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Glassy‌‌carbon‌‌has‌‌been‌‌extensively‌‌studied‌‌and‌‌used‌‌in‌‌various‌‌industrial‌‌applications‌‌in‌‌the‌‌last‌‌                             

two‌ ‌decades.‌ ‌The‌ ‌versatility‌ ‌comes‌ ‌from‌ ‌its‌ ‌extraordinary‌ ‌mechanical‌ ‌properties,‌‌                   

biocompatibility,‌ ‌high‌ ‌chemical‌ ‌resistance‌ ‌&‌ ‌thermal‌ ‌stability,‌ ‌and‌ ‌low‌ ‌electrical‌ ‌resistance.‌‌                     

Glassy‌‌carbon‌‌can‌‌be‌‌produced‌‌from‌‌heat‌‌treatment‌‌of‌‌certain‌‌polymers‌‌beyond‌‌their‌‌degradation‌‌                           

temperature‌‌in‌‌absence‌‌of‌‌oxygen‌‌(pyrolysis).‌‌Though‌‌it‌‌usually‌‌requires‌‌pyrolysis‌‌at‌‌>‌‌2000°C‌‌                           

to‌ ‌obtain‌ ‌glassy‌ ‌carbon‌ ‌from‌ ‌bulk‌ ‌polymers‌ ‌with‌ ‌high‌ ‌purity,‌ ‌recent‌ ‌reports‌ ‌show‌ ‌a‌ ‌lower‌‌                             

pyrolysis‌ ‌temperature‌ ‌(eg.‌ ‌900°C)‌ ‌is‌ ‌sufficient‌ ‌to‌ ‌achieve‌ ‌glassy‌ ‌carbon‌ ‌features‌ ‌in‌‌                       

micro/nanoscale.‌ ‌This‌ ‌thesis‌ ‌report‌ ‌will‌ ‌focus‌ ‌on‌ ‌the‌ ‌carbonization‌ ‌process‌ ‌(<‌ ‌1000‌ ‌°C)‌ ‌on‌ ‌a‌‌                             

custom‌ ‌photoresist,‌ ‌a‌ ‌di(trimethylolpropane)‌ ‌tetra-acrylate‌ ‌polymer,‌ ‌in‌ ‌both‌ ‌bulk‌ ‌scales‌‌                   

(millimeter)‌ ‌and‌ ‌micrometer‌ ‌scales.‌ ‌The‌ ‌effects‌ ‌of‌ ‌pre-pyrolysis‌ ‌oxidation‌ ‌(<350‌ ‌°C)‌ ‌on‌ ‌the‌‌                         

‌ 



‌ 

carbonization‌‌process‌‌are‌‌also‌‌investigated.‌‌Our‌‌findings‌‌show‌‌that‌‌in‌‌the‌‌case‌‌of‌‌bulk‌‌samples,‌‌                             

the‌ ‌pre-pyrolysis‌ ‌oxidation‌ ‌process‌ ‌can‌ ‌improve‌ ‌the‌ ‌final‌ ‌yield‌ ‌of‌ ‌the‌ ‌carbon‌ ‌products.‌ ‌ 
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Chapter‌ ‌1‌ ‌–‌ ‌Background‌ ‌ 

1.1.‌ ‌Pyrolysis,‌ ‌Different‌ ‌Carbon‌ ‌products,‌ ‌and‌ ‌Common‌ ‌Characterization‌ ‌Methods‌ ‌ 

The‌‌concept‌‌of‌‌pyrolysis‌‌is‌‌well‌‌discussed‌‌in‌‌Sharma’s‌‌review‌‌[1].‌‌It’s‌‌a‌‌heat‌‌treatment‌‌on‌‌                               

organic‌‌materials‌‌in‌‌absence‌‌of‌‌oxygen.‌‌Some‌‌applications‌‌include‌‌the‌‌chemical‌‌vapor‌‌deposition‌‌                         

of‌‌graphene‌‌(gas-phase‌‌pyrolysis)‌‌[2],‌‌the‌‌waste‌‌polymer‌‌treatment[3][4],‌‌and‌‌the‌‌fabrication‌‌of‌‌                         

ultra-strong‌ ‌carbon‌ ‌nanostructures‌ ‌[5][6][7].‌ ‌This‌ ‌thesis‌ ‌only‌ ‌focuses‌ ‌on‌ ‌the‌ ‌pyrolysis‌ ‌process‌‌                       

that‌ ‌converts‌ ‌polymers‌ ‌to‌ ‌carbon‌‌products,‌‌particularly‌‌glassy‌‌carbon.‌‌When‌‌polymers‌‌undergo‌‌                       

heat‌ ‌treatment‌ ‌beyond‌ ‌their‌ ‌degradation‌ ‌temperature,‌ ‌the‌‌breaking‌‌of‌‌carbon-heteroatom‌‌bonds‌‌                     

enables‌ ‌the‌ ‌formation‌ ‌of‌ ‌new‌ ‌carbon-carbon‌ ‌bonds‌ ‌[8].‌ ‌At‌ ‌the‌ ‌early‌ ‌stages‌ ‌of‌ ‌the‌ ‌pyrolysis‌‌                             

process,‌ ‌different‌‌hydrocarbon‌‌radicals‌‌are‌‌produced‌‌and‌‌reach‌‌the‌‌highest‌‌concentration‌‌at‌‌600‌‌                         

°C‌‌[9].‌‌A‌‌graphene‌‌network,‌‌which‌‌contains‌‌a‌‌large‌‌fraction‌‌of‌‌defects‌‌and‌‌chemical‌‌impurities,‌‌                             

starts‌ ‌to‌ ‌develop‌ ‌after‌ ‌800‌ ‌°C‌‌[10].‌‌Further‌‌heat‌‌treatment‌‌can‌‌increase‌‌the‌‌graphene‌‌crystallite‌‌                             

size‌ ‌(‌ ‌)‌ ‌and‌ ‌stack‌ ‌thickness‌ ‌(‌ )‌ ‌through‌ ‌annealing‌ ‌the‌ ‌defects‌ ‌[1].‌ ‌In‌‌‌Fig.‌‌1.1‌ ‌a‌‌schematic‌‌  La         Lc                      

that‌ ‌explains‌ ‌the‌ ‌structure‌ ‌and‌ ‌crystallinity‌ ‌changes‌ ‌for‌ ‌precursor‌ ‌molecules‌ ‌during‌ ‌heat‌‌                       

treatment‌ ‌is‌ ‌presented‌ ‌[11].‌ ‌The‌ ‌transformation‌‌chain‌‌for‌‌different‌‌precursors‌‌is‌‌not‌‌necessarily‌‌                         

the‌‌same‌‌as‌‌is‌‌shown‌‌in‌‌Fig‌‌1.1‌‌due‌‌to‌‌different‌‌bonding,‌‌networking‌‌capabilities,‌‌and‌‌defects‌‌in‌‌                                 

graphitic‌ ‌and‌ ‌non-graphitic‌ ‌phases‌ ‌[12].‌ ‌For‌ ‌example,‌ ‌some‌ ‌precursors‌ ‌can‌ ‌lead‌ ‌to‌‌                       

non-graphitizing‌ ‌products‌ ‌that‌ ‌can’t‌ ‌be‌ ‌converted‌ ‌to‌ ‌crystalline‌ ‌graphene‌ ‌even‌ ‌with‌ ‌high‌‌                       

temperatures.‌ ‌It‌ ‌should‌ ‌also‌ ‌be‌ ‌noted‌ ‌that‌ ‌the‌‌graphitic‌‌and‌‌non-graphitic‌‌phases‌‌in‌‌Fig‌‌1.1‌‌are‌‌                               

transformation‌ ‌phases‌ ‌during‌ ‌pyrolysis,‌ ‌which‌ ‌should‌ ‌be‌ ‌distinguished‌ ‌from‌‌                 

graphitizing/non-graphitizing‌‌carbons‌‌that‌‌describe‌‌the‌‌final‌‌carbon‌‌products.‌‌Besides‌‌the‌‌choice‌‌                     

of‌‌precursors‌‌[13],‌‌structure‌‌sizes‌‌[13],‌‌applied‌‌force‌‌[14],‌‌and‌‌heating‌‌conditions‌‌[13]‌‌can‌‌affect‌‌                             

1‌ ‌ 



‌ 

the‌ ‌nature‌ ‌of‌ ‌the‌ ‌final‌ ‌carbon‌ ‌products‌ ‌as‌ ‌well.‌‌ ‌  

‌ 

‌ 

Fig‌ ‌1.1.‌‌ ‌Change‌ ‌of‌ ‌structural‌ ‌units‌ ‌and‌ ‌crystallinity‌ ‌of‌ ‌precursor‌ ‌molecules‌ ‌during‌ ‌heat‌ ‌treatment.‌‌ 
Adapted‌ ‌from‌ ‌[11].‌ ‌ 
‌ 

Some‌ ‌commonly‌ ‌used‌ ‌characterization‌ ‌methods‌ ‌of‌ ‌carbon‌ ‌products‌ ‌include‌ ‌Raman‌‌                   

Spectroscopy[7][12][15],‌ ‌X-ray‌ ‌Diffraction‌ ‌(XRD)‌ ‌[16][17]‌ ‌(both‌ ‌of‌ ‌which‌ ‌can‌ ‌be‌‌                   

non-destructive),‌ ‌and‌ ‌Transmission‌ ‌Electron‌ ‌Microscopy‌ ‌(TEM)‌ ‌[10][15][18]‌ ‌(which‌ ‌is‌‌                 

destructive).‌‌As‌‌Raman‌‌Spectroscopy‌‌is‌‌the‌‌main‌‌characterization‌‌method‌‌used‌‌in‌‌this‌‌work,‌‌the‌‌                           

concept‌ ‌and‌ ‌typical‌ ‌uses‌ ‌of‌ ‌Raman‌ ‌spectra‌ ‌for‌ ‌carbon‌ ‌products‌ ‌are‌ ‌discussed.‌ ‌Raman‌‌                         

spectroscopy‌‌is‌‌a‌‌non-destructive‌‌characterization‌‌method.‌‌It‌‌shines‌‌a‌‌light‌‌source,‌‌usually‌‌laser,‌‌                         

onto‌ ‌a‌ ‌sample‌ ‌and‌ ‌detects‌ ‌inelastic‌ ‌scattering‌ ‌(Raman‌ ‌scattering)‌ ‌from‌ ‌the‌ ‌interaction‌ ‌of‌ ‌laser‌‌                           

light‌ ‌and‌ ‌molecules’‌ ‌vibration‌ ‌modes,‌ ‌which‌ ‌gives‌ ‌the‌ ‌information‌ ‌of‌ ‌the‌ ‌samples'‌ ‌molecular‌‌                         

structure‌ ‌[19][20].‌ ‌For‌ ‌carbon‌ ‌products,‌ ‌the‌ ‌D‌ ‌band‌ ‌(around‌ ‌ )‌ ‌and‌ ‌G‌ ‌band‌ ‌(around‌‌                  350 cm1 −1          

2‌ ‌ 



‌ 

)‌ ‌in‌ ‌Raman‌ ‌spectra‌‌are‌‌of‌‌particular‌‌interest.‌‌The‌‌G‌‌band‌‌peak‌‌is‌‌associated‌‌with‌‌an‌‌600 cm1 −1                                

in-plan‌ ‌stretching‌ ‌of‌ ‌ bond‌ ‌carbon‌ ‌atoms.‌ ‌The‌ ‌D‌ ‌band‌ ‌is‌ ‌a‌ ‌disorder-induced‌ ‌band,‌ ‌which‌‌      ps 2                      

doesn’t‌ ‌present‌ ‌in‌ ‌perfect‌ ‌crystalline‌ ‌graphene‌ ‌[21].‌‌For‌‌carbon‌‌products‌‌with‌‌a‌‌large‌‌graphene‌‌                           

crystallite‌ ‌size‌ ‌(‌ ),‌ ‌the‌ ‌D‌ ‌band‌ ‌intensity‌ ‌mainly‌ ‌corresponds‌ ‌to‌ ‌defects‌ ‌or‌ ‌disorders.‌ ‌So‌ ‌the‌‌    La                          

decrease‌ ‌in‌ ‌D‌ ‌band‌ ‌intensity‌ ‌with‌ ‌respect‌ ‌to‌ ‌the‌ ‌G‌ ‌band‌ ‌indicates‌ ‌an‌ ‌increase‌ ‌in‌ ‌order.‌ ‌For‌‌                                 

example,‌ ‌Fig‌ ‌1.2(a)‌ ‌shows‌ ‌Raman‌ ‌spectra‌ ‌of‌ ‌graphitizing‌ ‌carbon‌ ‌at‌ ‌different‌ ‌temperatures.‌ ‌In‌‌                         

those‌ ‌spectra‌ ‌of‌ ‌carbon‌ ‌products‌ ‌with‌ ‌pyrolysis‌‌temperature‌‌>‌‌1500°C‌‌(large‌‌ ‌),‌‌the‌‌D‌‌band‌‌                      La          

intensity‌ ‌decreases‌ ‌with‌ ‌respect‌ ‌to‌ ‌the‌ ‌G‌ ‌band‌ ‌as‌ ‌defects‌ ‌are‌ ‌annealed.‌ ‌However,‌ ‌for‌ ‌carbon‌‌                             

products‌ ‌with‌ ‌small‌ ‌ ,‌ ‌such‌ ‌as‌ ‌amorphous‌ ‌carbon‌ ‌and‌ ‌disorder‌ ‌carbon,‌ ‌the‌ ‌D‌ ‌band‌ ‌strength‌‌      La                        

mainly‌‌corresponds‌‌to‌‌the‌‌breathing‌‌mode‌‌vibration‌‌of‌‌6-fold‌‌aromatic‌‌carbon‌‌rings‌‌[15].‌‌In‌‌this‌‌                             

case,‌ ‌the‌ ‌increase‌ ‌of‌ ‌D‌‌band‌‌strength‌‌is‌‌a‌‌sign‌‌of‌‌ordering‌‌[22].‌‌This‌‌can‌‌be‌‌seen‌‌in‌‌Fig‌‌1.2(b),‌‌                                       

