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formation of 3-D structures on the surface of

materials. More particularly it relates to
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polynséradrsothee stilesteteid of targeeidee a structure of the required
depth. There exists a requirenent to use this
technique to create |arge area repeating 2-D and 3-D
m crostructures on the surface of a substrate. For 2-D
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so that the energy density of each pulse of laser radiation landing on the substrate
surface exceeds the threshold for ablation. The lasers used for this process are
generally Excimer lasers operating in the UV region but it is also possible to carry out

the same technique using pulsed lasers operating at longer wavelengths. Generally

many laser shots are needed to create a structure of the required depth.

There exists a requirement to use this technique to create large area repeating 2-D and
3-D microstructures on the surface of a substrate. For 2-D structures the mask remains
the same for the full set of exposures but to create a 3-D microstructure of exactly the
desired shape it is necessary to change the mask after each laser shot to correspond to

* the correct contour of the microstructure. Such a step and repeat process is very slow if
microstructures are processed one by one especially if the microstructures are small

and the substrate is large. A typical requirement might be to create an array of 0.1 x



and the substrate is large. A typical requirenent

m ght be to create an array of 0.1 x0.1mm structures
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By stepping the substrate a distance equal to an integral number of microstructure
pitches, after the complete passage of the substrate under the beam all or part of the 3-
D structure is created as each area of the substrate is exposed to the full range of
different mask apertures corresponding to the different depth contours. This technique
is very effective in overcoming problems associated with lack of uniformity of the
beam leading to differences in depth of structure but suffers from three major
problems: low process speed, poor surface smoothness and ‘stitching’ effects arising at
the boundaries between image fields especially when convex structures are machined.

The first of these arises due to the step and repeat nature of the process, the second



probl ens: | ow process speed, poor surface snoothness
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probl?fﬁtshdd for exposing a polyner or other substrate (S

O patterned illum nation froma pul sed | aser source
(12) at a suitable energy density in order to cause
abl ation of the surface to forma dense, regular array

Disc1ObURE BF BivioRi Crostructures, characterised by the
steps of: locating a nmask (13) containing a series of
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de-magnifying the image carried by the beam (18) between the mask (13) and
the target area (14);
locating a substrate (S) for ablation in the target area (14);
moving the substrate (S), at least while in the target area, in a first direction (D1)
parallel to one axis of the projected array of microstructures and also in a second
direction (D2) perpendicular to the first direction; and
controlling (20) the firing of the pulsed laser (12) in relation to the exact position

of the substrate (S) in the target area 14).

According to a first preferred version of the first aspect of the present invention is
characterised by the step of moving the substrate (S) is carried out continuously

without stopping with respect to the projected image and the step of controlling the



controlling (20) the firing of the pulsed |aser (12)
inrelation to the exact position of the substrate (S
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According to a fourth preferred version of the first aspect of the present invention or
of any preceding preferred version thereof the method is characterised in that for the
projecting step the mask (13) has side edges that are both tilted with respect to the row
of features in the mask in order to create sloping sides to the projected rows of convex
microstructures formed so that when rows are placed next to each other these sloping

sides exactly overlap and no ridges or troughs are created at the boundary.

According to a second aspect of the present invention there is provided a unit for
ablating the surface of a polymer or other substrate (S) to form a dense, regular array
of 2D or 3D microstructures by patterned illumination comprising:

a pulsable laser source (12);



According to a second aspect of the present invention
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substrate (S) continuously with respect to the projected image and the control system

(20) causes the laser source (12) to fire whenever the substrate (S) has been moved a
distance equal to an integral number of pitches of the microstructures forming the

array.

According to a second preferred version of the second aspect of the present invention
or of the first preferred version thereof the unit is characterised in that some or all of

the apertures in the mask (13) half tone structures.

According to a third preferred version of the second aspect of the present invention or
of any preceding preferred version thereof the optical mask illumination (15) and
projection system (17) creates high enough laser beam angles at the image plane on the

substrate (5), in an axis perpendicular to the first or second directions, to create a



the apertures in the mask (13) half tone structures.
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The present invention provides a method and apparatus for exposing a substrate to
regularly patterned radiation to create a series of 2D and 3D structures on the surface
of a substrate by direct laser ablation as described in EP0822881 but unlike that
invention the final product is created at high speed with a smooth surface to the
microstructure and with minimal ridge or seam effects at the boundaries between

ablation bands

BRIEF DESCRIPTION OF DRAWING

An exemplary embodiment of the invention will now be described with reference to
the accompanying drawings relating to a unit for ablating the surface of a polymer or
other substrate of which:

