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Tounderstandthe abi | ity of TPR DLW o produce snal | feat uresizes, thelaser intensity thygshol d(
needstobetakenintoconsiderati on, andthefact that, bel owt hi sthreshol d, photopol yneri zabl e resi ns ar
not sufficientlycross-linked. FFomapractical point of view thisneansthat obj ects createdby TPR OW
needtobefabricatedusi nglaser i ntensities hi ghert hdmey ar e t o sur vi ve t he devel opnent step. Hence,
pol yneri zedf eat uresw thsnal | er and snal | er di nensi ons can be pri nt ed by TPR DLUSI ng ever decr easi ng
laser intensitiesthat barely slifpasst hi sway, thevol une of thel aser-focused beami s not pol yneri zed
initsentiretybut onlyinthoseregi onswheretheintensity surpassesthethreshol d. Wsingthisstrategy,
nanor ods as t hi nas 30 nmhave beenwri tten usi nganexci tati onwavel engt h of 8008jm[

Wiiletheoptical diffractionlint canbe brokeninTPR DL\Wahen pri nti ng si ngl e and wel | - separ at ed
el enents (i.e. voxel sor continuous | ines), thewitingresol ution(inter-elenentsd stanceat whi chel enel
arestill distinguishable) suffersfromlinmtingnechani snsthat areinherent tothe pol yneri zati on proces
Fecifical ly, duetotheso-cal |l ednenory ef fect of theresin, thenini numachi evabl e di st ance bet weentwo
voxel sor linesinTPROW s alwaystwotofivetines|arger thanthe mni numfeaturesize. Asa
consequence, the hi ghest witingresol utionreportedsofar whenusingTPROW nitsoriginal formis
around 200 nm[ 9] . Qrer theyears, several research groups have devel oped cl ever strategi estooverconethi
limtatiorlp-14]. Many of these strategi es werei nspi redby t he ast oundi ngresul t s achi evedin
f1 uor escent - based super - resol ut i on m croscopy t echni ques such as STEDand RESQF |

Based ont he above di scussi onthen, it i sevident that TPR DL\WEan reproduce t hree- di nensi onal obj ects
at thenicroscal el evel withunnatchedfidelity. Boththebuil dingbl ocks usedtoprint theseparts (voxel s)
andt he proxi nity w t hwhi cht hey can be posi ti oned have i ndeed r eached di nensi ons snal | er t han 100 nm
Uhfortunately, theabilitytocontrol natter transfornati onw thsuchahi ghspatial accuracy has not been
nat ched by t he i npl enent at i on of adequat e anal yti cal techni questhat cani nvestigatethe pol yneri zation
process at the sane or snal | er | engt hscal es. For exanpl e, confocal Rarman microscopy i s oftenusedto
characteri ze TPPnicrostruct ures becauseof itsabilitytoretrievechencal -richi abr riitnamilt i s
afar-field(FH) optical techni que, Ramannicroscopyislimtedinitsspatial resolutionbythed ffractio
limt. Thus, discrininatingsignalsfromsanpl edonai nsthat are separat edby | essthan 300 nmi s extrengl y
chal | engi ng usi ngt hi s t echni que.

Theref ore, we bel i evethat t he deci si ve advance of TPR DLW nt o aw del y used nicro- and
nano- nanuf act uri ng process cal | s for ananal yti cal t echni que capabl e of characteri zi ng struct ures at
sub-diffractionlintedspatial resol ution. Wirki ngtowardsthisgoal, wedenonstratetheuseof near-fiel
(NP niicroscopy toi nvesti gatethe chenical propertiesof TPPnicrostructureswtharesol uti onwel | bel ow
100 nm Specifical |y, we cal | ect Ranan naps of TPPnicrost ruct ures usi ngti p- enhanced Ranan
spect roscopy (TERS) 17-19].

TERS conti nes t he benefi t s of Rarman spect roscopy withthe spatial resol utionof scanni ng probe
mcroscopy. | nparticul ar, THRSproduces datat hat i s hi ghlyspecificinchemcal i nfornational ongwth
signal | ocal i zati ondowntothetens of nanoneters. Accordingly, THRShasthe potential todeliver | abel -fre
chemcal i nagi ngof TPPnicrostructures evenwhentheyareprintedw ththefinest featuresi zesandthe
hi ghest writingresol ution. Furthernore, thenon-destructiveandnini nal I'yinvasive characters of THRS
render thi stechniqueattractivefor real -ti neinagi ng of TPR O\t t he nanoscal e.

