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A b stra c t

N anom eter resolution th ree dim ensional(3D ) s tructu re-w riting  using tw o-photon ab- 

sorption(T PA ) has po ten tia l applications in the  fabrication of various photonic and 

m icro-m echanical devices. In  a  T PA  process it is possible to  m odify the  physical 

p roperties w ith in  a  sm all subwavelength volume m aking 3D w riting  possible on a 

subm icron scale w ith  a  sim ple process. SU-8 and  O rm ocore are two popular pho­

toresists used for 800 nm  Ti:Sapphire laser writing. Different sim ple 3D structu res 

are reported  in th is thesis. A com parison of the  perform ances of these two polym ers 

for a  p articu la r laser system  is presented for 80 fs 800 nm  pulses. S tructu res w ith 

a  m inim um  resolution of ~320  nm  and 1.3 p in  were achieved for 40X objective us­

ing O rm ocore and  SU8, respectively. Moreover, very high aspect ra tio  (~40) lines 

were produced in O rm ocore using the  TPA  w riting technique. P aram eters  such as 

TPA  absorp tion  and behavior of the  resist during developing process are very im­

p o rtan t factors to  sim ulate s tru c tu re  w riting using T PA  process. T PA  coefficients 

were experim entally  determ ined  and the  developing process was characterized for the 

resists.
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Chapter 1

Introduction

Laser-m aterial processing s ta r te d  soon after dem onstra tion  of the  first laser system  

in 1960. Due to  poor beam  quality  and reproducibility  in itia l investigations were 

m ostly qualita tive  and  m ainly devoted to  research topics like m ateria l evaporation and 

ablation. F u rther im provem ents of laser perform ance expanded th e  field to  synthesis, 

plasm a form ation, laser cu tting , hole-drilling, welding, jo in ting  and  so fo rth  [7]. Laser- 

m aterial in teraction  was prim arily  based on the  therm al effect of laser on m aterial 

and as a  resu lt the  developm ent of struc tu re  was lim ited to  a  one-dim ensional (ID ) 

or two-dim ensional (2D) shape [8] w ith resolution characterized by th e  heat diffusion 

length in the  m aterial. As a result, o ther th an  pho to lithographic  process, mostly, the 

feature size varied from tens of m icrom eters to  m illim eters.

T he use of short-w avelength excimer laser in u ltrav io late  (UV) lithography has 

pushed the  linew idth  of in tegrated  circuits to  less th a n  100 nm . T he process, based 

on single pho ton  absorp tion  process, is lim ited to  ID  or 2D and  relies on chemical 

bond-breaking changes due to  the  laser. Still, complex ite ra tive  lithographic steps 

can build up  three-dim ensional structures.

For 3D stru c tu re  w riting one can take advantage of the nonlinear response (quadratic  

in intensity) in order to  confine the  in teraction  to  the  focal volum e of a  high power 

m icroscope objective. By using a  3D com puter controlled positioning stage to  move 

the sam ple any a rb itra ry  shape can be w ritten  in su itab le nonlinear photosensitive 

m aterial. In  th is  way, nonlinear in tensity  dependent processes can be utilized to

1
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achieve a  3D stru c tu re  by scanning the focal spo t w ith in  th e  m ateria l.

T he recent developm ent of fs lasers has added fu rther advantages to  laser-m aterial 

processing. L aser-m atter in teractions for fs pulses are fundam entally  different th an  

longer pulses or C W  lasers [7]. W hen m ateria l is irrad ia ted  by a  fs laser, the  pho­

ton  energy is deposited  m uch faster th an  electrons can transfer it to  the  la ttice  or 

m olecule/atom  oscillations th rough  phonon emission or la ttice  v ibration . As a re­

sult th e  therm al effect can be reduced for these sho rt pulse lasers. T h is provides an 

ideal optical excitation  for m any photochem ical or photo  physical reactions where 

therm al effects are no t desired. Moreover, a fs laser has an  extrem ely  large peak 

power com pared to  C W  and nanosecond lasers. T his high tran sien t photon  fluence 

density  results in different non-linear process, providing new possibilities for m aterial 

processing and m any fascinating applications. T he non-linear effects like two- and 

m ultiphoton  absorp tion  enable the  fabrication of 3D m icro-nano structu res.

Two pho ton  absorp tion  (TPA) is an optical nonlinear phenom enon th a t  occurs in 

all m ateria ls a t sufficiently high level of irradiance when the  com bined energy of two 

photons m atches the  tran sition  energy betw een the  ground s ta te  and  an  excited sta te . 

The ra te  of T PA  is proportional to  the  square of the  incident light intensity. The 

quadra tic  dependence of the  TPA  ra te  on light in tensity  confines absorp tion  to  the  

highly localized a rea  a t  the  focal point. As a  result the  photochem ical reaction occurs 

in a  region ensuring sm aller feature size, com pared to  the  SPA process, produced by 

the nonlinear in terac tion  changing the  physical properties of the  m aterial.

In th is thesis, different 3D structu res are produced in two com m ercially available 

photoresists, O rm ocore and SU-8. Lines of hundreds of nanom eter w id th  and very 

high aspect ra tio  were produced in the  resists using a T i:S apphire  fs laser source. 

Moreover, necessary p rim ary  param eters to  sim ulate final s tru c tu res  produced in a 

TPA  process are determ ined  for fu tu re  m odeling of the  overall process.
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1.1 B ackground

1.1.1 Single photon  absorption

In a  single pho ton  absorp tion  (SPA) process the  absorp tion  is linearly dependent 

on intensity. T he SPA coefficient, a  (m -1 ), is a  m ateria l dependen t param eter th a t  

relates the  in tensity  to  the  absorp tion  per un it length. T otal absorbed energy in the 

m aterial is also determ ined  by th e  thickness of the  m aterial.

For an incident laser beam  w ith  an intensity, /  (W  m ~2), the  absorp tion  per un it 

length for SPA process can be defined as,

where, 2  is th e  direction of beam  propagation. T he solution of the  above equation can 

be used to  determ ine th e  tran sm itted  intensity, I t after traveling though a  m aterial 

of certain  thickness A d (m) as,

where, U is the  incident in tensity  of the  beam . A bsorption, a  a , in dB m  1, is a  widely 

used term  to  represent SPA in a  m ateria l and is given as,

T he resulting  change in etch ra te  depends on th e  absorbed energy per un it volume 

and the  response of photoresist to  the  single photon  absorp tion  process.

1.1.2 C onventional photo-lithographic process

P hoto lithography is a  widely used process in sem iconductor industry  to  produce two- 

dim ensional (2D) p a tte rn s  using SPA phenom enon. P hotoresists, m ostly  having ab­

sorption in the  UV region, are used prim arily  to  transfer th e  p a tte rn  or inverse of the 

p a tte rn  based on the  type  of the  resist and o ther processing. T hen  selective etching 

or deposition  of o ther m aterials is perform ed. F inally  the resists are removed. Fig­

ure 1.1 dem onstra tes fabrication of a  m etal layer using a  lithographic process. As

(1.1)

It = Iie~aAd ( 1 .2 )

10 log10 ( I t / h )
a A  ~  ~ ~ ~ K d ---------------

(1.3)
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illustrated  in the  figure the  exposed area of a positive photoresist washes away after 

developm ent while the  rest rem ains on the  substra te . On th e  o ther hand , the  exposed 

area rem ains on th e  su b s tra te  for a negative resist while the  rest washes away.

In a case where there  is a  sm all gap between the  m ask and  the  resist, the  fabrication 

procedure is called proxim ity  prin ting as in Figure 1.1. P roxim ity  prin ting  is utilized, 

for exam ple, w hen the  resist is in a  liquid form. In  a  contact p rin ting  process, where 

the resist is a solid, the  m ask is pressed hard  enough to  the  su b s tra te  so th a t  there 

is no gap (theoretically) betw een two surfaces. D iffraction due to  spacing between 

resist and th e  m ask causes a b lurred  or diffused image on the  resist and reduces 

the resolution. T he theoretical resolution for a shadow graphic prin ting  w ith a  m ask 

consists of equal lines and spaces of w idth  w  is given by

where 2w  is the  g rating  period (m), g is the  gap w id th (=  0 m  for con tact printing), 

A is the wavelength (m) and d is the  resist thickness (m). So, higher resolution can 

be achieved by reducing the  gap a n d /o r  using shorter wavelength light sources for a 

particu lar resist-thickness.

1.1.3 D eveloping process

Photoresist, m ore specifically positive photoresist, can  be a polym er th a t  breaks into 

a low m olecular weight m onom er after the  bond-breaking reaction  due to  absorp­

tion of photon-energy. Conversely, there  are negative resists which are m ade up of a 

com bination of m onom ers and  pho to in itia to rs like photo  acid generators (PAG). The 

pho to in itia to r opens a  bond of the  m onom er to  form  a u n it cell of a  large chained 

polym er. T he bond  breaking or polym er form ation is dependent on the  absorbed 

photon energy. T he developer selectively etches away exposed or unexposed portion 

of the  resist based on the  type of the  resist. A typical resis t’s behavior in a  developing 

process is given in F igure 1.2. B oth  Orm ocore and SU-8 are negative resists. Con­

trasts , as shown in th e  Figure 1.2, for these two resists will be determ ined  in C hap ter 

2 using SPA exposures.

m m (1.4)
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Figure 1.1: Photolithographic process for selective deposition of metal on a substrate. For 

a positive resist, the exposed portion of the resist washes away during the developing process 

while the unexposed remains on the substrate. The opposite happens for a negative resist.
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Figure 1.2: Typical photoresist’s response to developer at different exposure dose (a) for 

positive resist and (b) for negative resist.

1.1.4 Tw o photon  absorption process

In a  Two pho ton  absorp tion  (TPA) process, the  absorp tion  is proportional to  the  

square of th e  intensity. T PA  is also a  m ateria l dependent process and th e  TPA  

coefficient, 3, relates th e  absorp tion  to the in tensity  of the  laser beam  in th e  m aterial. 

A bsorption per u n it length  due to  T PA  is

(1.5)

when the  in tensity  change while p ropagating  through  a  sho rt d istance is sm all it can 

be approxim ated  by,

I i - I t ^ p A d l ?  (1.6)

where, and  I t are th e  incident and tran sm itted  intensity. T ypical values of j3 

are very sm all (in the  order of 10-13 m /W ) and  it requires a  very high in tensity  

laser to  have significant absorp tion  in the  m aterial. A bsorption in a  m ateria l is also 

expressed in te rm  of absorp tion  cross-section. T he absorp tion  ra te  i.e. num ber of 

photons absorbed per un it tim e, N 2, due to  TPA  by a  pulsed laser can be expressed 

as [9],
P  P- A d

(1.7)N 2 = SC -A J L
(h v f  A
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where, 8 is the  T P A  cross-section (m 4 s pho ton-1 m olecule-1 ), Pa is the  average beam  

power, Pp is the  peak  beam  power (W ), C  is the  concentration  (molecules m -3 ) of 

the m ateria l, A d is the  in teraction  length (m), A  is the cross-sectional area  of the  

beam  (m), h  is the  P lanck ’s constan t and v  is th e  laser frequency. T he peak power 

Pp can be determ ined  as Pp = Paj R t , where R  is the  repetition  ra te  (pulses s-1 ) and 

r  is the  pulse w id th  (s) the  laser. SPA cross-section, a  can be also used to  determ ine 

absorption in the  m ateria l due to  SPA process as,

=  (L8)

where, V  is th e  laser probe volume (m3) assum ing a  cylindrical geometry.

T he absorp tion  ra te , N i a , in a m aterial w ith thickness A d  for th e  SPA process 

can be determ ined  from  E quation  1.1 as

N l a = a ^ A d A  (1.9)

The equation  can be rearranged  using V  =  A d A  and I  =  Pa/ A  as

(1.10)

Com paring E quation  1.8 and 1.10 it is evident th a t

a  =  a C  (1-11)

Sim ilarly the  absorp tion  ra te , N 2/3 , for a  T PA  process can be calculated  using 

E quation  1.5 as

N20= p £ - A d A  (1.12)
p hv

The equation  can be rearranged to  establish the  link betw een (3 and  5 as 

Now, com paring E quation  1.7 and 1.13/3 can be expressed in term s of 8 as

n r  C  Pa
li = s Yv Tv ( 1 ' 1 4 )

As m entioned earlier th a t  Pp =  Pa/ R .t .
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1.1.5 T PA  w riting, a b etter too l for 3D fabrication

As m entioned earlier, th e  T PA  process depends on the  in tensity  of the  beam . If a laser 

beam  is focused to  a  po in t w ith  a  microscopic objective lens, as shown in Figure 1.3(a), 

a focused spot w ith high pho ton  density is form ed locally, w ith  the  to ta l num ber of 

photons a t every cross section being constant. T he in tegrated  in tensity  of a plane at 

a given position  along the  d irection of the  beam  is a  constan t, as shown in Figure 

1.3(b). T his m eans th a t  the  linear response of the  m ateria l to  the  light intensity  

based on single pho ton  absorp tion  does not have optical sectioning capability  since 

the to ta l in teg rated  flux delivered to  one plane will be th e  sam e as any o ther plane 

and thus all planes are exposed sim ultaneously to  the  sam e degree. O n the  other 

hand, if the  m ateria l response is p roportional to  the  square of the  pho ton  density, 

the tim e-in tegrated  m ateria l response is enhanced a t th e  focused position [Figure 

1.3(c)], O ne m ore advantage of TPA  process is th a t  generally absorp tion  for a single 

photon is insignificant and thus light can pen e tra te  m ore deeply inside the  substance 

using a T PA  process. Additionally, the  fact th a t  there  is only sm all absorption of 

energy, a t the  region where photochem ical reaction is not desired, p ro tec ts m aterial 

from perm anen t dam age th a t  m ay occur due to  successive absorp tion  of energy even 

though the  in tensity  is lower th a n  the  threshold.

1.1.6 P hoton ic band-gap crystal

3D struc tu res like m icro-m echanical devices and photonic crystals can be produced 

using the  T PA  process. A photonic crystal is a  periodically repeating  s tru c tu re  m ade 

of two m ateria ls of different dielectric constan ts th a t  reflects a  narrow  frequency band 

of the incident signal. O pals are the  exam ple of n a tu ra l photonic crystals th a t  produce 

brilliant colors by reflecting a  narrow  spectrum  of light incident on them .

Generally, the  length  of periodicity  of a  photonic crystal is abou t one-half of the 

wavelength of the  light. In  such a case, photons tend  to  in te rac t very strongly  w ith the 

periodically repeating  s tru c tu re  through  constructive or destructive interference. The 

characteristics of th is  in teraction  can be artificially controlled by varying the  lattice
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Figure 1.3: Demonstration of 3D writing possibility using TPA process, (a) Intensity 

variation for a focused beam (b) total SPA probability in each plane along the propagation 

direction for the focused beam (c)Total TPA probability in each plane along the propagation 

direction for the beam. [1]

constant, the  dielectric constan t, and the  s tru c tu re  of the  lattice . P hotonic  crystal 

s truc tu res can be used to  produce tigh t bending waveguides, Y -junctions, filters and 

laser cavities [10, 11, 12],

1.2 D ev e lo p m en t o f  T P A  w ritin g  to  d a te

C urrently, a lot of research work is being devoted to  fs laser m ateria l processing, ei­

ther in tran sp aren t solids or in liquids. One m ain challenge is to  m ake novel photonic 

devices by fs laser m achining in glass, a m ost widely used optical m aterial. U nfortu­

nately  for m ost glasses, th e  linear absorption of near infrared (NIR) light (the working 

wavelength of a  T i:Sapphire laser) is negligible as th e ir absorp tion  edges are located 

in the  UV spectral region. T he laser-m atter in teraction  is therefore based on m ulti­

photon absorp tion  of N IR  light. B u t the  very high photon  fluences required to  achieve
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m ultiphoton  absorp tion  m ay also induce voids or cause irregular volume dam age as 

the refractive index increases proportional to  the local in tensity  of the  beam  due to  

the th ird  order non-linear effect causing self focusing in th e  m aterial. U tilizing the 

nonlinear effect on m ateria l W atanabe et al. [13] and Glezer e t al. [14] proposed 3-D 

m em ory bits using laser-induced spots; M iura et al. [15] dem onstra ted  light guid­

ing in a  direct laser w ritten  waveguide Furtherm ore, Sikorski e t al. [16] observed a 

3 d b /cm  gain a t 1062 nm  from  an active waveguide inside neodym ium -doped glass 

substra te . Sun et al. [17] utilized the  single pulse produced voids as photonic atom s 

to  organize photonic crystals.

Beside glasses, resists used for lithographic processing have also been studied 

for m icrofabrication using two or m ultiphoton  absorption. S K atayam a et al [18]- 

[19] stud ied  the  struc tu res  for diffraction gratings produced due to  irrad iation  of 

N IR (800 nm , 150 fs) laser pulses in various polym eric m aterials. Exam ples of such 

polym eric m ateria ls includes polym ethyl m ethacry late  (PM M A ), therm oplastic  epoxy 

resin (Epoxy) and a block copolym er of m ethyl m ethacry late  and  ethyl acrylate-butyl 

acrylate [p-(M M A /EA -BA ) block copolymer] doped w ith  dyes, which either had or 

did not have absorp tion  a t 400 nm  wavelength [18]. No s tru c tu re  was produced 

in undoped polym ers. D iffraction line gratings were produced in PM M A  and p- 

(M M A /EA -B A ) block copolym er doped w ith dye having absorp tion  a t 400 nm  by 

scanning the  beam . Polysilane and polysilane coated epoxy and  PM M A  films were 

also studied  by the  sam e group [19] to  produce diffraction g ratings using sim ilar 

optical system .

Liquid-phase photochem ical reactions induced by fs laser pulses in a small volume 

can also produce polym er-based m icrom echanical or M EM S system s and optoelec­

tron ic /pho ton ic  devices. Polym ers as op toelectron ic/pho ton ic  m ateria ls are available 

for various wavelengths covering the  entire visible to  N IR  range. These polym ers are 

simple to  process and allow for doping and m olecular design to  realize various optical 

functions.

M aruo et al [1] first reported  3D m icrostructure  produced by T PA  polym erization 

using a  highly viscous liquid resist. A laser beam  from a  790 nm  wavelength, 200
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fs pulse w idth , 76 MHz repetition  ra te  T i:Sapphire laser oscillator was focused into 

SCR-500 resin. T he resin was a  m ixture  of u rethane  acry late  oligom ers/m onom ers and 

pho to in itia tors. A 0.85 num erical apertu re  (NA) oil im m ersion m icroscope objective 

produced spirals w ith  a  d iam eter of 7 /im  and an  axial p itch  of 10.3 /iin. T he w idth  

and height of th e  spiral, were approxim ately  1.3 /rm  and  2.2 /im, respectively. K aw ata 

et al [20] from  the  sam e research group dem onstrated  com plex m icro-structures using 

the sam e resin. T hey used 780 nm  , 150 fs pulse w idth, 76 MHz T i:Sapphire laser 

oscillator pulses and lOOx objective lens w ith  a  NA 1.4 to  focus th e  beam . The laser 

was scanned horizontally  by a galvano m irror set and vertically  by a  piezo electric 

stage. Several m icrostructu res such as a  m icro-gearwheel, m icro-chain, m icro-spring, 

m icro-tube and m icro-bull were presented in the  article. S patia l resolution for the  

fabrication process was defined as the  dim ensions of the  sm allest achievable volume 

in which photochem ical reaction  can occur while the  surrounding  region was not 

affected. T he best longitudinal and lateral resolutions repo rted  in th a t  article were 

120 and 500 nm , respectively.

Some o ther groups proposed different photoresists or polym ers w ith  photo-acid 

generator for 3D fabrication. K uebler e t al [21] proposed a  new photo-acid  generator 

(PAG) w ith  higher T PA  cross-section th a t  could reduce th e  required exposure tim e 

for faster processing or lower threshold  in tensity  in order to  avoid dam age during TPA  

writing. T he tw o-photon-activable PAG BSB-B 2 consists of a  6fs[(diarylam ino)styryl]- 

benzen core w ith  covalently a ttached  sulfonium  m oieties. T he 67s [(diarylam ino)styryl]- 

benzen possesses a  high T PA  cross-section of 805 x 10-50 cm 4 s p ho ton -1 [21] w ith a 

peak in the  near infrared (745 nm ) wavelength. T he T PA  cross-sections for conven­

tional in itia to rs  are typically  10 x 10-50 cm4 s p ho ton -1 . T he PAG BSB-B2 was used 

in conjunction w ith the  solid negative epoxide resist, Epon SU-8 for 3D m icrofabrica­

tion. It was also m ixed w ith a  chemically amplified positive resist, te trahydropyranyl 

m ethachry late  (TH PM A )-rnethyl m ethacry late  (M M A )-m ethacrylic acid (MA). 3D 

structu res repo rted  in th e  article had a  lim iting resolution of m ore th a n  a m icron 

resolution w hen using a 60x, 1.4 NA objective. A 745 nm  T i:S apphire  laser oscillator 

w ith 80 fs pulse w id th  and 82 MHz repetition  ra te  a t an average power of 3.5 m W
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was used in th a t  experim ent.

