the electrode connected to the RF power source will create a self-biased 
electric field, accelerating the ions toward it, and toward the substrate placed on it [92]. 
There will be one physical, and one chemical component of the RIE [92]. After 
adsorbing to the substrate surface, the reactive species may diffuse along the substrate, 
and react with material at the substrate’s surface. (see Figure 13) [126]. The formed 
volatile compounds can thereafter desorb and diffuse away from the substrate. The 
chamber is continuously pumped, why the compounds will be removed. The described 
process is the chemical component of RIE and gives a more isotropic etch. As most 
chemical processes, the etch rate will increase with temperature [92]. The physical 
component of RIE is ion sputtering, where the ions transfer their energy to atoms in 
the solid material, and these atoms may therefore escape [92]. This sputtering process 
has almost no lateral etching and therefore gives a more anisotropic etch [92]. In an 
inductively coupled plasma (ICP) RIE, the plasma can be generated and sustained by a 
separate RF electromagnetic field, which can increase the plasma density, thus the 
amount of reactive species, at low pressures [126]. The use of a separate RF field for 
plasma generation makes it possible to minimize the sputtering effect of having a high 
RF field at the sample stage [92]. A low chamber pressure further increases the 
anisotropic etching since fewer collisions then occur on the ion’s pathway. Thus, 
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etching in ICP-RIE can be controlled by selection of etching gases and their flows, ICP 
RF power, temperature, sample stage RF power, and chamber pressure [92]. 

One example of material etch selectivity in RIE, is silicon nitride which normally 
etches faster than polymer using fluorocarbon based plasma chemistry [127]. 
Therefore, a BCP lithography defined polymer template can serve as an etch mask to 
transfer the pattern into the underlying silicon nitride. As BCP patterns typically have 
a high pattern density, highly anisotropic etching is to be preferred – the etching should 
be faster in the vertical direction. In Paper I ICP-RIE of silicon using BCP as an etch 
mask was performed, whereas in Paper III and Paper IV ICP-RIE of silicon nitride 
was performed with a BCP etch mask. 

A slightly different approach to improve etch selectivity is to first perform pattern 
transfer into a thin layer of a so-called hard mask, i.e., a non-polymeric material later 
serving as an etch mask. The processing gases for the final pattern transfer and the hard 
mask material is then selected so that the hard mask material has a much lower etch 
rate than the material to be structured. An example of etching into a hard mask is 10 nm 
pitch pattern transfer from BCP into chromium [82].  

Another way to improve etch selectivity in ICP-RIE is to lower the temperature in 
so-called cryo-etching [128], e.g., enabling an etch selectivity of silicon over polymer to 
be 10:1 in SF6/O2 plasma at a sample temperature of -120°C [129]. At such low 
temperatures the volatility of the by-products are reduced, but the vertical ion 
bombardment will sustain the etching in the vertical direction [128]. The addition of 
oxygen to the mixture also allows a thin passivating layer of SiOxFy to form on the side 
walls of the structure during etching, which further improves the etch anisotropy, and 
high aspect ratio features can be made also at the high pattern densities BCPs 
offer [129]. 

4.2 Lift-Off 

By first performing BCP lithography with removal of a sacrificial component, an 
evaporation mask can be formed. A thin metal layer can thereafter be evaporated at a 
few degrees angle of incidence. The evaporation mask can then be lifted off in wet 
chemistry. An example is use of a PS-b-PMMA template of 30-35 nm structure height 
after mask completion, evaporation of 15 nm chromium at 5° angle of incidence, and 
lift-off in piranha [130]. The resulting metal nanostructures could e.g., be used as etch 
mask or for catalyst in epitaxy. 
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4.3 Electroplating 

In electroplating, or electroforming, a current is flowing between two electrodes in an 
electrolyte, including metal cations e.g., Ni2+. The conductive sample is mounted on 
the cathode, the negative electrode, which is connected to a power supply, and the 
metal cations migrate to the cathode. The cations are reduced to atoms, and deposit on 
the surface. If the surface is structured, a metal structure can be formed [131]. One 
example of application, is use of gold dot arrays as catalyst in epitaxy [132]. It should, 
however, be noted that a self-assembled BCP film has been reported to have been 
electroplated in HAuCl4/LiClO4 inside the poly(ethylene oxide) PEO domain, without 
sacrificial component removal [133]. 

4.4 Selective Area Metal-Organic Vapor Phase Epitaxy 

Growth of material utilizing reaction and assembly of precursor gases is known as one 
of the bottom-up techniques. A commonly used technique to grow vertical nanowires 
is to let metal-organic vapors super-saturate a catalytic liquid gold droplet on top of a 
crystalline semiconductor surface, that promotes adsorption and growth as a solid at 
the interface of the semiconductor surface, the so called vapor-liquid-solid (VLS) 
technique [134, 135]. One advantage of vertical nanowire growth, is that it allows for a 
larger crystal lattice mismatch between the substrate and the grown material [135]. 
Another technique to grow material is selective area metal-organic vapor phase epitaxy 
(SA-MOVPE) [136].  It uses openings in an amorphous template down to a crystalline 
material (see Figure 14) [137]. It is of importance that the amorphous template film 
can tolerate the high temperatures used for selective area growth, and that the template 
etching method minimizes damage to the crystalline surface underneath [136]. The 
nucleation process of III-Vs inside the high temperature, low pressure chamber may 
be disrupted by the native oxide formed on the crystalline surface [138]. Just before  

 
Figure 14. Metal-organic vapor phase epitaxy (MOVPE) schematic. a) A crystalline silicon (111) wafer, with an 
indium arsenide layer, covered with a template in amorphous silicon nitride. A flow of III-V precursors of arsine and 
trimethyl indium are introduced in a high temperature and low-pressure chamber. b) Indium arsenide nanowires grow 
preferentially in the <111>B direction, bottom-up, and c) resulting vertical InAs nanowires. 