Throught he years, TEHRShas beenuti | i zedto st udy nany t ypes of nanostructurednateri al s. Exanpl es
i ncl ude si ngl e-val | ed car bon nanot ubes, graphenefl akes, or gani ¢ and seni conduct or sol ar cel I's, and
net al s- based cat al ysP624] . THRShas been enpl oyed successful | y i nthe characteri zati onof bi ol ogi cal
naterial saswel |. Bacteria, viruses, erythrocytes, andnucl ei ¢ aci ds have al | been anal yzed w t h nano- scal
resol uti onusi ng THRS{5-28] . Furt hernore, pol yners have beent he subj ect of TERSstudi esaswel | . Inone
exanpl e, apol yst yrene/ pal yi soprenethi nfil mwas i naged by TERSresul ti ngi nnewi nfornati ononthe
sur f ace and sub- sur f ace nano- st r uct ur e of t hese conposi t e nat e29jal $1fi anot her exanpl e, adifferent
pol yner bl endthinfil mwasi nvestigatedby TH] . I nthis case, the devel opnent of theinterface
betweenthetwo pol ynersthat constitutethefil masfol | onedw thahi ghspatial resol utionbyinagi ng
sanpl es anneal ed at di fferent tenperatures.

Herei n, we provi de Rarman naps of pol yneri ¢ nicrostruct ures fabri cated by TPR DWW thaspati al
resol uti onthat exceedsthat of conventi onal confocal Ranan nicroscopy. Based on our TERSneasur enent s,
vereveal prelininaryinfornationonthenanostructureconpositionof printedpol ynericparts. Wfinda
conspi cuous anount of heterogenei tyinthe pol yner cross-1inki ngal ong di stances snal | er thant he si ze of
t he used pol yneri zed voxel . Thi s st udy proves t hat TERScan be appl i edtoi nvesti gat e TPPnicrost ruct ures,
pavi ngtheway t o better under st and phot opol yneri zat i on processes whent hey are confi nedw t hi nsnal |
vol unes such as i n TPR OLW
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2. Experinental net hods

TPPsanpl es were pri nt ed usi ng a commer ci al TPR CLWsyst em( Phot oni ¢ B of essi onal GI, Nanoscr i be

GibH . Theexcitati onsourcei s provi dedby afi ber-basedoscill ator withacenter wavel engt hof 780 nm
Thel aser deliversatrainof 120fspul seswtharepetitionrateof 80 Mkz. Thel aser i sfocusedontothe
sanpl e usi nga A an- Apochronat 63 1.4 NAoi | i nmer si on m cr oscope obj ecti ve nountedi nani nverted

m croscope f rane. DLW s acconpl i shed by ei t her novi ngt he sanpl ewi ththeai dof athree-axi s pi ezo st age
or by scanni ngt he f ocused | aser beamusi ng gal vanonetricmrrors. ABraggcel | isusedtoregul atethel aser
intensitythat reachesthe sanpl e andt o ensure nini numanount s of over- and under - exposur es. The

naxi numaver age | aser power neasured at t he obj ect i ve back aper t ur e was 50 "W Because of t he | aser

vavel engt h and beanwai st, transnissi on of 65% or t he mi cr oscope obj ecti ve was neasured. A | | aser

aver age pover s ci ted hereafter ref er t oval ues neasur ed bef or e t he m cr oscope obj ect i ve.

TPPsanpl es were nade usi ng | R L 780 (Nanoscri be, GibH . IRL780i sanegati ve-toneresi nt hat
allowsfast andefficient printingof three-di nensional structuresby TPROW Itsnai nconponent isa
mul ti functional acryl atenononer (pentaerythritol triacryl ate, PETA) and, tostart pol ynerization, it use
typel photoinitiat@l]. W have chosenthi sresi nbecauseit enabl es fabri cati onof sub-100 nmf eat ure
si zes and because i t has beenwel | - char act eri zed by Ranan spect roscopy. S ruct ures were fabri cat ed on f usec
silicasubstrates nodifiedw thanadhesi onpronoter. Ater DLW sanpl es wer e subner ged i n propyl ene
gl ycal nononet hyl et her acetatefor 20mintodi ssol veuncuredresin, fol | owed by a5ninl ongi sopropanol
bat hfor further cl eani ng.