Kou et al [22] reported  3D structu res in a  hyper branched  polyester acrylate 

(H PEA ) w ith  a m axim um  resolution of 0.85 ^m . T he H P E A  was m ixed w ith 1, 6- 

hexanediol d iacry late  (HDDA), T i-tanocene derivative (Irgacure 784) and p-Hydroxy- 

anole a t th ree  different ratios to  produce three different form ulation A, B and C. 

The Irgacure 784 and  p -Hydroxyanole worked as a  p h o to in itia to r and photoinhibitor, 

respectively. As m entioned in the  article the  presence of the  pho to inh ib ito r along 

w ith the in itia to r greatly  increased the threshold  value of the  T PA  polym erization. 

A m ode-locked T i:Sapphire laser (Coherent M ira 900F) was used in the  experim ents. 

The laser pulses w ith 80 fs pulse w idth, 800 nm  wavelength a t 1 KHz repetition  ra te  

was focused using a  lOOx, 1.22 NA microscope objective. T hey  repo rted  significant 

reduction of T PA  thresho ld  for the  oligomer com pared to  SCR-500 resin used to  write 

s truc tu res w ith  h ighest resolution ever. T he threshold  for th ree  different form ulations 

were 2.9, 4.3 and 1.6 x lO 7 m J cm -2 [22], respectively, where th e  param eter for SCR- 

500, resist used for h ighest resolution ever, was 1.8 x lO 12 m J cm -2 [1]. T he resists 

also had wide windows of laser power to  operate  as the ra tio  of thresholds between 

breakdow n to T PA  w riting were 3.7, 4.3 and 3.4, respectively. Single rods were 

fabricated  w ith  a  laser spot scanning a t a  speed of 20 p m  s -1 and  th e  struc tu res were 

studied to  find the  T PA  param eters. Simple lines and m icrogears were fabricated  by 

the group to  dem onstra te  3D w riting capability.

Orm ocore, a  com m ercially available photoresist, was also used to  produce 3D 

structu res by Serbin et al [23]. T he fabrication process for the  resist is sim ple and 

the resist is bio-com patible. A T i:Sapphire laser oscillator was also used in their 

experim ents w ith  80 fs pulse w idth  and 80 MHz repetition  ra te . T he operating 

wavelength of the  laser was 780 nm  and the  laser beam  was focused using a  lOOx 

microscope objective w ith  1.4 NA. The s tructu res were w ritten  w ith an average beam  

power of 30 to  60 m W . T he effective TPA  cross-section of th e  resist, defined as the 

product of the  ord inary  tw o-photon absorp tion  cross section, d', and th e  efficiency of 

the in itia tion  process, r\ (< 1 ), was report as 3 x 10~55 cm 4 s p h o to n -1 [23]. V ariation of 

voxel (volume elem ent) height and w id th  w ith  exposure tim e and  power were utilized
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to  determ ine the  param eter. M inim um  dim ension of voxel height and  w id th  reported  

by th e  group were 550 nm  and 150 nm , respectively. The focal po in t of the  laser beam  

was scanned in the  m ateria l in longitudinal d irection using a  galvo scanner and in 

lateral d irection using a  piezo stage to  w rite complex 3D struc tu res. S tructu res like a 

m iniature  s ta tu e  of Venus, wood-pile photonic crysta l s truc tu re , and m icro-capsules 

were fabricated  by the  group.

SU-8 is a com m on negative u ltra  violet (UV) photoresist widely utilized for fab­

rication of high aspect ratio  m icro-structures. T he  resist is a  solid coating after 

prebaking and  there  are several advantages of working w ith  a  solid coating. Neglible 

density difference betw een exposed and unexposed zone m akes th e  p a tte rn  steady 

in its position. R elative position of the  exposed volume in  the  photoresist rem ains 

unchanged for v ib ra tion  of th e  substra te . For these reasons SU-8 is becom ing pop­

ular for 3D fabrication  even though the  resist is very tem p era tu re  sensitive and the 

processing of the  m ateria l is more complex and tim e consuming.

T hree dim ensional struc tu res were produced on a  single shot basis by G. W itzgall 

et al [24] using com m ercial SU-8 based on the  TPA  process. A regeneratively amplified 

T i:Sapphire laser system  (Spectra Physics) was used for th e  fabrication. A slightly 

elliptical beam  w ith  beam  diam eter 4 m m  x 5 m m  was focused using a  25 mm lens. 

The p rim ary  objective of the  paper was to  explore the  possibility  of single shot 3D 

struc tu re  w riting. T he pulses w ith 120 fs pulse w id th , m axim um  1 m J pulse energy 

a t 800 nm  and 500 Hz repetition  ra te  laser produced a  3D circular spiral w ith  4 pm  

w idth wall and th e  m axim um  height of th e  spiral was 80 pm . D uring the  scanning one 

ro ta tion  stage ro ta ted  the  su b stra te  while m oving away or closer to  the  beam  focus. 

For 800 nm  laser th e  T PA  exposure and dam age threshold  for single-shot writing 

were 3.2 and  8.1 T W /c m 2, respectively. T he adhesion problem  of SU-8 on glass was 

solved by overlaying the  resist on top  of a  therm ally  cured SU-8 layer.

Lee et a t [25] fabricated  sub diffraction lim ited struc tu res  w ith  high-aspect ra ­

tio using com m ercially available SU-8 resists. A G rating  like s tru c tu re  w ith  w idths 

smaller th an  300 nm  and an  aspect ratio  of nine were was fabricated  by the  research 

group. Two dim ensional periodic s truc tu res w ith  posts of 1.2 pm  height and 460
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nm d iam eter were also constructed  in SU-8 . These were also transferred  to  silicon 

using reactive ion etching and the height and w id th  were reduced to  800 nm  and 150 

nm. A m odelocked T i:Sapphire laser oscillator w ith  100 fs pulse w id th  a t 808 nm  

wavelength and  100 MHz repetition  ra te  was used for T PA  w riting. T he laser pulses 

were focused using a  60x m icroscope objective having a  NA of 0.85. A th in  2 pm  th in  

layer of SU - 8  was coated on silicon wafer by spin coating. T he su b s tra te  was moved 

by a three-dim ensional piezo stage w ith  10 nm  resolution and  50 nm  repeatability .

A nother investigation on the  production  of u ltra-h igh  aspect ra tio  p a tte rn s  was 

reported  by Teh et al [26]. T he resolution of voxels and lines produced on SU - 8  were 

studied as a function of laser-pulse energy, exposure tim e and  scanning speed. A 

T i:Sapphire laser was also used for TPA  fabrication w ith  795 nm  wavelength, 70 fs 

pulse-w idth and 80 MHz repetition  ra te . Low NA (0.3), 10 tim es objective focused 

the beam  w ith  an  average power of 40-100 m W  to  a  silicon su b stra te  coated w ith 

SU - 8  resists. A th in  975 nm  layer of resist was produced by spin  coating a t 6000 

rpm  for 30 seconds and used for 3D w riting characterization . A piezo stage on top 

of an x-y tran s la tio n  stage was used to  hold and scan the  sam ple in the  laser beam. 

The m inim um  voxel d iam eter and line w idth  reported  in th e  lite ra tu re  are around 1 

pm . H igh-aspect ra tio  struc tu res were also produced in th ick  layer of SU - 8  having 

thickness up to  500 pm  . T he group reported  vertical planes w ith  m axim um  aspect 

ratio  of 23:1 and pillars w ith aspect ra tio  of 50:1. The w id th  for these structu res 

were around 10 m icrons. 3D structu res like suspended bridges of various lengths, 

m icroflaps, cantiliver rods, and cages were fabricated  by the  research group.

A 3D photonic crysta l s tru c tu re  using square-spiral arch itec tu re  was reported  by 

Seet et al [27]. A 50 pm  thick  SU - 8  layer was used to  fabrica te  the  s tru c tu re  using 

lOOx, 1.4 NA objective and 800 nm , 130 fs, 100 Hz repe tition  ra te  T i:Sapphire laser 

system  operating. T he m inim um  diam eter of the  voxel produced in SU - 8  was 475 nm  

and the  laser beam  was scanned by moving the  su b stra te  placed on a  3D piezo-stage.

T he following few paragraphs covers o ther fabrication techniques besides TPA  

w riting for 3D stru c tu re  writing. T he perform ance reported  such as aspect ratios 

or m inim um  featu re  size using a  few resists are also m entioned for these processes
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and o ther 2D fabrication  processes. LIGA (G erm an: Lithografie, Galvanoform ung, 

Abform ung) process is also used for 3D m icrostructu re  w riting. In  LIGA, synchrotron 

X-ray rad ia tion  is passed through  a m ask and  the  tra n sm itted  X -rays are used to 

expose a p a tte rn  in a  resist [28, 29]. One of the  in itial goals of the  process was 

to  m anufacture extrem ely  sm all nozzles, a high aspect ra tio  s truc tu re , to  separate 

uranium  isotopes. Polym ethyl m ethacry late  (PM M A ) is a  widely used resist for X-ray 

lithography. A n aspect ra tio  as high as 87.5:1 (350 fim: 4 //m ) is reported  by Becker 

et al [28]. T he m inim um  dim ension produced by the  lithography process was around 

0.5 fim. In order to  m ake 3D structu res using the  technique several fabrication steps 

are required [29, 30]. Griffiths [31] calculated the  m inim um  featu re  size based on the  

properties of the  PM M A  and o ther physical lim ita tions of the  source. T he m inim um  

possible size for positive linear struc tu res as m ention in th a t  paper were 0.5 f im  and 2 

f im  for a 100 f im  and  1 m m  thick resists, respectively. T he corresponding m axim um  

possible aspect ra tion  for these thicknesses are abou t 200 and  500. A lthough the 

technique has been used for some years now, LIG A  rem ains expensive because of 

the high cost of the  synchrotron accelerator. SU - 8  resists was prim arily  developed 

for lithography w ith low flux synchrotron rad iation . Bogdanov et al [32] reported  

s tructu res w ith  aspect ra tio  as high as 100 (400 gm : 4 gm ) using x-ray lithography. 

A UV-LIGA process was also used to  fabricate 3D struc tu res  in  PM M A  [33].

A nother technique to  produce 3D m icro-structure is called stereo lithography. The 

technique allows th e  m anufacturing  of 3D p a rts  by a  light-induced spatially  resolved 

polym erization [34], In  the  stereo lithographic process several layers of photoresist 

were coated and  focused UV light is used to  expose one layer after another. Norm ally 

the stage is moved so th a t  the  focus moves to  th e  next layer after exposing a 2D 

p a tte rn  in a layer. Ik u ta  e t al [34] dem onstrated  struc tu res  w ith  an  aspect ratio  

greater th an  10 and  the  m inim um  dim ension of a  cell is 5 fj,m x 5 f im  x 3 fim.

Deep ion beam  lithography (DIBL) using MeV protons, is a  technique th a t  can 

be also used produce 3D structu res in b o th  positive and negative resists. DIBL is a 

direct w riting  technique and no m ask is required for this process. Sanchez et al [35] 

reported  struc tu res  w ith  aspect ra tion  of 100 in PM M A  using the  technique. K an
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et al [36] produced a grid of lines above the su b stra te  supported  by vertical planes. 

The planes were w ritten  by 2 MeV protons th a t  pene tra tes  up  to  th e  su b stra te  while 

the grid was produced utilizing undercut of the  s tru c tu re  w ith  0.6 M eV protons. The 

m inim um  w id th  of a  line/w all produced in SU - 8  is around 100 nm  produced using 

100 KeV pro tons as reported  in [37]. T he resist thickness or th e  line height was 0.25 

pm  for the  struc tu re . Ion beam  LIGA has been applied for PM M A  for 3D structu re  

w riting w ith  high aspect ra tio  (~40) by M unnik et al [38].

SU - 8  is also widely used for conventional U V -lithography for high aspect ratio  

struc tu re  w riting. T he highest aspect ratio  reported  using U V -lithography is 190:1 

(1150 pm : 6  pm ) by Yang et al [39]. Glycerol was used betw een th e  m ask and the  

solid SU - 8  resist to  com pensate effects of air-gap betw een these layers.

Several publications report on m odels to  pred ict final s tru c tu re  based on the  ex­

posure dose, resist characteristics and o ther param eters. G riffiths [31] defined the 

lim iting features of PM M A  for the  LIGA process. Moreover, T in a  e t al [40], Yang et 

al [39] and  Reznikova et al [2] sim ulated the  deep UV lithography process for SU - 8  

based on m ateria l and process param eters.

1.3 Sum m ary

The TPA  process has opened a window for 3D fabrication w ith  a  huge possibility 

of m iniaturization . Different photonic and m echanical devices can be w ritten  w ith 

nanom eter resolution w ith less com plexity com pared to  the  m ultistep  conventional 

2D fabrication process.

The un it block of a  3D struc tu re , Voxel, can be of different aspect ratio  based 

on the objective used to  w rite it. For higher m agnification objectives the  ratio  be­

tween w idth  and  height of a voxel is sm aller com pared to  th e  th a t  produced using 

lower m agnification objective. Thus, high m agnification objectives, for exam ple lOOx, 

will produce m ore spherical voxels which is b e tte r  for com plex 3D stru c tu re  writing. 

On the  o ther hand , lower m agnification objective will produce m ore colum n shaped 

voxels, b e tte r  to  w rite high aspect ratio  structures.

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



T he m axim um  spatia l resolutions reported  to  d a te  were different for different 

m aterials used as well as for different techniques applied. In m ost cases T i:Sapphire 

lasers w ith  w avelength of 780 to  800 nm  were used for m icrofabrication using TPA. 

lOOx objective w ith  around 1.4 NA objective was used for h igh resolution 3D struc tu re  

writing. To date , the  m axim um  resolution reported  using T PA  photopolym erization 

process is 120 nm  dem onstra ted  by K aw ata et al [20] using SC R  500 resin. T he height 

of such a  sm all voxel was around 500 nm. T he m inim um  w id th  and  corresponding 

height for the O rm ocore are 150 nm  and 550 nm  [23]. SU-8 . a  solid resist before 

exposure, can produce voxels of 300 nm  w ith  a aspect ratio  of nine using T PA  writing 

[25]. High aspect ra tio  pillars (50:1) and planes (23:1) were produced in SU - 8  using 

lOx objectives w ith w idths close to  ten  m icrons [26]. Com plex s truc tu res  were also 

produced by research groups to  dem onstrate  3D w riting capability.

In  the  present thesis high aspect ratio  struc tu res w ith  nanom eter scale resolution 

using two com m ercially available resists are reported  and experim ental details to  

characterize th e  resists are also presented. T he T PA  coefficients th a t  determ ine the 

absorbed energy due to  TPA  process were determ ined. T he effective or reaction TPA  

cross-section of O rm ocore m easured from variation  of voxel dim ension was reported  

by Serbin e t al [23]. Moreover, the  etch ra te  for different absorbed energy were 

characterized based on SPA phenom enon. P aram eters  reported  in th is  work can be 

used in the  fu tu re  to  pred ict the  final s truc tu res produced using T PA  writing.

T he rest of the  thesis is arranged as follows. C hap ters 2 and  3 describe the 

experim ents used to  characterize the  resists for th e  SPA and T PA  processes. E tch 

ra te  variations w ith  absorbed energies are experim entally  determ ined  using the UV- 

lithographic process in C hap ter 2. C hap ter 3 presents the  T PA  coefficients for the 

resists determ ined  using s tan d ard  m ethods. C hap ter 4 reports different 3D structu res 

produced using th e  T PA  process and characterizes 3D w ritings for different control 

param eters. Finally, C hap ter 5 sum m arizes the  results and observations and suggests 

fu ture directions for im proved perform ances.
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Chapter 2

Single photon absorption  

experim ent

In a  s tan d ard  lithographic process single photon  absorp tion  (SPA) phenom enon, as 

m entioned in section 1 .1 .2 , is widely used to  transfer p a tte rn s  to  the  photoresists, 

coated on the  substra te . T he photoresists are exposed using a  narrow  bandw idth  

light source of p articu la r wavelengths w ith uniform  spatia l d istribu tion . The resists 

th a t have significant absorp tion  in th a t  wavelength are exposed in  a  selective m anner 

using an optical m ask to  produce different 2D structu res. A fter exposure the  resists 

are developed using a  su itab le  developer. T he developer etches away either exposed 

or unexposed portions of the  sam ple depending on the  type of th e  resists. This etch 

ra te  is dependent on the  absorbed energy per un it volume of the  photoresists. In this 

chapter experim ental procedures are reported  to  find the dependency of the  etch ra te  

on the  absorbed energy.

A bsorbed energy in a  sam ple due to  SPA process can be easily calculated  from 

the SPA coefficient, th e  in tensity  of the  light source and th e  exposure tim e as men­

tioned in section 1.1.1. T he exposure tim e is a su itab le  pa ram ete r for controling the  

absorbed energy. For an insignificant change of SPA coefficient of the  m ateria l over 

the exposure, the  absorbed energy can be considered a linear function of exposure 

time. S tra igh t line arrays w ith  different w idths are exposed for different tim e during 

the  SPA based fabrication  process. F inal dim ensions of the  transferred  p a tte rn  for
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different exposures were m easured using a surface profilom eter. T he final dimensions 

are related  to  th e  etch  ra tes  of the photoresists th a t  should vary w ith  th e  absorbed en­

ergy. Finally, a  correlation betw een absorbed energy and etch  ra te  of the  photoresists 

in the  developer is established.

2.1 E n ergy  absorbed  in a SP A  process

A bsorbed energy in the  photoresists for a  SPA process is dom inated  by two phe­

nom ena, reflection a t different surfaces and absorption inside the  m edias. A finite 

reflection a t the  tran sitio n  surface of two m aterials having different refractive indices 

reduces the  tra n sm itte d  power to  the  next m aterial. M oreover, the  absorp tion  coef­

ficient for a  m ateria l along w ith its thickness plays a  v ita l role in determ ining how 

much energy will be absorbed(Section 1 .1 .1 ) inside the  m aterial.

Fresnel reflectance, R,  a t  the  surface of two m aterials having refractive index n\  (A) 

and n 2 (A) for perpendicularly  incident light can be expressed as,

'n i(A ) -  n 2(X)'
R (  A) (2 .1)

.n j(A ) + n 2 (A)

T ransm ittance th rough  the  surface is defined as l-i?(A). So, th e  tran sm ittance  in 

term  of refractive index is,

'n j(A ) -  n 2 (A)’
T (  A) (2 .2 )

_ni(A) +  n 2( A)

As seen in the  equations, b o th  tran sm ittance  and reflectance is a  wavelength depen­

dent param eter.

Let us consider a generalized arrangem ent of m aterials for th e  SPA experim ent 

perform ed to  find the  etch ra te  of the  resists for different energy exposure. Figure 

2.1 shows different layers of m aterials arranged in a m anner to  represent the  SPA 

experim ent. T here  was an in term ediate layer of air for O rm ocore since it was fabri­

cated using proxim ity-prin ting  process. On the  o ther hand, SU - 8  was exposed using 

contact p rin ting  and there  is no in term ediate layer to  represent the  arrangem ent. An­

other layer of SU - 8  can be considered as an in term ediate  layer while calculating the
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Air
A-M

Mask

Intermediate layer (air)

Photoresist

Substrate

Figure 2.1: Generalized layer-assembly for the SPA experiment. A layer of SU- 8  may be 

considered as the intermediate layer for analyzing transmission for SU- 8  since the resist is 

exposed using the contact-printing process.

transm ittance. T otal tran sm ittan ce  into the  resist can be calcu lated  by m ultiplying 

the  tran sm ittan ce  a t different surfaces as,

T r o t a i W  =  T a - m W  x  T m - i ( X )  x  7 j_ p (A) (2.3)

where T  is the  tran sm ittan ce  and th e  subscrip t A, M, I, and P  represents the  air,

mask, in term edia te  and photoresist layers, respectively. T he back reflection from the

photoresist to  glass interface is neglected because of th e  insignificant refractive index 

m ism atch. T he absorp tion  inside the  m ask and  in term ediate  layer is also neglected. 

The tran sm ittan ces  are function of wavelength as m entioned before. So, for a light 

source w ith  a  spectra l in tensity  (per un it wavelength) d istribu tion  5 ( A ) ,  th e  incident 

spectral in tensity  energy on the  resist, / o ( A ) ,  is sim ply

I0( X ) = T Totai ( X ) x S ( X )  (2.4)

T he absorp tion  coefficient, a ,  of a m ateria l also varies w ith  the  wavelength of the 

incident light. If a m ateria ls of thickness, A d, absorbs E ( A) am ount of energy per 

unit area  per un it wavelength for an  incident in tensity  I q(X) then

E ( A )  =  / 0 ( A ) f e x p  [1 -  exp ( - a ( A ) A d ) ]  (2.5)
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where fexp is th e  exposure tim e. From  the  E quation  2.5 it is evident th a t  absorbed 

energy in the  resist can be  varied linearly by varying the exposure tim e. E ( A) can be 

also calculated  from  absorp tion  in dB /m , a  a , using

In order to  characterize the  photoresist using SPA process we need a su itab le optical 

source th a t  has a  spectrum  w ithin th e  absorp tion  band  of the  resists. An ultraviolet 

(UV) source w ith  uniform  spatia l d istribu tion  is used in  the  experim ent since the  

resists absorb lights below 400 nm  wavelength. A m ask w ith  arrays of lines of differ­

ent w idth  was used to  transfer the  pa tte rn . Finally, a  high-resolution profilom eter, 

A lphaStep 200, was used to  ob tain  th e  inform ation regarding height a n d /o r  w idth  of 

the transferred  p a tte rn  on the  photoresists.

