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Abstract

Refractive and diffractive optical microstruciures have been of increasing in-
terest in recent years in the academic as well as in the indnstrial sector. This
was mainly driven hy potential applications, where diffractive and refractive
optical microstructures are key clements, Some applications have already
developed into commercial products. This thesis provides a snmmary of the
anthor’s work in the field of micre-optics. Theoretical and experimental
results related to refractive and diffractive optical microstructures are pre-
scnted.

We address the fundamental prohlem of how to translate an ideal de-
signed phase function of a diffractive optical element (DOL) into a surface
reficf profile of a “real-world® element with given fabrication constraints.
First, we treal the case, when for the fabrication of a DOLE, the continu-
ous profile is approximated by a multilevel profile. For this we analyzed the
scalar-based method Dicect Sampling (DS} for phase function encoding with
exact clectromagnetic diffraction theory. Second, we show how the influence
of the finite width of the writing beam can be significantly reduced when
continnons—relief DOLs are fabricated by dircct laser writing.

We present resnlis which are related to deep optical micro-structures.
A method is infrodnced to calenlate the 3-D surface profiles of refractive
optical microstenctures fahricated hy the resist reflow technigue. The hor-
der geometry of the structures can be arbitrary, and susface tension and
gravity are fully taken into acconnt. Micro-optical clements are presented
which combine the fan-out and focnsing function, resnlting in compact mono-
lithic elements. These miniatnurized, focusing fan-ont clements are nseful for
applications in parallel optical processing,[A.G. Kirk, 1).F. Brosscan, F.I.
Lacroix, E. Bernier, M.H. Ayliffe, B. Rohertson, F.A . Tooley, D.V. Plant;
Proc. SPIE 3490, 48~51 (1999)] or miniaturized parallel detection systems.
Theoretical and experimental resnlts for periodic color separating gratings
having small grating periods are shown. We introduce deep diffractive struc-
tures which can overcome the hasic drawhack of conventional 12Qlis that
high diffraction efficiencies arc only achieved for the design wavelength. The
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iv ABSTRACT

DOFs show a ncarly wavelength independent, high diffraction efficiency over
a large spectral bandwidth in the visible region.

We designed, fabricated and characterized a new incoherent diode-laser
collimator for application in rangefinder systems with extended measnrement
range. Additionally, three different technologics are compared for the fabrica-
tion of the diffractive and refractive elements which were employed, Finally,
theoretical and experimental results are presented for diffractive structures
with continnonsly varying profile form for visnal security applications.
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Chapter 1

Introduction

Refractive and diffractive optical microstructures have gained increasing in-
terest in recent years., The rescarch effort is mainly driven by real and poten-
tial coinmercial applications for such microstractures, like UV-heamshaping,
Microlens Prajection Lithegraphy (MPL). and miniaturized analytical sys-
tems (' TAS).

T'his thesis provides a sununary of the anthor’s work in the field of micro-
optics. I'he thesis is divided into six chapters. Chapter | iniroduces the work
and gives an overview of the structure of the thesis. Chapler 2 presents a
compact overview of the fabrication technologics which were used for the
fabrication of refractive and diffractive optical microstructures. The theo-
rctical hackgronnd which is necessary far the understanding of the following
chapters is provided in Chapter 3.

We treat in Chapler 4 the problen of translating a designed phase func-
tion of a diffractive optical element (DOE) into a surface relicf profile of a
"real-world” clement with givent fabrication constraints. In Section 4.1. the
case is treated whiere the continnons profile of the DOY is approximated by
a staircase-like multilevel profile. We applied exact ¢lectromagnetic theory
to the scalar Direct Sampling (DS) method and fonnd an extended applica-
tion range which clearly exceeds the theoretically justified scalar regime. In
Section 4.2 we address the case when the DOE is fabricated by direct laser
heam writing and the finite width of the writing spot has to be taken into
acconnt.