Raman‌ ‌spectra‌ ‌of‌ ‌non-graphitizing‌ ‌carbon,‌ ‌and‌ ‌also‌‌lower‌‌temperature‌‌region‌‌(<1500°C,‌‌small‌‌                       

)‌ ‌in‌ ‌Fig‌ ‌1.2(a),‌ ‌graphitizing‌ ‌carbon.‌‌ ‌La   

‌ 

Fig‌ ‌1.2.‌‌ ‌Raman‌ ‌spectra‌ ‌of‌ ‌graphitizing‌ ‌(a)‌ ‌and‌ ‌non-graphitizing‌ ‌carbon‌ ‌products‌ ‌(b)‌ ‌obtained‌‌ 
from‌ ‌the‌ ‌pyrolysis‌ ‌of‌ ‌two‌ ‌different‌ ‌precursors‌ ‌at‌ ‌different‌ ‌temperatures.‌ ‌Adapted‌ ‌from‌ ‌[12].‌ ‌ 
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There‌ ‌are‌‌empirical‌‌models‌‌available‌‌to‌‌determine‌‌ .‌‌From‌‌the‌‌work‌‌done‌‌by‌‌‌Tuinstra‌‌              La              

and‌ ‌Koenig‌ ‌[23],‌‌the‌‌peak‌‌intensity‌‌ratio‌‌of‌‌the‌‌D‌‌band‌‌and‌‌G‌‌band‌‌is‌‌proportional‌‌to‌‌1/‌ for‌‌                                  La2  

graphite.‌ ‌As‌ ‌‌Ferrari‌ ‌and‌ ‌Robertson‌ ‌showed,‌ ‌in‌ ‌amorphous‌ ‌and‌ ‌disordered‌ ‌carbons,‌ ‌the‌‌                       

development‌‌of‌‌the‌‌D‌‌peak‌‌strength‌‌is‌‌a‌‌sign‌‌of‌‌ordering‌‌[22].‌‌They‌‌also‌‌proposed‌‌a‌‌new‌‌formula‌‌                                   

for‌‌carbon‌‌products‌‌with‌‌small‌‌ ,‌‌I(D)/I(G)‌‌~‌‌ .‌‌In‌‌this‌‌work,‌‌the‌‌absolute‌‌intensity‌‌           (< 0 Å)La 2       La              

without‌ ‌any‌ ‌peak‌ ‌fittings‌ ‌was‌ ‌used‌ ‌for‌ ‌the‌ ‌I(D)/I(G)‌‌ratio.‌‌Because‌‌no‌‌fittings‌‌on‌‌spectra‌‌were‌‌                               

done,‌‌the‌‌peaks‌‌ratios‌‌were‌‌only‌‌used‌‌to‌‌make‌‌comparisons‌‌among‌‌different‌‌intermediate‌‌/‌‌final‌‌                             

products‌‌obtained‌‌from‌‌pyrolysis,‌‌and‌‌not‌‌for‌‌determining‌‌ .‌‌Graphene‌‌crystallite‌‌size‌‌could‌‌be‌‌               La            

determined‌ ‌by‌ ‌XRD‌ ‌[16][17]‌ ‌and‌ ‌the‌ ‌ultrastructure‌ ‌of‌ ‌products‌ ‌could‌ ‌also‌ ‌be‌ ‌studied‌ ‌through‌‌                           

TEM‌ ‌[10][15][18],‌ ‌but‌ ‌that‌ ‌was‌ ‌not‌ ‌conducted‌ ‌in‌ ‌the‌ ‌present‌ ‌work.‌‌ ‌  

1.2‌ ‌Glassy‌ ‌Carbon‌ ‌ 

Glassy‌ ‌carbon‌ ‌is‌ ‌a‌ ‌type‌ ‌of‌ ‌non-graphitizing‌ ‌carbon,‌ ‌which‌ ‌cannot‌ ‌be‌ ‌converted‌ ‌to‌‌ 

crystalline‌ ‌graphite‌ ‌due‌ ‌to‌ ‌its‌ ‌randomly‌ ‌oriented‌ ‌graphene‌ ‌fragments,‌ ‌large‌ ‌interlayer‌ ‌separation,‌‌ 

and‌ ‌misaligned‌ ‌basal‌ ‌planes‌ ‌[1].‌ ‌Glassy‌ ‌carbon‌ ‌has‌ ‌been‌ ‌extensively‌ ‌studied‌ ‌and‌ ‌used‌ ‌in‌ ‌various‌‌ 

industrial‌ ‌applications‌ ‌in‌ ‌the‌ ‌last‌ ‌two‌ ‌decades‌ ‌[1].‌ ‌The‌ ‌versatility‌ ‌comes‌ ‌from‌ ‌its‌ ‌extraordinary‌‌ 

mechanical‌ ‌properties,‌ ‌biocompatibility,‌ ‌high‌ ‌chemical‌ ‌&‌ ‌thermal‌ ‌resistance,‌ ‌and‌ ‌low‌ ‌electrical‌‌ 

resistance.‌ ‌Some‌ ‌properties‌ ‌of‌ ‌commercially‌ ‌available‌ ‌bulk‌ ‌glassy‌ ‌carbon‌ ‌are‌ ‌given‌ ‌in‌ ‌Table‌ ‌1.1.‌‌ ‌  

‌ 

‌ 

‌ 

‌ 

‌ 
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Table‌ ‌1.1.‌‌ ‌Properties‌ ‌of‌ ‌glassy‌ ‌carbon‌ ‌in‌ ‌bulk‌ ‌scale‌ ‌[1]‌ ‌ 

‌ 

Glassy‌ ‌carbon‌ ‌can‌ ‌be‌ ‌produced‌ ‌by‌ ‌the‌ ‌heat‌ ‌treatment‌ ‌of‌ ‌certain‌ ‌polymers‌‌beyond‌‌their‌‌                           

degradation‌ ‌temperature‌ ‌in‌ ‌absence‌ ‌of‌ ‌oxygen‌ ‌(pyrolysis).‌ ‌Some‌ ‌of‌ ‌the‌ ‌well-known‌ ‌glassy‌‌                       

carbon‌ ‌precursors‌ ‌such‌ ‌as‌ ‌‌Phenol-formaldehyde‌ ‌(PF)‌ ‌resins‌ ‌are‌ ‌widely‌ ‌used‌ ‌to‌ ‌make‌ ‌different‌‌                         

commercially‌‌available‌‌photoresists‌‌due‌‌to‌‌their‌‌thermosetting‌‌character,‌‌various‌‌viscosities,‌‌and‌‌                     

capability‌‌of‌‌facilitating‌‌a‌‌chemical‌‌amplification‌‌after‌‌the‌‌photoacid‌‌generation‌‌[28][29].‌‌Other‌‌                       

resists‌ ‌such‌ ‌as‌ ‌acrylate-based‌ ‌polymer‌ ‌are‌ ‌also‌ ‌used‌ ‌in‌ ‌nano-scale‌ ‌fabrication,‌ ‌and‌ ‌their‌‌                         

conversion‌ ‌to‌ ‌glassy‌ ‌carbon‌ ‌further‌ ‌improves‌ ‌their‌ ‌mechanical‌ ‌performance‌ ‌as‌ ‌well‌ ‌as‌ ‌other‌‌                         

physical‌‌and‌‌chemical‌‌properties‌‌[30].‌‌Even‌‌though‌‌a‌‌pyrolysis‌‌treatment‌‌at‌‌>2000‌‌°C‌‌is‌‌usually‌‌                             

required‌ ‌for‌ ‌bulk‌ ‌samples,‌ ‌millimeter-scale,‌ ‌to‌ ‌be‌ ‌converted‌ ‌to‌ ‌glassy‌ ‌carbon‌ ‌with‌ ‌high‌ ‌purity‌‌                           

[31],‌ ‌it‌ ‌has‌ ‌been‌ ‌reported‌ ‌that‌ ‌the‌ ‌glassy‌ ‌carbon‌ ‌features‌ ‌can‌ ‌also‌ ‌be‌ ‌achieved‌ ‌in‌‌                             

micro/nanostructures‌ ‌at‌ ‌lower‌ ‌temperature‌ ‌(eg.‌ ‌900‌ ‌°C)‌ ‌[5][6][7].‌ ‌The‌ ‌pyrolysis‌ ‌process‌ ‌for‌‌                       

micro/nanostructures‌ ‌usually‌ ‌involves‌ ‌multiple‌ ‌steps‌ ‌heating‌ ‌and‌ ‌isothermal‌ ‌processes,‌ ‌which‌‌                   

5‌ ‌ 

Properties‌‌ ‌   Values‌‌ ‌   Reference‌‌ ‌  

Young’s‌ ‌modulus‌‌ ‌   20‌ ‌-‌ ‌40‌ ‌GPa‌ ‌  [24][25]‌ ‌ 

Poisson’s‌ ‌ratio‌‌ ‌   0.15‌ ‌-‌ ‌0.17‌ ‌  [24]‌ ‌ 

Density‌‌ ‌   1.3‌ ‌-‌ ‌1.55‌ ‌ ‌cm  g/ 3   [26]‌ ‌ 

Electrical‌ ‌resistivity‌‌ ‌   10–50‌ ‌µΩm‌ ‌  [26]‌ ‌ 

Thermal‌ ‌expansion‌‌ 

coefficient‌ ‌ 

(2.0–3.4)‌ ‌×‌ ‌ ‌0  K1 −6 −1   [27]‌ ‌ 



‌ 

will‌ ‌be‌ ‌discussed‌ ‌in‌ ‌section‌ ‌1.4.‌ ‌Some‌ ‌of‌ ‌those‌ ‌resists,‌ ‌even‌ ‌with‌ ‌well-known‌ ‌glassy‌ ‌carbon‌‌                             

precursors,‌‌may‌‌give‌‌none‌‌or‌‌small‌‌amounts‌‌of‌‌carbon‌‌products‌‌after‌‌pyrolysis,‌‌which‌‌can‌‌result‌‌                             

in‌ ‌different‌ ‌properties‌ ‌compared‌ ‌with‌ ‌glassy‌ ‌carbon‌ ‌[1].‌ ‌As‌ ‌a‌ ‌result,‌ ‌careful‌ ‌evaluations‌ ‌are‌‌                           

necessary‌ ‌for‌ ‌new‌ ‌custom‌ ‌resists.‌ ‌This‌ ‌thesis‌ ‌will‌ ‌focus‌ ‌on‌ ‌the‌ ‌carbonization‌ ‌of‌ ‌our‌ ‌custom‌‌                             

photoresist,‌ ‌an‌ ‌acrylate-based‌ ‌polymer,‌ ‌and‌ ‌the‌ ‌characterization‌ ‌of‌ ‌the‌ ‌intermediate‌ ‌&‌ ‌final‌‌                       

products.‌ ‌ ‌     

1.3.‌ ‌Oxygen‌ ‌stabilization‌  ‌ 

Oxygen‌ ‌stabilization‌ ‌is‌ ‌a‌ ‌pre-pyrolysis‌ ‌heating‌ ‌process‌ ‌under‌ ‌an‌ ‌oxygen-containing‌‌                   

environment,‌ ‌which‌ ‌is‌ ‌usually‌ ‌done‌ ‌at‌ ‌lower‌ ‌temperatures‌ ‌(eg.‌‌300‌‌°C).‌‌This‌‌process‌‌has‌‌been‌‌                             

extensively‌ ‌studied‌ ‌for‌ ‌carbon‌ ‌fiber‌ ‌production‌ ‌by‌ ‌‌pyrolysis‌ ‌of‌ ‌cellulose,‌ ‌polyacrylonitrile‌‌                     

(PAN),‌‌or‌‌other‌‌polymer‌‌fibers‌‌[32][33][34].‌‌In‌‌the‌‌case‌‌of‌‌PAN‌‌fibers,‌‌‌the‌‌studies‌‌show‌‌that‌‌the‌‌                                 

oxygen‌‌stabilization‌‌‌prior‌‌to‌‌the‌‌carbonization‌‌process‌‌‌is‌‌crucial‌‌to‌‌prevent‌‌the‌‌melting‌‌or‌‌fusion‌‌                             

of‌ ‌the‌ ‌fibers‌ ‌and‌ ‌minimizes‌ ‌‌volatilization‌ ‌of‌ ‌elemental‌ ‌carbon‌ ‌in‌ ‌the‌ ‌following‌ ‌carbonization‌‌                         

step,‌ ‌which‌ ‌maximizes‌ ‌the‌ ‌final‌ ‌yield‌ ‌of‌ ‌carbon‌ ‌fibers‌ ‌[33].‌ ‌It‌ ‌has‌ ‌also‌ ‌been‌ ‌reported‌ ‌that‌ ‌the‌‌                                 

pre-pyrolysis‌ ‌oxidation‌ ‌on‌ ‌PAN‌ ‌fibers‌ ‌can‌ ‌strongly‌ ‌affect‌ ‌the‌ ‌properties‌ ‌of‌ ‌the‌ ‌final‌ ‌products‌‌                           