H-and N- Ranan spect r a and nappi hgs wer e capt uredw thanul ti - pur pose anal yti cal i nst runent
NTEGRA SPECTRA™ NI- MDT Spect ruml nstrunent s) i nthe upright configuration. Asit wll be
expl ai nedi nthedi scussi onsection, anepi-col | ecti onschenewas sel ectedfor thisstudy. Thesystemi s
essenti al |y al aser-scanni ng Ranan conf ocal m cr oscope equi pped w t h a scanni ng probe stati on. Excitation
and si gnal detectionwerecarriedout usi nga 1@ 7 NAn croscope obj ecti vew t hawor ki ng di st ance of
6 nm

The spect ronet er vas cal i bratedw thasiliconwafer by regi steringafirst-order Ranan band cent er ed at
520cm 1. Thesensitivity of thespectroneter was ca. 2500 phot on count s per 0. 1s provi dedt hat we used an
exit slit of 100andlinearly pol arizedlight withacenter wavel engthat 532 nmandani ntensity of
1.5MAem 2. The spect roneter i s equi ppedw t han EMOCDcaner a (ANDR Irel and), andit was
operatedat 193. 15 Kw t hout si gnal anpl i ficati on. H-and N-Ranan spect raw t hi nt he r ange of
200-2000cm !wereregisteredw thaspectral resol utionof 113isimga600 grooves nm * grating.

Abent goldtipattachedtoatuningforkisusedinthescanni ngprobestati on. Theti pperforns quasi
vertical oscillationsat thedi stance of 2-3 nmabovet he sanpl e usi ngfeedback that i s drivenby ashear-for
nechani sm Al i gnnent bet weent he apex of thegol dtipw ththefocus of theexcitationbeamwas real i zed by
i nagi ngthe surfacel ocal i zed pl asnon based fi el d enhancenent beneat ht he apex gol3d} i pifien
turningthelinear pol arizationdirectionof theexcitati onbeam thecharacteristicrotati onof atwo-I obe
Rayl ei ghscatteringpatternwas observedat thefocal plane. Fol low ngthisprocedure, therel ativepositic
thelaser focusandthenetal lictipwerel ocked. THRSnaps aret henrecor ded by scanni ngt he sanpl e ar ound
thefixedl aser focus/tipassenil y by neans of pi ezo st ages and col | ecti ng Ranan spectraat each pi xel .
Secifical ly, the THRSi nagesinthi sworkwere constructedusingraster scansw thastepsi zeof 5nmandar
exposuretineof 0.1spixéelresul tingin128 128 pi xel i nages.

@l dtipsfor TEHRSneasurenent s werefabri cat ed f roma100ngol dwi re (purity: 99. 99% Godf el | ow)

i mer sedi namxtureof funminghydrochl oricacid(HI, 37% and et hanol JHzH 96% inal:l

vol une proportion[33,34] . Gonsi stent resul t s were achi eved usi ng an adapt i ve dc- pul sed el ect r ocheni cal
et chi ng procedurew thasel f-tunabl e duty cycl e and wor ki ng pot entVay sdf. 5VandVy, = L. 9V On
achievingthecurrent cutoff event, thetipsweresafel yretractedfromthesol uti onsurfacewitha

pi ezo- nani pul at or andwerei nmedi atel yrinsedw thdistilledwater anddri edunder nitrogen. Girvature
radii of thegoldtipswerew thintherangeof 20-30nm Sraight andetchedgol dti pswerefirst bent under
nechani cal | oadandthengl uedtoaconductivel ongtabof ahorizontal |'yorientedtuni ngfork (TFL03- NTK
NI- MDT) operatingat aresonance frequency of 32kHz. Approachi ngthegol dtiptothe sanpl ewas saf el y
perfornedw ththe hel pof anornal forcefeedback schene at aset poi nt val ue as snal | a8%5%q

Wen repl aci ngt he resonant tuni ng fork of the scanni ngprobestationwithatraditional silicon-based
cantil ever, hi gh-resol uti ontopographi ci nagi ngof TPPnicrost ruct ures wererecorded by at onic f orce
n cr oscopy (AFV) usi ngt appi ng node oper at i on.
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2ESULTS ANDDISCUSSIONS

&ROM AN EXPERIMENTAL POINTOF VIEW 4%23 CANBEIMPLEMENTED
GEOMETRIES $EPENDING ONTHE NATUREOFTHE SAMPLE EITHERA'I
ISCHOSENNTHE LATTER CONFIGURATION ABENTORTILTED T TIPIS OF
SHADOWEFFECTS ORIGINATING FROMTHE CANTILEVER 4HEBOTTOM
SIGNALBE COLLECTEDUSINGTHE SAMEMICROSCOPE OBJECTIVE USI
JNSTEAD THE SIDEAND TOPILLUMINATIONS CANBEUTILIZEDINEITH

