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1 Fabrication of polymer photonic crystal superprism structures using
: polydimethylsiloxane soft molds
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Li We presenied @ soft |khography technique of fabricating polymer pholonic crystal superprism
B sirnciures using elasiomeric polydimethylsilonane f=mplaes. Dense two-dimensicnal phobonic
W crystal supsrprism siructures wich feature sizes of 150-500 nm and aspect ratios of up o 1.25 were
10 replicabed. Larpe field size and sasy fabrication are two major advantagss when compared with ather
1 imprini fechnology. Atomic force microscopy images showed that the molded simiciures had high
12 fidelity 10 e maseers, Less than 3% medoction of the dzpth in the moled swuciores we achizved
13 with respeci to tbe mester. The increase of e surface roughness from the mester 1o the molded
14 sirnciures is minimal. The issue of paiiem collapss during patern ransfer of submicron stmciones
18 was analyred againsi the patiem dimensions and wpect ratios; and ihe experimenial resuks wers
18 fomnd in agreement with a prior theory. e also experimentally demonsorated the superprism effeci
17 in tyo-dimensional photonic crystal siroctre al near-infrared wavelength. The propagation beam
18 changsd 3%° in the photonic crystal wih respect o e input wavelength warying from
16 1546 to 1572 nm. Such an effective, low cost, and high throughput sofi litegraphy ischniqoe could
0 find wide use in making phoionic crystal bmed nanosiroctores. © 2007 Awmenices Dusftate af
P | Finics, [DOE 10.10631.2732545)
23

23 INTRODUCTIGN

b Nmophoionics sbows the promise o bave a revolution-
26 ory impact on the landscape of photonics mobnology. Phote-
26 mic crysial hased nancsirpctwres ore antcipated to play a sig-
I7 mificant role i next generalion pholonic devices. Protonic
28 crystals ars artificial dislectric perindic sirocures. They can
26 form fnctional photonic devices with simificanily reduced
#0 sizes and prominent characteristics, such as bigh wavelengih
#1 md  anguiar :-:usiti'l.'ilg." and significant group velocity
32 dispersion.™ Becenily, devices bassd on two-dimensional
33 (2D phoionic crysial slabs have stimed up widsspread inber-
24 ast as such 210 planar photonic sroctures are compatible with
36 convertinnal microelsciranic and phovonic dewices, Mynads
#6 of optical componznis soch as waveguides, resonaiors, da-
#7 muliipkxers, and modulators have besn d-:s-ig?:d and fabri-
38 caled bazed on 2D pholonic crpstal geomeiry. -

a6 Polymers, a class of maienals thai can be inizgraied with
40 virtpalty all otber sobsirates, have besn considered as o
41 promising malerial candidate for photonic crysials. Palymer
42 pholanic crystal slabs usually do noi exhibit compleie phio-
43 fonic band gops because of Jow dislectic consionis of poly-
4 mers. Howswer, ceriain opiical devices such as suparprism
45 hased demuliipleners do noi require the phoionic crystals io
45 have a band gap.”