 47 

 

Figure 15. a) Aberration corrected scanning transmission electron microscopy (STEM) image taken along [1#10] or 
[112#0] zone axis of zincblende (ZB) and wurtzite (WZ) regions, and illustration of corresponding atomic structures, 
and b) zone axes and color representation of atoms in illustration. Figure adapted with permission from [139], copyright 
2018 American Chemical Society. 

loading the sample into the MOVPE chamber, the indium arsenide native oxide 
(InOx/AsOx) should therefore be removed, which can be done in wet chemistry using 
e.g., HF or HCl [140]. A thermal cleaning process is usually also performed inside the 
MOVPE chamber prior to growth [138].  

Selective area growth allows for more abrupt transitions between grown dissimilar 
materials than VLS growth does [141], which could be beneficial for nanowire 
heterostructure devices [142]. However, selective area growth usually has a higher 
density of transitions between the two crystal structure types zincblende (ZB) and 
wurtzite (WZ) (see Figure 15) [143]. Furthermore, both the nanowire diameter, and 
the nanowire length, is directly related to the size of the opening in the amorphous 
template – a smaller opening size will give a thinner and longer nanowire [136, 137]. A 
III-V material that is very promising for high performance devices [144, 145] is indium 
arsenide (InAs) due to its high electron mobility [138]. Indium arsenide grows 
preferentially in the <111>B crystal direction [146], and should therefore be grown on 
(111)B substrates, having group V atoms topmost, to get vertical nanowires. Vertical 
InAs nanowires therefore normally will get the characteristic hexagonal shape, having 
<110> facets (see Figure 16) [136].  
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Figure 16. Selective area grown vertical InAs nanowires. a) and b) scanning electron microscopy images of 
nanowire arrays at 45° view angle, where insets are top views of single nanowires, c) top view diagram of low index 
planes around (111)B, and d) diagram of low index planes around (111)B in cross-sectional view. In diagrams, the 
vertical facets are marked with green, and the horizontal facets marked with magenta. Adapted from [137], copyright 
2006, with permission from Elsevier, https://www.sciencedirect.com/journal/journal-of-crystal-growth. 

BCP lithography has previously been reported to template selective area epitaxy of 

quantum dots [147-150], and of InAs nanowires from a gallium arsenide substrate with 

up to 32% nanowire yield (see Figure 17) [151], all using PS-b-PMMA. Selective area 

MOVPE from a BCP lithographically defined silicon nitride template has been used in 

Paper III and Paper IV.  

 

Figure 17. SEM images of InAs nanowires grown from a III-V substrate using a BCP lithography defined 
template. a) top view, and b) cross-sectional view. Figure adapted with permission from [151], copyright 2013 
American Chemical Society. 
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5 Characterization 

In nanotechnology, there is an obvious need of characterization tools, as the order of 
scale is beyond what the human eye can resolve from reflected light. Characterization 
of BCPs, and of nanofabricated samples made from BCPs, can be performed in many 
ways, depending on what type of information one is interested in. Spin-coated thin 
BCP films on top of substrates can be measured using ellipsometry [152, 153], to get 
information on film thickness and refractive index over a wavelength band (see Figure 
18). By using in-situ optical spectroscopy, such as an ellipsometer, during solvent vapor 
annealing, information of the BCP film thickness, and thus the BCP swelling can be 
retrieved [50, 152]. In-situ investigation during SIS can provide information on 
precursor swelling and changes in refractive index [154]. Ex-situ ellipsometry has been 
used in Paper I, Paper II, Paper III, and Paper IV. 

 

Figure 18. Schematic principle of ellipsometry. Incident polarized light of perpendicular components Ep parallel to 
the reflection plane and Es orthogonal to the reflection plane. The components of the light reflected in the first interface 
is the reflected parallel Erp, and the now phase shifted reflected orthogonal Ers. The light may be reflected and 
transmitted at each material interface, and the sum of all reflected components can be detected. A model including the 
refractive indices n0, n1, n2, and the layer thickness t1 is thereafter fitted to the measurement. 