4HEBOTTOMILLUMINATIONIS ANEXCELLENT MODALITY FOR 4%23 N
MICROSCOPE OBJECTIVESWITHHMIGHBRBINGVEHRIB AIBABERMESE I HE S
EXCITED THROUGH EVANESCENT WAVESUSING OBJECTIVE BASED TO
BACKGROUND SIGNALFROMTHE TRANSMITTED LIGHT DOES NOT REAC
EVANESCENT WAVEEXTENDS OMER OSIHYRHAD ATESNCETHE METALLIC
ACONSEQUENCE THEBOTTOMILLUMINATIONISTHE MOSTCOMMON C
ESPECIALLYINDEMANDING APPLICATIONS SUCHASSINGLE MOLECU
INVESTIGATION OF 400 MICROSTRUCTURES THEBOTTOMILLUMINATI
ITSIMPLEMENTATIONLESS THANIDEAL 4HEFIRSTDRAWBACKISTHE
MICROSCOPE OBJECTIVE LIMITINGITS APPLICATIONTO THE STUDY C
DRAWBACKIS THAT TRANSPARENT SUBSTRATES MUSTBE USED THUS
MANY APPLICATIONS OF 400 REQUIRETHE MANUFACTURING OF THREE
BOTTOMILLUMINATIONIS NOTAPRACTICALSOLUTIONFOROURSTUD
ILLUMINATIONCONFIGURATIONINCOMBINATIONWITHATILTEDTIP 4
GRANTING THEPOSSIBILITYTOUSEMICROSCOPEOBJECTIVES WITH L
THAN GLASSES (ENCE ITOFFERSIDEALCONDITIONSFORTHEINVES"®

ISTHEFIRSTEXPERIMENTALATTEMPTTOUSE 4%23INTHE INVESTI
QUESTIONS THAT AREIMPORTANT FORPLANNING ANDEXECUTING FU
AMOUNT OF SIGNAL ENHANCEMENT  THATIS ACHIEVABLEWITHTHE EX
SECTION !ILTHOUGHENHANCEMENHRAXE BER S RESPO RBED RGEHASCA S|
MOLECU+ESHESE MEASUREMENTS AREPERFORMED INHIGH VACUUM (
MICROSCOPY PROBES (ENCE THEY ARENOTREPRESENTATIVEOFTH
VARY BETVARPEN 4HE SECOND QUESTIONCONCERNS THE SYSTEM S ABI
SIGNALS 40 REALIZETHE FULLPOTENTIALOF 4%23 THE SPATIAL RES
ONE ACHIEVEDBY USING CONFOCAL 2AMAN MICROSCOPY

SAMPLECHARACTERIZATION
4HE DIMENSIONS SURFACE QUALITY AND 2AMAN SIGNATURES OF THI
SHOWNIN FARDRHBE MICROSTRUCTURE CONSI|SM § ONG\ RNIMMIANEG U LAR
PRINTEDBY RASTER SCANNINGUSING THE GALVANOMETRIC MIRROR
HATCHINGDISTANCE HD OF NM A ACANAIRESERANVERAGE POWER O
THESE CONDITIONS THE RADIALDIMENSIONOF THE PRINTED VOXEL |
PADTO RESULTINARELATIVELY SMOOTMN &0RBGAONED & BFEAHRA R EZBOBIYT A

MWERETHENWRITTENONTOTHE POLYMERICPAD THISWM®™MBUSINC
AN AVERAGE LASERPOWEROF M7 ILTHOUGHTHE PADANDTHELINE
THE SAMPLE THEINTERFACEBETWEENTHE GLASS SUBSTRATE ANDT
FIGURBHAT THE TWO STRUCTURES RESULTEDINFEATURESWITHDIFF
1&- IMAGEOF THE SAME MICROWHERETU REOBISEJRVEED THAT THE LINE |
ALMOSTDOUBLE THE THICKNESS OF THE PAD 3PECIFICAHEY AD AINEDA ¢
THELINES ARE NM AND NMTHICK RESPECTIVELY

ORINTED VOXELSIN 400 $,7 DISPLAY ANELLIPSOIDALSHAPEBECAU
INTENSITYDISTRIBUTIONINTHE FOCALVOLUME (ENCE THEIRDIMEN
EXPOSUREDOSE 4HEDIFFERENCESINTHICKNESS BETWEEN THE PATL
THE LARGEREXPOSUREDOSEOFTHELINESCOMPAREDTO  THE PAD &
MICROSTRUCTURE REVEALED THATWHILETHE SURFACE ROUGHNESS
ROUGHNESSOFTHEPOLYMERICLINEISALMOSTDOUBLE THATVALUE
MAKE THE PAD WHERE THE RELATIVELY HIGHOVERLAP HD BETWEEN
POLYMERIZATIONINTHE SPACESBETWEENTHE LASERPASSES RESU!