47 To fabricale poalymeric pholonic crestals, many =fforis
48 hawe besn focused on comventional processing echmiques
4% such as slecironteam (e-team) nanolitegrophy and reac-
B0 five ion eiching (RIEL which are relatively complicated,
&1 costly, and time consuming. Imprint lithography is one of e
B2 promising methods for making microstructores and nane-
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siruciures owing io low cosi and high dwoughpoe, Mosi &
prominent among thess meihods are hot embossing, siep md 54
flash imprini lithegraphy (SFILY and soft lithography.' 7 65
Hat embossing lithography employs a silicon or nickel 12m- 85
plate 1o imprint e resist ahove iis glas transition empera- &7
ture with large pressure applisd. The beating cycle exiznds 65
ihe process fime and pattem disioriion can cocur dos o high 50
iemperaur: and large pressore. The imprint area is limied 60
by the waviness of the subsirate. SFIL can be used io imprin &1
high resalution paiierns ower 4 large area by siep and repeai. &2
However, imprinting an 2 100 mm wafer size can be realized &2
usinq polsdimeihylsiloxans (FOMS] t=mplabe in one single &4
step. " Soh lkhography utilizes slstomeric PDMS with re- 65
lief pattems to raplicaie micro- and nanosirucres.® A POMS &
iemplabe & penerally prepared by casting prepodrmer againsi &7
o mmier paterned by corvendonal lkhopraphy dechmiquoes. &8
One advantage of soft lithography that wiilizes PDMS rather 60
than idged t=mplaie is that il can conform io 2 subsirabe cesp 70
large aress withool exiemal force. A second advaniage of 71
PDMS is that it is easily removed from the master md 72
melded siructures. Far hol embossing and SFIL, it is neozs- 73
sary to ooal an anlisticking layer an the femplae to com- 74
pleiely release i from the imprinied polymer. Even though 75
the templaje surface is treabed with a low surface energy 76
surfactant, e imprinted palymer ends 1o adhers da the l2m- 77
plaiz and canse defecis when impriniing dznse or bigh aspeci 75
ratio p:hfus.” ™™

The line and hole structores ab nancecalk: with aspeci @0
ratio considerably smaller than 1 were demaonsirated using &1
sofi lithceraphy in recen ].'cars-.uH However, it beoomes &2
challenging 1o replicale siructurss with aspect ratios larger &2
than | ard feare sizes smaller than 500 nm in pari becanse &4
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B of the low modulus of PDMS. These features are desired in
#6 many sofi lilography applicalions such as fabrcating phio-
87 fonic crysials. When the feare size shrinks to submicre- or
88 nanoscale, the aspect ratio [depthfwidih) and pattern density
80 [widthSpacing] play an imporiant role in the POMS defor-
Wi mation. For high aspeci ratio siruciunes, laieral collapss can
U1 sasily ooour awing o capillary md otber forces dunng e
02 paern transfer of mbmicron stmciures.” In this work, we
w3 employed sofi lithography to fabricaie fine sirocmres with
W4 mepect ratios lorper than 1 and feature sizes in the ranes of
U LD-500 nm. We also inwestigaled ihe deformation of
0 PDMS in making deznse phoionic crystal paterns,

o7 SIMULATION

uE Before ithe fabrication of the 2D palymer photonic crys-
W0 ial, e photonic crysial superprism siructure with a iriangle
100 array of air holez was designed and calculared. The refractive
101 index of backeround polymer is 1.475 i 1550 nm. T opii-
102 mize the design of superprism far low index contrasi photo-
108 nic crystals, e compleis band simciore md ke dispearsion
104 surface were calculared and anabrred by the plane wove
10 expansion. Figure 1(a) shows the cakulaied band stracture
106 of a riangle latice with a polymer refractive indsx of 1475,
107 The hale radiug is r=025%:, where g is the lattice constant.
108 The insst shows ihe first Brillooin zone md ils symmeiry
104 paints. There is no compleie phoionic bmd gap for trms-
110 werse eldsctric (TE) mode {eleciric field paraliel 1o de plans]
111 md iransverse magreiic (TM) mods (magnetic field parallel
112 1o the plane) doe io low refractive index conirmt,

113 The dispersion surface i delermined by the band siroc-
114 fore in warious directions. For a given incident wave vaciar,
115 the propagation direction can be cbtained through the mo-
116 menum conssrvation mie md groop velociy v = Vasik]
117 which i normal to the dispersion suface.’ The di persion
118 surfaoe of the firt band (TE mode) is shown in Fig. by Al
119 low normalized frequency (waf2 we <04), the band siroc-
120 fore is dotropic ad the dispersion surface is circlelibe withia
121 radius given by the magnitnde of wave vecior. For the nor-
122 malized frequencies in the range of 0.4 -0.45, the band siroc-
123 ture is sironghy anisoiropic and the dispersion surface is dis-
124 forted from circle. The propagation dirsclion is sensitive in
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the wmelangth of incident light and incident angle ai the
sharp corner region of the dispersion surface. Figurs 2 shows
ihe propagation angle in the phoionic crysial as a function of
ihe wovelengih for the differsnt incident angles. The photo-
nic crysial sinciore is an armay of gir hales in the pobymer
wiith 335 nm in diameizre (laitics consiant of 650 npm). Fox
the inzidzni angle of 34.9°, ihe propagation angle changes
from -517 to 2B% when the wavelength of the incident lighi
is varied from 1546 po 1372 nm.