2.2.1 Light source

A UV light source together w ith a  m ask aligner was used for SPA experim ents for 

two photoresists, O rm ocore and SU-8 . B oth  of the  resists are com m ercially available 

resists and widely used for two photon  absorp tion  w riting. T he perform ance of the 

light source of UV m ask aligner nam ed ’O scar’ (m anufactured  by AB-M ) a t the 

NanoFab of the  U niversity of A lberta , was analyzed to  determ ine the  absorbed energy 

by the  resists.

S p ec tra  o f th e  ligh t source

T he UV source is designed for light emission a t 365 nm  and  405 nm  wavelength. 

M ercury and X enon lam ps inside the  system  produce light of several d iscrete wave­

lengths in the  UV region. A n Ocean O ptics spectrom eter (USB 2000, # 2 , m inim um  

resolution 1.34 nm ) was used to  find the spectrum  of the  source. F igure 2.2 shows 

the spectrum  w ith  clear peaks a t 365 nm , 405 nm , 437 nm  and  m inor peaks a t 550

(2 .6 )

2.2 E xp erim en ta l deta ils
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nm and 582 nm  as reported  by o ther researchers [2, 39]. T he spectrum  was corrected 

for efficiency of O cean O ptics (A ppendix A .l)  a t different wavelengths.
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Figure 2.2; Spectra  of M ask A ligner’s UV source(’O scar’).

U nifo rm ity  o f th e  source

Uniform d istribu tion  of light in tensity  over the  su b s tra te  is im p o rtan t especially for 

a four square inch su b stra te  used in the  experim ent. T he N anoFab source specifies 

intensity  d istribu tion  w ithin 6 % over the  four square inch substra tes. A power m eter, 

specially ca lib ra ted  for 365 and 405 nm  wavelengths, is placed in different locations 

of the  su b s tra te  holder to  carry  out the  in tensity  m easurem ents. F igure 2.3 shows an 

exam ple of th e  typical perform ace of th e  source for those two wavelengths.

In ten s itie s  a t  d ifferen t w avelengths

The line w idths of the  UV source a t the  operating  wavelengths are wide and  there  are 

lines w ith w avelengths o ther th an  th e  specified operating  wavelengths as shown in the 

spectrum  of th e  UV source (Figure 2.2). M oreover, there  is background continuum
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Oscar (MA #1)
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43.3 f l i  44.0 NM 43.5

Date: Jan. 3, 2006

Technician: SB

Average at 365nm (mW/cm!| 14.3

Non-Uniformity at 365nm 3.5%

Average at 400nm (mW/cm1) 44.1

Non-Uniformity at 400nm 1.6%

Exposure Factor 0.9304

Figure 2.3: Uniformity of Mask Aligner’s UV source(’Oscar’).

SENSOR SPECTRAL RANGES
D eep UV Mid UV Near UV

DUV220 DUV254 f  MUV280 
I ,  DUV260 /  r  MUV31°

UV365 UV400 UV437

200 220 240 260 280 300 320 340 360 380 400 420 440 460 480

Figure 2.4: Relative intensities of different UV-sources and spectral ranges of different 

power meters supplied by the manufacturer. Power meters for 365 nm and 405 nm were 

used in the experiment.
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between two peaks which m ay lead to  significant con tribu tion  to  th e  absorp tion  es­

pecially, for the  rad ia tion  betw een 365 and 405 nm. So, it is im p o rtan t to  determ ine 

the intensities a t different wavelengths. T he spectrum  obtained  by th e  spectrom eter 

can be scaled to  get th e  in tensity  d istribu tion  at different wavelengths.

T he N anoFab provides inform ation abou t the  power m easured a t 365 nm  and 405 

nm. Two different settings were utilized for these m easurem ents and the  norm alized 

sensitivity of these two options for different wavelengths was taken  from  th e  m anu­

facturer specification. Figure 2.4 shows relative source in tensities and  spectral ranges 

of the sensors or power m eters for different sources and power m eters supplied by 

the m anufacturer. As shown in the  figure the sensitiv ity  of a  p articu la r sensor is 

relatively wide. T he norm alized spectrum  of the  UV source used in  th e  experim ent 

was scaled to  give the  to ta l intensities in tegrated  by the  power m eters to  m atch  the 

m easured values. T he resulting  scaling factor was different (ss 30%) for 365 nm  and 

405 nm  power m eter to  m atch  the  power m easured a t these wavelengths. T he scaling 

factor for 365 nm  was considered for the  experim ent since th e  resists have m ore ab­

sorption a t th is  wavelength. Scaling factors were 2.84 and 2.59 for the  experim ents 

on O rm ocore and SU-8 , respectively. Perform ing th e  experim ents on two different 

days caused th e  power variation  of the  UV source. T he in tensity  d istribu tions during 

the experim ents for O rm ocore and SU - 8  are given in Figure 2.5 and  2.6.

2.2.2 Fabrication process

0211 glass su b stra tes  cleaned w ith  P iran h a  etch (H 2 S0 4 :H2 0 2  3:1) were used for bo th  

SU- 8  and O rm ocore sam ple. Acids were produced by J. T . B aker and  concentrations 

of H 2 SO 4 acid and  H 2 O 2 were 51% and 30%, respectively. T he su b s tra te  was also 

dried and baked a t 200° C for a  m inute to  drive away the  m oisture. A 50 //in layer 

of SU - 8  from  M icroChem  C orporation  was coated on the  su b s tra te  by spinning the 

photoresist a t 3000 rpm . T he detailed param eters for spin-coating for the  resists are 

given in Table 2.1. T he su b stra te  was then  prebaked a t 65°C for 3 m inutes and at 

95°C for 6  m inutes according to  the  m anufacturers recom m endation. It was then  

exposed for different tim e periods using the  UV m ask  aligner ’O scar’ as m entioned
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Figure 2.6: Incident spectral intensity versus wavelengths for SU- 8  exposure experiments.
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in section 2.2.1. Post exposure baking was 1 m inute a t 65°C and 5 m inutes a t 95°C. 

Then it was developed for 4 m inutes in SU - 8  developer, M ethoxy 2-propanol acetate, 

rinsed w ith  isopropyl alcohol (IPA) and dried out by N2 gas flow. SU - 8  had  poor 

adhesion to  glass and  th a t  problem  was solved by adding an  e x tra  th in  layer of X P 

O m nicoat betw een th e  SU - 8  and glass. This additional th in  layer was coated a t 3000 

rpm  (see, Table 2.1 for details). T he adhesive layer was h a rd  baked for 1 m inute a t 

200°C. T he adhesive layer was around 1 p in  thick. T he adhesion layer rem ained on 

the su b stra te  after all th e  processing.

O rm ocer is designed for proxim ity prin ting and the  N anoFab only provides facil­

ities for con tact prin ting. O rm ocore is no t solid or a  hard  m ateria l a fter pre-baking. 

This m akes it difficult to  process using contact lithography technique. This viscous 

m aterial gets squeezed w hen the  m ask is pressed on top  of the  layer during con­

tac t printing. M oreover, there  is a large possibility of deform ation of the  transferred  

p a tte rn  while rem oving the  m ask since the  resist tends to  stick to  the  mask.

To solve th e  problem  one m ore step  was taken  for O rm ocore. A 100 p m  thick 

spacer (M yler) was set a t the  boundary  leaving the  inside region for the  photoresist. 

At first a  35 p m  thick layer was coated on the  glass su b s tra te  by spin coating a t 2000 

rprn. T he Fresnel diffraction due to  the  spacing betw een th e  resist and the  m ask is 

negligible for th e  designed line-w idths g reater th an  32 pm . 1 A fter baking the  resist 

for 2  m inutes a t 80°C th e  spacer was set on top  of it. T he spacer was designed to let 

a small am ount of photoresist below the spacer sqeeze out sideways of th e  substra te  

when the  m ask was pressed on top  of the  the  spacer. A fter exposing the  resist to  

UV light it was developed in Orm oDev for 1 m inute and kept in IPA for 15 sec and 

then  left in Deionized (DI) w ater for abou t a  m inute. All solutions were kept a t room  

tem pera tu re  of 18° C. T he resist was then  dried by N 2 gas flow.

XA Fresnel number, 7VF, of 10 gives a reasonable replication of the mask pattern  after diffraction. 

In this case the Fresnel number is defined as N p  = a2/ ( \ d ) ,  where 2a is the slit width, d is the 

spacing between the mask and observation plane and A is the wavelength. For the calculation A was 

400 nm, d was 65 /nil.
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Table 2.1: Spin coating settings for coating different photoresists. Ramp is the time to 

ramp up to the speed mentioned in RPM and then it will rotate at tha t speed for the time 

mentioned in the time column. The ramp down time was 4 seconds for all the settings 

mentioned in the table.

M aterial

Spinning

cycle

R am p

(sec)

R PM

(rpm )

Tim e

(sec)

Thickness

(/zm)

1 5 1 0 0 5

O rm ocore 2 5 500 1 0 35

3 5 2 0 0 0 30

1 5 1 0 0 5

X P O m nicoat 2 5 500 1 0 <  1

(Adhesive layer for SU-8 ) 3 9 3000 30

1 5 1 0 0 5

SU - 8 2 5 500 1 0 55

3 9 3000 30

2.2.3 D ifferent tim e exposure schem e

The m ain objective of th is experim ent was to  expose the  photoresist w ith different 

exposure tim es while m ain tain ing  o ther processing param eters constan t. M ultiple 

substra tes  can be used to  expose for different tim e durations. B u t it is a tim e con­

sum ing and expensive process for a relatively large num ber of d a ta  sets. Moreover, it 

is difficult to  m ain ta in  th e  sam e baking tem pera tu re  and tim e, as well as developing 

conditions for all the  sam ples. To solve the problem  two m asks one w ith  m any repli­

cas of the  linew idth  series exposure p a tte rn  and the  o ther w ith  an  ap ertu re  window 

for each exposure region are used as shown in Figure 2.7 (a). D ark regions blocked 

the light and w hite portions are tran sparen t to  the  light source. T he second m ask 

was sim ply a  thick and opaque board  as shown in F igure 2.7 (b).

One block in the  m ask consists of p a tte rn s  m ade up of s tra ig h t lines w ith  different 

widths. Line w idths varied from  10 /im  to  500 //m and the  leng th  of th e  lines was
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(a) (b)

Figure 2.7: Masks for SPA experiments (a) the mask designed to transfer the pattern to 

the photoresists and (b) mask to choose the region of the main mask to be exposed.

2000 pm . T he w id th  variation  ensures several observations for a particu la r setting. 

One added advantage of lines w ith m ultiple w idths is to  give m ore accurate  results. 

For sm aller exposure tim e where etch ra te  is high, w ider lines can survive th e  etching 

process and can be useful for finding th e  etch ra te . On th e  o ther hand, for larger 

exposure tim e, where e tch  ra te  is small, the  narrow er line can provide inform ation 

abou t the  slightest change as the  ratio  of original w id th /h e ig h t to  the  final will be 

more accurate  th a n  th a t  for w ider lines. T he tran sp aren t region a t the  corner of the 

m ask was utilized to  find the  transm ission of the  m ask for th e  opera ting  wavelength 

using a  M onochrom ator (High Speed M onochrom ator System , HS-190) available a t 

the NanoFab. W ider lines were chosen in the  experim ents because the  etching process 

can be considered one dim ensional, a t least a t the  center of th e  line.

2.3 R esu lts

As m entioned earlier, the  photoresists used in th is experim ents are negative resists. 

Therefore, for high energy exposure th e  resists are not rem oved during the  develop­

m ent process. So, the  dim ensions of the  transferred  bar shaped  s truc tu res  should
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gradually  increase to  the  design-dim ension for higher energy exposure. However, 

over exposure can cause chemical reaction in the ad jacent a rea  of the  exposed region 

resulting in final dim ension greater th an  th e  designed w idth.

1 ^ 1 3  17 :33  
IB#
U E F ' T . i U U u m

65 . nm 
1 . 165um
1  . I O O u i m

flvg 2 9 .62um 
TIR 5 8 .37um 
Ra 2 4 .83u«n
H O R I Z  Z u O u u s i

7 0 .OOum 
1710 . um

A rea+ 47 ,620 
SCAN MENU 1 

uos s- 'um 
10000 .2  
E m m .2  a

400 1 5
80 5 25

SCAN t= 40  s 
DIR. — > 

STYLUS 8mg 
NO AUTOLEUEL
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40

20

-20
500'.......................raoo" ...............1500.........

T E t C O R  I N S T R U M E N T S

Figure 2.8: Surface profile measured using Alpha Step 2 0 0  profilometer. SU- 8  bars with 

design width of 500 and 400 fim were produced by exposing the resist for 5 seconds at the 

UV source.

2.3.1 Line heights for different exposure tim e

The surface profile was m easured using the  A lpha Step 200 con tact profilom eter 

available a t the  N anofab a t the  U niversity of A lberta . T he device can m easure profiles 

w ith a ±  0.25 gm  accuracy in height. So, for the  dim ensions g rea ter th a n  several 

m icrons th is  error is insignificant. T he resolution of the  profilom eter along the  w idth 

is lim ited by the  dim ension of the  tip , used to  scan the surface. T he stylus which 

can be m odeled as a  60° cone rounded to  a spherical tip  w ith  a  5 f im  radius gives 

a lower lim it for the  vertical resolution. I t also depends on the  height and shape 

of the  grooves. T he shape of the  tip  basically lim its scanning of a  steep change of 

height. T his m akes the  profilom eter m ore su itab le for m easuring height betw een two 

extended surfaces. An optical profilom eter (Zygo) can be also used to  record the
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surface profile and  analyze it after proper calibration. T hree sam ples of each resist 

were fabricated  and  sim ilar perform ance was observed. Heights a n d /o r  w idths of two 

different design-w idths were collected from one sam ple for Orm ocore. Two samples 

of SU - 8  were m easured as there  was a  rap id  tran sition  from no s tru c tu re  to  struc tu res 

w ith heights equal to  the  resist thickness. For Orm ocore, the  tran sitio n  was gradual.

A typical o u tp u t of the  A lpha Step 200 profilom eter is shown in Figure 2.8. The 

profile presented  in the  figure is for 500 /tm  and  400 pm  wide bars exposed for 5 

seconds in the  UV source. Surface profiles of SU - 8  a t different exposures are given in 

A ppendix A .2 to  show the  change of the  shape of the  transferred  p a tte rn . Sum m ary 

plots for heights of th e  bars due to  different exposures are presented  in Figure 2.9 

and Figure 2.10 for O rm ocore and SU-8 , respectively.

F inal s tru c tu res  rem aining on the  su b stra te  are obtained  afte r developing for a 

finite tim e. T he changes in dim ensions can be used to  determ ine the  etch  ra te  per 

unit developing tim e.

2.3.2 A bsorbed energies for different exposure tim e

Refractive indices of two m ateria ls define the  transm ission  a t th e  interface surface. 

Refractive indices of Q uartz , SU-8 , O rm ocore are  given in A ppendix  A .3. T he wave­

length dependent tran sm ittances  were used to  calculate the  incident intensities on 

the  resists for different wavelengths. T he absorp tion  in th e  m ateria l was calculated 

based on th e  SPA coefficients or absorption coefficients as described in Section 1.1.1. 

Figure 2.11 and 2.12 show absorbed intensities versus w avelength for th e  Orm ocore 

and SU - 8  resists, respectively. T otal absorbed in tensities for O rm ocore and SU- 8  

were 2.7 m W  cm - 2  and 4.13 m W  cm -2 , respectively. T he absorbed  in tensity  or the 

absorbed energy per un it volume per un it tim e can be easily found by dividing the  

the to ta l in tensity  w ith  the  thickness of the  resist. For a  35 /a n  O rm ocore layer the 

absorbed energy per un it volume per second is 0.77 J cm - 3  s - 1  while th a t  for SU - 8  

is 0.75 J cm - 3  s - 1  for a  55 /a n  th ick  layer. Energy per un it volum e can be obtained 

by m ultiplying by the  exposure tim e.

T he lower in tensity  values for deep UV-wavelengths were noisy and  th e  noise was
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Figure 2.9: Height variation of Ormocore for different exposure time for two design widths 
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Figure 2.10: Height variation of SU- 8  for different exposure time for two samples and two 

design widths (DW) of 500 and 400 ^m.

31

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



magnified by the  high absorption a t those wavelengths. We assum e the  effect of noise 

can be neglected com pared to  the in tegrated  in tensity  for th e  whole bandw id th  of the 

spectrum .

2.3.3 Etch rate for different absorbed energy

A fter establishing a relationship  betw een exposure tim e and  th e  absorbed energy in 

the resist in Section 2.3.2, the  variation of etch ra te  w ith absorbed  fluence can be 

easily established. T he absorbed energy density can be ob tained  by m ultiplying the 

x  axes of Figure 2.9 and 2.10 representing exposure tim e w ith  the  absorbed intensity 

as reported  in Section 2.3.2. T he height inform ation can also be converted to  etch 

ra te  using
„  , R esist’s in itial thickness — F inal height /n
E tch  ra te  = ----------------     :---------------- —  (2 .7 )

Developing tim e

As m entioned in the  fabrication process (Section 2.2.2) the  resist thicknesses for 

O rm ocore and SU - 8  are 35 and 55 pm , respectively.

So, w ith the  height converted to  etch ra te  and tim e converted to  absorbed energy 

the desired etch  ra te  dependency on absorbed energy are given in F igure 2.13 and 2.14 

for O rm ocore and SU-8 , respectively. T he dependency nicely m atches a  logarithm ic 

behavior for O rm ocore as shown in the  Figure 2.13 w ith  solid fitted  lines. For SU- 

8  there is a rap id  tran sitio n  betw een no s truc tu re  and  s tru c tu res  w ith  full heights 

when the  exposure dose was increased to  3.8 J cm - 3  from 3.4 J cm -3 . Given the 

thick resist (55 pm ) used, undercu tting  is a  possible reason for th is steep transition . 

Reznikova et al [2] reported  height variation w ith  absorbed energy as shown in Figure 

2.15. T he resist thickness for the  experim ent was 12 pm  and  the  s tru c tu re  form ation 

s ta rted  from  ~ 2  J cm - 3  and full height was achieved for an  exposure dose of ~ 8  J 

cm -3 . T he SU - 8  used in their experim ent was SU - 8  5 from  th e  M icroChem  Corp. 

which is different from  th e  SU - 8  th a t  we have used. T he m inim um  exposure dose 

for struc tu res w ith  full height in our experim ent was lower th a n  th a t  reported  by 

Reznikova et al. T he use of SU - 8  2050, a  p roduct designed for b e tte r  adhesion and 

o ther im proved perform ances, m ay be the  reason for the lower threshold  value(see
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w w w .m icrochem .com  for details). A m odification to  th is experim ent can be m ade by 

m aking a  m ask and  coating the  resist on the  m ask. Exposure in such an  arrangem ent 

will result in s tru c tu re  form ation s ta rtin g  from  the  surface of the  m ask. So, structu res 

w ith heights sm aller th a n  the  thickness will rem ain on th e  substra te . T he problem  

was not as severe for O rm ocore due to  its low con trast and lower resist thickness.

T he sensitiv ity  and  con trast (see Figure 1.2 in Section 1.1.3) for O rm ocore were 

(54 ±  2) J /c m - 3  and  (15 ±  1) /xm J - 1  cm 3 per decade, respectively. O n the  o ther 

hand, T he sensitivity  for SU - 8  was (3.8 ±  0.2) J /c m ~ 3.

2.4 Sum m ary

T he m ain objective of the  single photon  absorp tion  experim ent was to  determ ine the 

behavior of the  photoresists for different absorbed energy fluences. A bsorbed energy 

contributes to  bond breaking or bond form ing of polym ers based on their properties 

and chemicals used in the resists. For a  negative photoresists, like those used in 

this experim ent, m ore absorbed energy m eans stronger bond linking or m ore bonds 

among molecules. D uring the  developing process, th e  developer washes away loosely 

bound or unbound  molecules. Thus, molecules exposed to  higher energy fluences are 

resistan t against the  developer, resulting in low etch  rate.

D irect m easurem ent of final height of test lines w ith different w idths were u ti­

lized to  determ ine the  etch ra te  for different energy exposures. E nergy variation was 

achieved sim ply by exposing the  resists for different tim es. D etailed param eters such 

as tran sm ittance , and  absorp tion  a t operating  wavelengths of the  light source were 

considered to  calculate th e  true  absorbed energy.

T he m easured etch  ra te  variation w ith absorbed energy for Orm ocore followed 

expected logarithm ic p a tte rn . The sensitivity  for O rm ocore and  SU - 8  were (54 ±  

2) J /c m " 3 and  (3.8 ±  0.2) J cm -3 , respectively. M oreover, the  con trasts for the 

O rm ocore was (15 ±  1) /xm J - 1  cm 3 per decade.