Other in-situ characterization techniques suitable for SIS are quartz crystal 
microbalance (QCM), where mass gain can be analyzed, and Fourier transform infrared 
(FTIR) spectroscopy, where absorption peaks are used to analyze which molecular 
groups are contributing to the reactions [155]. 
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Optical microscope bright field inspection can provide easily accessible information 
on the commensurability of the BCP self-assembly to the film thickness, as it is often 
possible to detect formation of larger islands or holes [60]. An atomic force microscope 
(AFM) can provide 3D information on surface topography, but also on material 
stiffness, which makes it possible to inspect a self-assembled BCP film even directly 
after self-assembly [156, 157]. Some polymers, such as PS and PMMA, can provide 
enough contrast to be resolved in a standard scanning electron microscope (SEM) 
[158], whereas others, such as PS and P4VP can be more difficult to resolve. However, 
after performing BCP pore opening of PS-b-P4VP, the topography can be inspected in 
SEM using a lower acceleration voltage [13]. In Paper I, Paper II, and Paper III AFM 
and SEM were used. Furthermore, energy dispersive X-ray spectroscopy (EDS) can be 
used to identify constituent elements and their concentrations in the analyzed area 
[158], although the lateral resolution is limited. In Paper IV EDS was used. It is also 
possible to use transmission electron microscopy (TEM) [157] for inspection of BCPs, 
but the preparation may be challenging. Polymers are often soft material, not prone to 
be easily cleaved at room temperature, and may also be damaged by the inspection 
itself. One way to prepare a self-assembled BCP film for TEM inspection is to lift it 
from a silicon substrate by immersion into HF solution, to thereafter place it on a TEM 
grid [98]. Another method to lift a BCP film is to spin-coat a BCP layer onto a mica 
substrate, to thereafter let it float off by immersion in water, driven by the strong 
affinity of water to mica [97]. Yet another approach, is to lift the BCP by having a layer 
of a water-soluble polymer such as PAA underneath, to thereafter let it float off in 
water [159]. After such a BCP layer transfer to a TEM grid, also scanning transmission 
electron microscopy (STEM) tomography can be used for three-dimensional view of 
BCPs [159]. For enhanced contrast in TEM, one of the blocks can be modified, and 
e.g., the P4VP block is known to have been selectively stained with I2 vapor [97]. In 
Paper IV TEM and STEM of nanowires were used. 

Perhaps less accessible techniques, grazing incidence small-angle X-ray scattering 
(GISAXS) and grazing incidence small-angle neutron scattering (GISANS) [160], can 
provide information on e.g., the self-assembly grain size, the periodicity, and the feature 
sizes available in the sample, measured and averaged over a micron range length scale. 
Also, neutron reflectometry experiments [161, 162] can provide information regarding 
e.g., the material depth profile. Since each isotope has as an associated ability to scatter 
neutrons, a so-called scattering length density (SLD) [163], information on constituent 
elements in the layers can be extracted. One example of such an instrument is the 
Super-ADAM reflectometer at Institute Laue-Langevin (ILL), Grenoble, France (see 
Figure 19) [164, 165]. This tool works at a single wavelength and scans the angle to get 
information in reciprocal space [165]. The neutron beam is led towards the instrument 
via highly oriented pyrolytic graphite (HOPG) and graphite intercalation compound 
(GIC) monochromators, providing neutrons having a wavelength l of 5.2 Å [164]. 
Next to the monochromator, between collimation slits also known as diaphragms, is a 
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Figure 19. Schematic of the Super-ADAM neutron reflectometer layout. The tool is located at Institute Laue-
Langevin, Grenoble, France. Reprinted from [165], with the permission from AIP Publishing. 

solid-state filter suppressing wavelength harmonics, and optionally also polarizing the 
beam [164, 165]. Another slit is positioned before the sample. The incident beam angle 
can be controlled by a high-precision motorized sample stage, and the detector arm 
can be rotated around the sample. The distance between sample and detector is variable 
from 0.5 m to 6 m, and a position sensitive detector is used. Furthermore, various 
sample environments are possible [165]. Soft matter is often investigated using non-
polarized specular neutron reflectivity, which is a grazing incidence technique [166]. 
The incident angle can then be swept, whereas the detection occurs at an outgoing 
angle, which is set to be the same as incident beam angle. The reflectivity R is the ratio 
of reflected beam and incident beam intensity [166]. Incident beam intensity can be 
measured using a monitor before the sample, or by measuring the direct beam [166]. 
The incident angle q can then be related to the component of momentum transfer that 
is normal to the interface Qz according to 

𝑄' =
()
*
𝑠𝑖𝑛𝜃, (2) 

and typically, the reflectivity R is plotted versus Qz, and a model of the sample layers, 
their SLD, thickness, and roughness is then fitted to the measured data, resulting in a 
SLD profile (see Figure 20) [166]. Specular neutron reflectometry was used in Paper 
I and Paper II. 

Furthermore, the nanofabrication might result in a device, suitable for e.g., electrical 
measurements [167], or optical measurements [168, 169]. As a general note, it is highly 
valuable to be able to perform inspection after as many of the processing steps as 
possible, preferably without damaging the sample. 
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Figure 20. Experimental neutron reflectivity curve of a hydrogenated PS film on top of a silicon substrate 
along with the fitted model. Inset shows the scattering length density (SLD) profile of the fitted model. Reprinted 
from [165], with the permission from AIP Publishing. 
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6 Applications 

Block copolymer lithography can be used for several application areas, and many of 
them involve highly dense dot or line patterns at sub-50 nm pitch. Dense dot patterns 
are used in e.g., surface enhanced Raman spectroscopy (SERS) bio- or chemical sensors 
[170], and bit pattern media [171]. Possible emerging application areas are III-V epitaxy 
templates for devices [138]. Examples of areas for vertical nanowire device applications 
are radial heterostructures for logic and memory, axial heterojunction for logic and 
sensing, photodetectors and light-emitting diodes, lasers, photovoltaics, 
photoelectrochemistry and photocatalysis, and thermoelectrics [142]. One high 
performance vertical transistor example is tunnelling FET (see Figure 21) [145, 172]. 
Paper III and Paper IV are focusing on processing techniques for vertical nanowire 
applications. 