[35].‌ ‌Since‌ ‌‌polymer‌ ‌fibers‌ ‌and‌ ‌polymeric‌ ‌micro/nanostructures‌ ‌share‌ ‌a‌‌high‌‌surface-to-volume‌‌                     

ratio,‌ ‌the‌ ‌main‌ ‌hypothesis‌ ‌of‌ ‌this‌ ‌thesis‌‌was‌‌that‌‌their‌‌annealing‌‌patterns‌‌and‌‌pyrolysis‌‌process‌‌                             

could‌ ‌be‌ ‌similar.‌ ‌The‌ ‌effects‌ ‌of‌ ‌oxygen‌ ‌stabilization‌ ‌on‌ ‌the‌ ‌carbonization‌ ‌process‌ ‌of‌‌                         

di(trimethylolpropane)tetra-acrylate‌ ‌photoresists‌ ‌will‌ ‌be‌ ‌discussed‌ ‌in‌ ‌this‌ ‌work.‌ ‌ 

‌  

‌ 
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1.4.‌ ‌Two-photon‌ ‌Lithography‌ ‌(TPL)‌ ‌ 

The‌ ‌concept‌ ‌of‌ ‌two-photon‌ ‌lithography‌ ‌(TPL)‌ ‌is‌ ‌well‌ ‌discussed‌ ‌in‌ ‌the‌ ‌literature‌ ‌‌[36].‌‌                         

Two-photon‌ ‌lithography‌ ‌is‌ ‌one‌ ‌of‌ ‌the‌ ‌direct‌ ‌laser‌ ‌writing‌ ‌techniques‌ ‌that‌ ‌has‌ ‌been‌ ‌frequently‌‌                           

used‌ ‌for‌ ‌3D‌ ‌microstructures‌ ‌manufacturing‌ ‌due‌ ‌to‌ ‌its‌ ‌high‌ ‌spatial‌ ‌resolution‌ ‌and‌ ‌dimensional‌‌                         

accuracy‌‌[37].‌‌Among‌‌different‌‌laser-based‌‌writing‌‌techniques,‌‌two-photon‌‌lithography‌‌(TPL)‌‌is‌‌                     

particularly‌‌successful‌‌in‌‌producing‌‌well-defined‌‌3D‌‌micro/nanostructures‌‌because‌‌it‌‌enables‌‌the‌‌                     

possibility‌‌to‌‌have‌‌a‌‌spatial‌‌resolution‌‌beyond‌‌the‌‌‌diffraction‌‌limit‌‌[38].‌‌This‌‌advanced‌‌technique‌‌                           

is‌‌based‌‌on‌‌two-photon‌‌polymerization.‌‌When‌‌photon‌‌energy‌‌is‌‌provided‌‌to‌‌a‌‌liquid‌‌resin,‌‌it‌‌can‌‌                               

be‌ ‌converted‌ ‌to‌ ‌solid‌ ‌through‌ ‌crosslinking‌ ‌or‌ ‌photon-polymerization‌ ‌[36].‌ ‌For‌ ‌TPL,‌ ‌the‌ ‌resin‌‌                         

absorbs‌ ‌two‌ ‌photons‌ ‌at‌ ‌the‌ ‌same‌ ‌time‌ ‌and‌ ‌results‌ ‌in‌ ‌a‌ ‌non-linear‌ ‌process,‌ ‌and‌ ‌hence,‌ ‌the‌‌                               

polymerization‌ ‌rate‌ ‌and‌ ‌light‌ ‌intensity‌ ‌have‌ ‌quadratic‌ ‌dependence‌ ‌[39],‌ ‌which‌ ‌allows‌‌high‌‌3D‌‌                         

spatial‌ ‌resolution‌ ‌and‌ ‌accuracy‌ ‌compared‌ ‌with‌ ‌conventional‌ ‌single-photon‌ ‌lithography‌ ‌[36].‌‌                   

Another‌‌advantage‌‌of‌‌TPL‌‌is‌‌that‌‌materials‌‌absorb‌‌two‌‌photons‌‌at‌‌a‌‌longer‌‌wavelength,‌‌usually‌‌                             

in‌ ‌near-infrared‌ ‌religion‌ ‌(NIR),‌ ‌and‌ ‌the‌ ‌linear‌ ‌absorption‌ ‌of‌ ‌the‌ ‌light‌ ‌in‌ ‌NIR‌ ‌for‌ ‌most‌‌                             

commercially‌‌available‌‌polymers‌‌is‌‌negligible‌‌[36].‌‌As‌‌a‌‌result,‌‌the‌‌laser‌‌beam‌‌can‌‌penetrate‌‌the‌‌                             

liquid‌ ‌resin‌ ‌and‌ ‌induce‌ ‌the‌ ‌polymerization‌ ‌from‌ ‌a‌ ‌point‌ ‌inside‌ ‌a‌ ‌bulk.‌ ‌Schematics‌ ‌of‌ ‌the‌‌                             

nonlinear‌ ‌absorption‌ ‌and‌ ‌TPL‌ ‌process‌ ‌are‌ ‌shown‌ ‌in‌ ‌Fig‌ ‌1.3‌ ‌and‌ ‌Fig‌ ‌1.4.‌ ‌ ‌   
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‌ 

Fig‌ ‌1.3.‌‌ ‌Schematic‌ ‌of‌ ‌nonlinear‌ ‌absorption,‌ ‌adapted‌ ‌from‌ ‌[40].‌‌ ‌  

‌ 

‌ 

Fig‌ ‌1.4.‌‌ ‌Schematic‌ ‌of‌ ‌the‌ ‌two-photon‌ ‌lithography‌ ‌process,‌ ‌adapted‌ ‌from‌ ‌[40].‌‌ ‌  

‌ 

‌ 

8‌ ‌ 
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1.5.‌ ‌Combination‌ ‌of‌ ‌TPL‌ ‌and‌ ‌Pyrolysis‌ ‌ ‌   

Though‌ ‌TPL‌ ‌is‌ ‌capable‌ ‌of‌ ‌printing‌ ‌well-defined‌ ‌3D‌ ‌micro/nanostructures,‌ ‌a‌ ‌resolution‌‌                     

below‌‌100‌‌nm‌‌can’t‌‌be‌‌achieved‌‌[41].‌‌Another‌‌limitation‌‌is‌‌that‌‌the‌‌polymeric‌‌resists‌‌required‌‌for‌‌                               

the‌‌lithographic‌‌process‌‌have‌‌much‌‌lower‌‌stiffness‌‌and‌‌strength‌‌compared‌‌with‌‌ceramic‌‌materials‌‌                         

[5].‌‌To‌‌overcome‌‌those‌‌limitations,‌‌the‌‌combination‌‌of‌‌3D‌‌direct‌‌laser‌‌writing‌‌and‌‌pyrolysis‌‌is‌‌a‌‌                               

possible‌ ‌solution.‌ ‌Pyrolysis‌ ‌of‌ ‌micro/nanostructures‌ ‌printed‌ ‌by‌ ‌3D‌ ‌direct‌ ‌laser‌ ‌writing‌ ‌(TPL‌‌                       

process)‌‌allows‌‌the‌‌further‌‌reduction‌‌in‌‌size‌‌beyond‌‌the‌‌limitation‌‌[5][6][7]‌‌to‌‌meet‌‌the‌‌growing‌‌                             

interest‌‌of‌‌3D‌‌nanostructures‌‌(sub-100nm).‌‌With‌‌volumetric‌‌shrinkage‌‌up‌‌to‌‌90%‌‌[42],‌‌polymer‌‌                         

micro/nano-structures‌ ‌can‌ ‌turn‌ ‌into‌ ‌carbon‌ ‌nanostructures,‌ ‌usually‌ ‌glassy‌ ‌carbon,‌ ‌while‌ ‌the‌‌                     

pre-patterns‌‌are‌‌preserved.‌‌Furthermore,‌‌the‌‌mechanical‌‌properties‌‌are‌‌enhanced‌‌after‌‌pyrolysis,‌‌                     

see‌‌section‌‌1.2‌‌for‌‌more‌‌information‌‌on‌‌mechanical‌‌properties‌‌of‌‌glassy‌‌carbon.‌‌For‌‌example,‌‌it‌‌                             

has‌ ‌been‌ ‌reported‌ ‌that‌ ‌for‌ ‌lightweight‌ ‌glassy‌ ‌carbon‌ ‌nanolattices‌ ‌with‌ ‌a‌ ‌honeycomb‌ ‌structure‌‌                         

obtained‌‌from‌‌pyrolysis‌‌of‌‌micro‌‌lattices,‌‌Fig‌‌1.5,‌‌an‌‌extraordinary‌‌strength‌‌to‌‌density‌‌ratio‌‌(1.2‌‌                             

Gpa‌‌at‌‌0.6‌ )‌‌was‌‌achieved‌‌[5].‌‌This‌‌value‌‌is‌‌close‌‌to‌‌the‌‌lower‌‌bond‌‌of‌‌the‌‌theoretical‌‌limit‌‌    mc −3                                

and‌‌better‌‌than‌‌any‌‌bulk‌‌metallic,‌‌polymeric,‌‌and‌‌composite‌‌materials,‌‌as‌‌well‌‌as‌‌most‌‌technical‌‌                             

ceramics,‌ ‌leaving‌ ‌diamond‌ ‌the‌ ‌only‌ ‌bulk‌ ‌material‌ ‌that‌ ‌has‌ ‌a‌ ‌better‌ ‌performance‌ ‌[5].‌‌ ‌  
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Fig‌ ‌1.5.‌‌ ‌Honeycomb‌ ‌polymeric‌ ‌structure‌ ‌before‌ ‌and‌ ‌after‌ ‌pyrolysis.‌ ‌Adapted‌ ‌from‌ ‌[5].‌ ‌ 

‌ 

Besides‌ ‌the‌ ‌extraordinary‌ ‌mechanical‌ ‌properties,‌ ‌the‌ ‌excellent‌ ‌chemical‌ ‌resistance‌ ‌&‌‌                   

thermal‌ ‌stability,‌ ‌electrical‌‌conductivity,‌‌and‌‌biocompatibility‌‌of‌‌glassy‌‌carbon,‌‌combining‌‌with‌‌                     

the‌‌possible‌‌complex‌‌geometries‌‌obtained‌‌from‌‌pyrolysis‌‌of‌‌pre-patterned‌‌micro/nano‌‌polymeric‌‌                     

structures‌ ‌allow‌ ‌the‌ ‌development‌ ‌of‌ ‌new‌ ‌opportunities‌ ‌in‌ ‌various‌ ‌nanotechnology‌ ‌industries.‌‌                     

Applications‌ ‌that‌ ‌have‌ ‌been‌ ‌reported‌ ‌include‌ ‌microelectrodes‌ ‌[43][44],‌ ‌micro/nanowires‌‌                 

[45][46],‌ ‌microneedles‌ ‌[47],‌ ‌metamaterials‌ ‌[5][6],‌ ‌among‌ ‌others.‌ ‌ ‌   

‌   
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Chapter‌ ‌2‌ ‌–‌ ‌Materials‌ ‌&‌ ‌Methods‌ ‌  

2.1.‌ ‌Monomer‌ ‌and‌ ‌Initiator‌ ‌ 

The‌ ‌liquid‌ ‌resin‌ ‌consists‌ ‌of‌ ‌Di(trimethylolpropane)‌ ‌tetraacrylate‌ ‌as‌ ‌monomer‌ ‌and‌‌                   

2-Benzyl-2-(dimethylamino)-4′-morpholinobutyrophenone‌‌as‌‌photoinitiator‌‌with‌‌a‌‌mass‌‌ratio‌‌of‌‌               

100:1.‌ ‌The‌ ‌molecular‌ ‌structures‌ ‌are‌ ‌shown‌ ‌in‌ ‌Fig‌ ‌2.1‌ ‌and‌ ‌Fig‌ ‌2.2.‌‌ ‌  

‌  

Fig‌ ‌2.1.‌ ‌‌Molecular‌ ‌structure‌ ‌of‌ ‌Di(trimethylolpropane)‌ ‌tetra-acrylate‌ ‌ 

‌ 

‌ 

Fig‌ ‌2.2.‌‌ ‌Molecular‌ ‌structure‌ ‌of‌ ‌2-Benzyl-2-(dimethylamino)-4′-morpholinobutyrophenone‌ ‌ 

2.2.‌ ‌Bulk‌ ‌Samples‌ ‌and‌ ‌Micropillars‌‌ ‌  

For‌ ‌bulk‌ ‌samples,‌ ‌the‌ ‌liquid‌ ‌resin‌ ‌was‌ ‌spread‌ ‌on‌ ‌a‌ ‌glass‌ ‌slide‌ ‌and‌ ‌cured‌ ‌by‌ ‌a‌‌                               

high-intensity‌‌UV‌‌lamp‌‌(BlueWave‌‌200,‌‌Dymax,‌‌USA)‌‌with‌‌a‌‌300‌‌-‌‌450‌‌nm‌‌emission‌‌spectrum‌‌                             