Figure 1 is a diagram showing component layout;



An exenpl ary enbodi nent of the invention will now be
described with reference to the acconpanyi ng draw ngs
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di agram show ng conponent Irrzyout ;O Figure 2 is a
di agram of alternative for bf abl ation obt ai nabl e;
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features on a fixed pitch and di sposed between the
| SLBFTLB®-ce 12 and a target area 14. An illumination
system 15 serves to create a uniform | aser beam 16
that exposes a nultiplicity of the features on the
Figurg’iSk 13. An optical projection system 17 serves to
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the exact position of the substrate S established by
multipligig of tha gﬁtu_ngs ONIDE SNEBREGARRYI NGOUTTHE | NVENTI ON | n
this invention the ablation process is perforned
rapidly by elimnating the step and

An optical projection system 17 serves to de-magnify the beam 18 and so provide for a
reduced scale image of the mask image onto substrate S located in the target area 14 by
means of a 2- axis stage system 19 that serves to move the substrate S through the
target area 14 in a first direction D1 parallel to one axis of the regular array of
microstructures and also in a second direction D2 perpendicular to the first direction.

Both directions D1 and D2 are perpendicular to the beam 18.

Control system 20 serves to govern the firing of the pulsed laser source 12 to the exact

position of the substrate S established by stage system 19.

MODES FOR CARRYING OUT THE INVENTION

In this invention the ablation process is performed rapidly by eliminating the step and
repeat nature of existing processes and operating with the substrate continuously
moving in a direction exactly parallel to one of the axes of the regular microstructure
array. For such a process to work effectively the laser firing has to be timed exactly

with respect to the stage motion. This means the stages have to have high resolution
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after hBirigié pask Iy tie bearh Ehisds keaglilyt @dcomplishedl by wsing alddser beam that
corresponding to all the different depths of the

is shapedrtoformat rectartigvdar béem st theetnask anid|Henbe ageciphgtlar image. If the
after a single continuous pass. For a microstructure
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. different_ apertures representing 100 different .

direction the mask contains alldhe cortoprs cagespansling &o plidhe different depths
single pass wll subject each point on the sybstrate

of thy Brctoptrhisaise them e strwttlrfe“@ﬁ bscpmRieteatier 3 Higglecophguous
the energy density is chosen correctly depths between

Pas8-0 2 and 0.3 nicrons can be ablated on each | aser shot
so that after 100 shots depths between 20 and 30
m crons are achi eved. Such depths are sufficient for
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a single pass will subject each point on the substrate to 100 laser shots. If the substrate

is a polymer and the energy density is chosen correctly depths between 0.2 and 0.3
microns can be ablated on each laser shot so that after 100 shots depths between 20 and
30 microns are achieved. Such depths are sufficient for many microstructure
requirements but for greater depths greater beam lengths containing a greater number
of apertures can be used. An alternative method to achieve greater depth where the
image size is insufficient to incorporate all the contours of the 3D structure is to use
more than one pass of the beam over the surface with the mask changed between
passes. In this case each mask contains a subset of the total number of apertures
required to define all the contours of the 3D structure so that after the substrate has
been exposed to all the masks each individual 3D microstructure has been exposed to
all the different apertures.
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If thednbflecanthindearange of ghfferent elian be opagas féatury dad¢stoxreate a
conpl ex 3D structure on the surface of the substrate
compdexi3Psbartireannthessurface oflihe pulstigats aadithase featiries hnye sharp
masks then the surface of the mcrostructure is |likely
edges acting/as hinaty maske fhervthe quréageraf she mirregtmistuneds hkellwo have
| aser pul ses. This problemis nore critical on the
minufesieps nét carresneneking to indi M@%@eé puiaes cliig problem igmore
uch_as in t entre of a mc ns. In the present
criticg ﬂt%f&‘ﬁlqtﬁ@ *ﬁ\a PRiSEQStIYGHEER WV F"Fet ei rEpiue fm&adws in the

cnte B A R o S S B SR e
vy i S0 R eRF GRS Yoh BB g s

featul&Vel devices and to create snmooth 3D structures. Full
|nfornat|on Is given in several publications.
"Multilevel diffractive optical el enent nmanufacture by
Exci nmer | aser ablation and half tone nmasks" (SPIE
Half fonecr&sk Rghnielcd Havé %Zén uS0d ExtePdRRly BrfRbplangl dePBat@ihtion
tone mask concept and
processes in order to generate multi level devices and to create smooth 3D structures.