The resnlts which are related to deep optical micro-structures are con-
tained in the four scctions of Chapter 5. In Section 5.1 a new method is in-
trodnced to calcnlate the surface profiles of refractive optical microstructures
fabricated by the resist reflow technique. The method takes fully inte account
surface tension and gravity. It is especially snited for resist, reflow microstroe-
tures having arhitrary border geometries. We develop the model, compare
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experimental and theoretical surface profiles, and show how this method can
be applicd to the design of “smart mask™ microstructures. In Section 5.2 we
" present, a new type of hybrid micro-optical clements which combine fan-out,
and focusing function, resulling in compact monolithic elements with minia-
turizad dimensions. These miniatnrized, focusing fain-out elements are useful
for applications in parallel optical processing, or miniatirized parallel delee-
tion systems. In Scetion 5.3 theorctical and experimental results for periodic,
color separating gratings are preserted. In Section 5.4 we propose and ana-
lyze an improved tvpe of gratings with nearly wavelengtl-independent, high
diffraction cfficiency and show the advaniages of the improved approach.
Tweo specific applications, where optical microstrictores are employed,
arc presented in Chapter 6, In Seclion 6.1 a diede-laser collimatar is pre-
sented which contains as key clement a combined micro-opiical element that,
achicves an extended measurement range for rangefinder applications. "T'he
micro-oplical clements can he either refractive or diffractive. In Section 6.2
we show theoretical and experimaental results for a new type of conthination
gratings with specially designed eptical propertics thal. can be exploited in
visnal scentity applications.

The author’s publications

A large parl of the work described in this thesis has alrcady been published
in peer-reviewed journals and has heen presented al varions international
conferences.
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Chapter 2

Fabrication of optical
microstructures

*his chapter gives a campact overview of the technologics which were nsed
for the fabrication of the refractive and diffractive optical microstructnres
presented in this thesis. Herehy we distinguish origination and transfer tech-
niques. We descrihe four origination technalogics, photolithography, direct
laser writing, holographic recording, and the melting resist technology. e
active ion etching (RIF), deseribed in the last Section of this Chapter, is a
method to transfer a given microstracture, in photoresist for example, into
another material with hetter optical propertics. During the transfer, the
profile shape can he modified. [66] We used RIE to transfoer photoresist struc-
tures into fused silica. Photolithagraphy is the most important fabrication
technology, since it was nsed for the binary mask photolithography, the gray-
tone teclmology, and for the fabrieation of microlenses by the melting resist
technology. '

2.1 Photolithographic techniques

IPhotolithography is a well established technology to structure photoresist. 1t
has its origin in the semicondnctor manufacturing world for the fabrication
of Very-Large-Scale-Integration (V1.51) circuits where compnter-aided de-
sign (CAD) tools arc used to gencrate mask data.[97, 89] Micro-opties and
difftactive optics have adapted this matnre technology for the fabrication
of optical microstrnctures. This was snggested by the fact that the typical
dimensions of the smallest features are on the same order of magnitide for
both, state of the art semicondnctor structures and optical microstructures.
The hasic principle of all lithographic technignes is to expose a radiation-

-3



8§ CHAPTER 2. FABRICATION OF OPTICAL MICROSTRUCTURES

sensitive polymeric material like photoresist, which has been deposited on
a suhstrate, with UV light through a binary or a graylone mask.[88] The
radiation canses the film compesition to alter throngh either a photochem-
tcal reaction or crosshinking of the polymer chains, The oxcess maierial is
then removed by dissolution in a developer solution. There are positive and
negative photoresists, depending on whether the exposed or the unexposed
resist is removed by the developer solution. After the developing process the
surface relief profile in photoresist is obtained. The mask, through which the
phetoresist is exposed, can have either a binary or a continuously varying
transenittance funclion. The use of a chromium mask with binary transmit-
tance for UV light resnlts in binary resist surface profiles. Using a graytenc
mask with a continnonsly varying transmittance function resnlts in a contin-
tos surface relief profile. We will describe these twe different cases hriefly in
the following Snbsoctions 2.1.1 and 2.1.2.