(Fig.‌‌2.3).‌‌A‌‌study‌‌predating‌‌this‌‌work‌‌was‌‌conducted‌‌to‌‌determine‌‌the‌‌amount‌‌of‌‌time‌‌required‌‌                               
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for‌‌this‌‌resin‌‌in‌‌bulk‌‌form‌‌to‌‌reach‌‌the‌‌saturated‌‌DOP.‌‌The‌‌DOPs‌‌of‌‌Bulk‌‌films‌‌that‌‌were‌‌cured‌‌                                     

under‌ ‌a‌ ‌high-intensity‌ ‌UV‌ ‌lamp‌ ‌for‌ ‌1‌ ‌min,‌ ‌5‌ ‌mins,‌ ‌10‌ ‌mins,‌ ‌30‌ ‌mins,‌ ‌and‌ ‌60‌ ‌mins‌ ‌were‌‌                                   

calculated‌ ‌using‌ ‌Raman‌ ‌data,‌ ‌which‌ ‌shows‌ ‌that‌ ‌only‌ ‌1‌ ‌min‌ ‌exposure‌ ‌is‌ ‌sufficient‌ ‌to‌ ‌cure‌ ‌the‌‌                               

liquid‌‌resin‌‌with‌‌saturated‌‌DOP.‌‌However,‌‌the‌‌bulk‌‌film‌‌with‌‌60‌‌mins‌‌UV‌‌exposure‌‌was‌‌used‌‌in‌‌                                 

this‌‌work‌‌to‌‌ensure‌‌the‌‌sample‌‌has‌‌maximum‌‌DOP.‌‌The‌‌bulk‌‌film‌‌(thickness‌‌varies‌‌from‌‌0.28mm‌‌                               

to‌‌0.61mm)‌‌was‌‌cut‌‌into‌‌multiple‌‌bulk‌‌samples‌‌of‌‌6mm‌‌x‌‌6mm‌‌square‌‌shapes‌‌(Fig.‌‌2.4)‌‌in‌‌order‌‌                                   

to‌‌fit‌‌in‌‌the‌‌thermogravimetric‌‌analysis‌‌(TGA)‌‌sample‌‌pan.‌‌The‌‌mass‌‌of‌‌bulk‌‌samples‌‌was‌‌in‌‌the‌‌                                 

range‌ ‌of‌  ‌5mg‌ ‌to‌ ‌7mg.‌‌ ‌  

‌ 

Fig‌ ‌2.3.‌‌ ‌High-intensity‌ ‌UV‌ ‌lamp‌ ‌in‌ ‌Washington‌ ‌Nanofabrication‌ ‌Facility‌ ‌(WNF).‌ ‌ ‌   

‌ 

Fig‌ ‌2.4.‌‌ ‌Bulk‌ ‌polymer‌ ‌sample‌ ‌(left)‌ ‌and‌ ‌a‌ ‌6mm‌ ‌x‌ ‌6‌ ‌mm‌ ‌silicon‌ ‌substrate‌ ‌(right)‌ ‌ 
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Polymeric‌ ‌micropillars‌ ‌with‌ ‌a‌ ‌target‌ ‌aspect‌ ‌ratio‌ ‌of‌ ‌2‌ ‌were‌ ‌printed‌ ‌by‌ ‌a‌ ‌Photonic‌‌                           

Professional‌ ‌GT‌ ‌(Nanoscribe‌ ‌GmbH)‌ ‌direct‌ ‌laser‌ ‌writing‌ ‌system‌ ‌(Fig.‌ ‌2.5),‌ ‌using‌ ‌a‌‌                       

Plan-Apochromat‌ ‌63‌ ‌×‌ ‌1.4‌‌Oil‌‌DIC‌‌M27‌‌(Carl‌‌Zeiss‌‌AG)‌‌objective‌‌and‌‌a‌‌FemtoFiber‌‌pro-NIR‌‌                             

(TOPTICA‌‌Photonics‌‌AG)‌‌laser,‌‌with‌‌a‌‌center‌‌wavelength‌‌(λ)‌‌of‌‌780‌‌nm,‌‌a‌‌pulse‌‌width‌‌(τ)‌‌of‌‌≈‌‌                                   

100‌ ‌fs,‌ ‌and‌ ‌a‌ ‌repetition‌ ‌rate‌‌(f)‌‌of‌‌80‌‌MHz.‌‌The‌‌choice‌‌of‌‌micropillar‌‌fabrication‌‌parameters‌‌is‌‌                                 

given‌ ‌in‌‌Table‌‌2.1.‌‌Using‌‌a‌‌sequential‌‌design‌‌of‌‌a‌‌silicon‌‌wafer‌‌(6mm‌‌x‌‌6mm),‌‌a‌‌set‌‌of‌‌spacers‌‌                                     

and‌‌a‌‌resin‌‌droplet‌‌filling‌‌the‌‌volume‌‌between‌‌them,‌‌followed‌‌by‌‌a‌‌transparent‌‌coverslip,‌‌a‌‌total‌‌                               

of‌‌three‌‌5‌‌x‌‌5‌‌arrays‌‌of‌‌micropillars‌‌(one‌‌array‌‌for‌‌each‌‌micropillar‌‌set‌‌with‌‌diameters‌‌of‌‌10µm,‌‌                                   

25µm,‌ ‌and‌ ‌50µm)‌ ‌were‌ ‌printed.‌ ‌After‌ ‌printing,‌ ‌the‌ ‌wafer‌ ‌was‌ ‌cleaned‌ ‌in‌ ‌propylene‌ ‌glycol‌‌                           

monomethyl‌‌ether‌‌acetate‌‌(PGMEA)‌‌solution‌‌for‌‌5‌‌mins,‌‌IPA‌‌for‌‌5‌‌mins,‌‌and‌‌ultra-pure‌‌IPA‌‌for‌‌                               

10‌‌mins.‌‌During‌‌the‌‌ultra-pure‌‌IPA‌‌immersion,‌‌the‌‌samples‌‌were‌‌exposed‌‌to‌‌a‌‌UV‌‌lamp‌‌with‌‌an‌‌                                 

on-and-off‌ ‌procedure‌ ‌(30s‌ ‌on‌ ‌and‌ ‌30s‌ ‌off)‌ ‌for‌ ‌a‌ ‌total‌ ‌duration‌ ‌of‌‌5‌‌minutes.‌‌Then‌‌the‌‌samples‌‌                                 

were‌‌dried‌‌in‌‌a‌‌critical‌‌point‌‌dryer‌‌(CPD),‌‌and‌‌a‌‌final‌‌exposure‌‌to‌‌the‌‌UV‌‌lamp‌‌was‌‌applied‌‌for‌‌                                     

another‌ ‌5‌ ‌minutes.‌ ‌ ‌   

‌ 

Fig‌ ‌2.5.‌‌ ‌‌Photonic‌ ‌Professional‌ ‌GT‌‌ ‌system‌ ‌at‌ ‌WNF.‌ ‌ 
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Table‌ ‌2.1‌.‌ ‌Printing‌ ‌parameters‌ ‌for‌ ‌micropillars‌ ‌with‌ ‌different‌ ‌diameters.‌ ‌ ‌   

‌ 

2.3.‌ ‌Characterization‌ ‌Methods‌ ‌ 

2.3.1.‌ ‌Raman‌ ‌Spectroscopy‌ ‌ 

 ‌ ‌ 

Fig‌ ‌2.6.‌‌ ‌Raman‌ ‌Spectroscopy‌ ‌in‌ ‌Molecular‌ ‌Analysis‌ ‌Facility‌ ‌(MAF),‌ ‌University‌ ‌of‌ ‌Washington.‌‌ ‌  

‌ 

The‌ ‌Raman‌ ‌Spectroscopy‌ ‌at‌ ‌Molecular‌ ‌Analysis‌ ‌Facility‌ ‌(MAF)‌ ‌in‌ ‌University‌ ‌of‌‌                     

Washington,‌‌Fig‌‌2.6,‌‌with‌‌a‌‌Reinshaw‌‌InVia‌‌Raman‌‌Microscope‌‌(Renishaw,‌‌Wotton-under-Edge,‌‌                     

United‌ ‌Kingdom)‌ ‌was‌ ‌used‌ ‌for‌ ‌calculating‌ ‌the‌‌DOP‌‌of‌‌cured‌‌photoresists‌‌before‌‌pyrolysis‌‌and‌‌                           

14‌ ‌ 

Diameters‌‌   Laser‌ ‌Power‌ ‌(%)‌ ‌  Scanning‌ ‌Speed‌ ‌(mm/s)‌ ‌ 

10µm‌ ‌  53‌ ‌  8000‌ ‌ 

25µm‌ ‌  80‌ ‌  5500‌ ‌ 

50µm‌ ‌  80‌ ‌  7000‌ ‌ 



‌ 

the‌ ‌characterization‌ ‌of‌ ‌the‌ ‌intermediate/final‌ ‌products‌ ‌after‌ ‌pyrolysis.‌ ‌The‌ ‌system‌ ‌is‌ ‌equipped‌‌                       

with‌ ‌an‌ ‌inVia‌ ‌Spectrometer,‌ ‌a‌ ‌Leica‌ ‌DM‌ ‌IRB‌ ‌microscope,‌‌and‌‌a‌‌set‌‌of‌‌high-power‌‌lasers‌‌(785‌‌                               

and‌ ‌514‌ ‌nm).‌ ‌All‌ ‌spectra‌ ‌fittings‌ ‌were‌ ‌done‌ ‌on‌ ‌the‌ ‌Renishaw‌ ‌WIRE‌ ‌software.‌ ‌Baseline‌‌                           

subtraction‌ ‌was‌ ‌done‌ ‌using‌ ‌5th‌ ‌order‌ ‌polynomial‌ ‌fitting,‌ ‌Fig‌ ‌2.7.‌‌ ‌  

‌ 

‌ 

Fig‌ ‌2.7‌.‌ ‌Renishaw‌ ‌WIRE‌ ‌software‌ ‌baseline‌ ‌subtraction‌ ‌example.‌ ‌ 

‌ 

To‌ ‌measure‌ ‌the‌ ‌DOP‌ ‌of‌ ‌cured‌ ‌photoresists,‌ ‌a‌ ‌785‌ ‌nm‌ ‌excitation‌ ‌laser,‌ ‌a‌ ‌50X‌‌objective‌‌                             

(0.5mm‌ ‌working‌ ‌distance),‌ ‌50‌ ‌percent‌ ‌laser‌ ‌power,‌ ‌and‌ ‌10‌ ‌seconds‌ ‌accumulation‌ ‌time‌ ‌were‌‌                         

chosen‌ ‌to‌ ‌obtain‌ ‌the‌ ‌spectra‌ ‌of‌ ‌the‌ ‌solidified‌ ‌polymer.‌‌For‌‌liquid‌‌resin,‌‌a‌‌10X‌‌objective‌‌with‌‌a‌‌                                 

longer‌ ‌working‌ ‌distance‌ ‌(11‌ ‌mm)‌ ‌was‌ ‌used‌ ‌to‌ ‌avoid‌ ‌damaging‌ ‌the‌ ‌objective.‌ ‌The‌ ‌DOP‌ ‌was‌‌                             

determined‌‌by‌‌measuring‌‌the‌‌relative‌‌change‌‌of‌‌the‌‌integrated‌‌area‌‌of‌‌C=C‌‌peak‌‌(at‌‌about‌‌1635‌                             

)‌ ‌with‌ ‌respect‌ ‌to‌ ‌C=O‌ ‌peak‌ ‌(at‌ ‌about‌ ‌1725‌ )‌ ‌of‌ ‌the‌ ‌liquid‌ ‌resin‌ ‌before/after‌‌mc −1                 mc −1            

polymerization‌ ‌using‌ ‌the‌ ‌following‌ ‌formula‌ ‌[48][49]‌ ‌:‌ ‌ ‌   

‌ 
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For‌ ‌the‌ ‌peak‌ ‌fitting,‌ ‌the‌ ‌Voigt‌ ‌function‌ ‌(Gaussian/Lorenzo)‌ ‌was‌ ‌used,‌ ‌Fig‌ ‌2.8.‌ ‌ ‌   

‌ 

Fig‌ ‌2.8.‌‌ ‌Spectrum‌ ‌fitting‌ ‌example.‌‌ ‌  

‌ 

To‌‌characterize‌‌the‌‌intermediate‌‌products‌‌from‌‌the‌‌pyrolysis/oxidation‌‌process,‌‌the‌‌same‌‌                     

excitation‌‌laser‌‌and‌‌objective‌‌(785‌‌nm‌‌laser‌‌and‌‌50X‌‌objective)‌‌as‌‌those‌‌for‌‌solidified‌‌polymers‌‌                             

were‌ ‌used‌ ‌so‌‌that‌‌it’s‌‌easier‌‌to‌‌compare‌‌the‌‌spectra‌.‌‌As‌‌for‌‌the‌‌‌final‌‌carbon‌‌products,‌‌a‌‌514‌‌nm‌‌                                     

excitation‌‌laser‌‌and‌‌50X‌‌objective‌‌were‌‌used‌‌because‌‌green‌‌lasers‌‌are‌‌more‌‌commonly‌‌used‌‌for‌‌                             

carbon‌ ‌products‌ ‌[7][22][10].‌‌ ‌  

2.3.2.‌ ‌Thermogravimetric‌ ‌Analysis‌ ‌(TGA)‌ ‌ 

TGA‌ ‌measurements‌ ‌were‌‌conducted‌‌in‌‌a‌‌D550‌‌from‌‌TA‌‌Instruments‌‌(New‌‌Castle,‌‌DE).‌‌                         