 

Figure 21. Vertical nanowire tunneling FET. a) Tilted view SEM image of 10 nm diameter nanowire device, where 
S1 is InAs, S2 is InGaAsSb, and S3 is GaSb, b) schematic of device, c) transfer data from 20 nm diameter device, and 
d) output data from 20 nm diameter device with inset from negative differential resistance region. The current is 
normalized to circumefrence and number of nanowires. Figure reprinted with permission [172], copyright 2018 IEEE. 
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Examples of dense line pattern applications are polarizing metal nanowire grids 
[173], organic FET memories, which were demonstrated using PS-b-MH [174], 
nanowire based chemical sensors [175], and organic photovoltaic devices [176]. A 
larger BCP pattern periodicity, of around 200 nm, enables optical applications in the 
visible range [177]. Furthermore, miniaturization, or rectification, of prepatterned 
surfaces, as in shrinking of via holes [83], rectification of EBL defined pattern [78], and 
sub 5 nm ultra-shallow junctions have been identified as potential routes for BCP 
lithography [178]. An example of a device from pattern densification via directed self-
assembly (DSA) is 7 nm FinFETs (see Figure 22) [25]. Paper I and Paper II focuses 
on processing techniques applicable for e.g., lateral fin formation. 

 

Figure 22. Stages of FinFET formation. Cross-sectional SEM images with same scale bar of a) fins etched into 
silicon using DSA, and b) fins filled with isolation oxide.  Topview SEM images with same scale bar of c) dummy gate 
formation, d) source/drain merge, and e) dummy gate removal and channel exposure. f) schematic of structures in 
corresponding steps a) to e). Reprinted by permission from the Authors; Springer Nature Limited [25], copyright 2018. 

A more general use of BCP lithography is for nanoimprint lithography master 
stamps [179], to enable swift replications of the generated pattern. If BCP layers are 
lifted from the substrate, they can also be used as pH-responsive membranes [93], for 
virus filtration [180], or for other types of filtering membranes [181]. Use of self-
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assembled BCP as gate dielectric for organic thin film transistors has been 
reported [182]. Applications suitable from BCP lithography are including, but not 
limited to, the areas mentioned in this chapter. The firstmost requirement is an available 
BCP morphology to achieve the desired pattern. Second, integration of BCP 
lithography into subsequent fabrication is necessary. Third, an assessment of the 
maximum defect level for the application in question, and evaluation of the possibilities 
BCP lithography can offer. Apart from that, one of the limiting factors for possible 
applications is imagination. 
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7 Results and Discussion 

In this chapter, the background, results, implications, and concluding remarks of the 
four included papers are discussed. 

7.1 Paper I – Poly(styrene)-block-Maltoheptaose Films for 
Sub-10 nm Pattern Transfer: Implications for 
Transistor Fabrication 

7.1.1 Background 

The EU project GreeNanoFilms [23] have made efforts towards sustainability for next 
generation nanolithography. Part of the project was sub-10 nm patterning using a 
carbohydrate-based BCP for e.g., SERS bio-sensor applications. Even though a high 
dry etch selectivity of 14:1 between homo-polymer blankets of MH over PS could be 
found in CF4/O2 (3:1) plasma RIE [183], there were difficulties in removing the 
sacrificial component from PS-b-MH. Therefore, another strategy was formed. The 
hypothesis was that MH could be selectively infiltrated with alumina by sequential 
infiltration synthesis using TMA and water, analogous with the case with the well-
explored PS-b-PMMA [155]. After removal of the polymer matrix, the remaining 
hybrid material features might be able to serve as an etch mask for pattern transfer [16].  

7.1.2 Results 

Low molecular weight and high-c PS-b-MH (4.5k-b-1.2k) was self-assembled in thin 
films on top of silicon substrates to either vertical or horizontal MH cylinders of a 
pattern periodicity of 12 nm. By using multiple precursor pulses of TMA and water, 
containing aluminium and oxygen, respectively, it was possible to selectively create 
alumina rich features at the positions of MH. It was concluded that the alumina rich 
feature dimensions increased with the number of infiltration cycles, to be 5-6 nm after 
eight cycles. Dry etching in a low-pressure plasma from Ar and Cl2 successfully 
removed the polymer matrix, without distorting the pattern (see Figure 23). However, 
also part of the hybrid material mask was etched during the process, resulting in a thin  
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Figure 23. Top view SEM images of alumina infiltrated PS-b-MH after polymer removal. To the left, vertical 
cylinders, and to the right, horizontal cylinders. 

remaining mask. Therefore, another polymer removal process was optimized using a 
gentle low-pressure O2 plasma. Thereafter, pattern transfer into silicon to an aspect 
ratio of 2:1 was possible to perform in low-pressure SF6/C4F8/Ar (26:54:20) plasma. 
The resulting trenches were approximately 5 nm in width and 10 nm in depth (see 
Figure 24). 

 

Figure 24. Cross-sectional SEM image of pattern transferred 12 nm pitch PS-b-MH into Si. 