The superprism is a large area dzfaci-free sructore. The
simulation resulis show that the fealure size of the super-
prism is in the range of hundreds of nanometers. [t can he
fabrizaled on a large area in one st=p using sofi lithography.

FABRICATION

Saft lithegraphy is used 1o fatricate ibe photonic crystal
siructures. Thers are thres sieps in e soft [khograpby pro-
cedure: 1] master fabrication, (2) FDMS wmplae forma-
tion, and (3] paitem iransfer.
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FII. 3. {Calar onfire) Schamic disgram af de safi b mphy pracm:
{u} pabymyr wa duperoed an e aubersia; (b PDME o wua phaced

ca the auberaie; k) olliag of ik space by copillary; (d) e polyme v
awed by UV hight; wed (o] FOMMS wan rdzmed.

143 Mamier fabrication

1H W fabricated the mester sirociures composed of irim-
146 gular arrays of idenfical boles wsing o JTEOL TRXEOO0
146 electron-beam lithography (EBL) sysiem. The diameter of
147 the hales ranges from 100 1o 5080 nm, and the periad from
148 20 io 1000 nm. Fist. o layer of e-bsam resist [ER
140 ZEPSH0A was coabed on a silicon sobetraie. The patierns
160 were defined by ERL and the expossd ER win deweloped in
161 the ZED-NAD salotion. After developing il was postbalked

162 an a 1660 *C hotplate for 10 min. & 20 tiangular amray of
153 halzs was thos fabricaied on the ER.

154 PODMS template formation

166 The POMS material [Sylgard 184, Dow Corning) is
156 composed of two paris, the base and the curing ag=nt. They
167 were mimed o a racio of 10:] in weight and wers degassed in
168 vacoom to eliminaie air bobbles. Then we poured FDME
150 prepolymer cnbo the master and cured il oo a hot plabe a@i
160 60 *C for 12 h. The Young's modubs of POMS is 2 MPa™
161 Beoause the cured PDOMS did not adhers bo the resist pat-
162 t2rns, it could be easily pesled off from the masier. The 20
163 phoionic crystal siniciures weres iranstzrred from the masier
164 1o the FDME emplaie. The boles on the mmter wield e
168 pasis on the PDME emplaie.

166 Patberm transfer

167 The procedures of sofi lidegraphy are shown in Fig. 3.
168 A small amount of UY corahle acrelaie polpmer (WIR30L
160 470, ChemOptics, Eorsa) is dispensed evenly on e sub-
170 siraie. The PO 3 femplate is then placed in coniact wiih de
171 subsirale withool any exiernal foros. The capillary force
172 drives the polymer 1o fill the woid spaoss of ihe iemplaie,
178 lzading 1o patiern formation. The low visoosity of polymer
174 WIRIN4T0 (0.2 Pas) allows ihe rapid flling of the racessed
176 feawres of PDMS on the codar of micressconds, which were
176 astimated bmed an the surface iension and viscosity of e
177 p-:ll'_l,'u:-H.:"'H The PDME wemplaie ond sobsirae remain in
178 contact until the palymer fills the woid spacss of the tam-
170 plabe. Then the prepolymer is cured by sxposurs io UTY ra-
180 diation through e rosparent FOMS 2mplae. The Tms-
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miszion of o mm-thick POMS block was measured io be 181
O10% &l 365 nm wsing a Cory 5000 UVorisible-near infrared 182
(MIE) speciromeier. The POMS emplae is sbsaquenily 183
peeled off. leaving a iringular laitice of holes on the 184
WIRAAT polymer. By using the above procedwes, the 125
transfer of phovonic crystal patterns is realized. The samples 128
we posibaked 1o fonher remove sabvenis in the polymer. 15