Samples‌ ‌were‌ ‌heated‌ ‌following‌ ‌each‌ ‌of‌ ‌the‌ ‌described‌ ‌heating‌ ‌profiles‌ ‌in‌ ‌the‌ ‌Results‌ ‌&‌‌                           

Discussion‌‌section‌‌at‌‌a‌‌heating‌‌rate‌‌of‌‌2.5°C/min‌‌in‌‌either‌‌N‌2‌ ‌or‌‌air‌‌with‌‌the‌‌same‌‌flow‌‌rate‌‌of‌‌60‌‌                                       

mL/min.‌ ‌The‌ ‌flow‌ ‌rate‌ ‌for‌ ‌balance‌ ‌purge‌ ‌(N‌2‌)‌ ‌is‌ ‌40‌ ‌mL/min.‌‌ ‌  
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‌ 

 ‌ ‌ 

Fig‌ ‌2.9.‌‌ ‌TGA‌ ‌5500‌ ‌ 

2.3.3.‌ ‌Scanning‌ ‌Electron‌ ‌Microscopy‌ ‌(SEM)‌ ‌ 

SEM‌ ‌images‌ ‌were‌ ‌obtained‌ ‌using‌ ‌an‌ ‌EBSD‌ ‌-‌ ‌Apreo‌ ‌SEM‌ ‌(ThermoFisher‌ ‌Scientific,‌‌                       

Waltham,‌ ‌MA)‌ ‌operating‌ ‌typically‌ ‌at‌ ‌a‌ ‌voltage‌ ‌of‌ ‌2kV‌ ‌and‌ ‌a‌ ‌current‌ ‌of‌ ‌13pA‌.‌ ‌All‌ ‌samples‌‌in‌‌                                 

polymer‌ ‌form‌ ‌were‌ ‌first‌ ‌coated‌ ‌with‌ ‌a‌ ‌4nm‌ ‌layer‌ ‌of‌ ‌Platinum,‌ ‌while‌ ‌pyrolyzed‌ ‌products‌‌were‌‌                             

images‌ ‌without‌ ‌any‌ ‌treatment.‌ ‌ 

‌ 

Fig‌ ‌2.10.‌‌ ‌Electron‌ ‌Back-Scatter‌ ‌Diffraction‌ ‌(EBSD)‌ ‌SEM‌ ‌in‌ ‌MAF.‌ ‌ 
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Chapter‌ ‌3‌ ‌–‌ ‌Results‌ ‌&‌ ‌Discussion‌ 

3.1.‌ ‌Degree‌ ‌of‌ ‌Polymerization‌‌ ‌  

Before‌‌any‌‌heat‌‌treatments‌‌are‌‌applied‌‌to‌‌the‌‌samples,‌‌the‌‌degree‌‌of‌‌polymerization‌‌was‌‌                           

determined‌ ‌by‌ ‌using‌‌Raman‌‌spectroscopy,‌‌following‌‌the‌‌analysis‌‌described‌‌in‌‌section‌‌2.3.1.‌‌By‌‌                         

taking‌ ‌the‌ ‌average‌ ‌values‌ ‌of‌ ‌5‌ ‌spots‌‌(5‌‌pillars‌‌in‌‌the‌‌case‌‌of‌‌micropillars),‌‌Fig‌‌3.1,‌‌the‌‌average‌‌                                   

degree‌‌of‌‌polymerization‌‌for‌‌the‌‌bulk‌‌sample‌‌is‌‌44.96%.‌‌The‌‌average‌‌DOPs‌‌of‌‌micro-pillars‌‌with‌‌                             

diameters‌ ‌of‌ ‌10µm,‌ ‌25µm,‌ ‌and‌ ‌50µm‌ ‌are‌ ‌31.62%,‌‌33.57,‌‌and‌‌35.79‌‌respectively.‌‌A‌‌significant‌‌                           

difference‌ ‌in‌ ‌DOP‌ ‌between‌‌bulk‌‌samples‌‌and‌‌micropillars‌‌may‌‌be‌‌due‌‌to‌‌the‌‌size‌‌effects‌‌or‌‌the‌‌                                 

different‌‌polymerization‌‌processes‌‌(two-photon‌‌polymerization‌‌versus‌‌UV-photopolymerization).‌‌             

The‌‌values‌‌are‌‌similar‌‌to‌‌the‌‌DOPs‌‌of‌‌other‌‌acrylic-based‌‌resins,‌‌such‌‌as‌‌IP-L780,‌‌used‌‌by‌‌other‌‌                                 

groups‌ ‌[48][49].‌ ‌ 

‌ 

Fig.‌ ‌3.1‌.‌ ‌Degree‌ ‌of‌ ‌polymerization‌ ‌for‌ ‌both‌ ‌bulk‌ ‌samples‌ ‌and‌ ‌micropillars‌ ‌with‌ ‌different‌‌ 
diameters.‌ ‌ 

‌ 

‌  
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3.2.‌ ‌Single-Step‌ ‌Heating‌‌ ‌  

Heat‌ ‌treatments‌ ‌without‌ ‌any‌ ‌isothermal‌ ‌process‌ ‌were‌ ‌done‌ ‌on‌ ‌bulk‌ ‌samples‌ ‌in‌ ‌a‌ ‌TGA‌‌                           

furnace.‌‌Bulk‌‌samples‌‌were‌‌heated‌‌from‌‌room‌‌temperature‌‌to‌‌900°C‌‌with‌‌a‌‌ramp‌‌rate‌‌of‌‌2.5°C‌‌/‌‌                                 

min‌‌both‌‌in‌‌air‌‌and‌‌in‌‌nitrogen‌‌gas.‌‌The‌‌final‌‌yields‌‌of‌‌carbon‌‌products‌‌after‌‌heat‌‌treatments‌‌were‌‌                                   

extremely‌ ‌small,‌ ‌0.88%‌ ‌(in‌ ‌nitrogen)‌ ‌and‌ ‌0.17%‌ ‌(in‌ ‌air).‌ ‌From‌ ‌the‌ ‌TGA‌ ‌data,‌ ‌Fig‌ ‌3.2,‌ ‌the‌‌                               

polymer‌ ‌bulk‌ ‌sample‌ ‌starts‌ ‌to‌ ‌lose‌ ‌weight‌ ‌at‌ ‌about‌ ‌300°C‌ ‌in‌ ‌air.‌ ‌While‌ ‌in‌ ‌nitrogen‌ ‌gas,‌ ‌the‌‌                                 

weight‌ ‌loss‌ ‌starts‌ ‌to‌ ‌be‌ ‌significant‌ ‌after‌ ‌350°C.‌ ‌These‌ ‌two‌ ‌temperatures‌ ‌were‌ ‌later‌ ‌used‌ ‌as‌ ‌a‌‌                               

starting‌ ‌point‌ ‌to‌ ‌design‌ ‌the‌ ‌multi-step‌ ‌heating‌ ‌process.‌‌ ‌  

‌ 

Fig‌ ‌3.2.‌‌ ‌TGA‌ ‌data‌ ‌of‌ ‌single-step‌ ‌heat‌ ‌treatments‌ ‌on‌ ‌polymer‌ ‌bulk‌ ‌samples.‌ ‌ 
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3.3.‌ ‌Multi-step‌ ‌Heating‌ ‌Process‌ ‌ 

Multi-step‌ ‌pyrolysis‌ ‌was‌ ‌used‌ ‌by‌ ‌different‌ ‌groups‌ ‌on‌ ‌polymeric‌ ‌micro/nano-structures‌‌                   

printed‌ ‌by‌ ‌3D‌ ‌direct‌ ‌laser‌ ‌writing‌ ‌(TPL‌ ‌process),‌ ‌where‌ ‌the‌ ‌polymeric‌ ‌structures‌ ‌undergo‌‌                         

volumetric‌‌shrinkage‌‌and‌‌turn‌‌into‌‌carbon‌‌nanostructures‌‌[5][6][7].‌‌The‌‌heat‌‌treatments‌‌involve‌‌                       

two‌ ‌or‌ ‌more‌ ‌isothermal‌ ‌processes.‌ ‌Firstly,‌ ‌the‌ ‌sample‌ ‌is‌ ‌heated‌ ‌to‌ ‌a‌ ‌target‌ ‌temperature,‌ ‌T1‌‌                             

(usually‌ ‌250°C‌ ‌to‌ ‌300°C),‌ ‌at‌ ‌some‌ ‌chosen‌ ‌ramp‌ ‌rate.‌ ‌After‌ ‌an‌ ‌isothermal‌ ‌process‌ ‌at‌ ‌T1,‌ ‌the‌‌                               

sample‌‌is‌‌then‌‌heated‌‌to‌‌the‌‌final‌‌temperature‌‌T2‌‌(usually‌‌690°C‌‌-‌‌1000°C)‌‌followed‌‌by‌‌another‌‌                               

isothermal‌ ‌process.‌ ‌Some‌ ‌groups‌ ‌added‌ ‌more‌ ‌intermediate‌ ‌temperatures‌ ‌and‌ ‌isothermal‌‌                   

processes‌ ‌between‌ ‌T1‌ ‌and‌ ‌T2‌ ‌[6][7].‌ ‌The‌ ‌whole‌ ‌process‌ ‌is‌ ‌done‌ ‌in‌ ‌inert‌ ‌gas‌ ‌or‌ ‌vacuum‌‌                               

environment.‌‌The‌‌choice‌‌of‌‌target‌‌temperature,‌‌T1&T2,‌‌ramp‌‌rate,‌‌and‌‌the‌‌time‌‌of‌‌the‌‌isothermal‌‌                             

process‌ ‌vary‌ ‌among‌ ‌different‌ ‌groups‌ ‌depending‌ ‌on‌ ‌the‌ ‌materials‌ ‌they‌ ‌used.‌‌ ‌  

In‌ ‌this‌ ‌work,‌ ‌both‌ ‌multi-step‌ ‌pyrolysis‌ ‌(all‌ ‌processes‌ ‌in‌ ‌nitrogen)‌ ‌and‌ ‌the‌ ‌modified‌‌                         

process,‌‌where‌‌step‌‌1‌‌(see‌‌Fig‌‌3.3)‌‌is‌‌done‌‌in‌‌air‌‌(pre-pyrolysis‌‌oxidation)‌‌were‌‌applied‌‌to‌‌bulk‌‌                                 

samples.‌ ‌Because‌ ‌there‌ ‌are‌ ‌no‌ ‌previous‌ ‌investigations‌ ‌on‌ ‌the‌ ‌carbonization‌ ‌process‌ ‌of‌ ‌our‌‌                         

custom‌ ‌photoresist,‌ ‌the‌ ‌value‌ ‌of‌ ‌T1‌ ‌was‌ ‌chosen‌ ‌based‌ ‌on‌ ‌the‌ ‌observation‌ ‌from‌ ‌single-step‌‌                           

heatings,‌ ‌section‌ ‌3.2‌ ‌(the‌ ‌temperatures‌ ‌that‌ ‌polymer‌ ‌bulk‌ ‌samples‌ ‌start‌ ‌to‌ ‌lose‌ ‌mass).‌ ‌The‌‌                           

isothermal‌‌process‌‌of‌‌2‌‌hours‌‌was‌‌chosen‌‌to‌‌make‌‌sure‌‌it’s‌‌long‌‌enough‌‌to‌‌distinguish‌‌the‌‌effects‌‌                                 

of‌ ‌oxygen‌ ‌stabilization.‌ ‌For‌ ‌the‌ ‌rest‌ ‌parameters,‌ ‌values‌ ‌that‌ ‌are‌ ‌close‌ ‌to‌ ‌the‌ ‌choices‌ ‌of‌ ‌other‌‌                               

groups‌‌were‌‌chosen‌‌[5][6][7].‌‌The‌‌heat‌‌treatments‌‌(Table‌‌3.1),‌‌with/without‌‌oxygen‌‌stabilization,‌‌                       

were‌ ‌applied‌ ‌to‌ ‌bulk‌ ‌samples.‌ ‌To‌ ‌confirm‌ ‌the‌ ‌purity‌ ‌of‌ ‌final‌ ‌carbon‌ ‌products,‌ ‌subsequent‌‌                           

heatings‌ ‌from‌ ‌room‌ ‌temperature‌‌to‌‌1000°C‌‌in‌‌nitrogen‌‌were‌‌also‌‌performed.‌‌Because‌‌the‌‌ramp‌                           

rate‌ ‌of‌ ‌2.5°C‌ ‌/min‌ ‌and‌ ‌the‌ ‌isothermal‌ ‌process‌ ‌of‌ ‌2‌ ‌hours‌ ‌were‌ ‌held‌ ‌fixed‌ ‌throughout‌ ‌all‌ ‌the‌‌                                 
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experiments,‌‌ ‌is‌‌used‌‌to‌‌denote‌‌different‌‌heat‌‌treatments.‌‌For‌‌example,‌‌ ‌denotes‌‌  HT1 T2/                    H300 900/    

the‌ ‌heat‌ ‌treatment‌ ‌with‌ ‌T1‌ ‌=‌ ‌300°C,‌ ‌T2‌ ‌=‌ ‌900°C,‌ ‌i.e.‌ ‌the‌ ‌first‌ ‌row‌ ‌in‌ ‌Table‌ ‌3.1.‌‌ ‌  