T he height of s truc tu res  in Orm ocore rises gradually  in a logarithm ic m anner. 

For, SU - 8  the  tran sitio n  was very sharp. S tructu res w ith heights equal to  the  resist
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Figure 2.15: Thickness for different energy exposure for 12 g m  thick  SU - 8  resist for 

two different post exposure baking (PEB ) tim es [2],

thickness were observed for absorbed fluences above ?s3.8 J cm - 3  while there  was 

no s tru c tu re  rem aining on the  su b stra te  for 3.4 J /c m - 3  and  below absorbed energy. 

These param eters will be  an  im portan t factor to  determ ine the  struc tu res  w ritten  

using T PA  w riting  once the  absorp tion  due to  the  process is known.
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Chapter 3 

Two photon absorption  

experim ents

Two photon  absorp tion  is a  non-linear phenom enon th a t  was first reported  by Kaiser 

and G arre tt [41], shortly  after the  first dem onstration  of a  laser in 1960. P rio r to  

the invention of th e  laser th e  response of a  m ateria l in the  electrom agnetic field was 

norm ally found to  be linear because of the  small value of the  applied field com pared 

with the fields th a t  na tu ra lly  occur in atom s and molecules. For exam ple, the  electric 

field a t the  first Bohr o rb it of a  hydrogen atom  is E q «  5 x 1011 V /m , which is large 

com pared w ith  the  fields w ith  which we ordinarily  deal w ith  in  the  laboratory. Fields 

of th is m agnitude can be achieved a t the  front face of a  very fine needles. Nowadays 

electric fields of such a  high m agnitude are m ore com m only found near the  focus 

of a very intense laser beam s. M odern high power lasers, for exam ple chirped-pulse 

amplifiers, produce pulses of light w ith  a peak power of the  order of 1013 W  a t a 

wavelength near 1 pm . Focused w ith an  f/10  optical system  to  a spo t 10 pm  across, 

the beam  has a peak  in tensity  close to  023 W /m 2. T he electric field near th e  focus 

is on the order of 6  x 1012 V /m , which exceeds th e  electric field a t the  first Bohr 

orbit in a hydrogen a tom  by m ore th an  an  order of m agnitude. T h a t is why nonlinear 

effects become im p o rtan t for an intense laser beam .

It was also possible to  observe nonlinear effects by using a  dc electric or m ag­

netic: field before developm ent of lasers. In  such cases the  sym m etry  of an  otherwise
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isotropic substance such as a liquid or a  cubic crysta l is broken by applying the  field. 

The optical activ ities induced in the  m edium  due to  th is process can be observed 

and identified as a nonlinear process. For exam ple, a  strong  electric field in a liq­

uid such as n itrobenzene causes the  molecules to  be oriented preferentially in the 

direction of the  electric field. T he index of refraction of th e  m ateria l then  becomes 

larger for parallel polarized light th an  for th e  perpendicularly  polarized light. Light 

waves p ropagating  th rough  the liquid in th is anisotropic s ta te  have th e ir polarization 

altered in an observable fashion, as discovered by K err in  1876. In  particu lar, light 

th a t is linearly polarized obliquely to  the  dc field is converted to  elliptically polarized 

light, as the  com ponent of polarization parallel to  the  dc field is re ta rded  relative to  

the com ponent polarized perpendicular to  the  applied field. Clearly, K err effect is 

quadra tic  in the  electric field, since the  anistropy induced in the  liquid depends on 

the direction b u t no t the  sign of the  electric field. Similarly, a  m agnetic  field can be 

used to  break  the  sym m etry  of a  liquid or solid m edium  and  create  w hat are called 

m agneto-optical effects.

N onlinearity  due to  very high in tensity  will be considered in th is thesis. Pulsed 

lasers w ith  fem tosecond pulses will be tigh tly  focused in to  a  sam ple to  achieve a  very 

high intensity. Energy absorbed due to  nonlinear phenom enon by th e  m ateria l which 

is otherwise tran sp a ren t to  the  light source will be utilized to  change the  chemical 

properties of the m aterial. F inally selective transform ation  of m ateria l can be used 

to  transfer different p a tte rn s  into the  m aterial.

3.1 T h eory  to  find th e  T P A  coeffic ien t

The photoresists used for T PA  w riting have negligible single pho ton  absorp tion  (SPA) 

for near infrared laser wavelengths. T hus the  T PA  coefficient basically determ ines 

how’ m uch energy is absorbed in the  resist a t a  particu la r intensity. T he behavior of 

the exposed photoresist w ith  the  developer also depends on the  absorbed energy as 

shown in C hap ter 2. For th a t  reason, the  T PA  coefficient is an im p o rtan t param eter 

to  predict the  final s truc tu res  produced in the photoresist.
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3.1.1 T P A  coefficient for a single layer m aterial

Dragom ir e t al [42] and  Chroinin e t al [43] dem onstra ted  a m ethod  to  determ ine TPA

coefficient of a bulk m ateria l and used the  m ethod to  find the  coefficients for different 

types of com m ercial fused silica and crystalline quartz . T he basic theory  proposed by 

those papers are utilized to  determ ined TPA  coefficients w ith  m odification, in some 

cases, for a  two layer system .

T he in tensity  d istribu tion  of a beam  w ith  spatia l and tem poral G aussian profile 

w ith a beam  w aist u  a t  a  particu lar location along its p ropagation  can be described 

as

where I imax is the  m axim um  on-axis intensity, r p is th e  pulse w id th  a t e 1 level. The

drops to  e 1 level of th e  peak  in tensity  a t th a t  particu la r tim e. Incident pulse energy, 

the  in tegration  of in tensity  over space and tim e can be expressed as,

Now le t’s consider the  pulse is incident on a  m edium  of thickness A d  and having 

a linear absorp tion  coefficient, a ,  T PA  coefficient , /?, and  refractive index, n. At 

low in tensities a n d /o r  for a  low value of 0  the tran sm ittan ce , the  ratio  between 

tran sm itted  and  incident energy can be found to  be,

where R  is the  reflectivity of the  sam ple a t norm al incident and T0 is the  transm ittance  

a t zero-intensity. T he reflectivity can be defined in term  of refractive index of the 

m aterial, n,  and  th a t  of th e  surrounding m aterial, n (). To can be defined in term s of 

the  R , t and  a  as shown in the  following equations,

I i ( r , t )  = I imaxexp - 2 exp (3.1)

FW H M  pulse w id th  r  is equal to  Tv\ f i n 2. M oreover, a t w j \ f 2  rad ius the  intensity

imaxTPU}
,2 (3.2)

P h max (1 ~ R ) {  1 ~  exp (—a A d ) }  
2\/2  a

(3.3)

(n  -  n 0 ) 2
i l  — ry

(n +  n 0)

T0 =  (1 - R ) 2 exp ( - a A d )

(3.4)

(3.5)
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To m easure the  T PA  coefficient the  tran sm ittan ce  through  th e  sam ple is m easured 

for different in tensities as m entioned in [42] and [43]. T he T PA  coefficient, (3, can 

be easily calculated  from the  ra te  of change of tran sm ittan ce  w ith  intensity, d T /d /0, 

since.
2 V 2 a ( A T / A I i m )

(1 — R)  [1 — exp (—aAd)}  T0

Moreover, for cases where a  A d  «  1 E quation  3.6 can be simplified as

_  2 \ / 2 ( d r / d / imj  
A d (1 — R) T q

The slope should be calculated  from the linear region of the  tran sm ittan ce  change 

w ith peak intensity.

3.1.2 T PA  coefficient for a double layer system

The photoresists used for T PA  w riting are coated on a  Corning 0211 glass substra te . 

In order to  get the  coefficient of the  resist from a  double layer system  the  theory  

m entioned in Section 3.1.1 needs to  be modified. D uring the  experim ent the  substra te- 

resist layer were placed in such a way th a t  the  beam  a t first went th rough  the  resist 

then the  tran sp a ren t substra te . Refractive index and SPA coefficient of th e  substra te  

were experim entally  determ ined  using a m onochrom ator (High Speed M onochrom ator 

System , HS-190, from  J. A. W oollam  Co., Inc) available a t th e  N anofab, U of A. TPA  

coefficient of th e  su b s tra te  was calculated using the  m ethod  described for single layer 

system. All optical p roperties bu t T PA  coefficients of the  resists were collected from 

different sources and given in A ppendix A .3. These param eters are essential to  find 

the TPA  coefficients as described in the  rest of th is section.

Let us consider a laser beam  is going through  two layers of different m aterials A 

and B as shown in F igure 3.1. Pulses w ith incident pulse energy, E iA, leave the  system  

with tra n sm itte d  energy, E tg . T he ratio  betw een E tg and E lA can be represented by 

E quation  3.3 as tran sm ittan ce  through  B when one side is in  m ateria l A and the  other 

side is in air. T he equation  can be re-w ritten  to  represent th e  case as,

zp
T 1 — ____________ ___  rp

B a  b o  —  77» ^-QBa -b - o 
&iB

^ _  0 p h B ma.r. (1 -  R a - d ) {1 -  exp ( - a #  A d^)}  
2y /2 a s
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Figure 3.1: G eom etric layout for TPA  coefficient de term ination  of a  two-layer system.

where R a - b  is th e  reflection a t the surface betw een A and B and  TOBa b o  is lh e zero  

intensity  tran sm ittan ce  for the  arrangem ent. T he param eters can be defined as,

R a - b  =  {r a  ~  n B)2 /  {ua  +  n B)2 (3-9)

TqBa_b_0 =  ( 1  — R a - b ) (1 — R b - o) exp ( —a BA d B) (3.10)

(3.11)

where, R B_0 =  (n B -  l ) 2 /  (n B +  l ) 2.

T he incident in tensity  on B  depends on incident energy E iB. Replacing IiBrnax 

by 4:EiB/  (tttJ ittpu>2) in E quation  3.8, E lfj can be expressed in term s of a  quadratic  

equation like a E 2B +  bEiB +  c =  0 where,

c =  E tg (3.12)

b =  - T 0b

a -  ^TqbPb  (f ~  R a- b ) [1 ~  exp ( - a BA d B)] 
2'K\f2nTpa Bw 2

Solution of the  quadra tic  equation can be used to  find tra n sm itted  energy after 

A  when it is sandw iched betw een air and  B  as E tA =  E ,B ( 1  — R A_B). Once incident 

and tran sm itted  energy of A  is known the  T PA  coefficient can be found using sim ilar 

m ethod m entioned for a single layer m ateria l (Section 3.1.1). We have to  keep in 

m ind th a t  in th is case, the surrounding m ateria l is no t only air.
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3.2 S am p le preparation

Samples for the  T PA  experim ents were prepared in the  sam e way as m entioned in 

Section 2.2.2.

3.3 Laser sy ste m  and exp erim en ta l setu p

A 110 fs, 800 nm  T i:Sapphire laser amplifier (Spectra  Physics H urricane) was used in 

a  single shot basis to  determ ine the  properties of th e  photoresists. T he incident and 

tran sm itted  pulse energy was m easured using photodiodes ca lib ra ted  w ith  a Spectra 

Physics (M odel 407 A) power m eter. M axim um  ou tp u t power of the  laser system  

was around 500 m W  w ith  a  pulse repetition  ra te  of 1 KHz. T he experim ent was 

perform ed in a  single shot basis w ith  pulse energies from 100 to  400 /iJ.

T he laser beam  was focused w ith  a  75 cm focal length  lens m anufactured by 

N ew port. T he specified focal length  was for 589 nm  light and  w ith  a ± 1%  tolerance. 

The sam ple was placed around (74.5 ±  0.1) cm away from  the  lens which is still 

5.5 cm ahead of th e  true  focal plane for 800 nm  rad ia tion  (see 3.4.2). T he sample 

was m ounted on a  3D stage assem bly m ade of three dc-m otor stages. T he sample 

was m ounted vertically  so th a t  tran sm itted  signal can be easily m easured by the  

photodiodes. T he stage had  a  resolution of 7 nm  w ith  a to ta l span  of 19 m m  in x, 

y  and z  directions. T he schem atic d iagram  of the  experim ental se tup  for the  TPA  

coefficient de term ination  experim ent is given in F igure 3.2. M irrors M i and M2 were 

used to  align the  beam . One photodiode (PD 1) m easured the  in p u t beam  energy 

before the  lens. PD  2 m easured the tran sm itted  beam  power afte r the  sam ple when 

the  beam  was focused by a lens (L). PD  2 was placed around 9 cm  away from the  focal 

plane of the  lens. A bsorbing filters used during beam  profiling were placed before the 

lens to  reduce spatia l distortion.
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Focal plane

PD 1
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Eai*.t \ V
L
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Figure 3.2: E xperim ental setup  to  determ ine th e  T PA  of different photoresists.

3.4 B ea m  profiling o f  th e  laser b eam

The beam  w aist is an  im portan t param eter to  determ ine the  T PA  coefficients as the 

coefficient depends on the  intensity. T he in tensity  of a beam  quadra tica lly  depends 

on the  beam  w aist and  th e  in tensity  is m ore for sm aller beam -w aist. A Cohu cam era 

from O pticon Inc. and  Spirikon software were used to  cap tu re  and  analyze the  images 

of the  beam  after the  lens. Sufficient filters were placed in the  beam  p a th  to  reduce the 

in tensity  of the  beam  in order to  avoid dam age of the  cam era. Knife edge experim ents 

were also perform ed a t the lens position and positions prior to  the  lens.

3.4.1 Before th e lens (knife edge experim ent)

Knife edge experim ent is a  well known technique to  determ ine the  beam  waist. A 

sharp  object was scanned along the  beam  so th a t  it g radually  revealed the beam  

and the  tra n sm itted  power was recorded using photodiodes in a  single shot basis. 

For a G aussian beam  w ith  a beam  waist u  th e  variation of tra n sm itte d  power while 

scanning the  beam  in x  d irection can be fitted  by

(3.13)

where PQ is the  power of th e  unblocked beam  and x 0 is the  center of the  beam  along 

x. P hotodiodes were calibrated  against Spectra  Physics pow erm eter.
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T he very sharp  edge of a knife was horizontally and  vertically  positioned and 

scanned to  get the  beam  profiles along those axes a t th ree different locations. Beam  

waists a t these th ree  locations were later used to  predict the  divergence of the  beam ,

50 /im  in the  experim ent. T he step  size was very sm all com pared to  th e  beam  waist. 

Figure 3.3 to  3.8 show the  photodiode voltages m easured for different knife-positions 

and fitted  curves to  find the  beam  waists using E quation  3.13. T he photodiode 

response fluctuates m ore a t higher values as observed in these figures. T he beam  

radii for different locations are tab u la ted  in Table 3.1 and  p lo tted  in Figure 3.9. 

Linear fits to  the  beam  radii variations give the  divergence of the  beam , 60.

T he divergences for horizontal and vertical beam  radii calcu lated  were 0.16 and 

0.15 m m /m , respectively. From  the fitted  curve the  beam  rad ius a t the  lens position 

should be 3.4 and  3.6 m m  in the  horizontal and  vertical directions, respectively. 

The horizontal and vertical divergences obtained  from  th e  fits are slightly different 

indicating th e  presence of a very small astigm atism  effect. T he m inim um  beam  waist, 

ujq, before the  lens can be calculated from the  divergence values using,

where A is the  w avelength and the  position of the  beam  w aist before the  lens is given

where, zQ is the  Rayleigh range of the  beam  defined as, zq =

3.4.2 A fter th e  lens (direct im ages)

The beam  radius near the  focus of the  converging lens becom es m uch sm aller and 

it can be determ ined  m ore accurately  and conveniently using a  charge coupled de- 

vice(CCD) cam era. T he pixel size of the  CCD (Cohu C 6612D) used in the  experim ent 

is 9.9 /an . T he a rea  close to  the  focal spot, the  scanning zone where th e  sam ple was 

placed during  the  experim ent and halfway betw een lens and  th e  focal spot are the 

three positions th a t  were scanned for the  thorough analysis of the  beam . T he cam era

essential to  pred ict the  beam  waist after the  lens. T he knife was moved w ith  steps of

by,

(3.15)
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Figure 3.3: Knife edge experim ental results to  find horizontal beam  radius a t the  lens 

position.
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Figure 3.4: Knife edge experim ental results to  find horizontal beam  radius a t 1 m 

prior to  the  lens position.
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Figure 3.5: Knife edge experim ental results to  find horizontal beam  radius a t 3 m 

prior to the  lens position.
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Figure 3.6: Knife edge experim ental results to  find vertical beam  radius a t the lens 

position.
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o Experimental values 
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Figure 3.7: Knife edge experim ental results to  find vertical beam  rad ius a t 1 m  prior 

to  the  lens position.
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Figure 3.8: Knife edge experim ental results to  find vertical beam  radius a t 3 m prior 

to the lens position.

47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3 8 -i
■ Beam radius horizontal
• Beam radius vertical
 Linear fit for BR horizontal
 Linear fit for BR vertical

3 6 -

3.5-

E  3 4 -

fo  3 3 -

GO

= 3.6 +0.14 *X  
= 3.4 +0.16 *X

BR
BR3.0-

2,9-

-3.0 -20 1 0 -0.5 00 0 5-2 5 15
Distance from the lens along the beam (m)

Figure 3.9: Beam  radius variation along the  beam  pa th . T he solid line is the  linear 

fit to  determ ine the  divergence of the beam .

was set on a tran sla tio n  stage and the  relative positions are recorded from the  scale 

of th a t  stage. F igure 3.10 shows the position of the  CCD chip along th e  beam  pa th  

when he tran sla tio n  stage is set a t its zero position. T he following subsections contain 

detailed  analysis of the  beam-profiling experim ent in different regions. T he image of 

the beam  was cap tu red  in a single shot basis and th e  opening tim e of the  apertu re  

was ad justed  so th a t  it can cap tu re  the  pulse triggered by the  com puter. In every 

spot, five shots were taken  and then  averaged to  obtained  the  beam  radius and other 

inform ation. T he  vertical beam  radii were m easured and will be analyzed and com­

pared to  the  theoretical values in the  following sections. T he variation  of horizontal 

beam  radii are given in A ppendix A .5. T he objective of th is  p a rt  of the  experim ent 

was to  analyze the beam  profile. Precision of the  m easurem ent was lim ited to  some 

exten t by the  se tup  as the alignm ents such as tilt of the  cam era were no t controlled 

w ith high accuracy. I t is especially im portan t for m easurem ents a t the  focal region 

where th e  beam  w aist is very sm all (~ 50  pm ). These lim ita tions are negligible in the
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Table 3.1: Variation of beam radii along the beam path before the lens

Position before 

the  lens (m)

beam  radius (mm)

Horizontal vertical

0 3.3845 3.5883

1 3.2157 3.4535

3 2.8912 3.1541

scanning zone th a t  we are  really in terested  in as the  beam  rad ius is in the  range of 

hundreds of m icrons.

Gauge reading 
Individual scanning region 0 to 20 mm 5 to 11 mm 14 to 28 mm 

*— ►

0 cm 29.7 cm 76.15 cm 77.7 cm

Position o f the CCD at ‘0 ’reading o f the scale attached to the camera stage

Figure 3.10: Positions of the  different scanning zones along the  beam  p a th  to  find the  

beam  profile.

Close to  focal p lane

Beam  profiling of the  focal region is im portan t because it  provides the  inform ation 

abou t the  tru e  focal length, beam  waist a t the  focal point and  M 2 param eter. As 

shown in F igure 3.10 th e  zero position of the  scale was around  (77.7 ±  2) m m  away 

from the  lens. Scanning was perform ed for the  gauge position  of 14 to  28 mm. The 

variation of beam  radius along the  beam  is fitted  to  find the  beam  rad iust a t the
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focus, uq and the  M 2 value using the  following equation

d2 (z) dl 1 +
16M 4A2 2 

tr24  ^
(3.16)

where d(z)  be th e  beam  diam eter which is twice the  beam  rad ius a t position  z. From 

the fitted  curve, as shown in Figure 3.11, the  beam  d iam eter a t the  focus is 107.35 

//m  a t a gauge position  of 22.44 mm. T he M 2 param eter ex trac ted  from  th e  fitting  is 

0.97 ±  0.05. T he m inim um  theoretical M 2 value is 1 for a G aussian  beam . Higher M 2 

values m ean th a t  the  beam  diverges faster th a n  a  T E M 0o G aussian  beam . Slightly 

different values m ay be due to  small experim ental errors. T he tru e  position of the  

focal spot can be determ ined  by sim ply adding the  gauge position  th a t  gives the  

m inim um  beam  waist and distance of zero gauge position  from  the  lens. T he true  

focal position determ ined  from  the  experim ent is 79.9 cm.

150
145-
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o Experimental values 
—  Fitted values

130- 
1 '  125- 
~  1 2 0 -

£  115-.
E no -  
£0
^  105 -
j= 100- <0

95-
90-

12 16 18 20 22 24 26 28 3014

Gauge position (mm)

Figure 3.11: B eam  d iam eter variation close to  focus in the  vertical direction.

