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Dansk resumé 
 

Grafen er en et-atom tyk 2D kulstof materiale med unikke egenskaber, som kan finde anvendelse i 

en række områder, herunder fremstilling af transistorer, integrerede kredsløb, skærme, sensorer, 

nanokomposit materialer og optiske komponenter. Mange af disse applikationer kræver 

nanostrukturering af grafen, hvilket har været hovedmotivationen for PhD projektet. Projektet 

indgår som en del af forskningsaktiviteterne indenfor Grundforskningsfondens Center for 

Nanostructured Graphene (CNG) på DTU. Nanostrukturering tilfører grafen nye egenskaber, f.eks. 

der åbnes et elektronisk båndgap i grafen, som er nødvendigt for at bygge transistorer; nye 

magnetiske og optiske egenskaber opstår som kan tunes ved kontrolleret kemisk funktionalisering 

af grafenkanterne og som er relevante ifm. mange applikationer i optik og sensorteknologi; de 

ultratynde og mekaniske stærke grafenmembraner kan også anvendes i en række 

højstrømningsfiltreringsapplikationer. 

Hovedformålet med dette ph.d.-projekt er at undersøge anvendelsen af de selvorganiserede 

nanostrukturer dannet af blokcopolymerer (BCP) som skabeloner til fysisk og kemisk 

nanostrukturering af grafen. Under kontrolleret eksperimentelle betingelser er det muligt at 

fremstille velordnede BCP skabeloner over arealer på 1-500 cm2 som består af periodiske strukturer 

med karakteristiske længde-skalaer på 5-50 nm. Denne type skabeloner fremstillet i form af 10-50 

nm tynde film kan anvendes som masker til nanolitografi; BCP strukturmønstret kan derefter 

overføres til substratet under masken, som kan være silicium eller grafen. Vi har udviklet en 

procedure der væsentligt forenkler state-of-the-art BCP litografi processen, samtidig med at den 

viser bred substrat-tolerance og giver mulighed for effektiv mønsteroverførsel. Ved kontrolleret 

annealing under dampe af selektive opløsningsmidler organiserer blok-copolymeren sig spontant i 

ensartet heksagonal pakket cylinder eller sfære morfologier; maskdannelsen kan fuldføres direkte 

på substratet, uden forbehandling af substratets overflade. BCP masken bruges direkte til 
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nanostrukturering af grafen vha. lt ætsning, eller til at danne fotokatalytiske nanostrukturer som 

derefter bruges til fremstilling af ensartet suspenderet nanomesh-grafen, dvs. grafen punkteret efter 

et heksagonalmønster. I sidste tilfælde har vi demonstreret fremstilling af nanomesh grafen med 

porestørrelse på 24 nm og halsbredde på 14 nm. Vi har også demonstreret fremstilling vha. ilt 

ætsning af grafen nanodisk eller nanomesh arrays, som over store overflader understøtter plasmon 

resonanser i det nær-infrarøde regime. Plasmon aktiviteten er grundprincippet for mange optiske og 

opto-elektroniske enheder og sensorer, mens nær-infrarød området er attraktiv for at opnå 

integrering af disse enheder i kommercielle telekommunikations netværk. I slutningen af 

afhandlingen beskrives de resultater vi har opnået om kemiske funktionalisering af grafen ved at 

bruge forskellige nanoporøse BCP masker som skabelon. 

De beskrevne bottom-up BCP litografi metoder tillader fremstilling af forskellige grafen mønstrer i 

nanoskala, med rationel kontrol over grafen nanostrukturets placering, orientering, størrelse og 

lateral udstrækning, hvilket forventes at øge muligheden for fremtidige teknologiske anvendelser af 

disse nanostrukturer. 
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1. Introduction 
1.1 Thesis structure 

Graphene is a rapidly rising star on the horizon of materials science and condensed-matter physics. 

The huge carrier mobility, high optical transparency and high thermal conductivity make it a unique 

material to explore the 2D-physics for the fabrication of devices with wide range of electronic and 

optoelectronics applications. Despite its high potentials, several challenges still remain. These 

include intrinsic zero energy band gap, low reactivity and limited availability of well-defined 

pristine graphene, which have hampered the rapid development of graphene-based functional 

devices. Various physical and chemical methods have been developed for the nanopatterned 

graphene using top down and bottom-up processes. Many research groups have already showed the 

disadvantages in top-down lithography such us edge defects, complicated procedure, time-

consuming and low output. 