FABRICATION RESULTS AND DECUSSI0N 188

By the above procedures, the ZD photonic crysial siruc- 150
iures were fabricaied by sofi lithography. The profile of the 100
molded srucmrss was examined by scanning elscron mi- 194
crosoopy [SEM) and abomic force microcopy (AFM)L Since 122
AFM can provide subnanometer wertical rasclution, it is suit- 198
ablz for the depth and surface roughness memuremenis of 104
micre- and nmosiruciores. Measurzmenis were caried ooi 198
with a Diigital Instrumenis AFM Dimemzion 3100 and ihe 158
tapping mode was wlilized o wwoid surface modification dur- 100
ing the measurement. The silicon probe (%eecol with a tlip 1938
height of 17.5 gm and cone half mgles of 157 sids, 157 120
tront, and 15° hack was used in the measuremenis. 200 tri-
mglk photonic crysial siniciores with ar boles of 200 nm in
diameier were shown in Fig. 4(a). The depih of air holes was
375 nm on average measured by AFM shown in Fig. dib.
The images clearly demonsiraied that an amay of air hales of
300 nm dismeier with an sspect ralio of 1.25 were replicated
using soft lithography. For reference, we abo fabricabed ar-
rays of narrow limes, which can be regarded as ope-
dimensional {110 photonic crysials or gratings, by the sams
iechnique. The SEM of the graiing siniciores were shown in
Fie 5. In Fig. 5a) the line widih period, and depth are 150, 210
650, and 122 nm, respectivelx In Fig. 5(b) the line widih is 211
Z00 nm. the period is 400 nm and the depth iz 122 nm. I 212
shows thal the rzsolution of maldsd structuees was down 1o 213
150 nm with an mpect ratio of 0L&] using the soft lichogra- 214
phy iechnique. Turing te paitern iransfer from a masier o a 248
FDMS templaiz, some problems can anse, such as or 246
bubhies being rapped in the holes on the masier due io the 217
submicron stmctures with high patiern demsity. In previous 218
wark, a reduction of more than 109 in depih from the masier 210
ic POMS tamplate was repored.™ Figurs 6 shows the AFM
imagss and section analwsis of the master [in Fig. 6ia)]
FPDMS zmplaie [in Fig. &b)], md malded siroctores [in Fig.
fiici] The depihs of holes on each sample were analyzed
alang three differeni crestallegraphic directions uring a soft-
ware [NAMOEOOPE I VERHON E12R1, Nanoscope, Mulb
mode, DI-Yeeco [nsiruments, Inc. ). The three groops of line
prafile in the middle colimn of Fig. & show the uniform
deptby and pericds of the hole'posis paterns along different
crysiallographic directions. On average, the depihs of master,
FDAS templabe, and molded sirociures are 387, 379 md
375 nm, respectively. We also measured the film thicknezss of
ihe masier struciore by using a NAND SPEC microscope.
The ihickress of e-beam resist spin coaled by 3200 rpm for
| min an the silicon subsirame is 387 nm on averags. The film
thicknzss measursmenis ogree well with AFM  memure-
menks. Thers & a 25 reduction of depth in the molded siruc-
tupes wich respect 1o the masier. Thers weme two si2ps in-
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FKI. 4. [Celor aslne) (a) SEM microgeapbo of e 20 ockded sinscora
wiith 3Kl am in dionerr (ietice coosane af B0 oo, (b) AFM amagen af
e 1D melded wracrore wih 375 am i depik.

238 valvad in the pattern transfar. The dapth reductions wers 1%
30 from mater 0 PFOMS emplae and 1% from e POMS
240 tzmplate bo the moldsd palymer siruciores. The redoction is,
241 we belizwe, primarily atiribuied to the fact that air is sasity
242 trapped in e hales on the masier doring fabricating de
243 PDOMS t2mplabe. We solved this problem by tilting the mas-
24 t2r by 5°-10% with respect to tbe horizon, Then the PDMS
245 prepalymer was poured on the high kevel side and it Aowed
246 slowly by gravity to ihe low le2wel side. The sxperimenial
247 resulis show that the PDMS prepalymer (0031 Pas) cm bet-
248 ter fill in the nancsructunes trough the current procedure.