T he param eters defining the  beam  profile which are experim entally  determ ined 

can also be calculated  from  the  scan through  the  focal region a t 77.7 cm and com­

pared w ith the  theore tical values. A ppendix A .4 contains equations to  calculate the 

param eters. Table 3.2 contains th e  experim ental and theoretical values of beam  waist
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Table 3.2: Experimental and theoretical values of beam parameters after the lens

P aram ete r E xperim ental values

T heoretical values for lens w ith

f =  75 cm f -  77.5 cm

S lope(m /m ) -0.004865 -0.0047 -0.0045

Focal position  (m) 0.799 0.7702 0.7966

beam  w aist(m ) 5.37E-05 5.46E-05 5.65E-05

Rayleigh R ange (cm) - 1.17 1.25

a t the focus, focal position, convergence and  Rayleigh range of th e  beam  after the 

lens. T he experim ental value of convergence is determ ined from  the  nex t section.

T he experim ental value for the  position of the  focal p lane and  the  theoretical 

values for a 75 cm focal length  lens are around 4% different th a n  m easured. The 

theoretical value of the  focal position for a  77.5 cm focal leng th  lens closely m atches 

the experim entally  obtaines value. This new value of focal length  is valid if we consider 

the change in focal length  due to  operation  a t 800 nm  com pared to  the specification a t 

589 nm  and ± 1%  tolerance as specified by the  m anufacturer. B u t for the  focal length 

of 77.5 cm th e  o ther param eters deviates 3 — 5% m ore from  th e  experim ental values. 

We can conclude th a t  m ost of the  experim ental values are  close to  th e  theoretical 

ones. T he value of —0.0047 will be considered as the  slope of beam  waist change 

in the  m ethod  to  find the  T PA  coefficients.The experim entally  m easured values of 

divergence —0.004865 will give a  calculated beam  rad ius a t th e  resist which is 0.8 //m  

larger th an  th a t  for —0.0047 m m /m m  divergence. T he beam  rad ius a t th e  surface is 

around 2 0 0  gm  as m entioned in a  la te r section and thus th is  error is no t very large.

H alfw ay b e tw een  th e  lens an d  focal p o sitio n

The face of the  CCD cam era was placed around 28 cm away from  th e  lens and between 

the lens and the  focal spot. T he distance from th e  face of th e  cam era to  the  CCD chip 

surface where th e  im age was cap tu red  was 16.52 m m. T h a t gave th e  tru e  position of
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im aging of around 29.7 cm. T he gauge reading of the  tran sla tio n  stage for th e  cam era 

was set to  0 m m  a t th is  position. T he scanning was perform ed from  0 to  20 m m  of 

the gauge position. T he gauge reading increased while going tow ard  the  focal spot. 

Figure 3.12 shows th e  variation  of beam  w idth, tw ice the  beam  radius, for different 

gauge position. T he ra te  a t which the  beam  w aists changed w ith  th e  position was 

—0.004865 m /m , as given in the  figure. For a theoretical ra te  of change of beam  

radius of —0.0047 m /m  the  beam  waist a t zero gauge position should be around 2.2 

mm (3.5926 x 10~ 3 — 0.0047 x 29.6 x 10- 2  m). T he experim ental value of beam  radius 

for the  position  was 2.34 mm.

Experimental values 
—  Fitted curve

2400- Y = 2339.4 - 4.9 * X

2300-

Erea>
GQ

2 2 0 0 -

0 5 10 15 20

Gauge position (mm)

Figure 3.12: B eam  rad ius variation a t approxim ately  halfway betw een the  lens and 

the  focal spot.

Scanning reg ion

T he plane th a t  contained the  front face of the  cam era a t  the  s ta rtin g  of scanning 

region is around  74.5 cm away from the  lens (CCD  chip is 74.5 +  1.65 ~  76.15 cm 

away from  the  lens). As shown in Figure 3.10 th e  region of 6  — 11 m m  tow ard the 

focal spot from th e  s ta rtin g  was scanned to  determ ine the  T PA  coefficient. T he stage
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to  hold a  square su b s tra te  2 inches wide had a  1.5 inch opening so th a t  the  beam  can 

pass th rough  and  tran sm itted  beam  power can be m easured using a  photodiode(PD  

2). T he face of the  cam era was placed against the  surface th a t  was used to  m ount 

the sam ple. A t th a t  position th e  gauge of the  tran sla tion  stage was 11.5 mm. As 

m entioned earlier th e  difference between the  face of the  cam era and  th a t  of the  CCD 

chip was 16.52 m m . T h a t m eans the  gauge position of —5.56 (— 11.5 — 16.52 — 0.54) 

m m cap tures the  beam  profile a t the  top  surface of the  the  540 /rm  glass surface. The 

body of the  cam era is too  big to  get th rough the  openning of the  stage w hen scanning 

for lower values of the  gauge scale. So, the  scanning was perform ed for 6  to  1 1  mm 

of the  gauge scale and beam  waist a t -5.56 m m  gauge reading was ex trapo la ted  from 

the trend.

Figure 3.13 and 3.14 shows the  variation of beam  radius in th e  scanning zone for 

different gauge scale reading. T he ra te  of change of beam  radius along the  vertical 

direction for th e  scanning region is —0.004722 which is very close to  th e  values of 

the slope tab u la te d  in the  Table 3.2 for the  vertical direction. If we ex trapo la te  the 

equations given in these figures the  beam  radius a t the  surface of the  sam ple (X 

=  -5.56) will be 237.2 f im  and  203.4 /im  in the  vertical and  horizontal direction, 

respectively. These values of beam  w aist will be used to  find the  T PA  coefficients. 

A ppendix A .7 contains the  image of a  typical beam  profile a t th is  region.

Beam  d iam eters for different positions after th e  lens, i.e. a t different regions, as 

m entioned in th e  previous sections, are given in F igure 3.15. For th is  fit th e  values 

for the  M 2 param eter, th e  m inim um  beam  diam eter, the  d istance of the  focal plane 

from the  lens and slope of the  beam  radius variation  are 0.96, 104 fj,m, 79.5 m m  and 

-0.0047 m /m , respectively.

3.5 R esu lts

Glass substra tes  coated w ith  photoresists were m ounted vertically on the sam ple 

holder. Different incident power on the  sam ple and corresponding tran sm itted  power 

through it were m easured using the  calibrated  photodiodes. Every tim e a new spot
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Figure 3.13: Beam  radius (vertical) variation close to  th e  scanning zone.
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Figure 3.14: B eam  rad ius (horizontal) variation close to  th e  scanning zone.
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Figure 3.15: Beam  diam eter (vertical) a t different positions after the  lens.

was chosen to  avoid incubation  effects. For a given sam ple th ree  sets of readings were 

taken and there  were th ree  sam ples to  find param eters of a  m ateria l. It is evident 

th a t  there  are different m ateria l properties we need to  know to  accurately  determ ine 

the T PA  coefficients as described in Section 3.1.

3.5.1 E xperim entally  determ ined param eters

The pulse w id th  of the  laser was m easured using a Positive Light A utocorrelator 

(Model SSA) in a single shot basis. T he gratings in th e  laser system  were ad justed  to 

produce m inim um  pulse w id th  prior to  the experim ent. F igure 3.16 shows the  pulse 

profiles of ten  pulses recorded on the  oscilloscope o u tp u t of th e  au tocorre la to r trace. 

Pulse w id th  in  FW H M  can be determ ined from the  FW H M  of th e  trace  after scaling 

the FW H M  of the  trace  w ith  a  factor of 0.30052 fs///s  assum ing a  G aussian tem poral 

profile. V ariation in the  FW H M  of these pulses is p lo tted  in F igure 3.17 for these 

ten  cases. M atlab  codes were used to  filter ou t noises of the  pulse profiles using a 

th ird  order B u tterw orth  digital low' pass filter w ith  cut-off frequency, uin =  0.15 and 

to  calculate th e  FW H M  of the  pulses. The average pulse w id th  was (111 ±  3) fs.
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Figure 3.17: M easured pulse w idth  for different observations.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



T he beam  power for laser pulses a t 1 KHz repetition  ra te  was m easured using a 

Spectra Physics power m eter (M odel 407 A). A fterw ards, o u tp u t of the  photodiodes 

were cap tu red  on an  oscilloscope for singe shots. Peak  values of th e  signals recorded 

to  th e  com puter were calib rated  w ith the  power m eter readings. T he Photodiode 

o u tp u t versus power are p lo tted  in Figure 3.18. T he linear equation  to  fit PD  1 

calibration is Y  =  488 X - 3.7 while the  equation for PD  2 is Y =  88.4 X +  5.8. The 

photodiode voltages were m ultiplied by 10 in the  figure. T he offset from  the  origin 

could have been avoided by taing  some m ore readings close to  th e  origin. T he value 

of the  offset is negligible for the  higher pulse energies used for T PA  resist exposures.
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Fitted curve for PD 1 
Fitted curve for PD 2
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Figure 3.18: Pho tod iode calibration to  m easure the  pulse energy.

3.5.2 O ther optical properties

M aterial p roperties like refractive index and linear/sing le  pho ton  absorp tion  coeffi­

cients also play a v ita l role in determ ining the  T PA  coefficient. O ther th an  0211 

glass su b s tra te  m ost of the  values representing essential op tical p roperties are col­

lected from different lite ra tu re  [4, 5, 6 ] or m anufactu rer’s websites or m anuals [3]. 

Refractive index and absorp tion  coefficient of 0211 glass were determ ined using a 

M onochrom ator in the  U niversity of A lberta  Nanofab. A ppendix  A .3 contains dif-
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ferent param eters of different m aterials over a wide wavelength spectrum . Table 3.3 

shows the  values of im p o rtan t param eters used to  determ ine T PA  coefficients of the 

0 2 1 1  glass and  resists.

Table 3.3: Essential optical properties of the  m aterials and source of these inform ation

P roperty M aterial Value Source

Orm ocore 1.5482 [3]

R efractive index SU - 8 1.5906 [5]

a t A =  800 nm 0 2 1 1  glass 1.51 see A .3 . 6

Orm ocore 0.557 [4]

Linear absorp tion  coefficient (m _1) SU - 8 2.09 [6 ]

a t A =  800 nm 0 2 1 1  glass 3.80 x lO " 04 see A .3 . 6

Orm ocore 35 [3]

Thickness (/rm) SU - 8 55 [3]

0 2 1 1  glass 540 m easured

3.5.3 T PA  coefficients

Inpu t and tra n sm itte d  pulse energy were recorded to  calcu lated  the  incident peak 

in tensity  as well as transm ission through the  sam ple. For 0211 glass su b stra te  the 

calculation was relatively easy and the  TPA  coefficient was calcu lated  from the  vari­

ation of transm ission  w ith  intensity. This coefficient of b e ta  was used for the  samples 

where the  resists were coated on the  glass substra te . The T PA  thresho ld  for SU-8 , as 

reported  by W itzgall e t al [24] is also in th a t  order. Figure 3.19, 3.20 and 3.21 show 

the variations of transm ission for 0211 glass, O rm ocore and SU - 8  layers, respectively. 

These figures contain  d a ta  for one sample. T PA  coefficients determ ined  from these 

graphs and  for o ther sam ples are tab u la ted  in Table 3.4.

TPA  coefficients drastically  reduces w ith wavelength. Fused silica has a TPA  co­

efficient of 0.75 cm G W _ 1  [44] for 212.8 nm  wavelength. For 354.7 nm  light it reduces
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Figure 3.19: V ariation of transm ission for 0211 glass su b s tra te  w ith  peak intensity. 

The T PA  coefficient is determ ined  using the  slope along w ith  o ther param eters.

to  0.00125 cm G W - 1  or 1.25 cm T W - 1  [45]. T PA  coefficients of the  m ateria l for 

other wavelengths are sum m arized in A ppendix A .6 . The m easured T PA  coefficient 

of 0211 glass a t 800 nm  is (1.42 ±  0.2) cm T W - 1  which is com parable w ith  the  values 

for Fused silica in th e  near UV range. T he coefficients m easured for O rm ocore and 

SU - 8  are (33 ±  6 ) cm T W - 1  and (28 ±  5) cm T W -1 , respectively. O rm ocore is a vis­

cous liquid and it moved very slowly when it was set vertically on the  sam ple holder. 

This effect causes slight changes in the  resist thickness over tim e and is a po ten tia l 

reason for the  relatively high deviation of the  value. A second set of m easurem ents 

was carried out to  reduce th e  effect. This was done by doing th e  experim ent more 

quickly and  flipping th e  sam ple vertically after each observation. Table 3.5 shows 

the values of the  T PA  coefficient for different sam ples and observations. T he beam  

profile th is tim e was determ ined directly  from the  CCD cam era. To do this, the  stage 

was moved 12 cm from  the  desired scanning surface (11.5 m m  for th e  cam era face to  

CCD chip d istance and 0.5 m m  for the su b s tra te  thickness) tow ard the  lens. T hen  

the face of the  CCD  was aligned w ith the  surface of the  sam ple holder and beam
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Figure 3.20: V ariation of transm ission for O rm ocore layer w hen coated on 0211 glass 

substra te . T he d a ta  poin ts are for th ree observations of a  sam ple.

1 0 0  -i

0 98 - 
0 96- 
0 94- 
0 92- 
0 90- 

|  0.88 - 
I  o 86 -
E 0 84- 

0 82-
0 80- 
0 78- 
0 76- 
0 74 - 
0 72- 
0 70 -

Experimental data 
Fitted values

1 0 1.5 2.0 25 30 35

Peak Intensity (TW/cm2)

Figure 3.21: V ariation of transm ission for SU - 8  layer w hen coated  on 0211 glass 

substra te . T he d a ta  po in ts are for three observations of a  sam ple.
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m easurem ent was done. T he stage was moved again 12 cm tow ard the  lens which is 

the plane th a t  the  CCD was used to  image the  beam . I t should be m entioned th a t  

one of the  elem ents jo ined to  the face of th e  cam era was rem oved and th is reduced 

the cam era face to  CCD chip distance to  11.5 m m  from 16.5 m m. T he beam  radii 

for th is experim ent were 174 jLtm and 120 p m  in vertical and  horizontal direction, 

respectively. F igure 3.22 shows the  beam  profile cap tu red  a t th is  surface.

T PA  coefficients ob tained  from the  second a tte m p t have m uch less s tan d ard  de­

viation. T he w eighted average of these value will be considered to  be the  best exper­

im ental value. T hus the  experim ental value for orm ocore is found to  be (29.8 ±  1.5) 

cm T W -1 . Considering errors in m easuring energy, spot size, pulsew idth and other 

param eters the  overall error of (3 is ±  20 %. So, th e  T PA  coefficients for Orm ocore 

and SU - 8  are (30 ±  6 ) cm T W - 1  and (28 ±  6 ) cm T W -1 , respectively.

3.6 Sum m ary

Two photon  absorp tion  coefficients of two widely used and  com m ercially available 

photoresists used for T PA  w riting were investigated in th is chap ter. Well established 

m ethod to  determ ine th e  coefficients w ith slight m odification were utilized to  ex tract 

the param eter ou t of experim ental transm ission da ta . D etailed analysis of experim en­

tal param eters were also discussed in th is chap ter which was im p o rtan t for precise 

calculation of the  values. Some m aterial properties were also m easured using different 

devices and m ethods.

T he average T PA  coefficients for Orm ocore and  SU - 8  m easured for th ree  samples 

of each resist coated on glass are (30 ±  5) cm T W - 1  and (28 ±  5) cm T W -1 , respec­

tively. T he coefficient m easured for 0211 glass su b stra te  was (1.4 ±  0.2) cm T W - 1  

. The value is com parable to  sim ilar m aterials, such as fused silica. T PA  coefficients 

will be an im p o rtan t param eter to  determ ine absorbed power in the  m ateria l due to  

TPA  process and  subsequently  predict the behavior of exposed resist during m aterial 

processing.
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Table 3.4: T P A  coefficients for different sam ples of 0211 glass su b s tra te  and Orm ocore 

and SU - 8  resists.

M aterial

Sam ple

num ber

[3 (cm T W  J) for the

observations sam ple overall

0 2 1 1  glass

1 1.46 1.44 1.48 1.46

1.4 ±  0.042 1.34 1.32 1.39 1.35

3 1.26 1.50 1.60 1.45

O rm ocore

1 27.56 26.06 27.90 27.17

32.5 ±  2.92 45.52 25.99 41.58 37.70

3 35.35 23.28 39.37 32.67

SU - 8

1 27.19 26.88 27.03 27.03

27.9 ±  1.12 29.56 32.38 24.99 28.98

3 22.32 29.59 30.89 27.60

Table 3.5: T PA  coefficients for Orm ocore (second a ttem p t)

M aterial

Sam ple

num ber

/3 (cm T W  *) for the

observations sam ple overall

O rm ocore

1 26.95 26.845 25.985 26.59

27.1 ±  0.32 26.175 27.11 28.56 27.28

3 27.418 26.32 28.15 27.29
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Figure 3.22: Beam  profile a t th e  position of the  surface of th e  resist.
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Chapter 4 

3D structure-w riting using TPA  

process

In a two pho ton  absorp tion  process the absorp tion  is p roportional to  the  square of the 

intensity. T h a t is why for pulsed laser w riting reducing the  power to  half requires four 

tim es the  num ber of pulses to  cause the  sam e photophysical or photochem ical change 

w ithin the  sam e volume. M oreover, the  num ber of m olecular bonds affected per pulse 

decreased rap id ly  for low pulse energy. This gives higher resolution and  m ore control 

over precision w riting  as variations in the  final s tru c tu re  due to  variations over a  few 

num ber of pulses is negligible. For these reasons, high repe tition  ra te  pulsed lasers 

are widely used for high resolution T PA  writing.

M ost of th e  research groups have used Ti: Sapphire laser oscillators for 3D w riting 

to  date. T he average param eters for such laser oscillator system s are 80 MHz rep­

etition  ra te , 100 fs pulse w idth , 800 nm  wavelength. Exposing resists to  very high 

power m ay cause dam age in the  resists. T PA  w riting in O rm ocore and  SU - 8  has been 

dem onstrated  for powers w ithin the  range of 10 to  50 m W . T he highest resolution 

recorded for O rm ocore was for a lOOx oil im m ersion objective w ith  1.4 num erical 

apertu re  (NA) value [20, 23, 27]. High aspect ra tio  s truc tu res  in  SU - 8  were reported  

for lOx and 60x objective w ith  NA values of 0.30 [26] and 0.85 [25], respectively. The 

best resolution reported  for T PA  w riting was 120 nm  using SC R  500 resin [20]. For 

com m ercially available resists Orm ocore [23] and SU - 8  [27] th e  m inim um  dim ensions
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w ritten  by T PA  m ethod  were 150 and 475 nm , respectively.

O rm ocore has m ostly  been used for high precision w riting of com plex structures. 

The average aspect ra tio  for struc tu res produced in O rm ocore using a  lOOx 1.4 NA 

objective is around  5:1 as reported  by Serbin et al [23]. O n th e  o ther hand, SU-8 , a 

widely used resist for X -ray lithography, was explored for high aspect ra tio  structures. 

Teh et al [26] repo rted  an aspect ratio  up to  23:1 for vertical pho top lastic  planes and 

50:1 for photoplastic  pillars.

T he s truc tu res  reported  in th is chapter are also w ritten  by 800 nm  T i:Sapphire 

laser w ith  typical laser param eters close to  th a t  m entioned above. Different structu res 

were produced in b o th  SU - 8  and  Orm ocore to  dem onstra te  th e  3D w riting capability. 

Moreover, sim ple lines and dots a t different powers were produced  to  characterize the 

3D w riting process.

4.1 E x p erim en ta l d eta ils

An 80 fs, 800 nm  T i:Sapphire laser oscillator (M aiTai, Spectra  Physics) and a  40X ob­

jective w ith 0.65 NA was used was for w riting of subm icron resolution 3D structures. 

Figure 4.1 shows th e  se tup  utilized for 3D s tru c tu re  w riting using th e  TPA  m ethod. 

Exposure tim e was controlled by a N ew port electronic sh u tte r  having a  m inim um  

shu tte r openning tim e of 10 ms. A 3-axis com puter controlled dc m otor stage from 

Physik In strum en t (PI) w ith  a  m inim um  resolution of 7 nm  was used to  control the  

sam ple position. T he unidirectional repeatab lity  and backlash of th e  stage were 0.1 

pm  and 2 pm , respectively. Codes w ritten  in Labview 5.1 were used to  w rite struc­

tures a t different positions and a t different powers w ith  different control param eters. 

The half wave p late  used in the setup  to  control th e  power of the  beam  was au to m at­

ically changed for 3D s tru c tu re  writing. For characterization  of lines and dots the 

power was set m anually  for b e tte r  precision. T he tran sm ittan ce  of the  objective was 

m easured to  be 0.70 and power given in th is chapter is the  power after the  objective 

considering th is transm ittance.

T he fabrication process for the  resists was sim ilar to  th a t  m entioned in Section
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Figure 4.1: Setup for 3D structure writing using TPA process.

2.2.2 for th e  single photon  absorp tion  studies. T he thickness of the  Orm ocore was 

20 jum for T PA  w riting instead  of 35 //m  as s ta ted  in  the  earlier chapter. O rm ocore 

was coated a t 3000 rpm  for 30 seconds in order to  get th is  thickness. T he ram p to 

reach th is  velocity from  500 rpm  was 9 seconds. Settings for th e  in itia l two speeds 

were idential to  th e  Section 2.2.2. T here was no change in baking or developm ent 

procedures for O rm ocore com pared to  th a t  given in Section 2.2.2. Processing of SU - 8  

for T PA  w riting was sim ilar to  th a t  of the T PA  experim ent. Again a  50 //m  thick 

SU- 8  layer on glass was used for TPA  writing.