This thesis aims manufacturing nanopatterned graphene with controlled defects in large area-using 

bottom-up process, specifically block copolymer lithography. We explored and presented two main 

approaches, namely templated block copolymer nanolithography and nanoporous organic polymer 

template for chemical functional graphene. Both of these approaches are proved to be effective.  

In chapter 1, the state-of-arts of block copolymer self-assembly is reviewed firstly. Then a 

background on graphene is given in details, following by the significance of nanopatterned 

graphene. 

Chapter 2 summarizes several methods of block copolymers self-assembly on silicon substrate 

developed in this thesis. A novel block copolymer (BCP) nanolithography process with hexagonally 

packed cylindrical morphology by selective solvent vapor annealing has been demonstrated. Second 

we have shown that a simple reconstruction of the organic BCPs (PS-b-PVP BCPs) can provide 

etching contrast and allows the patterning of BCP masks for subsequent pattern transfer into the 
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Figure 1.4 A schematic showing the main process for SVA of block polymer thin films: (a) block 

polymer selection, (b) substrate preparation, (c) film formation (S) solvent exposure, (d) a 

homogeneous, swollen film shown, (e) deswelling by solvent evaporation to a perpendicular 

cylindrical structure as an example and (f) set-up of the solvent vapor-annealing chamber. 

However a comprehensive understanding of the solvent vapor annealing process has not established 

despite of the wide use of solvent vapor annealing. One of the reasons for lack of understanding the 

SVA process is that, morphology of the BCP films are typically characterized after solvents being 

removed from swollen film. Detailed studies on the effects of each of these parameters on the 

morphology of BCP thin films are scarce, yet they are essential for a controlled annealing and to 

obtain the desired morphology. There are many other factors affecting the morphology of a BCP 

film in the swollen state and after removal of solvent vapor, for example, selectivity of the solvent, 

amount of swelling given to BCP film, solvent removal rates, film thickness, humidity, and 

temperature. Thus in the following part of this thesis, detailed studies about the different factors will 

be discussed in experiments.  

1.2.3 Block copolymer lithography 

 



9 

 

Due to the high-resolution and high-throughput at lower cost, large area BCP lithography has great 

potential to semiconductor manufacturers. To take full advantage of the nanostructures offered by 

the self-assembly of BCPs, highly selective pattern transfer techniques with high fidelity are 

required. Typically, a two-steps etching process is needed to transfer the self-assembled BCP 

pattern to other functional materials. In the first step, one block of the BCP is selectively removed 

to make an etch mask; and then the etch mask is further pattern transferred to other functional 

materials in the second step.  

Selective removal of block A from diblock copolymer A-B template is not a simple task. For the 

BCPs contains inorganic elements which have large etching contrast and high Flory-Huggins 

parameter, simple oxygen RIE treatment can remove one block and convert the left block into the 

inorganic oxides. For example, PS-b-PDMS and PS-b-PFS were reported to form their respective 

inorganic oxides replicates the inorganic containing block, which can act as etch mask for the 

following etching step (20-22). 

   

Figure 1.5 Illustration of the typical process of conventional BCP lithography: (1) random brush 

grafting; (2) spin-coating of the BCP film; (3) thermo/Solv annealing; (4) etching of the mask; (5) 

etching of the underlying substrate; (6) mask removal (23). 

However most BCPs are made of organic materials, where it lacks etching contrast between 

different blocks. Simple oxygen RIE removes both organic polymer blocks at a similar rate, leaving 

a flat film that unsuitable for further pattern transfer. Thus, different methods, depending on the 

chemical structure of BCP, have been to selectively remove minor block but not the other. For PS-
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b-PMMA BCP, a UV light selectively degrades the PMMA block and crosslinks the PS block at the 

same time (24). For polystyrene-block-poly(lactide) (PS-b-PLA) BCP, a weak acid or base is used 

to selective degrade PLA block using a hydrolysis reaction, thus selectively removes PLA block 

leaving PS domain as etch mask(18, 25). But as for other organic BCP systems, PS-b-PEO and PS-

b-P2VP/PS-b-P4VP BCPs, a reconstruction process is needed to enhance the etch contrast between 

two organic blocks (18, 26, 27).  

1.3 Background on Graphene 

Graphene is a two-dimensional material consisting of either a flat monolayer or few layers of 

carbon atoms arranged in a honeycomb lattice structure (Figure 1.6) (28, 29). Because of its unique 

electrical, optical, thermal, and mechanical properties, graphene has attracted much interest for its 

potential in various applications (30-34).  

 






















































































































































