#49  Light scottering doe to surfacs roughness is an importani
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AG. 5 (Celer onlioe)) SEM micrcgrapha of ik 1D molded sicscoeen.

source for optical losz. Sugimoio & al measured the wop =0
surface roughness of 2 wovegnide in a Gads membrane pho- 251
tonic crystal on the order of | nm, which gives satisfactorily 252
lcow optical Joss ™ W also analyzad the surface roughness of 253
the malded siructures and masiers using AFM. Begarding the 254
surface roughness, only & slightl increass in the root mean 255
square {rms} roughness (—1.2 nm) ceer | g’ arsa wie ob 258
served on the molded socmres with respect to the masier 257
(= 1.0 nm). We used the same POMS templaiz 10 replicaiz a 258
20 wiangular phoionic crystal lamice for three times and the 250
surface roughmess remaired at the same jevel. b=

The paitem collapee is a s=rions problem in submicron 254
siruciures wilh high aspact ratice andior high patiern density, 252
ad it is one of the factors which limit the strociure dimen- 253
sions. There ore muliiple forms of paitem collapse o 254
|:|-e:|’:|:ls-.:":I but the laleral collapss was found to be the domi 265
nmt form in our fabricated siructores aocording 1o our ob- 258
sermation. When the high aspect ratio siructures are malded 257
a high pattern density, the laberal collipse of neighboring 258
posis cocurs during the patiern rmsder when the surface ten- 250
sion is large enough io moke the neighboring posts conlaci. 270
Once they contact each other, tbey adhere togeiher 27
PHI:I:IHI:ED".I.:T For the high paitem density or high aspaci 272
ratio, ibe posts become maore swceptible oo the surface fen 273
sion. If any exiernal force makes the posts bend and they ars 274
nol wertical 1o te subhsirate, the posis ore easily in coniact 276
with the reighboring posts on the top because of the small 276
spacing between the posis.”” The patiem density and aspsct 277
ratio of patierns thepsfore play an imporiant role in the laberal 278
collopse of POME templates. The condition for [ateral col 20
lapss -:-fﬁ-m-t siruciures was esiablished by Glassmaker & ai. 280
in 2004.”" To be spacific, the critical aspsci ratio ab which the 281

collapse cocurs in FDME is given by 282
k 1 :?1;-‘",-'5 I'.E'Ii- L2
|E.|¢' E[erl _u=1a1|-.?,s ] 23
1| 27t fwiS) EY ]V
E[m'@ = 284

where E iz the Young's modulus, @ is the radis of posi, 2w 285
is the spacing betwesn the posis, v is the Poiszon's ratio of 228
FPOMS (p=03), and 1w is the surface 2nerge The above 287
squation describes the high density paitem having a small 228
critical aspect ratio. For a given patiern density, the critical 229
mpect ratio of posis becomes small as ihe radius decreasss, 200
The model also predicts thal the stiff maienal thigh Young's 28
modulus] will increme the siability of posis. =
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a3 From the above eqoation. we can obtain de critical
=4 heighi (ihe highest heighi at which the patierns do noi col-
M lopae),

A 27t |

mE EES ] ) I L W T

oT For o given paitem densiiy w/'a=1, we plot the above
mi equation in Fig. 7. The sworface energy of POMZ |

&G 200 55 mlicm® memsursd by Chaudhury ef ai using the [JER)
“ g technigue™ and the Young's modulus of PDMS is 2 MPa

#011 The ar=a obove the line correspands o the parameler ranges
#2 for the siable patiems and ihe arza below e line ihe col-

#% |lopsed patierns. The 2D iriangolar photonic crystal laitices
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Laieral collapse ansa
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FKI. 7. iCalar axbioe’s Aol yeis of de prizmn colispes ine. The grees daa
RpRin r#.i:nd umizne, whenu md o copreas collspeed
Th =TT carve wpereing the defec-froe and callapead vmiaren @
cslcalmed sccarding e Ref 1B
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FIJ. B [Celer calis] AFM imspes of e mubr,
O, snd malded sirecires.