4.2 3D  stru ctu res

T he T PA  process allows change of the  m ateria l p roperties due to  light absorption 

w ithin a  sm all volum e around  the  focal spot. T his sm all m odified region is called a 

volume pixel or voxel. We can neglect th e  change in the  d istribu tion  of th e  in tensity  

as a very sm all fraction of the  energy is absorbed while p ropagating  th rough  focus,
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one generally ob tains ellipsoidal shaped s tructu res if one w rites w ith  intensities more 

th an  a threshold  value for a  focused G aussian beam . For a high NA objective the  

beam  is focused to  a  sm aller beam  radius as well as it has sm aller d ep th  of focus 

com pared to  th a t  w ith  low NA objective. T he ra tio  betw een longitudinal to  lateral 

size of the  voxel increases w ith  decrease of the  NA values.

The effective focal length  of the  40X objective w ith NA 0.65 used in th e  experim ent 

was 470 /jm . W hen th e  apertu re  is filled w ith  the  beam  th e  ra tio  betw een the  depth  

of focus to  th e  beam  w aist a t  the  focal spot is m uch m ore th a n  unity. W hen the  beam  

is perpendicular to  the  su b stra te  and an  objective w ith  low NA is used to  focus the 

beam  in the  m ateria l coated on the substra te , the  s tru c tu re  produced in the  m aterial 

will be like a  post s tand ing  on the  substra te  w ith  high aspect ratio . It basically lim its 

the true  3D w riting when a  voxel is required to  be m ore like a  do t or sphere.

4.2.1 D esigned  structure

Considering the  lim ita tions of using a 40X objective several s tru c tu res  were designed 

to  be im plem ented in the  T PA  absorp tion  writing. T he first of th e  designed structu res 

are shown in F igure 4.2 and  4.3. T he figure also shows the  scanning scheme to  produce 

such a s truc tu re . T he final height of the  s truc tu re  is dependent on the  vertical position 

of the  sam ple, scanning speed and the  power of the  laser beam .

T he base of the  square spiral is a  10 j im  wide. T he height increases 2.5 /irn from 

the s ta r tin g  poin t of one side of the  wall to  the  end of it while scanning. T he length of 

the arm  to com plete the  square was scanned only for 7.5 /rm. A floating vertical plane 

struc tu re  was also designed to  dem onstrate  the  feasibility of a  floating structu re . It 

is also a tes t to  find the  s treng th  of the  resist and show the  stab ility  of w riting in a 

solid resist.

All th e  s tru c tu res  were w ritten  a t different focal positions and a t different scanning 

speeds. For a p articu la r scanning speed the  velocity com ponents along different axes 

were d istrib u ted  based on the  distances to  travel to  the  nex t end point. T hen the 

movem ent for different axes was in itia ted  a t the  set velocity so th a t  th ey  end up a t the 

same tim e. T he sh u tte r  was opened a t the  beginning of s tru c tu re  w riting and closed
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when one un it s tru c tu re  was com pletely w ritten . T he code w aited for the  end of th a t  

scan and as soon as it is over a tran sla tion  from  th a t  position  tow ard a  new position 

was executed. T he tim e dura tion  of scanning betw een two po in ts is sm all for high 

scanning speed and  for sm all d istance to  travel. T hus the  tran s itio n  tim e from one line 

scan to  ano ther becam e com parable to  th e  tim e required to  draw  a  line. Moreover, 

the acceleration was set to  th e  default value of 3500 gm  s -2 . A cceleration tim e 

also becam e significant while draw ing sm all s truc tu res  a t high scanning speed. T h a t 

m ade the  edge heights and w idths non-uniform  for different struc tu res. There was 

also hysteresis in the  m otion of the  stages th a t  affected the  w riting  of fine structu res 

using the set-up. T he perform ance of the  stage is given in  A ppendix  A .8 .

4.2.2 SEM  im ages o f 3D structures

Scanning electron microscopy (SEM) is a  good tool to  give 3D im ages of different 

m icrostructures. T he SEM  available in the E a rth  and  A tm ospheric Sciences d ep art­

m ent a t the  U niversity of A lberta  was used to  take images of s truc tu res  produced 

in the  resists. F igures 4.4 to  4.7 show the  SEM images of different 3D structu res 

produced in the  resists. P ro jec ted  square spirals and vertical planes were m ade for 

different powers and different scanning speeds. A beam  power of 20 m W  a t 75 pm  

s - 1  scanning speed has produced the  best 3D structu res. Lower power a n d /o r  higher 

scanning speed m ade the  struc tu res too  weak. O n the  o ther hand , higher power 

a n d /o r  lower scanning speed produced long and  wide voxels. As described in the 

previous section there  are significant d istortions due to th e  physical lim itations of 

the scanning capability  of th e  positioning stage assembly. Specially for the  ’floating 

p lane’ w riting  w hen th e  stage changed directions to  go down it also shifted in y  axis. 

This shift was consistent for w riting in b o th  of the  resists and  it was evident in all 

the struc tu res draw n a t different heights. T he hysteresis for the  m echanical stage 

used in the  experim ent is around 2 pm  (A ppendix A .8 ). T he stage can replicate the 

true  scanning schem e when the  dimensions of the  struc tu res  were large a n d /o r  the 

scanning speed was very slow and also in one direction. SU - 8  is a  hard  or solid resist 

during the  exposure process and has produced m ore stab le  s tru c tu res  (Figure 4.7).
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Figure 4.2: (a) Scanning sequence of and (b) schematic structure for a projection of a 

square spiral shaped structure. The height of the structure is dependent on the scanning 

speed, beam power and vertical position of the focal point above the substrate.

10 nm

20 nm

y
x

Figure 4.3: (a) Scanning sequence of and (b) schematic structure for floating vertical plane 

strucure.
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Figure 4.4: Projection of a square spiral written in Ormocore. The structure was made at 

a scanning speed of 75 f im/s  and with a beam power of 20 mW.
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Figure 4.5: Projection of a square spiral written in SU- 8  resist. Scanning speed as well as 

height of the focal point was varied during the experiment. Three rows are written at three 

different speeds, 25 /j,m /s (bottom-left column), 50 ;mi/ s and 75 (top-right column) /an/s. 

The beam power was 20 mW.
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Figure 4.6: Vertical planes produced in Ormocore. The beam power was 20 mW and 

scanning was done at 75 gm /s.
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Figure 4.7: Vertical plane written in SU- 8  resist. Scanning speeds of different columns 

are similat to th a t mentioned in Figure 4.5. The beam power was 20 mW. The right-top 

column was written at 75 pm s- 1  while the next column was written at 50 pm s_1.
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Figure 4.8: An attem pt to write complex structure in Ormocore. The beam power was 20 

mW. The structure was written at 75 pm s_1.

In con trast, O rm ocore being a viscous liquid moves slowly even after th e  stage stoped 

moving and th is m ight cause the  deform ation of the  vertical posts as shown in Figure

4.7. F igure 4.8 shows an a tte m p t to  w rite a  complex s tructu res. A 30° tilted  ‘U of 

A ’ was w ritten  in  O rm ocore a t a  beam  power of 20 m W  and  the  scanning speed was 

75 pm  s-1 .

4.3 C h aracterization  o f 3D  w ritin g

A 3D stru c tu re  can be considered as a s tru c tu re  com posed of voxels a t different 

locations in space. T he height and w id th  of voxels for different exposure tim es and 

powers can be a  su itab le  way to  characterize 3D w riting. T he  characteristic  height 

of the  voxel or line is taken  as twice the  d istance from  the  center of th e  voxel where 

the rad ius is m axim um  to  the  upper tip  of th e  voxel. T h is height was preferably 

m easured using voxels stand ing  up or ju s t falling on the  su b s tra te  or a t least when 

the center of th e  voxel was clearly above the  surface. T his characteristic  height is 

related to  the  Rayleigh range of the  focused beam . Sim ilarly for lines draw n a t 

different scanning speed and beam  power, m easuring line w idths and characteristic 

heights is an a lternative  approach for 3D w riting charaterization .
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4.3.1 Voxels at different control param eters

A m echanical sh u tte r  was used to  control the  exposure tim e of the  voxel writing. The 

m inim um  exposure tim e using a  N ew port m echanical sh u tte r  was 10 ms. T he resists 

were exposed for 10, 30, 70, 100, 300, 700 and 1000 ms for a  p a rticu la r focal position 

above th e  surface. A new spot was chosen for every exposure dose and after all the 

exposure doses th e  sam ple was moved closer to  the  objective by 1 gm  and again 

exposed for different exposure tim es. Figure 4.9 (a) shows th e  SEM images of the  

voxels w ritten  in O rm ocore a t different heights and exposure; tim es for a power of 20 

rnW. T he dim ensions of the  voxel was m easured from  the  SEM  images of individual 

voxels cap tu red  a t higher m agnification. T he voxel drops on the  su b s tra te  when the 

voxel is p roduced  w ith  the  focal point ju s t above half of th e  height of a voxel. These 

fallen voxels were m easured by m easuring the  lines draw n on th e  im ages as shown in 

Figure 4.9 (b). Voxels were w ritten  for 15 to  25 m W  of laser power on the  sample.

(a) (b)
Figure 4.9: (a) Voxels with different heights and written with different exposure times in 

SU- 8  and (b) Demonstration of voxel measurement procedure. The voxel has been produced 

in SU- 8  with 20 mW and 10 ms exposure time.

W hen a spo t is exposed to  the  laser beam  for longer tim es the  characteristic  height 

and w id th  of th e  voxel increases. Increased the  beam  power can produce the  same
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effect. T he w id th  or characteristic  height of the  voxel changes significantly for increase 

in power or exposure tim e. T he w idth  or characteristic  height tends to  sa tu ra te  a t 

higher power or exposure doses and the  dim ension change becom es slower and slower 

in th is region. T he m easured characteristic  heights and w id ths of different voxels are 

given in F igure 4.11 and  4.13 for Orm ocore and SU-8 , respectively. T he m inim um  

voxel w id th  and characteristic  height ob tained  in O rm core were 1.04 fim  and  4.85 

//m, respectively. T he m inim um  dim ensions in SU - 8  were 1.13 gm  in d iam eter and 

10.3 fxm in length  for 15 m W  beam  power and 10 m s exposure tim e. W hen the  voxels 

of Orm ocore fall on the  su b s tra te  they  m ay spread on the  su b s tra te  resulting  in wider 

voxel d iam eters. Such fallen over pillars were used for exposure dose of 10 to  300 ms 

for O rm ocore and for 10 to  70 ms for SU-8 , respectively. I t  will be reported  in the 

next section th a t  m inim um  w idth  of lines produced in O rm ocore is around  one fourth 

of the  voxel d iam eters m easured here.

4.3.2 Lines at different control param eters

Lines were also draw n at different scanning speeds for different exposure times. The 

higher th e  scanning speed, the less tim e the  resist is exposed to  the  beam . Lines were 

draw n a t 3, 7, 10, 30 and 70 /u n /sec  for 15, 20 and 25 m W  beam  powers. All the 

lines were draw n for a  to ta l of 5 seconds to  avoid the  in itia l lower velocity region due 

to  finite acceleration. T here  was 10 to  20 /xm separation  betw een lines a t different 

velocities. T he focal scanning w ith  1 /xm steps was also perform ed for each speed. 

Heights and  w idths were m easured from  SEM  images. F igure 4.14 shows lines draw n 

in Orm ocore and SU - 8  a t different scanning speeds w ith each row a t different focal 

position.

T he m easured characteristic  heights and w idths of different lines are given in 

Figure 4.16 and  4.18 for Orm ocore and SU-8 , respectively. T here  were no standing  

lines of O rm ocore on th e  su b s tra te  for scanning speed g reater th an  10 /xm/s a t 15 m W  

beam  power. M oreover, m easuring th e  w idth  was a difficult process for th e  standing 

s tructu res as there  was no t a clear edge of the  s truc tu re . Therefore, results of only 

20 and 25 m W  are presented in the  graph.
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Figure 4.10: Voxel characteristic heights at different beam powers and exposure doses 

fabricated in Ormocore. The heights were measured from the fallen structure for exposure 

dose of 10 to 300 ms.
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Figure 4.11: Voxel widths at different beam powers and exposure doses fabricated in 

Ormocore. The widths were measured from the fallen structures for exposure dose of 10 to 

300 ms.
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Figure 4.12: Voxel characteristic heights at different beam powers and exposure doses 

fabricated in SU-8 . The heights were measured from the fallen structures for exposure dose 

of 10 to 300 ms.
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Figure 4.13: Voxel widths a t different beam powers and exposure doses fabricated in SU-8 . 

The widths were measured from the fallen structures for exposure dose of 10 to 30 ms.
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(a) (b)

Figure 4.14: Lines drawn with different velocities. Longest lines were drawn at 70 /rm/s. 

Other velocities are 30. 10, 7, 3 and 1 jum/s. The beam powers for (a) Ormocore and (b) 

SU- 8  sample shown in the figure were 20 and 15 mW, respectively.

T he m inim um  w id th  and  characteristic  height ob tained  for O rm ocore were 270 nm  

and 2.5 /zin, respectively for 20 m W  beam  power and  70 /im /sec  scanning speed. Lines 

w ith m inim um  w id th  of 1.3 gm  and 11.4 /rrri characteristic  height were produced in 

SU - 8  for 15 m W  beam  power and 70 fj,m /s  scanning speed. D raw ing lines produced 

more stab le  and  high resolution s tructu res in resists th an  m aking dots or voxels.

4.3.3 U ltra  high aspect ratio walls

The real height of a  line or wall was higher th a n  the  characteristic  height of the 

line. T he height of th e  floating vertical of the  walls, as shown in F igure 4.6 and

4.7, are com parable to  the  m easured characteristic  heights as presented in the  last 

sections. B ut for the  sam e beam  power and scanning speed, w hen the  floating plane 

is closer to  th e  su b s tra te  there  is a  secondary s tru c tu re  ju s t beneath  the  vertical 

plane as shown in F igure 4.19 and  there  is a  gap betw een these two planes. Surface 

adhesion chem istry, th e  cata ly tic  effect of surface, and reflection enhancem ent of the  

field in tensity  near the  surface m ay be possible reasons for such s tructu res. Bogdanov
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Figure 4.15: Line characteristic heights at different beam powers and scanning speeds 

fabricated in Ormocore.
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et al [32] reported  w ider base/foo t of pillars due to  emission of photoelectrons from 

the su b s tra te  surfaces. In  th is paper th e  8  /irn pillars were produced using x-ray 

lithography and  the  pillers were 9 /m i wide a t the  bo ttom . For su itab le distance 

between th e  su b s tra te  and the  focal point of the  beam  there  will be no gap between 

these two sections and it m ay m ake a  ta ll wall w ith  very sm all w idth . Figure 4.20 

shows an  u ltra  high aspect ra tio  wall fabricated  in O rm ocore w ith  20 m W  beam  power 

and 70 //m /s  scanning speed. Sim ilar s tru c tu re  can be produced even a t 25 m W  for 

sim ilar speed. B u t there  are additional fringes a t the  base of walls draw n a t 25 m W  

but scanned a t lower speed. Fringes like th a t  is also visible in walls produced in SU - 8  

resists.

T he apparen t height of the  wall observed in Figure 4.20 is 10.9 /mi. However the 

images were taken  a t  an  oblique angle of 60°. T he height appears 13.5% sm aller for 

this angle. T he real height is 12.6 /m i and w idth  is 310-330 nm  T hus the  aspect ratio  

for the  wall is around  40.

4.4  Sum m ary

Spatial confinem ent of photochem ical reaction due to  T PA  process together w ith 

the high num erical ap e rtu re  focusing allows 3D s tru c tu re  w riting  using th is process. 

Different 3D struc tu res  were produced using two photoresists, O rm ocore and SU-8 , 

for an 800 nm , 80 fs, T i:Sapphire laser pulses together w ith  a  40X objective. The 

linear absorp tion  was negligible in the  resists for the  fundam ental laser wavelength.

Simple 3D s tru c tu res  were chosen to  characterize the  w riting  process and 3D 

w riting capability. Various 3D structu res were w ritten  using th e  resists. Heights and 

diam eters of voxels produced at different power and for different exposure tim e were 

m easured. T he m inim um  diam eter and characteristic  height m easured for voxels in 

O rm ocore were (1.04 ±  0.1) /m i and (4.85 ±  .24) /mi, respectively. For SU - 8  the 

m inim um  d iam eter and  characteristic  height were (1.13 ±  0.1) /m i and (10.3 ±  1) 

/mi, respectively.

Lines w ith  very high aspect ra tio  were also characterized experim ent. T he mini-
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Figure 4.19: Formation of structures along beam path  but at positions away from the 

focal point. Standing plate structures written in SU- 8  resist for beam power of 20 mW and 

scanning speeds of 75 fxm s - 1  and 50 pm s_1.

m um  w idth  m easured for lines draw n a t 70 p m /sec  scanning speed a t 20 m W  laser 

power in orm ocore was 310-330 nm . T he height of the  line was 12.6 pm  giving an 

aspect ra tio  of » 4 0 . T h is is the  largest aspect ra tio  reported  for lines/w alls w ritten  

using T PA  process. Previously the  highest reported  aspect ra tio  was 23:1 as produced 

by Teh et al [26].

A s tru c tu re  where height incresed gradually  while m oving along th e  arm  of a 

square was th e  first one to  dem onstra te  the  perform ance. Secondly a floating vertical 

plane held by two posts a t the  ends of the  plane was fabricated . To produce the 

s tructu re , th e  focal spot moved vertically away from  the  sam ple th en  moved parallel 

to it and finally moved back into the sam ple surface. M echanical s tren g th  and stab ility  

of the  resist during  th e  exposure and developm ent process can be assessed by these
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Figure 4.20: [CW from top-left picture] (a) Fringes a t the base of a wall due to structures 

produced at locations other than focal points, (b) top, (c) side and (d) front view of the 

wall with ultra high aspect ratio. All the structure were fabricated in Ormocore. The beam 

power and scanning speed for (a) was 25 mW and 30 fim/s, respectively. Structure shown 

in (b), (c) and (d) were scanned at 70 /im /s with 20 mW beam power.
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structures. Slow scanning speed was essential for th e  stab ility  of the  stage control 

program  and for less v ib ration  while w riting of the  samples.

Com plex s tru c tu res  for photonic crystals or M EM S app lication  can be produced 

using fu rther m odification of the  scanning system . M oreover, use of 100X objective 

will open a  new window as the  lateral dim ension of the  voxel will be reduced producing 

more spherical voxels.
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Chapter 5

Future work and conclusion

Laser-m aterials processing has prom ising applications in different fields of interest. 

Specifically laser m icro-m achining has po ten tia l applications in sem iconductor indus­

tries, M EM S devices, biom edical chips, etc. Light absorp tion  due to  SPA process 

has been utilized in laser cu tting , drilling, welding, w riting  and  o ther processes. The 

lim ita tion  of SPA process is th a t  it can no t be used to  w rite 3D struc tu res  since light 

absorbs th roughou t the  m aterial. T he T PA  process, on the  o ther hand , is su itable 

for such 3D stru c tu re  w riting as the  absorption occurs a t the  focal point of the  laser 

beam  where in tensity  is above some threshold  value. 3D s tru c tu re  w riting  in different 

photoresists was perform ed and th e  perform ance was characterized  in the  thesis.

5.1 F uture w ork

5.1.1 M odification  to  current setup  and w riting m echanism

Simple struc tu res  were w ritten  in the  resists to  dem onstra te  3D w riting capability. 

More complex struc tu res  can be w ritten  w ith  m odification in the  scanning scheme, 

stage-assem bly and sh u tte r  system . T he m echanical stage-assem bly used in the  set 

up had very high resolution. T he m inim um  step  th a t  it could take was 7 nm. It was 

suitable for draw ing lines along single axes by controlling one stage of the  assembly. 

It was com plicated to  move a very short d istance when m ore th an  one stage was
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involved. T he tim e to  accelerate to  different velocities becam e significant com pared 

to the tim e it has to  travel. So, it was physically difficult to  s ta r t  and end all the  stages 

a t the  sam e tim e w hen they  are traveling different distances a t different velocities. 

Slow scanning speed is a  solution to  th is problem  b u t it m akes w riting more tim e 

consuming. P iezo-stages are an  a lternative solution to  DC m otor stages which also 

have a  very high resolution b u t would have sim ilar m echanical problem s for m ulti 

axes m otion.

It is im p o rtan t to  have an efficient scanning scheme while w riting  complex struc­

tures. A m atlab  code was developed to  scan two dim ensional (2D) images. A 3D 

object can be bu ilt up as a series of 2D surface profiles. T he  code calculates a  tra ­

jectory  to  w rite th a t  surface profile in an efficient way using ras te r and vector scan. 

In  a ras te r  scan all th e  poin ts to  be w ritten  are exposed to  th e  laser beam  using a 

shu tte r for the  laser, while in a vector scan boundaries of different closed surfaces are 

scanned.