‌ 

‌ 

Fig‌ ‌3.3.‌‌ ‌Schematic‌ ‌of‌ ‌multi-step‌ ‌pyrolysis.‌ ‌ 

‌ 

Table‌ ‌3.1.‌‌ ‌Choice‌ ‌of‌ ‌parameters‌ ‌in‌ ‌different‌ ‌heat‌ ‌treatments.‌‌ ‌  

3.3.1.‌ ‌Multi-step‌ ‌Heating‌ ‌on‌ ‌Bulk‌ ‌Sample‌ ‌ 

With‌‌T1‌‌held‌‌fixed‌‌to‌‌be‌‌300°C,‌‌The‌‌heat‌‌treatments‌‌ ‌and‌‌ ‌were‌‌done‌‌in‌‌                   H300 900/    H300 950/        

the‌‌TGA‌‌furnace‌‌with/without‌‌pre-pyrolysis‌‌oxidation‌‌process.‌‌After‌‌being‌‌heated‌‌to‌‌300°C,‌‌the‌‌                         

21‌ ‌ 

T1‌ ‌(°C)‌ ‌  T2‌ ‌(°C)‌ ‌  Isothermal‌ ‌(hours)‌ ‌  Ramp‌ ‌rate‌ ‌(°C/min)‌ ‌ 

300‌ ‌  900‌ ‌  2‌ ‌  2.5‌ ‌ 

300‌ ‌  950‌ ‌  2‌ ‌  2.5‌ ‌ 

350‌ ‌  900‌ ‌  2‌ ‌  2.5‌ ‌ 

350‌ ‌  950‌ ‌  2‌ ‌  2.5‌ ‌ 



‌ 

bulk‌ ‌sample‌ ‌that‌ ‌was‌‌heated‌‌in‌‌air‌‌lost‌‌more‌‌than‌‌20%‌‌of‌‌weight‌‌during‌‌the‌‌isothermal‌‌process‌‌                                 

while‌ ‌the‌ ‌bulk‌ ‌sample‌ ‌heated‌ ‌in‌ ‌nitrogen‌ ‌gas‌ ‌only‌‌lost‌‌a‌‌small‌‌amount‌‌of‌‌weight,‌‌Fig‌‌3.4.‌‌The‌‌                                   

intermediate‌ ‌products‌ ‌were‌ ‌collected‌ ‌from‌ ‌the‌ ‌separate‌ ‌runs‌ ‌with‌ ‌step‌‌1‌‌only‌‌(RT‌‌-‌‌300°C‌‌and‌‌                               

held‌ ‌for‌ ‌2‌ ‌hours)‌ ‌both‌ ‌in‌ ‌air‌ ‌and‌ ‌in‌ ‌nitrogen,‌ ‌Fig‌ ‌3.5.‌ ‌The‌ ‌intermediate‌ ‌product‌ ‌with‌ ‌the‌ ‌heat‌‌                                   

treatment‌ ‌in‌ ‌nitrogen‌ ‌has‌ ‌almost‌ ‌the‌‌same‌‌color‌‌as‌‌it‌‌was‌‌before‌‌pyrolysis,‌‌and‌‌the‌‌spectrum‌‌is‌‌                                 

given‌‌in‌‌Fig‌‌3.6.‌‌Compared‌‌with‌‌the‌‌spectrum‌‌of‌‌bulk‌‌polymer‌‌before‌‌pyrolysis,‌‌the‌‌decrease‌‌in‌‌                               

peaks‌ ‌at‌ ‌‌around‌ ‌1635‌ ‌(corresponds‌ ‌to‌‌C=C‌‌bond‌‌[48])‌‌shows‌‌that‌‌the‌‌carbon‌‌double‌‌bond‌‌      mc −1                      

starts‌ ‌to‌ ‌break‌ ‌in‌ ‌nitrogen‌ ‌gas‌ ‌at‌ ‌300°C‌‌even‌‌with‌‌a‌‌small‌‌mass‌‌loss.‌‌The‌‌intermediate‌‌product‌‌                                 

that‌‌was‌‌heated‌‌in‌‌the‌‌air‌‌appears‌‌to‌‌be‌‌dark‌‌red.‌‌The‌‌spectrum‌‌is‌‌not‌‌provided‌‌because‌‌the‌‌high‌‌                                     

fluorescence‌ ‌was‌ ‌observed‌ ‌with‌ ‌both‌ ‌514‌ ‌nm‌ ‌and‌ ‌785‌ ‌nm‌ ‌lasers,‌ ‌which‌ ‌masks‌ ‌the‌ ‌Raman‌ ‌signal.‌‌ ‌  

‌ 

Fig‌ ‌3.4.‌‌ ‌TGA‌ ‌data‌ ‌of‌ ‌multi-step‌ ‌heating‌ ‌process‌ ‌with/without‌ ‌oxygen‌ ‌stabilization‌ ‌on‌ ‌polymer‌‌ 
bulk‌ ‌samples.‌ ‌(a)‌ ‌and‌ ‌(b):‌ ‌ ,‌  ‌(c)‌ ‌and‌ ‌(d):‌ ‌ .‌ ‌H300 900/ H300 950/  
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‌ 

‌ 

Fig‌ ‌3.5.‌‌ ‌Intermediate‌ ‌products‌ ‌obtained‌ ‌from‌ ‌a‌ ‌separate‌ ‌run‌ ‌with‌ ‌step‌ ‌1‌ ‌only‌ ‌(RT‌ ‌-‌ ‌300°C‌ ‌-‌ ‌2h‌‌ 
isothermal‌ ‌process).‌ ‌Left:‌ ‌in‌ ‌air.‌ ‌Right:‌ ‌in‌ ‌nitrogen.‌‌ ‌  

‌ 

‌ 

Fig‌ ‌3.6.‌‌  ‌Normalized‌ ‌(G‌ ‌band‌ ‌peak‌ ‌intensity‌ ‌=‌ ‌1)‌ ‌Raman‌ ‌spectra‌ ‌for‌ ‌intermediate‌ ‌products‌ ‌(a)‌‌ 
after‌ ‌step1‌ ‌pyrolysis‌ ‌(RT‌ ‌-‌ ‌300°C‌ ‌-‌ ‌2‌ ‌hours‌ ‌isothermal‌ ‌process)‌ ‌and‌ ‌bulk‌ ‌polymer‌ ‌sample‌ ‌before‌‌ 

pyrolysis‌ ‌(b).‌‌ ‌  
‌ 

After‌‌full‌‌heat‌‌treatment,‌‌for‌‌both‌ ‌ ‌and‌‌ ,‌‌the‌‌final‌‌products‌‌with/without‌‌            H300 900/    H300 950/          

pre-pyrolysis‌ ‌oxidation‌ ‌have‌ ‌noticeable‌ ‌differences‌‌in‌‌terms‌‌of‌‌the‌‌weight‌‌and‌‌the‌‌size,‌‌Fig‌‌3.4‌‌                             
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and‌ ‌Fig‌ ‌3.7,‌ ‌which‌ ‌shows‌ ‌that‌ ‌the‌‌pre-pyrolysis‌‌oxidation‌‌improves‌‌the‌‌final‌‌yield.‌‌To‌‌confirm‌‌                             

the‌ ‌glassy‌ ‌carbon‌ ‌features‌ ‌of‌ ‌the‌ ‌final‌ ‌products,‌ ‌Raman‌ ‌spectroscopy‌ ‌was‌ ‌used‌ ‌for‌‌                         

characterization,‌ ‌Fig‌ ‌3.8.‌ ‌From‌ ‌the‌ ‌Raman‌ ‌spectra,‌ ‌for‌ ‌both‌ ‌ ‌and‌ ‌ ,‌ ‌glassy‌‌                  H300 900/     H300 950/    

carbon‌ ‌features‌ ‌can‌ ‌be‌ ‌seen‌ ‌[7][15],‌ ‌with‌ ‌no‌ ‌significant‌ ‌differences‌‌between‌‌the‌‌final‌‌products‌‌                           

with/without‌ ‌pre-pyrolysis‌ ‌oxidation.‌‌ ‌  

‌ 

Fig‌ ‌3.7.‌‌ ‌Final‌ ‌carbon‌ ‌products‌ ‌obtained‌ ‌from‌ ‌ .‌ ‌Left:‌ ‌without‌ ‌pre-pyrolysis‌ ‌oxidation‌ ‌(all‌‌H300 900/  
processes‌ ‌were‌ ‌done‌ ‌in‌ ‌nitrogen).‌ ‌Right:‌ ‌with‌ ‌pre-pyrolysis‌ ‌oxidation.‌ ‌ ‌   

‌ 

‌ 

Fig‌ ‌3.8.‌‌ ‌Normalized‌ ‌Raman‌ ‌spectra‌ ‌(G‌ ‌band‌ ‌peak‌ ‌intensity‌ ‌=‌ ‌1)‌ ‌of‌ ‌the‌ ‌carbon‌ ‌final‌ ‌products.‌ ‌ ‌   
(a):‌ ‌ ,‌ ‌(b):‌ ‌ .‌‌ ‌H300 900/ H300 950/   

‌ 

Increasing‌ ‌T1‌ ‌to‌ ‌350°C,‌ ‌heat‌ ‌treatments‌ ‌ ‌and‌‌ ‌were‌‌performed‌‌in‌‌the‌‌            H350 900/     H350 950/          

TGA‌ ‌furnace‌ ‌with/without‌ ‌pre-pyrolysis‌ ‌oxidation‌ ‌process.‌ ‌With‌ ‌higher‌ ‌T1,‌ ‌the‌ ‌bulk‌ ‌sample‌‌                       

heated‌ ‌in‌ ‌nitrogen‌ ‌started‌ ‌to‌ ‌lose‌ ‌a‌ ‌noticeable‌ ‌amount‌ ‌of‌ ‌mass‌ ‌(about‌ ‌14%)‌ ‌while‌ ‌the‌ ‌sample‌‌                               
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heated‌ ‌in‌ ‌air‌ ‌lost‌‌a‌‌significant‌‌amount‌‌of‌‌mass‌‌(more‌‌than‌‌40%).‌‌The‌‌intermediate‌‌product‌‌was‌‌                               

collected‌ ‌from‌ ‌a‌ ‌separate‌ ‌run‌ ‌with‌ ‌step‌ ‌1‌‌only‌‌(RT‌‌-‌‌350°C‌‌-‌‌2h‌‌isothermal‌‌process),‌‌Fig‌‌3.10.‌‌                                   

With‌‌the‌‌step‌‌1‌‌heat‌‌treatment‌‌in‌‌air,‌‌the‌‌polymeric‌‌bulk‌‌sample‌‌turned‌‌into‌‌a‌‌shiny‌‌black‌‌color,‌‌                                   

and‌ ‌the‌ ‌Raman‌ ‌spectrum‌ ‌is‌ ‌given‌ ‌in‌ ‌Fig‌ ‌3.11.‌ ‌From‌ ‌the‌ ‌spectra,‌ ‌clear‌ ‌D‌ ‌and‌‌G‌‌bands‌‌can‌‌be‌‌                                     

observed,‌ ‌which‌ ‌shows‌ ‌the‌ ‌carbon‌ ‌features‌ ‌with‌ ‌some‌ ‌disorder.‌ ‌The‌ ‌intermediate‌ ‌product‌ ‌that‌‌                         

was‌ ‌heated‌ ‌in‌‌nitrogen‌‌appears‌‌to‌‌be‌‌brown.‌‌The‌‌Raman‌‌spectrum‌‌is‌‌not‌‌given‌‌because‌‌of‌‌high‌‌                                 

fluorescence.‌‌ ‌  

Similar‌ ‌to‌ ‌heat‌ ‌treatments‌ ‌ ‌and‌‌ ,‌‌the‌‌final‌‌yield‌‌of‌‌the‌‌carbon‌‌products‌‌        H300 900/     H300 950/                

from‌ ‌ ‌and‌ ‌ with‌ ‌oxygen‌ ‌stabilization‌ ‌process‌‌appears‌‌to‌‌be‌‌improved,‌‌Fig‌‌3.9,‌‌  H350 900/     H350 950/                    

while‌ ‌the‌ ‌Raman‌ ‌spectra,‌ ‌Fig‌ ‌3.12,‌ ‌show‌ ‌that‌ ‌the‌ ‌oxygen‌ ‌stabilization‌ ‌process‌ ‌doesn’t‌‌change‌‌                           

much‌ ‌on‌ ‌the‌ ‌quality‌ ‌of‌ ‌the‌ ‌final‌ ‌carbon‌ ‌products.‌ ‌ 

‌ 

Fig‌ ‌3.9.‌‌ ‌TGA‌ ‌data‌ ‌for‌ ‌multi-step‌ ‌heating‌ ‌with/without‌ ‌oxygen‌ ‌stabilization‌ ‌on‌ ‌polymer‌ ‌bulk‌‌ 
samples.‌ ‌(a)‌ ‌and‌ ‌(b):‌ ‌ .‌  ‌(c)‌ ‌and‌ ‌(d):‌  ‌ ‌H350 900/ H350 950/  
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‌ 