&

wilh differeni dimensions and differeni critical heighs ob- a4
lained in our experiments ars also marked in Fig. 7. The dois 305
represenl those moldsd sirociures without defecis; whereas 308
the crosses represent those collapssd siructures. The sxperi 307
mental dala ars in agresment with the walues calculaied by 308
ihe ahove model. The critical beighi of 200 nm diameier 500
holes is 12 nm. When ibe dimension of holes norsases o 310
300 nm diameizr, the cricical height beoomes 375 nm. The 311
wpect rafin of tdess holes is 125, The critical height of 312
400 nm diametzr holes is 490 nm. The abowe deptho are 313
measursd by AFM. 14

To wecid the collapse of POMS emplaies, we can in 318
crease the Young's medulus of POMS or use a low surface 318
energy polrmer. The Young's modulos of POMS depends oo 317
curing time and mix ratio (hase werms curing a.gne1:|l:'l."':I With 318
curing fime increasing or mix ratio decreasing, the Young's 310
modulus will increass. E |

EXPERIMENTAL RESULTS

Oipiical measurement of the 2D photonic crystal siruc-
turz with 225 nm diameter and 650 nm period was con-
ducted wing a Mewport Avomatic Alignment station where
alignment accuracy down to 100 nm can b= precizely con-
irolied A l=nsed opiical fiber was uzed o coopls a Saniec
iunable laser light inko o fabricaizd sample. The inpu l=nsed
fiber is aligned for the TE mode with te leciric fisld wector
primarily in plans. The TE polarized light is usad for all the
measursments presented bers. An infraored camera was usad
io image the light path in photonic crestal superprism from 2%
ihe 1op surface of the sample. A&s the wavelengih is funed
from 1544 1o 1572 nm, the come=sponding beam inside the

20 photonic crystal confinoously changsd propagating direc-
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FKI. E. (Calor onfira] Microscops insge for bass s by wordengh:
{1l tenmn waghe st 1295 am esd (2 bess waphs & |57) am.

#3E ficn from — 19 1o 20° The beam propagafion angles were
#36 shown in Fig. 8 for the beam wavelength tuning from 1546
=7 md 1572 nm. The beam propagation direction was changed
#@ from negative bo positive refraction angles with increasing
#a0 wavelengih. This is consisiznt with the numerical simulation
0 resulis. The physicad mechanism behind this effect can be
#41 axplained with the disparsion swrface, [t means the shape of
#42 the disparsion surface experisnces 2 large change with the
43 wavelengih increasing from 1546 o 1572 om.

ELE | There is siill some deviation berwesn itte experimenial
5 data and romerical simulation resulis. This can be consed by
#46 the imperfection of the fabricated samples. The incidsnt light
M7 was offsst from designed angle 3497 to smaller inciden
e mgle. From the simuolation resulis, the light propagaiion
#0 mgle in the photonic crysial changes when the incident mgie
=0 is 36.3° insiead of 26,95, while the simulation resulis show
#1 the propagation angle in photonic crysial changes from
2 16 to I7°. Reasonable agresmeni is obisined between the
#48 simulation resulis and sxperimenial daia

a4 CONCLUSION

#/E W have fabricaied the 200 photomic crystal supsrprism
#56 siroctures. by sofi Lithography and demonsirated the mper-
#7 prism effeci in 20 phoionic crysial siruciure o near-infrared
#6 wavelengih. The beam propagation angle changed 3% when
#50 the inpui wavelength was waned from 1546 0o 1572 nm. An
i wpect ratin of 125 is achiswed for a phobonic crysial with
#1 300 nm air boles. The dapth of the master and thai of molded
2 pattarns bove only 38 differsnce. The soft lithography with
#3 PDMS iemplates repressnts a simple, kow cout, and relinble
#4 approach for fabrication of fine feaiures a5 small as 150 nm
#E in linewidth without distortions or defecis over a large pai-
6 jerned orea.
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