A 3D stru c tu re  can be sliced into surfaces a t different heights and then  an op­

tim ized scanning schem e can be determ ined using th e  sim ilar algorithm . T he code 

to  find the  schem e for 2 D cases is given in A ppendix  A .9. Com m ercially available 

piezo-stage assem blies som etim es comes w ith software to  find the  efficient scanning 

sequences.

T he m echanical sh u tte r  used in the  present s tudy  was too  slow to  allow fast 

w riting of the  resists. Moreover, too  frequent on and off opera tion  can break the 

p late  used inside th e  shu tte r. An accousto-optic sh u tte r/d e flec to r th a t  can control 

the deflection of the  beam  is a  good alternative to  the  m echanical shu tte r. T he beam  

can be deflected from  0 to  1.4° using the Accousto-optic deflector (AOD) currently  

available in the  Laser P lasm a lab. T he deflection angle can be set to  0 degree when the 

w riting is required. T he 1.4 ° deflection is enough to  take the  beam  ou t of the  objective 

apertu re  if the  deflector is placed far away. T he tran sitio n  tim e required to  switch 

between these two positions is 15 p.sec. By varying the  R F  frequency to  the  AOD the 

deflection angle can be varied and the  AOD used as a  rapid  scanning system . Such 

a rapid scanning technique would solve m any of the  m echanical scanning problem s
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discussed previously. T hus, a com bination of a  precision m echanical positioning stage 

to  move the  su b s tra te  position  together w ith  an  AOD to  carry  ou t rap id  scanning in 

a specific region of the  su b s tra te  is the  ideal scanning com bination.

However the  deflection of the  beam  by AOD is wavelength dependent and the 

laser used in the  experim ent has a large band w idth  of around 10 nm  (FW H M ). Thus 

the finite bandw id th  causes significant spreading of angle leading to  elliptical focal 

spots. Therefore, circular beam s appear elliptical w ith  45° tilted  axes after a  two 

dim ensional AOD system . T he angular dispersion can be corrected  to  the  first order 

for one deflection angle by in troducing com pensating angular d ispersion from  a  prism. 

An SF14 prism  th a t  gives different angle of deflection dependent on wavelength when 

the beam  passes th rough  the  prism  can be used to  correct the  dispersion due to  finite 

bandw idth . In the  prism  the dispersion is opposite to  th e  AOD. T he pulse w idth 

spread due to  m ateria ls like the  prism  and AOD crystals can be com pensated by 

ad justing  the  g ra ting  com pressor in th e  chirped laser pulse amplifier.

T he diffraction lim ited  focal spo t is sm aller for shorter w avelength lasers. For th is 

reason, higher resolution can be achieved by using shorter w avelength laser writing. 

Frequency doubled T i:Sapphire fs lasers should be the  nex t s tep  tow ard th a t  goal. 

Polym ethyl m ethacry late  (PM M A ) is a  suitable cand idate  for th e  w riting m aterial. 

Yam asaki e t al [46] dem onstra ted  3D optical m em ory w riting in PM M A  using single­

pulse irrad ia tion  a t 532 nm , picosecond and 400 nm , fs pulses. F u rthe r im provem ent in 

resolution can be obtained  by going to  the  th ird  harm onic, 266 nm , of th e  T i:Sapphire 

laser system  usin a  VUV resist.

5.2 C onclu sion

Two photon  absorp tion , a nonlinear absorp tion  process, has been investigated for 

applications in 3D s tru c tu re  writing. SU - 8  and Orm ocore, two widely used com m er­

cially available photoresists, were characterized and  utilized for w riting  of 3D test 

structures.

A bsorp tion  of energy by the  resist during the exposure and  the  etching behavior
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of the resist for different absorbed power determ ine the  final s tru c tu res  produced in 

the resist. T he single photon  absorption process was utilized to  characterize the  resist 

etching as a  function of energy absorbed per un it volume. T he absorbed energy was 

calculated from the  absorp tion  coefficients of the  resists a t different wavelength and 

the spectrum  of th e  UV source. T he etch ra te  was found to  vary  logarithom atically  

for O rm ocore b u t appeared  more as a step  function for SU-8 . U ndercu tting  is a 

possible reason for such a step  function. T he sensitivity  for SU - 8  m easured from the 

experim ent was (3.8 ±  0.2) J  cm -3 . On the  o ther hand, th e  sensitiv ity  and contrast 

for O rm ocore were (54 ±  2) J  cm - 3  and (15 ±  1) /iin J - 1  cm 3 per decade, respectively.

Single pho ton  absorp tion  was negligible in the  resists for th e  800 nm  femtosecond 

laser wavelength used for the  T PA  experim ents. Single shot fem tosecond exposures 

were used to  determ ine the  T PA  coefficients from  the  m easured transm ission through 

the resists. T he T PA  coefficients m easured for 0211 glass, SU - 8  and Orm ocore are 

(1.4 ±  0.2) cm T W -1 , (28 ±  6 ) cm T W _ 1  and  (30 ±  6 ) cm T W -1 , respectively.

3D struc tu res  were w ritten  using th is T PA  process together w ith  a  40X m icroscope 

objective. P ro jections of a  square spiral and floating vertical p lane were fabricated 

in th e  resists. Lines and dots were also draw n to  find the ir w id th  a n d /o r  height 

variations for different irrad ia tion  param eters. Vertical walls w ith  very high aspect 

ratio  up to  40 were produced as a  result. These various tes t scans should be valuable 

as test cases for resist m odeling codes for predicting resu ltan t s truc tu res  based on the 

above m easured etch ra tes  and two photon  absorp tion  coefficients.

In the fu tu re  im proved accousto optic scanning techniques and em ploym ent of the 

second and th ird  harm onics of the  Ti: Sapphire laser system  should allow much higher 

resolution s tru c tu res  to  be w ritten . For frequency doubled T i:Sapphire laser around 

60 to  75 nm  resolution should be u ltim ately  achievable using PM M A , a  resist used 

for X -ray lithography and for th ird  harm onic illum ination w ith  VUV resists features 

below 50 nm  m ay be possible.
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A ppendix A

A .l  S p ectra l efficiency o f  th e  sp ectro m eter

The Ocean O ptics spectrom eter USB-2000 was used to  analyze th e  spectrum  of the 

UV source. T he m inim um  resolution of the # 2  spectrom eter was 1.34 nm  and it views 

a wide spectrum  from  200 to  800 nm. The resolution and bandw id th  is calculated 

from th e  slit w id th  and  type  of th e  g rating  used which were 25 gm  and 600 lines 

per m m , respectively. Figure A. 1.1 shows the  efficiency of the  spectrom eter while 

m easuring in tensities a t different wavelengths of the  opera ting  region. T he curve is 

provided by the  m anufacturer.

A .2 Surface profile SU -8

Surface profiles for two sam ples of SU - 8  were m easure using an A lpha Step 200 pro- 

filometer. Due to  sim ilarity  of the  p a tte rn s  in these two sam ples, profiles for only one 

sam ple are  shown in th is section. Exposure tim e was varied from  2 seconds to  9 sec­

onds w ith  a step  of 0.5 seconds. SU - 8  had a very sharp  tran sition  w ith  exposure tim e. 

M easurem ents were taken  until the  transferred  p a tte rn  did not change considerably 

w ith increase of th e  exposure tim e. Figure A.2.1-A.2.6 shows th e  variation  of surface 

profile w ith  exposure tim e. No s tructu res were observed below 5 seconds exposure 

time.
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Figure A .1.1: Efficiency of the Ocean Optics spectrometer at different wavelengths.

A .3 O p tica l p rop erties o f d ifferent m ateria ls

A bsorption coefficient in m - 1  or absorption in dB m - 1  determ ines the  SPA inside a 

m aterial. M oreover, refractive index is an im portan t param eter to  find the  reflected 

and tran sm itted  energy a t the  surface of two m aterials. Reflection a t the  m ask to  

transfer a  p a tte rn  to  the  resists, a t the  air-polym er or m ask-polym er surface is im­

p o rtan t to  accurately  predict the  resists behaviours. Im p o rtan t param eters collected 

from different sources or m easured using available tools are presented  in th is  section.

A .3.1 R efractive index o f Orm ocore

Refractive indices of th e  resist for 635, 830, 1310 and 1550 nrns are available a t the 

m anufactu ru rer’s website [3]. Indices for operating  wavelengths were found based on 

in terpolation  of the  available da ta . Figure A.3.1 shows the  varia tion  of the  indices 

w ith wavelengths.
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Figure A.2.1: Surface profile for SU- 8  bars exposed for 5.0 seconds.
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Figure A .2.2: Surface profile for SU- 8  bars exposed for 5.5 seconds.
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Figure A .2.3: Surface profile for SU- 8  bars exposed for 6.0 seconds.
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Figure A .2.4: Surface profile for SU- 8  bars exposed for 6.5 seconds.
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Figure A .2.5: Surface profile for SU- 8  bars exposed for 7.0 seconds.
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Figure A .2.6 : Surface profile for SU- 8  bars exposed for 7.5 seconds.
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Figure A.3.1: Refractive indices of Ormocore at different wavelengths [3].
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Figure A .3.2: Absorptions in Ormocore in dB /cm  for different wavelengths in the UV 

region [4],
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Figure A .3.3: Absorption coefficient in Ormocore for different wavelengths [4].
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Figure A .3.4: Refractive indices of SU- 8  at different wavelengths [5].
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Figure A .3.5: Absorption coefficients for SU- 8  at different wavelengths [6 ].
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Figure A .3.6 : Absorption coefficients for SU- 8  for UV wavelengths [6 ],
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Figure A .3.7: Refractive indices of Quartz, m atarial to make the mask, at different wave­

lengths.

A .3.2 A bsorption  in Ormocore

O rm ocore has significant absorp tion  below 400 nm  wavelengths and  it is alm ost tran s­

paren t to  lights w ith  wavelengths above th a t  lim it. F igure A .3.2 and  A .3.3 shows the 

variation of absorp tions (dB /cm ) w ith wavelengths [4].

A .3.3 R efractive index of SU-8

SU - 8  has higher refractive indices a t different wavelengths [5] com pared to  Orm ocore 

as seen in th e  F igure A .3.4.

A .3.4 A bsorption  in SU-8

SPA of SU - 8  depends on the  in itial exposure condition. Exposed SU - 8  abosorbs m ore 

th an  unexposed SU - 8  resists [6 ]. Figures A .3.5 and  A .3 . 6  show th e  variation  of the 

absorption coefficient w ith  different wavelengths for unexposed resists as reported  in 

the reference [6 ].
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100 i

001 1

<  1E.3

1E-4

600 800 1000 1200 1400 1600 1800200 400
Wavelength (nm)

Figure A .3.9: SPA coefficients for 0211 glass a t different wavelengths.
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A .3.5 R efractive index o f th e M ask m aterial (Q uartz)

The tran sp aren t one square inch area on the  m ask was used to  determ ine the  refractive 

index of the  m aterial. T he ellipsom eter in the  nanofab was used for th e  experim ents. 

Figure A .3.7 shows the  variation  of the  refractive index w ith  wavelengths.

A .3.6 P roperties o f 0211 glass

A M onochrom ator (High Speed M onochrom ator System , HS-190, from  J. A. W oollam 

Co., Inc) available a t the  Nanofab, U of A, was used to  determ ine the  refractive index 

and SPA coefficient of 0 2 1 1  glass. Figure A .3 . 8  and A .3.9 shows the  experim entally 

m easured param eters  for different wavelengths. For 800 nm  w avelength, th e  refractive 

index for the  m ateria l is 1.51 and SPA coefficient is 3.8 x lO - 4  m -1 .

A .4 B eam  profile after a th in  lens

W hen a  G aussian  beam  centered a t z = 0 w ith beam w aist ujq is tra n sm itted  through 

a  th in  lens located  a t a  d istance z, as shown in F igure A.4.1, the  beam  param eters 

after the  lens can be found using the  following equations [47],

B eam  waist u>'Q =  M u>q (A .l)

W aist location {z! — / )  =  M 2(z — f ) (A .2)

D ep th  of focus 2z'0 =  M 22z0 (A .3)
0/1

Divergence 2&'0 =  (A.4)

M agnification M  = —— -r—  (A. 5)
V 1 +  r 2

f
Z ~ f

(A .6 )

A .5 B eam  d iam eter (horizontal) a fter th e  lens

C hapter 3.4.2 m ostly  discusses th e  vertical beam  w aists or radiuses a t different lo­

cations after the  lens. H orizontal beam  profiles also closely m atch  the  theoretical
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Figure A.4.1: C hange in beam  param eters after tran sm ittin g  th rough  a  th in  lens.

ones a t the  approxim ate  half way betw een the  lens and th e  focal po in t and in the 

scanning zone. Figure A .5.1 shows the  beam  waist variation  for the  horizontal beam  

a t different locations after the  lens.

7000- □ Experimental values 
—  Fitted curve

6000-

- p  5000 -

4000 -

ra 3000 -

ra 2000 -

1000 -

0 20 40 60 80

Distance from the lens (cm)

Figure A.5.1: Beam  diam eter (horizontal) a t different positions after the  lens.
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A .6 T P A  coeffic ien ts o f  Fused silica

Table A .6.1 presents T PA  coefficients of Fused Silica determ ined  by different research 

groups.

Table A.6.1: TPA  coefficients P for Fused silica

A [/im] rp [ns] P x 1011 [m/W ] Ref

0.2128 0.023 0.75±0.04 Repeyev et al [44]

0.216 0.15 0.5±0.1 D m itriev e t al [48]

0.2484 0.008 0.08±0.02 Tomie et al [49]

0.2661 0.015 0.05±0.01 DeSalvo et al [50]

0.270 0.015 0.75T0.04 D m itriev  e t al [48]

0.282 3 <  0 . 0 2 M izunam i et al [51]

0.293 0.004 0.005T0.001 Ross e t al [52]

0.2985 0.005 K im  et al [53]

0.308 0 . 1 2 0.0078±0.0016 M izunam i et al [54]

0.3507 1-7 <  0.0005 Sm ith  [55]

0.3547 0.017 <  0.00125 Liu et al [45]

A .7 B ea m  profiles recorded in a C C D

A C O IiU  cam era and  Spirikon software were used to  collect th e  beam profile and 

analyze its param eters. Sprikon software also triggered th e  shot to  be triggered and 

the opening of th e  ap ertu re  was set so th a t  the  cam era can cap tu re  the  image. Figure 

A .7.1 shows a typical im age of the  beam  close to  th e  surface of the  su b s tra te  for the 

first a tte m p t to  m easure th e  T PA  coefficients of the  resists.
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Figure A .7.1: Typical beam profile recorded in CCD camera a t the scanning zone.

A .8 S tage  perform ance

T he perform ance of the  DC m otor stage from Physic Instrum en ts are given in Figure 

A.8.1. T he M 110.1 DG stage was used in th e  T PA  3D s tru c tu re  w riting  and to ta l 

span for th a t  stage was «  19 mm.

A. 9 M at lab cod es to  d eterm in e  scan n in g  schem e

M atlab codes can be used to  determ ine efficient scanning schemes for either raster 

scan or vector scan approaches. This section presents a  schem e to  optim ize scanning 

for a 2D im ages which can be extended to  3D structu res. T he  2D images containing 

the im form ation abou t positions to  w rite and no t to  w rite  coded in ones and zeros 

will be used to  control th e  m ovem ent of the  stage-assembly. Section A .9.1 and A .9.2 

present the  codes used to  find the  scheme while F igure A .9.1 shows the  scanning 

p a tte rn s  determ ined  from  an image.
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TECHNICAL DATA:

(Models M-110.1DG M-111.1DG Units
|Travel range 5 15 mm
(Design resolution 0.007 0.007 pm
(Min. incremental motion 0.05 0.05 pm
(Unidirectional repeatability 0.1 0.1 pm
(Backlash 2 2 pm
|Max. velocity 15 2.5 mm/sec
(Max. normal load capacity 10 10 kg
|Max, push/pull force 10 10 N
(Max. lateral force 10 10 N
(Encoder resolution 2048 2048 counts/rev.
|Drive screw pitch 0.4 0.4 mm/rev.
|Gear ratio 28.44444:1 28.44444:1
(Nominal motor power 0.6 2 W
(Motor voltage range Oto ±12 Oto ±12 V
|Weight 03 0.4 kg
(Recommended motor 
controllers

Travel range:

C-842,
C-844,
C-860

700,000

C-842,
C-844,
C-860

2,100,000 [counts]

Common data:

Gear head ratio: (116/9):1,28,44444:1

Translation Ratio: 145.63555 counts/pm

Design Resolution: 0.006866 nm /  count

Figure A.8.1:

TPA method.
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Manufacturer: Physik Instrumente (PI) GmbH & Co. KG, www.pi.ws
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A .9.1 M ain function
'/.clear
'/.This is the function to produce scanning sequence of the photoresists
*/,in terms of real distances and real velocities
clc

'/.Values to convert into velocities and distances
d_p2p_matssl ; '/.um, distance in um between two points for the given matrix (original image)
'/, ### in output distance will be in count, 7 nm ■ 1, because PI stage understands counts
v_v2v_write»l; '/.unit velocity to write a voxel, this enables to scan at different velocities from Labview
v_v2v_travel=10; '/.velocity to move to next section without writing on the photoresist

'/.overlaping parameters
interm.level*0; '/,No of points in between two clusterred pixel in horizontal/vertical direction 
'/.for diagonal movement it is increased by a factor of l/cos(theta) where theta=tan-l(del_col/del.row)

'/.
'/.Cluster dimension 
'/.|y (row)
‘/.I
*/,- - -> (col) X

'/, z pp to the surface of this page, going up

min_x=3; '/.min possible x point that can be drawn
min_y=3; */,min possible y point that can be drawn
min_zs5; '/min possible z point that can be drawn

'/.Conversion factor to reality
'/.Tilted angle of the whole page in x-y plage, theta 
'/ .
'/. z *
'/, .......  x-y plane
theta=30; '/.degree

'/.Scaling image
scaling.factor*[1 1];'/. Scaling factor of [a b] means it will be resized to a/b 

/Scanning method
method*!; '/,! to scan row by row, the points that has to be scanned

'/.2 scan boundary in an optimum way
Max_allowable_pt_seperation=5;
'/.Maximum allowable point seperation that can be considerred that same loop in method 2 
'/ ### This should be tuned based on image ###

'/.preferrence factor for row and col(hor. and ver.) movement
PF_row=1.01; '/.take row/col as one and other value less than 2, 1.1 is good enough
PF_col=l;

/scan Starting position
'/. 0,0 0,1 0->lower row/col l-> higher row or column
'/, 1,0 1,1 row, column
SP=[1 0];

'/. ### main coding starts ### 

theta=theta*pi/180; '/.theta in radian

min_col*min.x; '/.min no. of col of the image that can be considered as one 
min.row=round(min_y*min_z/sqrt((min_z*cos (theta)) -‘2+(min.y*sin (theta))“2));
'/.min no. of col of the image that can be considered as one 
if min_row<=0 

min.row*!;
end
'/, since x is in col position, tilt d o esn’t change the min col
'/.but theta being an angle between y and z axis, min.row is contributed by min_y and min_z 
'/.when theta is 0 degree the min_row is min_y, when it is 90 degree, min.row is min_z
'/.so min.row is determined using an elliptical distribution

'/.Loading image 
image_l=imread(’U ’,’b m p ’) ;

'/.flipping vertically so that from row and col perspective it looks similar to the original picture 
image_l=flipud(image.1);

'/.Scaling image
if scaling.factor(l)/scaling_factor(2)~=1

image.l=scale_image(image.1,scaling.factor);
end
/This point will also be considered as the origin for the xyz plane
'/.Making image of desired size pixels
if and(min_col~=l,min_row~=l)

clusterred_image=Cluster_image(image_l,min_col,min_row);
else
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clusterred_image=image.l;
end

clear image_l 

elf
'/subplot (2,1,1) 
hold on
/Plotting clusterred_image
[r,c]=find(clusterred_image); p l o t ^ . r , ’ s y O ;  
clear r c

if method==2 /Getting boundary for scanning scheme or 2 
/Getting 2D boundary of the image
clusterred.image“get.2D_boundary(clusterred_ image);
/clear clusterred_image 
/Plotting boundary in green
[r,c]*find(clusterred_image); plot(c,r,’ s r ’); 
clear r c

end

/Setting scanning sequence
[scan.order.row,scan.order.col]“Scan.Order(clusterred.image,P F . r o w ,PF.col.method,S P ) ;
/clear boundary PF.row PF.col
/plotting in scan_order_row and scan_order_col green for method 2

if method==2
plot(scan_order_col,scan.order.row,’- b ’) ;

end

'/.plot.ptbypt (scan.order.row, scan.order.col); /plotting point by point to check how scanning is performed 

/Slicing into sections so that every section can be drawn without any break
if method**! /if it is method 1 then it is solid image but for method 2 it is the boundary of the image 

is.boundary*0; /that is available. Procedure depends on this information, 
elseif method==2 

is.boundary*1;
end

[row.significant,col_significant,SP_row,SP_col]=Slice(scan.order.row,scan.order.col.method. 
Max.allowable.pt.seperation,is.boundary);
/SP point is special point that has only one point not start or end of a section in a row,
'/.used in method 1
/is.boundary indicates whether image is consists of boundary values or solid image 
'/.I for boundary and zero for solid images 
plot(col_significant,row_significant,’ * r O