To investigate the infiltration selectivity, efficiency, and depth, ex-situ specular 
neutron reflectivity was used of infiltrated homopolymer blanket films of MH and 
hydroxyl-terminated PS (PS-OH). Eight cycles of multiple pulse infiltration resulted in 
an alumina content corresponding to 23 vol% of included Al2O3 to a depth of 2.5 nm 
in a MH blanket film, whereas the content in the PS-OH film corresponded to 0.8 vol% 
Al2O3 to the full depth of 19 nm. A brief comparison to a semi-static infiltration 
process showed a similar performance, although using approximately 60 times less 
precursor material. 
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7.1.3 Discussion and implications 

The reaction mechanism has not been verified but could potentially be investigated 
using in-situ FTIR. However, the hypothesis is that the Lewis acid TMA reacts with 
the hydroxyl groups of MH, acting as Lewis base, in analogy with the reaction with e.g., 
4-hydroquinone [108]. Successful SIS into MH using TMA and water implies that also 
other carbohydrate-based polymers, including hydroxyl functional groups, should be 
possible to infiltrate with inorganic material. Furthermore, PS without contamination 
or entrapment of precursors is inert to TMA and water infiltration [154]. The use of 
PS-OH for the infiltration investigation also enabled exploration of the infiltration 
depth into PS. It should be noted that PS without hydroxyl-termination should have a 
better infiltration selectivity to MH. 

Enabling lithography and pattern transfer methods into silicon at 12 nm pitch could 
potentially have an enormous impact on e.g., FinFETs, where the so-called 3 nm node 
technology is predicted to use 24 nm fin pitch [27]. Furthermore, a successful pattern 
transfer into silicon, followed by a thin gold deposition, might create a surface, suitable 
for enhancing plasmonic resonance in a high sensitivity SERS sensor. 

7.1.4 Concluding remarks 

Specular neutron reflectometry was for the first time used to investigate SIS of 
inorganic material into polymer thin films. Sequential infiltration synthesis of TMA and 
water into MH to form an alumina-like hybrid material has not previously been shown. 
The infiltration process overcomes the difficulty to remove the sacrificial component 
of PS-b-MH, despite the fact that the interface region between the two blocks is 
expected to be proportionally large, which is a known challenge for BCP lithography 
and pattern transfer in the sub-10 nm regime [37]. Pattern transfer into silicon at 12 nm 
pitch using the hybrid material features as an etch mask could potentially have a great 
impact on future device fabrication. 

  

100 nm 
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7.2 Paper II – Sequential Infiltration Synthesis into 
Maltoheptaose and Poly(styrene): Implications for 
sub-10 nm Pattern Transfer 

7.2.1 Background 

Paper I showed potential for sub-10 nm pattern transfer into silicon using SIS with 
TMA and water precursors into PS-b-MH and indicated that semi-static infiltration 
could be a more precursor material efficient method. An investigation of semi-static 
SIS process parameters to increase the understanding of the infiltration process into 
MH and to optimize the alumina content and material selectivity to PS was therefore 
initiated. 

7.2.2 Results 

From specular neutron reflectivity measurements, it was indicated that the maximum 
alumina infiltration content is to be found between 64°C and 100°C. By decreasing the 
precursor exposure time to 20 s, the alumina content was increased to 40 vol%, but at 
the expense of decreasing infiltration depth, which was then only 1.4 nm (see Figure 
25). Increasing the precursor pulse durations to 75/45 ms for TMA/water i.e., 
increasing precursor partial pressure, resulted in an increase in the alumina content to 
40 vol% in MH and only 1.5 nm infiltration depth. A similar result was found when 
decreasing the pulse duration to 10/5 ms. The infiltration selectivity to PS-OH was 
maintained for all investigated process parameters. 

 

Figure 25. Data from neutron reflectometry of MH at various SIS exposure times. a) showing measured specular 
neautron reflectivity, error, and fitted model as a function of neutron momentum transfer perpendicular to the sample 
surface, and b) showing modelled scattering length density as a function of distance to substrate. Reproduced with 
permission from the Authors of Paper II. Copyright 2021 by the Authors. 
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7.2.3 Discussion and implications 

An optimum SIS temperature for TMA and MH should be close to 80°C. The balance 
point, where forward and reverse reaction rates are equal, have previously been shown 
to infiltrate TMA into both PMMA and P2VP with maximum mass gain at thermal 
equilibrium [113]. The balance point for MH might therefore be positioned between 
64°C and 100°C. It should, however, be noted that the errors are in the same order as 
the differences. Furthermore, the optimum precursor exposure time might be between 
20 s and 60 s, with a trade-off for a high alumina content and a deeper infiltration. A 
short pulse duration of 10/5 ms TMA/water will minimize the amount of used 
precursor material, and at the same time give a high infiltration selectivity. 

7.2.4 Concluding remarks 

No study of the effect of the process parameters temperature, exposure time, and pulse 
duration on infiltration using TMA and water into MH have previously been made. 
These results will enable further understanding of the process, and optimization of the 
process of SIS of TMA and water into PS-b-MH for sub-10 nm pattern transfer. By 
changing the process from the dynamic process used in Paper I to the semi-static 
process parameters without further optimization, the precursor amount was decreased 
approximately 600 times, whereas the alumina content of the MH blanket film 
increased by 9%. By increasing the amount of alumina in the infiltrated MH cylinders 
possibilities of enabling a higher aspect ratio pattern transfer into silicon is dramatically 
increased.  
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7.3 Paper III – Feature size control using surface 
reconstruction temperature in block copolymer 
lithography for InAs nanowire growth 