Full information is given in several publications. “Multilevel diffractive optical
element manufacture by Excimer laser ablation and half tone masks” (SPIE
Proceedings Volume 4274, 2001, p420) explains the half tone mask concept and
demonstrates its use to form multilevel diffractive optical elements in step and repeat
mode. “Excimer laser micro-machining of polymers using half tone mask: Mask design
and process optimization” (Proceedings of 6% International Symposium on Laser
Precision Micro fabrication (LPM 2005, p215-218) describes the principles of half tone
mask design and use for manufacture of smooth 3D and 2D structures in both step and
repeat and non-synchronised scanning modes. The present invention proposes the use

of these half tone mask techniques in conjunction with the continuous on the fly



denonstrates its use to formnultilevel diffractive
optical elenents in step and repeat node. "Exciner
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mask: Mask design and process optim zation"
(Proceedi ngs of 6th Internat(' nal Synposium on Laser
Precision Mcro fabrication 1 PM 2005, p215-218)
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conti nuous on the flysynchronized i mage scanning (SIS)
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h surtface quality over ge areas speed.
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be applied to all features in the sk desig S use

depth arefequiired artbuyVef binkef 8RS Wdilddhatv AB1aA68 Stdpd on the surface.
m crostructure depth are required and use of binary

Half toaskmasio tdcinddumy aab pattiarlady @pisicahwhlege sitichas andiddhiex micro
tone mask techni ques are particularly critical where

lens arvayeare taing mamviaxturedrIn thisieaserthaykeaaoe opaghe features on the
manuf actured. In this case the clear or opaque

maskf¢efining she aritieal ragiois véthelang whereghesitcfate telé oreateat has only a
the | ens where the surface to be created has only a

smallgngle to ) eriginal sirfece kanesit substentially évaan juse of half tone

substantjally fromuse qof half tone techniques to
technigiies tﬂaéhémﬁ%e @’res‘g]ﬁ‘é’f"éa alpHen stepsiapthesiirtace. sur f ace.

For a typical Excinmer |laser with repetition rate of a

few 100Hz the beam at the i mage may have an area in

For a egfigh B e 1ERT WP R R BhA e 19PHE F B e image
may SR B OSFR0RE 10, L e 15 20
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m crostructure formation 1s t e stitching efrors

contiEEH stﬁ?@%ﬁ thid W8 BenS pASbIBANWth tRECELRIS synchronised
mani f est thensel ves as visible |1 nes on the subglr ate

scannimg prodeiss Fore3[Minviatbtuct@re foematian ¥k StitchRlg GPHEAKEE occur

m cro-structures where
between adjacent scan bands. Such errors manifest themselves as visible lines on the
substrate on a pitch equivalent to the scan width. For concave micro-structures where
little or no material is ablated at the edge of the image field these are usually caused by
the deposition of debris ablated from an area within the beam landing on a surface yet
to be exposed. For convex structures however where material is ablated to the full

depth of the micro-structure at the image field edge the visible lines are due to ridges
caused by the inward slope to the wall.

The most straight forward method to minimise this boundary problem is to scan only
a single line of micro structures on a single pass. In this way even if debris or ridge

artefacts occur they are on the same pitch as the smallest structure and therefore are



little or no material is ablated at the edge of the

image field these are usually caused by the deposition
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visible lines are due to ridges caused by the inward

not sefrogaea defech Faudhie. cash comsideredtahaivigtthe beamaweauldbbe onlyt @1 mm
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t he process ti to cover a large are

the cbi28& enBBE} Behdlsy bEERbUlREBherafd Hid bfRpRtiE®

eBnrakisbf3Pleast 1000
m crostructure “formati on“oper at es at i gh repetition

pulses e sed¥hd. B ithase hradfl 0 RAVHAREASEd 8AG b Yenergy density of
sufficient to illumnate a narrow rectangul ar i nage

5m]/maned0 3]/ ciritpraqpiitetthearthe fysed redds Yo builit ampibids Of BeverhE10s of m]J

this at repetition rates of at |east 1000 pul ses per
er psitseoBidich Exciaverilasegs derexist bt @rd limifdinim powesswthab pracess times
per pst p

energy density of 5m)/m®2 (0.5J/cnR) required then the
are ldngfer largedsea mienorstriecioresi es of several 10s of nj per

pul se. Such Exciner |asers do exist but are limted in

power so that process tinmes are long for |arge area

m cro-structures. | NDUSTRI AL APPLICABILITY In this
INDUSTRAIAPBHCABIL B opose three methods to el imnate the

. taper. zone" ridges that occur at the houpdaries , .
In thig SV RIHIOTOHE MTBROS BuEe RRHROS R SHminaig &t Ebesfane” ridges that
occur%&fe{é ﬁ?@{\ég}g}?%%%ﬁ%% %%ﬁ%ﬂ deta% whet \c/grlu?enxt St}?I(l)Ct&PeeS ate machined
using beams with width equivalent to one or more micro-structure pitches.