'/.Interpolating middle points, mainly for method 1, where you have to insert multiple rows
'/, ### for method**2 it will do nothing ### because you d o n ’t need intermediate point
'/.while going from one to other
'/.it is already going at a writing velocity
if method==l

[scan.order.row,scan.order.col]“ Interpolate(row.significant,col.significant.method,interm.level); 
plot(scan_order_col,scan_order_row,* o b ’) ;

end

/Setting original scanning sequence, for method 1 row.significant is basically giving
scanning.sequence.command.file(scan.order.row,scan.order.col,row.significant,col.significant ,SP_row,SP_col, 
method,interm.level,d.p2p.mat,v.v2v_write,v.v2v.travel,t h eta,min.col.min.row);

A .9.2 O ther functions
C lu sterin g  th e  im age
function clusterred_image=Cluster_image(image,min_x,min_z)
/This is the function to bundle pixels in a bigger cluster 
'/mentioned by min.x and min.z

image.size=size(image);
clusterred_image_size=round([image.size(l)/min.z image_size(2)/min_x]); 
clusterred.image=zeros(clusterred.image.size);

'/.Finding a point and
/Checking whether all point within that cluster defined by min.x and min.z is non zero 
Org_No_l=length(find(image==l));

disp(’Clusterring the image., please w a i t ’)

while ~isempty(find(image==l)) /Searching until everypoint is scanned 
f ound.one.cluster=0;

'/.Finding non zero row and column 
[row,column]=f i n d (image==1);
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Index=l;
while found.one.cluster==0

'/♦Making temporary cluster to verify 
temp.cluster*[]; 
for i=l:min.z

temp_cluster*[temp_clusterjimageCrow(Index),column(Index):column(Index)+min_x-l)];
end

■/.Checking whether it is valid cluster 
if length(findCtemp.cluster**!))==min_x*min_z

clusterred.image(floor(row(Index)/min_z+l),floor(column(Index)/min.x)+1)=1; 
found.one.cluster*1;
■/.Deleting selected part from the image 
for i*l:min.z

image(row(Index),column(Index):column(Index)+min_x-1)=0;
end

else
image(row(Index),column(Index))=0;
Index*Index+l; 
if Index>length(row)

found_one_cluster=l; ’/.Just to make sure Index d o e s n ’t exceed limit
end

end
end

end

disp(’Clusterring done. Tha n k s ’)

F ind ing  2D b o u n d a ry
function siide.boundary=get.2D_boundary(slide)
'/.Any non-zero point that has all the four-corner(top, bottom, left, and right)
'/.filled is not a boundary value. So, those points are removed to keep only the boundary value 
*/,any point at the extreme boundary is also boundary 
Size=size(slide ) ; 
slide_boundary*slide;

[I, J]=find(slide); 
for i = l :length(I) 

row_now=I(i); 
col_now=J(i);

'/.checking 4 side of the point 
if slide(row.now-1, col_now)»*0 '/.Bottom 
elseif slide (row_now+l, col.now)*=0 '/.Top 
elseif slide(row.now, col_now-l)«*0 '/.left 
elseif slide(row.now,col.now+l)*=0 '/.right 
else

slide.boundary(row.now,col.now)=0;
end

end

D eterm in in g  th e  scann ing  o rd e r
function [scan.order.row,scan.order.col]=Scan.Order(clusterred.image,PF.r o w ,P F . c o l ,m e t h o d ,SP) 
'/This is the program to find scanning sequence 
'/, from a given clustered frame or original frame

[total_row,total_col]=size(clusterred_image);

'/Finding non zero row and column 
[row,col]*f ind(clusterred.image=-l);
L_row«length(row);

'/.Sorting based on starting point 
[row,col]®sort.on.SP(row,c o l ,S P ) ;

if or(method<0,method>2) 
d i sp(’Illegal m e t h o d ’) 
return

end

if method==l
scan.order.row=row; 
scan_order_col=col ;
d i sp(’Scan order processing., d o n e ’)
return /no work to do to detect the optimum scanning scheme

end

'/.Setting order
'/.takes the left lower most corner as a starting point 
'/.Moves to closest point
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'/,preference of movement can be set by preference factor

'/.Finding significant edge by slicing method, this will be used to modify the edges 
[row.significant,col.significant]=Slice(row,col, 1,10,1);
'/.the 10 will not be used for method 1, so no worry
'/.last value is is.boundary and it is 1 since it is already bondary values giving single point 
'/. at the edge the program will not consider those as a single points

current_row=row(l); current_col*col(l); 
scan_order_row=current_row; scan_order_col*current_col;
'/.Removing current element since it is already entered 
row®remove(row,1); col®remove(col,1);
'/.This is a previous row too since it is entered, moreover it is first time entering 
prev_row=current_row; prev_col=current_col;
/.removing the element from row.signif icant and col.signif icant 
I_sig=find(and(row_significant==current_row,col.significant==current_col)); 
row.significant*remove(row.significant,I.sig); 
col.significant=remove(col.significant,I.sig);

disp(’Qrdering scan sequence., please w a i t ’)

'/.Primarily selecting scanning path for method 2 
for i = l :length(row)

'/.Finding closest position
distance=sqrt(((current_row-row)*PF_row).~2+((current_col-col)*PF_col). ~2) ;
'/.Col change cost is increased by a factor of sqrt(1.25)
*/,so that it prefers horizontal change instead of vertical change 
[Min,I.pointJ=min(distance);

' / . s t o r i n g  c u r r e n t  p o s i t i o n  
c u r r e n t _ r o w « r o w ( I _ p o i n t ( l ) ) ; 
c u r r e n t _ c o l = c o l ( I . p o i n t ( D ) ;
'/.Checking whether there is a row change
if current.row-prev.row~®0 '/.when there is a row change taking nearest significant position 

D®sq r t (((row.significant-prev_row)*PF.row)."2+((col.significant-prev_col)*PF_col)."2); 
[Min,I.min]=min(D);
current _row=row.s ignif icant(I_min(1)); 
current_col=col.significant(I.min(l));
'/.Finding element to remove from row
I_point=find(and(row=®current_row,col®*current_col));

end
scan.order.row®[scan.order.row;current.row]; 
scan.order.col®[scan.order.col;current.col] ;
'/.Removing current element since it is already entered and definining 
'/.current pos previous for the next computation 
row*remove(row,I_point); col®remove(col,I.point); 
prev_row=current_row; prev_col=current_col;

'/.removing the element from row.signif icant and col.signif icant if it is there 
I_row_sig=find(and(row.significant®®current_row,col.significant®*current_col)); 

if "isempty(I.row.sig)
row.significant=remove(row.significant,I_row.sig); 
col.significant*remove(col.significant,I_row_sig);

end

'/.Plotting in order to make sure it is going in a right direction 
*/, plot (scan.order.col, scan.order.row, ’ * r ’)
end
disp(’Scan order processing., d o n e ’)

S ectioning  th e  w hole schem e
function [row.significant,col.significant,SP_row,SP_col]=Slice(scan.order.row, 
scan.order.col.method,Max_allwable.pt.seperation,is.boundary)
'/.This is the function to slice the scanning order so that it can scan row by row
'/.or it can go through maximum no. of points at a time in a boundary condition
'/.SP point is special point that has only one point not start or end of a section in a row
'/.used in method 1
'/.is.boundary indicates whether image is consists of boundary values or solid image 
'/.I for boundary and zero for solid images

'/.Converting into col matrix if not 
S=size(scan.order.row); 
if S(1)<S(2)

scan.order_row*scan_order_row’; 
scan_order_col=scan_order_col’;

end

M X = M a x _ a l lw a b le _ p t_ s e p e r a t io n ;

col.significant®[]; 
row.significant®[] ;
SP_row=[]; '/.Special points, that is just a point, not boundary of a section in a row
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SP.col*[];

'/.For method 2, when it touches all the point that can be drawn at a stroke 
if method»*2

'/.Finding distance between successive points
[scan.path.distance,scan_path_L]*FindP2PDistance(scan.order.row,scan.order.col);
I * f i n d ( s c a n _ p a t h _ d i s t a n c e > M X ) ; 
c o l . s t a r t . i n d e x * [1  1 + 1 ] ;
col_end_index*[I length(scan.order.col)] ; 
row.start.index*[1 1+1] ; 
row.end.index*[I length(scan.order.row)]; 
for i = l :length(col.start.index)

col.significant*[col.significant scan.order.col(col.start.index(i)) scan.order 
_col(col_end_index(i))];
row.significant*[row.significant scan.order.row(row_start_index(i)) scan.order 
.row(row_end_index(i))]; 

end
'/.converting into column matrix 
col.significant=col_significant’; 
row.significant*row.significant* ; 
return

end

'/.Slicing in sections having same row
[scan.path.distance, scan.path.L] =FindP2PDistance (scan.order.row,zeros (size (scan.order.row))); 
*/,Finding distance that is more than or equal to 1 
row.slice.start.index*[1 find(scan_path_distance>=l)+l];

for i = l :length(row.slice.start.index)
'/.Sliced according in each row 
if i~*length(row.slice.start_index)

row_slice=scan_order_row(row_slice.start.index(i):row.slice.start.index(i+l)-l); 
col.4.row.slice«scan.order.col(row_slice_start_index(i):row.slice.start_index(i+l)-l); 

else
row.slice*scan.order.row(row.slice.start.index(i):length(scan.order.row)); 
col_4.row.slice*scan.order_col(row.slice.start.index(i):length(scan.order.col)); 

end

[scan_path.distance,scan.path.L]=FindP2PDistance(row.slice,col_4.row_slice);
'/.Finding distance that is more than one 
col.start.index*[1 find(scan.path_distance>l)+l];
col.end.index*[find(scan_path_distance>l) length(col_4_row_slice)]; 
if "is.boundary

' / .F in d in g  s p e c i a l  p o i n t s  t h a t  h a s  o n l y  o n e  p o i n t  n o t  p a r t  o f  t h e  s e c t i o n  
I . S P * f  i n d ( c o l . e n d _ i n d e x - 'C o l _ s t g L r t _ i n d e x * = 0 ) ; 
i f  " i s e m p t y ( I . S P )

SP.row*[SP.row;row.slice(1)*ones(size(I.SP’))];
SP.col*[SP.col;col.4_row.slice(col.start.index(I.SP*))];
*/,removing special point from normal points 
for j = l :length(I.SP)

col_start_index*remove(col.start.index,I_SP(j)-j+l) ;
y.-j + i is to compensate the cheuige of dimension size once it is removed 
col_end_index=remove(col.end.index,I_SP(j)“j + l ) ;

end
end

end
col.significant_this_row*col_4_row_slice(sort( [col.start.index col.end.index]));

'/.Storing significant row and column information 
col.significant*[col.significant;col.significant.this.row];
row.significant*[row.significant; row.slice(l)*ones(size(col.significant.this.row))];

end

*/,Avoiding mulitiple entry of a single point, this sort of porblem may arise when 
'/.you are trying to find significant row and col for a diagrag showing boundary 
[row.significant,col.significant]*avoid.repeat(row.significant,col.significant);

*/,c o n v e r t i n g  i n t o  c o lu m n  m a t r i x  
c o l . s i g n i f i c a n t * c o l . s i g n i f i c a n t ’ ; 
r o w . s i g n i f i c a n t = r o w _ s i g n i f i c a n t ; ;

A dding  in te rm e d ia te  p o in t for ra s te r  scan
function [row.significant.new,col.significant.new]*interpolate(row.significant 
,col.significant,method,interm.level)
'/.This is the function to add intermediate point based on no. of intermediate level 
'/.Basically outputs are modified and column significant

row.significant.new* []; 
col.significant.new*[] ;

if method==l
row_all=avoid_repeat(row.significant);
*/, just extracting the row that is present
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L=lengtli(row_all);
d i s p ( ’Putting intermediate levels..’) 
for i=l:L-l

/.Taking two rows to find intermediate rows 
row_l*row_all(i); row_2=row_all(i+l);
row_int=(row_2-row_l)./(interm.level+1)* [1:interm.level]+row_l;

col_l=[]; col_2=[];
'/.Taking two columns to find intermediate columns 
col_l=col_significant(find(row.significant*=row_all(i))); 
col_2*col.significant(find(row_significant**row_all(i+l)));
'/.Getting smaller element having column to scan for closest column 
if length(col.l)<=length(col.2)

col_s*col.l; col_b=col_2; direction.changed*0;
else

col_b=col_l; col_s=col_2; direction.changed=l;
end
'/finding points closer to
col_index*l;
col_int=[] ;
for j * l :length(col.s)

d*sqrt((col_s(j)-col_b) . ~2+l);'/.distance 
[Min,I_cp]*min(d); '/.Getting index of closest point 
cp*col_b(I_cp);

'/.Finding intermediate points
col.int(col.index,1:interm_level)*(cp-col_s(j))/(interm_level+l)
*[1:interm.level]+col.s Cj);

'/.removing cp
c ol.b^emoveCcol.b.I.cp) ; 
col_index*col_index+l;

end
'/.extra points, that is a new section, will be neglected

S=size(col.int) ;'/.size of col.int 
r *S( l ) ; 
c«S(2);

'/.if direction is changed then flipping the col.int values 
if direction.changed==l 

a* [] ;
for k = l :floor(c/2) 

a=col_int(:,k);
col.int(:,k)*col_int(:,c-k+1); 
col.int(:,c-k+l)=a;

end
end

*/,Adding intermediate levels 
new.row_2.add*[]; 
for j = l :interm.level

new_row_2_add=[new_row_2_add;row.int(j)*ones(r,1)];
end
if i~«L-l '/.for last row we have to add col.2 too

row.significant.new* [row.significant.new;row_l*ones(size(col.l)); 
new_row_2_add];

else
row.significant.new* [row.significant.new;row_l*ones(size(col.l));new_row_2_add; 
row_2*ones(size(col_2))];

end

new_col_2_add*[]; 
for j = l :interm.level

new_col_2_add=[new_col_2_add;col.int(:, j )];
end
if i~=L-l

col.significant.new*[col.significant.new;col.l;new_col_2_add];
else

col.significant.new*[col.significant.new;col.l;new_col.2_add;col.2];
end

end
'/.organizing columns alternatively when scanning through row
%  > \ /
'/. < ------------

clear row.significant col.significant
row_all*avoid_repeat(row.signif icant.new); */, just extracting the row that is present 
L=length(row_all);
alter_sort_order*0; '/.it will alter sort order for column if this value equals to 1 
for i=l:L

if alter_sort_order
I=find(row_significant_new**row.all(i)); 
col_this.row*col.significant.new(I);
'/.sorting in opposite order
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c o l _ t h i s _ r o w ssc o l _ t h i s _ r o w ( l e n g t h ( c o l _ t h i s _ r o w ) : - 1 : 1 ) ;  
c o l . s i g n i f i c a n t _ n e w ( I ) = c o l . t h i s . r o w ;  
a l t e r . s o r t . o r d e r ® 0 ;

e l s e
a l t e r _ s o r t _ o r d e r = l ;

e n d
e n d

e n d
d i s p ( ’ P u t t i n g  i n t e r m e d i a t e  l e v e l s . ,  d o n e ’ )

A .9.3 W riting in a file to  be used for Labview
function scanning_sequence.command.file(scan.order.row,scan.order.col,row.significant, 
col.signif icant,S P . r o w ,SP.col,m e t h o d ,interm.level,d.p2p_mat,v_v2v_write,v_v2v_travel,t h eta, 
min.col,min_row);
'/•this is the function that will write scanning sequence to a file 
'/•that will be extracted by a labview code and used to scan the sample

'/•Making lowest col and row position as origin 
min.row_value=min(s can.order.row); 
scan.order_row*scan_order_row-min_row_value; 
row.significant=row_significant-min.row.value; 
min_col_value=min(scan_order.col); 
scan_order_col=scan_order_col-min_col_value; 
col.significant=col_significant-min.col.value;

'/.Converting row, col and theta information in x, y and z value

-  - >  X
'/, z pp to the surface of this page, going up

'/.scanning position for x, y and z in terms of clusterred image units, 1 
x=sc an.order.col; 
y=scan_order_row*cos(theta); 
z=y*tan(theta);

*/,a 3D plotting in relative position, clusterred matrix
subplot(2,1,2)
plot(x,y)
title(’Press any button to continue., it is in pause m o d e ’)
plot_3D(x,y,z,l, cos (theta)) '/,! and cos (theta) are the step-unit in x and y plane 

'/Scanning position in original units
xaEscan_order_col*min_col*d_p2p_mat; y,d_p2p_mat be the distance between point to point in real 
y=scan_order_row*min_row*d_p2p_mat*cos(theta); 
z=y*tan(theta);

shutter_status=[] ;

if method==l
L=length(scan.order_row);
/finding scanning scheme for clusterred image where to write and where to travel faster than

'/,it start from first point goes to second at a writing speed 
'/.and second point to third point at faster speed 
row_start=scan_order.row(l:L-1); 
row_end«scan.order_row(2:L ) ;
'/.Velocities in a dimension 
vel^zeros(size(row.start)); 
vel( [1:2:2*floor((L-l)/2)+l])=v_v2v_write;
'/. L-l is due to the fact that no of row is 1 element smaller than the starting or ending row no. 
v e l ([2:2:2*floor((L-l)/2)])*v.v2v.travel;

'/.when it will go from one position at the end of a row
'/•to the next position of the next row it will go at writing velocity too detecting row change
D=row_end-row_start; new_row_index=find(D~=0); 
vel(new.row.index)«v_v2v.write;

shutter.status=ones(size(vel ) ) ; 
shutter_status(find(vel>l))=0; 
clear row.start row.end

elseif method==2
'/•Connecting all values within row significant, col significant odd to even 
'/.[that means one of that can be connected at once]
'/•and then finishing the circle by again adding row col sig odd example
'/•size of row sig. = 4, there is 2 loops one from row sig(l),col sig(l) to row sig(2), col sig(2)
'/•second one is from row sig(3),col sig(3) to row sig(4) , col sig(4)
x_new*[]; y_new*[]; z_new»[] ;
vel=[] ;
for i»i:length(row.significant)/2

'/.Starting index in scan.order.row and scan.order.col

i n
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I_start=find(and(scan_order_row**row..significant(i),scan_order_col==col_significant(i)));
I_end=find(ajid(scan_order.row«a*row_significant(i+1),scan_order_col==col_significant(i+1)));
'/•making new x with to make sure it completes the loops
x_new=[x_new;x(I_start:I_end);x(I_start)];
y_new= [y_new;y(I.start:I_end);y(I.start)];
z_new= [z_new;z(I_start: I_end) ;z(I_start)];
'/.Calculating velocities
'/.Except the very first starting of a loop, the sample velocity should be travelling velocity 
'/.when going to its starting point 
if i==l

vel®[vel;v_v2v_write*ones(I_end-I_start+l,1)]; 
shutter.status®[shutter.status;ones(I_end-I_start+l,1)];

else
vel®[vel;v_v2v_travel;v_v2v_write*ones(I_end-I_start+1,1)]; 
shutter.status®[shutter.status;0;ones(I_end“I_start+l, 1) ];

end
end

x =x_new; y=y_new; z=z_new;
L=length(x);
clear x_new y_new z_new

end

'/.Finding real scanning scheme 
'/.Positions to start and end 
x_start=x(l:L-1); x_end«x(2:L); 
y_start*y(l:L - l ) ; y_end=y(2:L); 
z_start=z(l:L — 1); z_end®z(2:L)j

'/.velocity components in x, y and z direction, it is dependent on the distance it is 
travelling at x, y and z since 
'/.all has to finish at the same time
del_x=x_end-x_start; del_y=y_end-y_start; del_z=z_end-z_start; 
del_r=sqrt(del_x. '‘2+del_y.',2+del_z. *2);
vel_x*abs(vel.*de l „ x ./del.r); vel_y®abs(vel.*del_y./del_r); vel_z=abs(vel.*del _ z ./del.r);

'/.Only change in position will be recorded, so clearing unnecessary elements 
clear x.start x_end y_start y_end z_start z_end del.r

'/.Converting all the parameters into count
info_count*round([1/.007*[del.x del.y del.z vel.x vel.y vel.z] shutter.status]);

'/.openning file
fid=fopen(’Scanning.scheme.txt *, ’w ’) ;
'/.storing change in distance, velocities 
for i * l :length(del.x)

fprintf (fid, ,'/.g\t*/.g\t'/.g\t'/.g\ty.g\t'/,g\t'/.g\n> ,info.count(i,:));
end
fclose(fid);

disp(’Scanning scheme is successfully saved in ’’Scanning_scheme.txt’’ located in the current folder’)
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50

Figure A.9.1: Scanning scheme optimization using (a) raster scan and (b) vector scan. For 

the raster scan case scanning will be performed row wise starting at the left most writing 

point at the end of th a t segment. Another segment of the same row (if any) will be started 

after skipping the region in between the two segments. In contrast the entire boundary will 

be scanned for the vector scan case which saves resources since the scanning time should 

be shorter.
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