7.3.1 Background 

Development of high technology devices was predicted by Moore to increase in 
components per circuit, at the same time as the cost per component would be 
lowered [26]. As this prediction was first made in the 1960s, interpretation of what is 
commonly known as Moore’s law has changed over time, but a more modern view 
predicts an increasing performance at reduced power, and still maintains that the 
number of devices per footprint area should increase, at the same time as cost per 
device should decrease [27]. One route to increase the number of devices per footprint 
area is introducing vertical III-V transistors, predicted as a possible future industrial 
technology by the international roadmap for devices and systems (IRDS) [27]. The 
IRDS also states that is important to maintain control over the parasitic effects. By 
reducing the vertical nanowire (VNW) spacing, we can, apart from increasing device 
density, also reduce the parasitic capacitances in nanowire transistors, allowing for high 
frequency operation [184]. To accommodate for the dense packing, the nanowire 
diameter may also decrease. By doing so, the transistor electrostatics, such as sub-
threshold slope, will also improve [185]. However, it has been found that at room 
temperature, the field effect electron mobility reduces linearly with the InAs 
diameter [186]. Furthermore, using selective area epitaxy, instead of VLS, would 
eliminate gold from the processing, which would be beneficial for sustainability 
reasons, as well as for minimizing the risk of semiconductor gold deep-level 
doping [187], thus making the processing potentially industrially CMOS 
compatible [168, 178]. Furthermore, selective area epitaxy enables abrupt junction 
transitions [141]. The experimental strategy was to optimize processes for selective area 
template openings patterned using a high-c BCP, with possibilities to downscale 
dimensions. 

7.3.2 Results 

An investigation of surface reconstruction in ethanol of self-assembled PS-b-P4VP 
(50k-b-17k) thin films on top of silicon nitride showed the possibility to control the 
mean pore diameter by varying ethanol temperature. Already after 15 minutes of 
surface reconstruction in ethanol, the mean pore diameter reached 12 nm at 18°C and 
23 nm at 60°C, not changing much after that time. At 15 minutes, the mean pitch was 
49-50 nm for all investigated temperatures. After 4 h surface reconstruction, the mean 
pitch showed a tendency to increase with temperature, from 43 nm at 18°C to 50 nm 
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at 60°C. At 70°C the morphology was completely altered, to an almost flat surface. 
Furthermore, it was showed that a size dependence on surface reconstruction 
temperature was maintained also after removal of polymer layer in O2 plasma RIE to 
enable pattern transfer. 

Pattern transfer was performed into silicon nitride using CHF3/N2 (1:4) plasma RIE, 
and wet etching, to create a selective area template. The MOVPE of InAs nanowires 
was made from the template, on a silicon platform with an InAs buffer layer atop, 
grown using arsine/TMIn at a V/III ratio of 5 at 550°C. When using 60°C surface 
reconstruction temperature, the mean diameter of the silicon nitride template openings 
was 25 nm, whereas the VNWs were 32 nm at the top, across the slowest growing 
facets, and the pitch was 50 nm. The nanowire yield was varying within substrates; 
however, the concept was demonstrated. 

 
Figure 26. SEM images in 5° tilted view of selective area MOVPE InAs nanowires. Grown using BCP templated pattern 
transferred openings in a silicon nitride mask.  

7.3.3 Discussion and implications 

It was shown that the resulting lithographic feature size can be finetuned for a fix 
molecular weight PS-b-P4VP by altering the surface reconstruction temperature, 
providing an unusual flexibility. The fact that the pitch was changing with time and 
temperature during surface reconstruction of PS-b-P4VP in ethanol is an indication of 
some degree of solubility of PS in ethanol. Furthermore, the largest process window 
was found for 40°C surface reconstruction temperature, since it left the mean pitch 
stable at 49 nm for all investigated durations. Also, the mean pore size was 17-19 nm 
at that temperature. 

7.3.4 Concluding remarks 

Although the use of ethanol for surface reconstruction has been previously 
reported [188], this is the first systematic study of the dependence of pore size on 
temperature. The used PS-b-P4VP had a polydispersity of 1.15, which is rather high. 
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By using a BCP with a polydispersity closer to 1, a better pattern size uniformity should 
be possible to achieve. Further optimization of the SVA process, and contamination 
assessment, could also be useful for uniformity improvement. A varying diameter of 
the openings in the selective area epitaxy template will lead to varying VNW diameter 
and length. For the first time, VNW epitaxy is reported with a process using the high-c 
material PS-b-P4VP. This material is reported to self-assemble lamellae at 10.3 nm pitch 
[189], why downscaling BCP feature size is feasible. The use of silicon nitride as 
template reduces the risk of oxygen contamination of the nanowire channels. The 
process is also developed on a silicon platform, excluding gold, aiming for CMOS 
compatibility. 
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7.4 Paper IV – Directed Self-Assembly for Dense Vertical 
III-V Nanowires on Si and Implications for Gate All-
Around Deposition 

7.4.1 Background 

Paper III showed the possibilities of using PS-b-P4VP to make selective area templates 
for growth of III-V vertical nanowires. The target was to further develop the processing 
towards vertical transistor device fabrication. An increased nanowire yield, control of 
nanowire positioning, and possibilities for subsequent processing were identified as key 
points. Vertical nanowire gate all-around (GAA) FETs have previously been shown to 
potentially have lower parasitic resistance and capacitance and reduced power 
consumption compared to lateral nanowire GAA-FETs, or triple-gate FinFETs [190], 
why investigation of gate all-around deposition possibilities of BCP defined selective 
area MOVPE templates was of interest. Furthermore, as the negative EBL resist 
hydrogen silesquioxane (HSQ) was previously shown to be suitable as template for 
MOVPE growth [191], it motivated the use of it as guiding pattern material. 