In a first approach the optical system is operated in such a way that the taper on the
wall at the field edge is effectively zero. Achieving this means no ridges occur at the
boundaries between scanned areas. Achieving zero taper angles is possible by correct
choice of projection lens numerical aperture coupled to correct design of the beam
homogenisation and mask illumination system in order to fill the lens entrance pupil
correctly. If these optical matters are correctly controlled the angles of the incident
beam at the image on the substrate are sufficiently high that the inward taper angle on
the outer sidewalls of the ablated row of structures is reduced to zero and no ridge will
be created at the boundary between adjacent rows of structures. It is only necessary to
control the lens aperture and illumination angles such as to reduce the ablation taper

angle to zero in one axis of the beam at the image so long as this axis is the one that is



In a first approach the optical systemis operated in
such a way that the taper on the wall at the field

weoye/13837®f f ecti vely zero. Achieving this neanBCTHGB2007/001815
ri dges occur at the boundaries between scanned areas.

Achi eving zero taper angles té possi bl e by correct
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bet ween adj acent scan bands. In certain applications

this is
In a third approach the natural taper is eliminated by modifying the mask pattern such
that it incorporates features that expose the surface in the taper region to a series of
laser pulses that create a slope exactly equal but opposite to the natural taper. This is
most readily achieved by tilting the side boundaries of the mask defining the row (or
rows) of microstructures by a small amount with respect to the axis of the features
defining the micro-structures on the mask. For the creation of convex microstructures
the mask consists of a series of cells spaced on a regular pitch with each cell having an
opaque feature inside the cell to define a particular contour in the convex micro-
structure. The opaque features increase in size from very small, representing the top
surface of the convex feature, to large enough to fully £l the cell, representing the

outer boundary or lowest level of the microstructure. This means that at one end. of the



preferable to a ridge but nevertheless it represents
an undesirable discontinuity in the profile. In a
wao kiord3sasppr oach the natural taper is elin nateRCHEB2007/001815
nodi fying the mask pattern such that it incorporates
features that expose the suri ce in the taper region
to a series of |aser pulses( at create a sl ope
ctly equal but opposite to_the natural taper. This
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10mm domg palpjeciing the suxfade dfithe stibstamieparl 60 differett obntones the natural
row of features that the tilt is applied to the two
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angle of less than about 0.05 degrees. Higher or lower angles may be required

depending on the laser ablation conditions and materials used. When the substrate is
moved under the beam in the direction exactly parallel to the row of features on the
mask the tilted edges on each side of the image give rise to sloping sidewalls on both
sides of the row of structures formed. This edge tilt taper correction is applied equally
to both sides of the mask pattern with both tilt angles in the same direction with
respect to the axis of the scanning direction. Hence when the substrate is moved
sideways by an amount exactly equal to a single or multiple number of pitch distances
and a parallel row of structures is created the sloping sidewalls on each side of the

rows exactly overlap so that no ridge or trough is formed at the boundary.



that in this case the lateral width of the natural
taper region at the | owest |evel of the mcrostructure
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m crons but higher values are also possible. This

means that the tilt applied to the side edges of the
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s ipdejeot art heageommdexgrof y nadtpliaity ©6 thdfeatunes of dgemask (13) onto
trough is fornmed at the boundary. CLAIMS 1 A nethod for
eflpotirget arepdl4ner or other substrate (S) to patterned
illumnation froma pul sed | aser source (12 a
sui t abde-Tepgnifyingdheiimpgeratierktby the beamdl etwasn the mask (13)
the surface to forma dense, regular array of 2-D or
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t Qirection (D1) parallel to one axis of the projected array of microstructures and

also in a second direction (D2) perpendicular to the first direction; and
controlling (20) the firing of the pulsed laser (12) in relation to the exact

position of the substrate (S) in the target area 14).

2 A method as claimed in Claim 1 for exposing a substrate (S) characterised in
that the step of moving the substrate (S) is carried out continuously without
stopping with respect to the projected image and the step of controlling the
firing of the pulsed laser (12) provides for firing whenever the substrate (S) has
moved a distance equal to an integral number of pitches of the microstructures

forming the array.



project an image nmade up of a multiplicity of the

features of the mask (13) onto the target area (14),
wa@lesomasfsrd yi ng the i mage carried by the beam (RG)/GB2007/001815

between the mask (13) and the target area (14);’

| ocating a substrate (S) for ablation in the target

area (14); noving the substlad e (S), at least while in

the target area, in a first di_rectionaﬂg([].) arallel to
oAemeihasd af claimedd i Chjmed oa (laiyn dicharadtes: QQ‘ﬁ@ttbﬁbﬂleaﬁ*i@P of

al so in a second direction (D2) perpendicular, to the
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the, pu)sed laser (12) in relation to the exact
pG&i*t%aﬁoa?nghaééﬁg{er%W- in the target area 14).