Fig‌ ‌3.10.‌‌ ‌Intermediate‌ ‌products‌ ‌obtained‌ ‌from‌ ‌a‌ ‌separate‌ ‌run‌ ‌with‌ ‌step‌ ‌1‌ ‌only‌ ‌(RT‌ ‌-‌ ‌350°C‌ ‌-‌ ‌2h‌‌ 
isothermal‌ ‌process).‌ ‌Left:‌ ‌in‌ ‌air.‌ ‌Right:‌ ‌in‌ ‌nitrogen.‌‌ ‌  

‌ 

‌ 

Fig‌ ‌3.11.‌‌ ‌Raman‌ ‌spectra‌ ‌of‌ ‌intermediate‌ ‌product‌ ‌(a)‌ ‌from‌ ‌a‌ ‌separate‌ ‌run‌ ‌with‌ ‌step‌ ‌1‌ ‌only‌ ‌(RT‌ ‌-‌‌ 
350°C‌ ‌-‌ ‌2h‌ ‌isothermal‌ ‌process,‌ ‌in‌ ‌air)‌ ‌and‌ ‌polymer‌ ‌bulk‌ ‌sample‌ ‌without‌ ‌any‌ ‌heat‌ ‌treatment‌ ‌(b).‌‌ 

In‌ ‌the‌ ‌spectra‌ ‌of‌ ‌the‌ ‌intermediate‌ ‌product,‌ ‌the‌ ‌intensity‌ ‌is‌ ‌much‌ ‌lower‌ ‌because‌ ‌a‌ ‌lower‌ ‌laser‌‌ 
power‌ ‌was‌ ‌used‌ ‌to‌ ‌avoid‌ ‌damaging‌ ‌the‌ ‌sample.‌ ‌ ‌   

‌ 
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‌ 
Fig‌ ‌3.12.‌‌ ‌Raman‌ ‌spectra‌ ‌on‌ ‌final‌ ‌products‌ ‌after‌ ‌pyrolysis.‌ ‌(a):‌ ‌ ,‌ ‌(b):‌ ‌ .‌ ‌H350 900/ H350 950/  

‌ 

Summary‌‌tables‌‌for‌‌all‌‌heat‌‌treatments‌‌are‌‌given‌‌in‌‌Table‌‌3.2‌‌and‌‌Table‌‌3.3.‌‌The‌‌weight‌‌                               

percent‌‌loss‌‌of‌‌the‌‌final‌‌carbon‌‌products‌‌during‌‌subsequent‌‌heating‌‌was‌‌used‌‌to‌‌check‌‌the‌‌purity.‌‌                               

And‌ ‌the‌ ‌Raman‌ ‌peak‌ ‌intensity‌ ‌ratio‌ ‌of‌ ‌D‌ ‌over‌ ‌G‌‌band‌‌was‌‌also‌‌included‌‌in‌‌the‌‌tables‌‌because‌‌                                   

increasing‌ ‌I(D)/I(G)‌ ‌is‌ ‌a‌ ‌sign‌ ‌of‌ ‌ordering‌ ‌for‌ ‌disordered‌ ‌carbons‌ ‌and‌‌amorphous‌‌carbons‌‌[22].‌‌                           

For‌‌the‌‌heat‌‌treatments‌‌without‌‌pre-pyrolysis‌‌oxidation,‌‌the‌‌choice‌‌of‌‌T1‌‌and‌‌T2‌‌doesn’t‌‌have‌‌a‌‌                               

significant‌ ‌effect‌ ‌on‌ ‌the‌‌final‌‌yield‌‌of‌‌carbon‌‌products‌‌(ranging‌‌from‌‌2.77%‌‌to‌‌3.24%).‌‌Neither‌‌                             

does‌ ‌it‌ ‌have‌ ‌much‌ ‌effect‌ ‌on‌ ‌the‌ ‌weight‌ ‌percent‌ ‌loss‌ ‌during‌ ‌subsequent‌ ‌heating‌ ‌(purity),‌ ‌and‌‌                             

Raman‌ ‌peak‌ ‌intensity‌ ‌ratio‌ ‌of‌ ‌D‌ ‌band‌ ‌and‌ ‌G‌ ‌band‌ ‌(crystal‌ ‌ordering).‌ ‌In‌ ‌the‌ ‌case‌ ‌of‌ ‌heat‌‌                                 

treatments‌‌with‌‌pre-pyrolysis‌‌oxidation,‌‌rising‌‌T1‌‌to‌‌350‌‌°C‌‌from‌‌300°C‌‌shows‌‌an‌‌improvement‌‌                           

in‌ ‌the‌ ‌final‌ ‌yield‌ ‌of‌ ‌the‌ ‌carbon‌ ‌products.‌ ‌However,‌ ‌no‌ ‌significant‌ ‌difference‌ ‌in‌ ‌terms‌ ‌of‌ ‌the‌‌                               

weight‌‌percent‌‌loss‌‌during‌‌subsequent‌‌heating‌‌and‌‌I(D)/I(G).‌‌Compared‌‌with‌‌the‌‌heat‌‌treatments‌‌                         

that‌‌were‌‌done‌‌purely‌‌in‌‌nitrogen,‌‌the‌‌pre-pyrolysis‌‌oxidation‌‌does‌‌show‌‌an‌‌improvement‌‌on‌‌the‌‌                             

final‌ ‌yield,‌ ‌while‌ ‌it‌ ‌doesn’t‌ ‌change‌ ‌much‌ ‌on‌ ‌the‌ ‌quality‌ ‌of‌ ‌the‌ ‌final‌ ‌carbon‌ ‌products.‌ ‌ 

From‌‌Table‌‌3.2‌‌and‌‌Table‌‌3.3,‌‌by‌‌maximizing‌‌the‌‌final‌‌yield‌‌and‌‌minimizing‌‌weight‌‌loss‌‌                             

during‌‌subsequent‌‌heating,‌‌three‌‌heat‌‌treatments,‌‌ (no‌‌oxidation‌‌process),‌‌ (with‌‌            H300 900/      H350 900/  
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oxidation‌ ‌process)‌ ‌were‌ ‌chosen‌ ‌for‌ ‌micropillars.‌ ‌ (with‌ ‌oxidation‌ ‌process)‌ ‌was‌ ‌also‌‌            H300 950/          

chosen‌ ‌as‌ ‌it‌ ‌gives‌ ‌the‌ ‌highest‌ ‌I(D)/I(G)‌ ‌ratio.‌‌ ‌  

‌ 
Table‌ ‌3.2.‌‌ ‌Pyrolysis‌ ‌without‌ ‌oxygen‌ ‌stabilization‌ ‌process‌ ‌(all‌ ‌steps‌ ‌in‌ ‌N‌2‌)‌‌ ‌  

‌ 

Table‌ ‌3.3.‌‌ ‌Pyrolysis‌ ‌with‌ ‌oxygen‌ ‌stabilization‌ ‌process‌ ‌(step‌ ‌1‌ ‌in‌ ‌air)‌ ‌ 

‌ 
(W%1‌ ‌and‌ ‌W%2‌ ‌are‌ ‌the‌ ‌weight‌ ‌percent‌ ‌left‌ ‌of‌ ‌the‌ ‌intermediate‌ ‌products‌ ‌and‌ ‌final‌ ‌products‌‌ 

respectively.‌ ‌W%‌ ‌loss‌ ‌is‌ ‌the‌ ‌mass‌ ‌loss‌ ‌(%)‌ ‌of‌ ‌final‌ ‌products‌ ‌during‌ ‌subsequent‌ ‌heatings‌ ‌from‌‌ 
room‌ ‌temperature‌ ‌to‌ ‌1000°C‌ ‌in‌ ‌nitrogen.‌ ‌I(D)/I(G)‌ ‌is‌ ‌the‌ ‌absolute‌ ‌Raman‌ ‌peak‌ ‌intensity‌ ‌ratio‌ ‌of‌‌ 

D‌ ‌band‌ ‌peak‌ ‌and‌ ‌G‌ ‌band‌ ‌peak‌ ‌for‌ ‌final‌ ‌carbon‌ ‌products)‌ 

3.4.‌ ‌Carbonization‌ ‌Process‌ ‌of‌ ‌Micropillars‌ ‌ 

3.4.1.‌ ‌Micropillars‌ ‌before‌ ‌Pyrolysis‌ ‌ 

On‌‌each‌‌wafer‌‌that‌‌was‌‌used‌‌for‌‌selected‌‌heat‌‌treatment‌‌from‌‌section‌‌3.2.3,‌‌there‌‌is‌‌a‌‌5x5‌‌                                 

array‌ ‌of‌ ‌pillars‌ ‌for‌ ‌each‌ ‌diameter,‌ ‌10µm,‌ ‌25µm,‌ ‌and‌ ‌50µm.‌ ‌Before‌ ‌pyrolysis,‌ ‌the‌ ‌radii‌ ‌of‌‌                             

different‌ ‌pillars‌ ‌were‌ ‌confirmed‌ ‌using‌ ‌an‌ ‌optical‌ ‌microscope,‌ ‌Fig‌ ‌3.13.‌ ‌The‌‌pillars’‌‌conditions‌‌                         
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T1‌ ‌(°C)‌ ‌  W%1‌ ‌  T2(°C)‌ ‌  W%2‌ ‌  W%‌ ‌loss‌‌ ‌   I(D)/I(G)‌ ‌ 

300‌ ‌  96.79‌ ‌  900‌ ‌  3.24‌ ‌  5.71‌ ‌  0.83‌ ‌ 

300‌ ‌  96.95‌ ‌  950‌ ‌  2.77‌ ‌  7.27‌ ‌  0.83‌ ‌ 

350‌ ‌  86.75‌ ‌  900‌ ‌  3.07‌ ‌  6.64‌ ‌  0.82‌ ‌ 

350‌ ‌  88.24‌ ‌  950‌ ‌  2.82‌ ‌  6.02‌ ‌  0.84‌ ‌ 

T1‌ ‌(°C)‌ ‌  W%1‌ ‌  T2(°C)‌ ‌  W%2‌ ‌  W%‌ ‌loss‌‌ ‌   I(D)/I(G)‌ ‌ 

300‌ ‌  79.05‌ ‌  900‌ ‌  7.16‌ ‌  6.42‌ ‌  0.82‌ ‌ 

300‌ ‌  82.60‌ ‌  950‌ ‌  5.72‌ ‌  6.29‌ ‌  0.85‌ ‌ 

350‌ ‌  55.59‌ ‌  900‌ ‌  11.56‌ ‌  5.36‌ ‌  0.83‌ ‌ 

350‌ ‌  61.94‌ ‌  950‌ ‌  9.48‌ ‌  3.99‌ ‌  0.81‌ ‌ 



‌ 

were‌ ‌visualized‌ ‌by‌ ‌SEM‌ ‌images‌ ‌of‌ ‌the‌ ‌polymeric‌ ‌micropillars‌ ‌on‌ ‌a‌ ‌sacrificed‌‌wafer‌‌that‌‌were‌‌                             

printed‌ ‌with‌ ‌the‌ ‌same‌ ‌parameters,‌ ‌Fig‌ ‌3.14.‌ ‌From‌ ‌the‌ ‌optical‌ ‌microscope‌ ‌and‌ ‌SEM‌ ‌images,‌‌                           

micropillars‌ ‌have‌ ‌the‌ ‌diameters‌ ‌as‌ ‌expected‌ ‌and‌ ‌they‌ ‌well‌ ‌stand‌ ‌on‌ ‌the‌ ‌silicon‌ ‌wafer.‌ ‌ 

‌ 

Fig‌ ‌3.13.‌‌ ‌Optical‌ ‌microscope‌ ‌image‌ ‌of‌ ‌micropillars.‌ ‌Radii‌ ‌were‌ ‌measured‌ ‌using‌ ‌a‌ ‌built-in‌‌ 
measurement‌ ‌tool.‌‌ ‌  

‌ 

‌ 

Fig‌ ‌3.14.‌‌ ‌SEM‌ ‌image‌ ‌of‌ ‌micropillars‌ ‌with‌ ‌25µm‌ ‌diameter.‌‌ ‌  

‌ 
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3.4.2.‌ ‌Micropillars‌ ‌after‌ ‌Pyrolysis‌‌ ‌  