7.4.2 Results 

By use of guiding patterns in HSQ of 50 nm line width, the self-assembly of 50 nm 
pitch PS-b-P4VP could be directed in respect to the <112> crystal direction of the 
substrate. This enabled two types of VNW configurations after growth – one with more 
triangular spacing, the so-called star configuration, and one with more equidistant 
spacing, the so-called sun configuration. The self-assembly was made at short range in 
number of rows spanning from 0 to approximately 8 by varying the guiding pattern 
gap size. Both the nanowire row pitch and the nanowire width were affected by gap 
size. Furthermore, the nanowire yield was increased from Paper III (see Figure 27a). 
A distribution of nanowire diameter and nanowire length remained, although the 
distribution decreased somewhat in areas with better uniformity from DSA. Nanowires 
growing close to guiding pattern edges were somewhat longer, likely due to excess 
precursor material.  

To further evaluate processing possibilities at these extreme conditions, atomic layer 
deposition of typical high-k gate oxide AlOx/HfOx and gate metal TiNx was made, to 
make deposition as conformal as possible. After gate all-around deposition, the 
nanowire spacing was extremely small (see Figure 27b), and the nanowire TiNx layers 
were frequently touching in both star and sun configuration (see Figure 27c and d).  
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Figure 27. SEM images of vertical nanowires. a) Top view image of InAs nanowires after growth in free self-
assembly area, b) cross-sectional image of InAs nanowires in free self-assembly areas after deposition of high-k and 
TiNx, c) top view image in DSA area of 4 rows of InAs nanowires in so-called star configuration after deposition of 
high-k and TiNx, and d) top view image in DSA area of 4 rows of InAs nanowires in so-called sun configuration after 
deposition of high-k and TiNx. Adapted with permission from the Authors of Paper IV. Copyright 2021 by the 
Authors. 

7.4.3 Discussion and implications 

The self-assembly was made in number of rows spanning from 0 to approximately 8, 
with an overlap between number of rows, by selecting a gap size corresponding to the 
number of rows that fit according to the commensurability condition, in line with the 
work of Cheng et al. [80]. By making several changes in the overall process, the 
nanowire yield was increased from the results in Paper III. Deposition of template 
material, solvent proportions in BCP mixture, SVA solvent proportions, surface 
reconstruction temperature, using wet etching of last part of template, and change of 
wet etchant prior to growth might all have contributed to the improved yield. 
Furthermore, InAs has great potential for device fabrication, as it has a high electron 
mobility [186], and the high-k and TiNx layers were deposited according to current 
transistor processing considerations [145, 192, 193].  
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7.4.4 Concluding remarks 
The tight spacing between nanowires makes subsequent processing less straight 
forward. By demonstrating gate all-around deposition for the two nanowire 
configurations, crucial steps in highly dense vertical nanowire transistor fabrication 
have been clarified. These results are expected to be of use for further transistor 
development. Future investigations could include complete transistor fabrication and 
electrical characterization.   
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8 Concluding Remarks 

BCP lithography has some limitations and challenges, but also huge potential as a future 
patterning technique for high technology devices. This chapter will briefly review some 
of them. 

8.1 Current Limitations/Challenges 

A hot topic in the BCP community is reduction of defects in DSA and pattern transfer. 
The line edge roughness (LER) and the self-assembly defects, such as bridging, 
disclinations, and dislocations, often needs to be minimized to pass the requirements 
of the industry [25, 70, 194]. Furthermore, the polymer should be synthesized in such 
a way, that the polydispersity [28] is low, to minimize the pattern dimension variation, 
and the synthesis should preferably be metal free, as any remaining metal 
contamination could be critical to e.g., an electronic device, due to deep-level doping 
[195]. 

Even if BCPs can be self-assembled into sub-10 nm patterns, it does not 
automatically mean they can be pattern transferred. Due to the relatively long block-
to-block interface region of sub-10 nm BCP features [37] developing methods to 
achieve pattern transfer at this resolution is a challenge. 

One drawback of BCP lithography, is the morphology limitations. Mixing and 
matching of various pattern types on the same substrate requires more thought and 
processing steps than direct writing lithography techniques, such as EBL. Also, the 
BCP self-assembly is often rather substrate surface energy sensitive, why it is beneficial 
to be aware of the existing processing window, and of the effect of process change. 
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8.2 Advantages 

The ability of BCPs to self-assemble into patterns in the sub-10 nm range 
motivates research on how to optimize the technology further. For example, IRDS has 
identified BCP lithography using DSA as a potential technique for reaching sub-7 nm 
patterning of devices [178], and the potential use of high density patterns is vast.  

Another advantage of BCP lithography is the possibility to rectify patterns  [78], to 
improve subsequent pattern transfer made with other lithography techniques. This is 
closely related to downscaling of via holes [83]. The BCP lithography would then be a 
technique added to another lithography method, to improve pattern quality and/or 
decrease feature sizes. 