2.1.1 Binary mask photolithography

For the fahrication of diffractive optical efements (DOL) the multilevel ap-
proach [88] is probably the most widespread, since it is a matnre and reliahle
technology. In this section we give a short description of binary phetolithog-
raphy. In combination with the transfer technelogy RIE (see Seclion 2.5)
multilevel profiles can be fabricated. The number of discrete phase levels N
is given by 2P, where p is the number of binary masks. The approximation
of the desired surface prefile by the muliilevel profile is better if more phase
levels are availahle. Since the first-order scalar diffraction officiency depends
on the numbher of phase levels as [15)

m(N) = fsine(1 /M), (2.1)

al least. 8 phase levels or three Lthographic steps are necessary for highly
cfficient clements (> 90%). In Section 4.1 a detailed analysis of the encoding
prohlem is given, i.e. the approximation of a continnous sinface profile by
a multilevel profils, The basic principle of hinary mask photolithography
combined with suhsequent. RIE steps is shown in Fig. 2.1, The substraie,
which is coated with a thin photoresist layer, is exposed throngh a binary
chromium mask with a UV lamp. The chromium mask is normally faliricated
hy laser bean or electron heam writing, depending on the required resolntion
of the pattern. After the development step. a resist pattern remains, which is
then transferred into the substrate hy the snbsegnent cteh step. The second
photolithegraphic step, aligned with respect to the first throngh alignment
marks, ¢roates a refined resist pattern which is then again transferred into
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Figure 2.1: Fahrication of multileve! profiles by binary mask photolithogra-
phy and reactive jon etching (R11E).

the substrate resulting in a 4-level surface profile. For 8- or 16-level surface
profiles correspondingly more aligned lithography and etch steps are neces-
sary. The standard way is to nse the mask with the sinallest features first
and the mask with the largest features last.

2.1.2 Graytone technology

In the standard case the phase function of a refractive or diffractive micro-
optical elenient is continuons. "'herefore the fabrication nmethod described in
‘Soction 2.1 has the drawback that the fabricated structare is only a multi-
level approximation of the desired continuous profile. Graytone techuology
can overcome this basic drawback hy using a mask which has a continuous
variation of transmission (graylevels). This is achicved with high energy beam
sensitive (H12138) glass,[104, 48] which is fabricated using a silver ton exchange
process.[16, 33} When cxposed to a high energy electron beam, rednction of
the silver ions occurs in the HEBS-glass mask, and the optical density of
the inaterial changes. The optical density increases with the electron dosage.
I'ypical valucs are 0-2.6 for a waveleugth of A = 365nm. A major difficnlty
compared fo binary mask photolithography is the accurate control of the
nonlinear photoresist response. For the graytone techuology one needs to es-
tablish a calibration curve, resist hieight as a function of graylevels or electron
dosage, using a sct of calibration structures for the specific lithographic pro-
cess, 'his calibration eurve is afterwards used to encode the surface profile
of the designed structure into eleciron dose per pixel for the e-beam writing
procedure. Ouce the B12BS glass mask is written by e-beam technology, the
continuons surface relief profiles are fabricated by a single photolithographic
step, which classifies the method as a parallel fahrication technology. The
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fabrication process of continnons surface profiles with a one-step lithography
iz shown schematically in Fig. 2.2,

15t photolithographic step

HHHHHHHJHHH UV light
m [ i graytone mask

photoresist
substrate

-> development

structured photoresist
substrate

Fignre 2.2: One-step lithography with a graylevel HEBS glass mask to obtain
continnons simface profiles.

2.2 Direct laser beam writing

Another approach o obtain continuons surface relief profiles for diffractive
or refractive optical elements in photoresist. is laser direct writing. We nsed
the laser writer 111 at the CSEM in Zurich, which utilizes a focused He-
Cd laser heam (A = 442nm) to cxpose a photoresist coated substrate in
a raster scan. A detailed decription of the laser writer can be found in
the dissertation of Nessler.[39] Afier exposure, the photoresist is developed
and the surface rclief slructnre is obtained. A schematic sctnp of the laser
writer 111 is shown in Fig. 2.3. The direct laser writing technique is a very
fcxible and fast method to obtain prototypes without the need to generate
masks: like in photolithographic methods. A drawback is the long writing
time for large and high resolution structures. This disadvantage can he
pattially compensated by combining the ditect writing technigque with an
appropriate teplication technology.i29, 30] From the photoresist original a
master is fabricated throngh galvanic clectroforming. Using this master,
copies of the original structure can be made.
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Figure 2.3: Setup of the laser writer I1F at the CSEM in Zurich, Switzerland
{courtesy of M. Rossi, CSEM in Zurich).