Micropillars‌ ‌after‌ ‌pyrolysis‌ ‌with‌ ‌the‌ ‌selected‌ ‌heat‌ ‌treatments‌ ‌from‌ ‌section‌ ‌3.2.3‌ ‌were‌‌                       

examined‌ ‌using‌ ‌SEM,‌ ‌and‌ ‌Raman‌ ‌spectroscopy.‌ ‌SEM‌ ‌images‌ ‌for‌ ‌micropillars‌ ‌after‌ ‌three‌ ‌heat‌‌                         

treatments,‌‌ (no‌‌oxidation‌‌process),‌‌ (with‌‌oxidation‌‌process),‌‌and‌‌ (with‌‌  H300 900/      H350 900/        H300 950/  

oxidation‌‌process),‌ ‌are‌‌given‌‌in‌‌Fig‌‌3.15‌‌-‌‌Fig‌‌3.17.‌‌For‌‌all‌‌three‌‌heat‌‌treatments,‌‌the‌‌remains‌‌of‌‌                                   

only‌‌one‌‌array‌‌pattern‌‌can‌‌be‌‌identified,‌‌and‌‌they‌‌are‌‌most‌‌likely‌‌to‌‌be‌‌the‌‌array‌‌for‌‌50µm‌‌pillars‌‌                                     

after‌ ‌heat‌‌treatments.‌‌Regardless‌‌of‌‌the‌‌different‌‌heat‌‌treatments,‌‌instead‌‌of‌‌isotropic‌‌shrinkage,‌‌                         

only‌ ‌the‌ ‌fragments‌ ‌of‌ ‌pillar‌ ‌structure‌ ‌remain‌ ‌after‌ ‌pyrolysis.‌ ‌This‌ ‌may‌ ‌be‌ ‌a‌ ‌result‌ ‌of‌‌traces‌‌of‌‌                                 

oxygen‌‌still‌‌remaining‌‌in‌‌the‌‌TGA‌‌chamber‌‌even‌‌after‌‌nitrogen‌‌gas‌‌purge,‌‌which‌‌in‌‌such‌‌a‌‌small‌‌                                 

volume‌‌of‌‌polymer‌‌can‌‌lead‌‌to‌‌combustion‌‌instead‌‌of‌‌pyrolysis.‌‌The‌‌different‌‌reaction‌‌kinetics‌‌of‌‌                             

pyrolysis‌ ‌and‌‌oxidative‌‌pyrolysis‌‌of‌‌polymers‌‌have‌‌been‌‌discussed‌‌in‌‌the‌‌literature‌‌[50].‌‌As‌‌the‌‌                             

goal‌ ‌is‌ ‌to‌ ‌preserve‌ ‌the‌ ‌pre-patterned‌ ‌structures,‌ ‌it‌ ‌is‌ ‌expected‌ ‌that‌ ‌any‌ ‌oxygen‌ ‌traces‌ ‌at‌ ‌high‌‌                               

temperatures‌ ‌(eg.‌ ‌900°C)‌ ‌will‌ ‌be‌ ‌detrimental‌‌to‌‌the‌‌pyrolysis‌‌process,‌‌especially‌‌in‌‌volumes‌‌as‌‌                           

small‌‌as‌‌the‌‌ones‌‌in‌‌the‌‌micropillars‌‌fabricated‌‌for‌‌this‌‌work.‌‌If‌‌future‌‌tests‌‌determine‌‌that‌‌in‌‌the‌‌                                   

TGA‌ ‌chamber‌ ‌the‌ ‌presence‌ ‌of‌ ‌oxygen‌ ‌can‌ ‌be‌ ‌eliminated‌ ‌(eg.‌ ‌by‌ ‌purging‌ ‌with‌ ‌nitrogen‌ ‌for‌‌                             

multiple‌ ‌hours‌ ‌or‌ ‌apply‌ ‌vacuum‌ ‌before‌ ‌the‌ ‌pyrolysis)‌ ‌and‌ ‌the‌‌pyrolysis‌‌route‌‌that‌‌successfully‌‌                           

leads‌‌to‌‌carbonization‌‌of‌‌the‌‌bulk‌‌polymer,‌‌still‌‌does‌‌not‌‌carbonize‌‌the‌‌pillars,‌‌then‌‌this‌‌may‌‌be‌‌a‌‌                                   

result‌‌of‌‌size‌‌effects‌‌and‌‌the‌‌different‌‌diffusion‌‌pathways‌‌of‌‌the‌‌volatile‌‌degradation‌‌fragments‌‌in‌‌                             

the‌ ‌bulk‌ ‌versus‌ ‌the‌ ‌micropillars.‌ ‌Another‌ ‌issue‌ ‌that‌ ‌requires‌ ‌attention‌ ‌is‌‌that‌‌micropillars‌‌were‌‌                           

not‌ ‌well‌ ‌attached‌ ‌to‌ ‌the‌ ‌silicon‌ ‌wafer‌ ‌(see‌ ‌Fig‌ ‌3.16).‌ ‌This‌ ‌can‌ ‌be‌ ‌improved‌ ‌in‌ ‌future‌‌work‌‌by‌‌                                   

precoating‌ ‌the‌ ‌silicon‌ ‌substrates‌ ‌to‌ ‌increase‌ ‌the‌ ‌adhesion.‌‌ ‌  
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Fig‌ ‌3.15‌.‌ ‌SEM‌ ‌images‌ ‌for‌ ‌micropillars‌ ‌after‌ ‌heat‌ ‌treatment‌ ‌ without‌ ‌pre-pyrolysis‌‌H300 900/  
oxidation.‌‌ ‌  
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Fig‌ ‌3.16.‌‌ ‌SEM‌ ‌images‌ ‌for‌ ‌micropillars‌ ‌after‌ ‌heat‌ ‌treatment‌ ‌ with‌ ‌pre-pyrolysis‌ ‌oxidation.‌‌ ‌H350 900/   

‌ 
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Fig‌ ‌3.17‌.‌ ‌SEM‌ ‌images‌ ‌for‌ ‌micropillars‌ ‌after‌ ‌heat‌ ‌treatment‌ ‌ with‌ ‌pre-pyrolysis‌ ‌oxidation.‌‌ ‌H300 950/   

‌ 
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Though‌ ‌pillar‌ ‌structure‌ ‌was‌ ‌not‌ ‌well‌ ‌preserved‌ ‌regardless‌ ‌of‌ ‌different‌ ‌heat‌ ‌treatments,‌‌                       

compared‌ ‌with‌ ‌the‌ ‌other‌ ‌two‌ ‌heat‌ ‌treatments,‌ ‌the‌ ‌remaining‌ ‌structures‌ ‌from‌ ‌ (with‌‌                      H350 900/  

pre-pyrolysis‌‌oxidation‌‌process)‌‌appear‌‌to‌‌be‌‌closer‌‌to‌‌pillar‌‌structure.‌‌This‌‌is‌‌consistent‌‌with‌‌the‌‌                             

previous‌ ‌result‌ ‌in‌ ‌the‌ ‌case‌ ‌of‌ ‌the‌ ‌bulk‌ ‌sample,‌ ‌that‌ ‌the‌ ‌ (with‌ ‌pre-pyrolysis‌ ‌oxidation)‌‌                      H350 900/      

process‌‌is‌‌also‌‌the‌‌heat‌‌treatment‌‌that‌‌gives‌‌the‌‌best‌‌final‌‌carbon‌‌yield.‌‌We‌‌also‌‌observe‌‌that‌‌the‌‌                                   

side‌ ‌of‌ ‌the‌ ‌micropillar‌ ‌shrinks‌ ‌more‌ ‌compared‌ ‌with‌ ‌the‌ ‌top‌ ‌surface‌ ‌resulting‌ ‌in‌ ‌a‌‌                           

“mushroom”-like‌‌structure‌‌(see‌‌Fig‌‌3.16),‌‌which‌‌may‌‌be‌‌due‌‌to‌‌the‌‌different‌‌surface‌‌areas‌‌of‌‌the‌‌                               

top/bottom‌‌and‌‌sides‌‌of‌‌the‌‌pillars‌‌(the‌‌side‌‌surface‌‌area‌‌of‌‌the‌‌micropillars,‌‌with‌‌an‌‌aspect‌‌ratio‌‌                                 

of‌ ‌2,‌ ‌is‌ ‌8‌ ‌times‌ ‌larger‌ ‌than‌ ‌the‌ ‌top‌ ‌surface,‌ ‌following‌ ‌ ).‌ ‌ ‌(2r) 4r) vs πr  π * (
2    

The‌‌Raman‌‌spectra‌‌of‌‌the‌‌remaining‌‌fragments‌‌from‌‌pyrolyzed‌‌micropillars‌‌are‌‌given‌‌in‌‌                         

Fig‌ ‌3.18.‌ ‌While‌ ‌the‌ ‌pre-pyrolysis‌ ‌oxidation‌ ‌process‌ ‌doesn’t‌ ‌change‌‌much‌‌on‌‌the‌‌quality‌‌of‌‌the‌‌                             

final‌ ‌products‌ ‌from‌ ‌bulk‌ ‌samples,‌ ‌the‌ ‌remaining‌ ‌fragments‌ ‌of‌ ‌the‌ ‌micropillars‌ ‌from‌ ‌heat‌‌                         

treatments‌ ‌ (with‌ ‌pre-pyrolysis‌ ‌oxidation)‌ ‌have‌ ‌a‌ ‌lower‌ ‌I(D)/I(G)‌‌compared‌‌with‌‌those‌‌  H300 950/                    

from‌ ‌ (pyrolysis‌ ‌only).‌ ‌This‌ ‌may‌ ‌indicate‌ ‌that,‌ ‌in‌ ‌the‌ ‌case‌ ‌of‌ ‌micropillars,‌ ‌the‌ ‌carbon‌‌  H300 900/                          

products‌ ‌from‌ ‌ (pyrolysis‌ ‌only)‌ ‌are‌ ‌more‌ ‌ordered‌ ‌and‌ ‌have‌‌larger‌‌crystallite‌‌size,‌‌as‌‌in‌‌    H300 900/                        

amorphous‌ ‌or‌ ‌disordered‌ ‌carbon,‌ ‌a‌ ‌higher‌ ‌D‌‌band‌‌intensity‌‌with‌‌respect‌‌to‌‌G‌‌band‌‌is‌‌a‌‌sign‌‌of‌‌                                   

ordering‌ ‌[15][22].‌ ‌However,‌ ‌this‌ ‌is‌ ‌better‌ ‌to‌ ‌be‌ ‌examined‌ ‌by‌ ‌XRD‌ ‌in‌ ‌future‌ ‌work.‌‌ ‌  
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Fig‌ ‌3.18.‌‌ ‌Normalized‌ ‌Raman‌ ‌spectra‌ ‌(G‌ ‌band‌ ‌peak‌ ‌intensity‌ ‌=‌ ‌1)‌ ‌of‌ ‌remaining‌ ‌fragments‌ ‌after‌‌ 
heat‌ ‌treatments‌ ‌ (with‌ ‌pre-pyrolysis‌ ‌oxidation)‌ ‌and‌ ‌ (pyrolysis‌ ‌only).‌ ‌H300 950/ H300 900/  

‌   
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Chapter‌ ‌4‌ ‌–‌ ‌Conclusion‌ ‌&‌ ‌Future‌ ‌Work‌ 

In‌ ‌this‌ ‌thesis,‌ ‌the‌ ‌final‌ ‌carbon‌ ‌products‌ ‌from‌ ‌multi-step‌ ‌pyrolysis‌ ‌on‌ ‌the‌ ‌custom‌‌                         

photoresist,‌ ‌both‌ ‌bulk‌ ‌sample‌ ‌and‌ ‌micropillars,‌ ‌are‌ ‌evaluated.‌ ‌The‌ ‌effect‌ ‌of‌ ‌pre-pyrolysis‌‌                       

oxidation‌ ‌on‌ ‌the‌ ‌heat‌ ‌treatments‌ ‌is‌ ‌also‌ ‌investigated.‌‌ ‌  

From‌‌the‌‌TGA‌‌data‌‌of‌‌different‌‌heat‌‌treatments‌‌with/without‌‌oxygen‌‌stabilization,‌‌in‌‌the‌‌                         

case‌‌of‌‌the‌‌bulk‌‌sample,‌‌the‌‌pre-pyrolysis‌‌oxidation‌‌step‌‌was‌‌shown‌‌to‌‌improve‌‌the‌‌final‌‌yield‌‌of‌‌                                 

the‌‌carbon‌‌products,‌‌but‌‌the‌‌quality‌‌of‌‌the‌‌final‌‌products‌‌is‌‌similar‌‌in‌‌both‌‌cases‌‌(as‌‌examined‌‌by‌‌                                   

Raman‌ ‌spectroscopy‌ ‌and‌ ‌subsequent‌‌pyrolysis).‌‌In‌‌the‌‌case‌‌of‌‌micropillars,‌‌structures‌‌were‌‌not‌‌                         

preserved‌‌after‌‌subjecting‌‌them‌‌to‌‌the‌‌same‌‌heat‌‌treatment‌‌as‌‌the‌‌bulk.‌‌Future‌‌tests‌‌conducted‌‌in‌‌                               

an‌ ‌oven‌‌ensuring‌‌lack‌‌of‌‌oxygen‌‌are‌‌required‌‌to‌‌confirm‌‌that‌‌the‌‌same‌‌heat‌‌treatments‌‌may‌‌not‌‌                                 

lead‌‌to‌‌the‌‌same‌‌pyrolysis‌‌reactions‌‌in‌‌bulk‌‌and‌‌microstructures‌‌in‌‌the‌‌custom‌‌photoresist.‌‌Other‌‌                             

analysis‌ ‌that‌ ‌needs‌ ‌to‌ ‌be‌ ‌conducted‌ ‌is‌ ‌XRD‌ ‌measurements‌ ‌and‌ ‌TEM‌ ‌imaging‌ ‌to‌ ‌confirm‌ ‌the‌‌                             

crystallite‌ ‌size‌ ‌of‌ ‌final‌ ‌carbon‌ ‌products.‌ ‌Finally,‌ ‌mechanical‌ ‌tests‌ ‌on‌ ‌the‌ ‌micropillars‌‌and‌‌bulk‌‌                           

samples‌‌before/after‌‌pyrolysis‌‌would‌‌be‌‌required‌‌to‌‌study‌‌the‌‌mechanical‌‌properties‌‌of‌‌the‌‌initial,‌‌                           

intermediate‌ ‌and‌ ‌final‌ ‌products.‌‌ ‌  
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