BCP self-assembly does not require expensive equipment and can thus be 
performed in a low budget lab. The process complexity does essentially not scale with 
wafer size but remains approximately the same. This supports BCP lithography being 
a low-cost technique. Furthermore, a self-assembled BCP monolayer will have a rather 
even polymer thickness, facilitating an even pattern transfer over large areas. 
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9 Outlook 

Continued research within the field of BCP lithography and nanofabrication could be 
very rewarding, and there are numerous paths to do so. This chapter includes a few 
suggestions for future research. 

9.1 Self-Assembly and Sub-10 nm Pattern Transfer 

A study on surface energy variations [60] e.g., using self-assembled monolayers 
and BCP self-assembly could lead to further improved chemo-epitaxial DSA strategies, 
as well as increased processing windows. Exploration of triblock copolymer self-
assembly morphologies [45] and possibilities for sacrificial component processes could 
improve high-resolution capabilities [30]. 

Increase of long-range order, and enabling of localized patterned areas, using DSA, 
potentially by Talbot displacement lithography [196], nanoimprint lithography 
(NIL) [82], UV lithography [197], and/or EBL. One example could be patterned hole 
shrink [83], using Talbot displacement combined with BCP lithography. Another goal 
could be to clearly define a local MOVPE growth area of the vertical nanowires, to 
facilitate transistor processing.  

Integration of in-situ  film thickness measurement tool in the custom built SVA 
chamber [56], controlling chamber pressure, introducing the solvent vapor using 
bubblers, and monitoring the BCP film thickness [152], similar to the work by Gotrik 
et al. [50], could be a strategy for reducing SVA duration, and for improving self-
assembly control. Exploring the possibility of elevated substrate temperatures to enable 
solvothermal annealing should reduce annealing times further [55].  

Investigation on high-c BCP systems suitable for infiltration and/or pattern 
transfer should be continued e.g., PS-b-MH, PS-b-P4VP, or PDMS-b-PLA. 
Furthermore, cryo-etching of sub-10 nm patterns could drastically change the possible 
aspect ratios in pattern transfer [129]. Investigation of selective P4VP dry etch removal 
for pattern transfer [13] could be one option. Exploration of selective laser ablation of 
MH [14] might show useful. One advantage of using PDMS is that it will turn into a 
carbon containing silicon dioxide like material, when it undergoes oxygen plasma RIE 
[198], at the same time as e.g., PLA will be removed. If PDMS is the majority block, 
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there would be great possibilities for both pattern transfer and SA-MOVPE. 
Researching sub-10 nm pattern transfer could potentially have a great impact for 
society. 

9.2 Sequential Infiltration Synthesis 

Exploration of new combinations of precursors and polymers in SIS, where the 
hybrid material could be part of the device would be interesting e.g., creating a high-k 
hybrid material using a hafnium-containing precursor and water/oxygen. Furthermore, 
in-situ QCM and/or FTIR investigation [155] of the TMA and water infiltration into 
MH, in combination with density functional theory calculations [199] could shed light 
on the reaction mechanisms. Also, use of ex-situ FTIR and EDS techniques might be 
rewarding. 

9.3 Vertical and Lateral Transistors 

Next, implementation of the developed VNW process to existing transistor 
processes could be tested, and electrical characterization performed. Presently, the 
grown InAs nanowires are varying in length, and polishing or etching could be explored 
to level them. It would also be interesting to investigate the possibilities of growing 
III-V fins from a BCP defined mask in MOVPE. Furthermore, pattern transfer of BCP 
defined patterns into a wider variety of materials, such as III-V for FinFET fabrication. 

9.4 Nanoimprint Lithography 

Pattern transfer of a BCP lithography pattern into silicon could be used as a mold 
for nanoimprint lithography (NIL), after polymer strip and anti-sticking treatment. 
Furthermore, NIL for DSA [82] could be performed in several ways e.g., by imprinting 
the BCP directly [200], which could be interesting also from a cost-reducing high-
volume perspective. 

9.5 Characterization 

Future work could be to further develop neutron reflectometry of the selectively 
alumina infiltrated PS-b-MH, along with homopolymer films, expanding to larger 
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angles to further decrease the number of possible fits to a data set, but also by 
performing in-situ experiments. Consideration of using deuterated BCP for increased 
contrast could be made. Further investigations in how grazing incidence small-angle 
neutron scattering (GISANS) might be beneficial for infiltration characterization is also 
suggested. Use of grazing incidence small-angle X-ray scattering (GISAXS) should also 
provide lateral insight on self-assembly, infiltration and nanowire growth. An in-situ 
inspection would be most informative.  

Inspection of BCPs in cross-section is rarely done [70]. This can be performed in 
SEM. There is, however, a risk of damages during sample preparation, as well as during 
inspection. Sample preparation for TEM of infiltrated BCPs can be explored. 
Inspection of structures at sub-10 nm dimensions is often challenging, especially when 
lateral resolution regarding chemical composition is desired. All development in a 
direction facilitating this could be appreciated also by researcher in related fields. 
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Anette Löfstrand has written this doctoral dissertation in the 
field of patterning at the nanometer scale. It includes creation 
of features in silicon of 5 nm width, at 12 nm periodicity, 
via infiltration of metal-organic molecules into carbohydrate-
based block copolymer, and investigation thereof using 
neutron reflectometry. It also includes fabrication of vertical 
III-V nanowires at about 50 nm periodicity in specific 
configurations, using templates patterned by directed self-
assembly of block copolymers on a silicon platform. A path for 
gate stack deposition for vertical gate all-around transistors 
was also demonstrated at this high nanowire density.
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