!ICRYLIC BASED RESINSHAVETWO CHARACTERISTIC 2ZAMAN PEAKS
EXTENT OF POLYMERERAHABNS ASSIGNED TO THE STRETCHING MODE ¢
BOND ANDISCENTEREBEBERODTHERMPEAK IS ASSIGNED TO THE STRETCHI
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F gure 1.0 nensi onal and surface characteri zati onof the TPPnicrostructure. (a) Top vi ewSEM (b) ARMof aportionof th
mcrostructureas del i neatedby the squareoutlinein(a), and(c) hei ght profil eof thesanpl eacrossthebluelinein(b).
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H gure 2.H-Ranan char act eri zati onof the TPPnicrostructure. Aportionof thestructureshowninfi gumvesti gated usi ng
conf ocal Raran ni cr oscopy. Raran naps r ecor ded usi ngt he si gnal s at 1630 crhand 1720cm  * are shownin(a) and (b),
respecti vel y. Ranan spect ra bet ween 1500 cand 1900cm Y for threedifferent | ocati onsw thi nthe sanpl e (t hree poi nts
highlightedin(a) wthadot, asquare, andatriangl €) areshownin(c).

doubl e bond centered at 1720 cm?®. S ncebot hthe ol ef i ne and t he car bonyl functional groupsareintrinsic
noi eti es of acryl i c nononers, their correspondi ng Ranan peaks ar e hel pf ul spect roscopi ¢ nar ker s for

st udyi ng TPR DLW Speci fical |y, whi | et he peak at short er wavenuntoer decreases upon | aser irradi ation
because car bon—car bon doubl e bonds ar e consuned dur i ng pol yneri zati on, the peak at | onger

wavenunier s renai ns essenti al I yidentical uponlaser irradiationbecauset he carbonyl group does not
participateinthe pol yneri zati on process. Thus, the Ranansi gnal at 1728anves as ani nt er nal

standard, andthei nt egrat ed areas of t hese t wo péaksand Ac=0) areusedtocal cul atethe

pol yneri zat i on degr ee of conversion(DQ. DCisaninportant characteristicfor polynersingeneral, but it
pl ays anevengreater rol ei nthecharacteri zati onof TPR O\Waher e hi ghl y br anched nononer s nake up

nost of theresins. DCval ues areindeedstrictlycorrel atedw thsevera propertiesof TPPnicrostructures
suchastheir strengthandindex of refraction, bot hof whi chpl ay fundanental rol esinseveral cutting-edge
appl i cati ons of TPR OLW37, 38] .

Asmal | area(7 7 m?) of themicrostructureinfigufeottoml eft) was exam ned usi ng conf ocal
Ranan ni cr oscopy. Ranan naps of t hi s sanpl e regi on of t he sanpl e ar e showni nfi gube The si gnal s used
tobuildtheinagesinfiguiés) and (b) origi nat e fromt he 1630 crhandt he 1720 cm ! peaks,
respectively. Thetwonaps areal nost i dentical wththeonlydifferencebei nganoverall brighter signal ir
figure(a) thaninfigugb). Thisdifferenceenergesfromtherel ativeintensities of thetwo Ranan peaks.
Thefact that t he Raman naps i nfi gurdo not di spl ay any significant differencesisjustifiedconsidering
that thetwofunctional groupsgivingrisetotheneasuredsignal saredistributedw thinthepol yner at an
i ntra-nol ecul ar | evel , hence naki ngt hei r di spersi oni npossi bl etoresol ve.

Rananspectrarecordedat threedifferent | ocati onsw thinthesanpl e(circle, square, andtriangl e poi |
infiguré(a)) aredispl ayedinfidife. Thecharacteristics peaks at 163G @md 1720cm * are present
i nbot hspectraof thelineandof thepad. As expected, nopol yner Ranan si gnal i s neasur ed out si det he
sanpl e. Sncetheline sthicknessisal nost doubl ethat of thepad, theoveral | spectral intensity originat
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