2 Anmethod as clained in Claim1l for exposing a

substrate (S) characterised in that the step of noving
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in that the step of locating the nmask invol ves a mask

( irfigrdstruntired of okiges witdn pakllehevapef stunesrdsire-fofhyd adjacent
conprise half tone structures. A nethod as clained in
atryeqtteatieing cl ai m characterised in that the steps of
projecting and de-nmagni fying serves to create a high

enough | aser beam (18) angle at the inmage plane, in

the axis_perpendicular to the first _and second

diy wethoshas elgimed in apy greacading elainy ¢hawagterisedin thag &er the
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the row of features in the mask in order to create sloping sides to the projected
rows of convex microstructures formed so that when rows are placed next to
each other these sloping sides exactly overlap and no ridges or troughs are

created at the boundary.

A unit for ablating the surface of a polymer or other substrate (S) to form a
dense, regular array of 2D or 3D microstructures by patterned illumination
comprising:

a pulsable laser source (12);

a mask (13) containing a series of identical or different features on a fixed
pitch and disposed between the laser source (12) and a target area (14);

-an illumination system (15) for creating a uniform laser beam (16) that
exposes a multiplicity of the features on the mask (13) and disposed between
the laser source (12) and the mask (13);
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to each other. A nethod as clained in any preceding
claimcharacterised in that for the projecting step

wo @7k (13) has side edges that are both tiPCEGBMOTA01815

respect to the row of features in the mask in. order
to create sloping sides tong}ﬁ proj ected rows of
convex mcrostructures for so that when rows are
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eltpokest direetibhjarid city of the features on the mask

(13) and di sposed between the | aser source (12) and

t he maslcontr®) sestemp@Dxfiat pinkp dud firingyfthe pulskd)laser (12) to the
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(12); a 2- axis stage system (19) for the substrate

(s) adapted to nove the substrate (S) in the target

area .(14). in a.first direction parallel to one axis of
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substrate (S) has been moved a distance equal to an integral number of pitches

of the microstructures forming the array.

A unit as claimed in Claim 6 or Claim 7 wherein some or all of the apertures in

the mask (13) half tone structures.

A unit as claimed in any of claims 6 to 8 wherein the optical mask illumination
(15) and projection system (17) creates high enough laser beam angles at the
image plane on the substrate (S), in an axis perpendicular to the first or second
directions, to create a vertical wall at the side edges of rows of convex
microstructures such that there are no ridges created when parallel rows of

structures are formed adjacent to each other.

A unit as claimed in any of preceding claims 6 to 9 wherein the optical mask
(13) has side edges that are both tilted with respect to the row of features in the

mask (13) in order to create sloping sides to the rows of convex microstructures
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Aunit as clained in aim6 where the 2-axis stage
systemis enabled to driven to drive the substrate (S)

w@oowisisously with respect to the projected i NTROEGBRE7/001815

the control system (20) causes the | aser source (12)

to fire whenever the substrgge (S) has been noved a

di stance equal to an integr ") nunber of pitches of the
mcrostructures formng the array. Aunit as clained in
damadssothatmdian rowihategrojassanexrt tg|qackh ptherdhe images of the

apertures in the sk (13) half tone structures. A
uHPPINg:Side gvedapianddig rigges PR LoK8HS pge sre\?#éf & fﬁeh@yndary
opt.i cal sk illumnation (15) and projection system
(gqywﬁpéggégwﬁigh enough | aser beam angl es at the

i mage pl ane on the substrate (S), in an axis

perpendi cular to the first or second directions, to
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convex m crostructures such a ere are no ridges
created when parallel rows of structures are forned
adj acent to each other. A unit as clainmed in any of
PASk ARt flbdichEedbby SpPaiites 8 Aathed apUisals 6sto (13)
has side edges that” are both tilted with respect to
the row of features in the mask (13) in order to
create sloping sides to the rows of convex

m crostructuresforned so that when rows are projected
next to each other the inages of the sloping side
overlap and no ridges or troughs are created at the
boundary between the rows. A substrate product
fabricated by the method of Clains 1 to 5. A substrate
fabricated by apparatus as clained in Clains 6 to 10