2.3 Holographic recording technique

lolographic recording is a well known lechiiqgue for the fabrication of grating
structures and a large varicty of experimental setups and fabrication proce-
dures have heen developed. [84, 3, 94, 19] T'wo coherent beams of a laser are
generated using a beamsplitter and bronght to interference on a photosen-
sitive material like photoresist. After a development step, this interference
paitern results in a surface relief profile, which corresponds to the recorded
intensity pattern. The graling period A of the resulting grating is given

through
A

where X is the wavelength of the laser, 0 the angle between the two interfering
licams, and n the refractive index of the photosensitive material. With a
moderate effort, submicron structnures down to 100 nm can be fabricaied.[32]
Also large arca clements can he produced hy this parallel fabrication methed.
A drawback is the lack of flexihility and spatial variability. A schematicsetup
for bolographic recording of gratings is shown in Fig. 2.4,

(2.2)
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inhole 1
fosusing lens 1 prhole

E Qubesmsplitter O

photoreslst

substrate

fogusing lens 2

mirror 0

Figure 2.4: Schematic setnp for the holographic recording of grating stric-
tires.

2.4 Melting resist technology

A well known mcthod to fabricate refractive microlenses is the melting resist
technology (reflow technique).[42, 13, 65] It is based on a photolithographic
process as deseribed in Subsection 2.1.1 Photoresist is deposited onto a sub-
strate, typically a wafer, which is coated with a resist basc layer and after-
wards structured using standard photolithographic technigues. Since during
the subscquent melting process the resist borders remain fixed, the photore-
sist. pattern determines the gecometry of the microlenses, With this approach
nearly arbitrary border geometries of the microlenses can he obtained. Sub-
seqjently, the resist is melted in an oven and the microlenses are formed due
to the surface tension of the Haquid resist. The fabrication process is illus-
trated in Fig. 2.5. This process is well developed and spherical microlenses,
for cxample, can be fabricated with diffraction limited optical gnality.[64]

2.5 Reactive ion etching (RIE)

The methods described so far are suited to obtain microstructures in pho-
toresist. Often it is desired to have the corresponding surface profile in a
more rigid material, like fused silica, with better optical propertics and mote
adequate spectral transmission. Reactive ion etching (RIE} is a technology
that can he nscd to transfer a surface profile in photoresist into fused silica.
In contrast to wet ctehing technologios, RELE is a highly anisotropic etch-
ing process, which is very advantageous for the transfer of diffractive and
refractive mictostrictures. A comprebensive description of the transfer of
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Fignre 2.5: lFabrication of melting resist microlenses. {a) The photoresist
i5 deposited onto a substrate with a resist basc layer and exposed to UV
light through a chromiun mask. (i) The exposed resist is processed and free
standing resist structires are created. (¢} The microlenses are formed during

melting in an oven.

photoresist structures inte fused silica by RIE can be foind in the disser-
tation of Eisner.[21] Different materials hehave quite differently during the
transfer by RI1E. Fused silica is a well suited material. R1E transfer steps
are also applied during the fabrication of multilevel surface relief profiles by
binary mask technology, as described in Subsection 2.1.1. Here, after each
photolithographic step, a RII transfer step is applied to obtain the desired
multilevel prefile. RIE is a parallel technology, where all strnctures on a
wafer are processed in one step.



Chapter 3

Theoretical background

In this chapter we intraduce the theoretical background which is necessary
for the understanding of the work presented in this thesis. We begin with
1he introduction of Maxwell's equations, the constitutive relations, and the
houndary conditions, which provide the fundamental thearetical base of ex-
act electromagnetic theory and therefore of optics. Afterwards, exacl and
approximate methods are introduced to solve the diffraction problem. Sec-
tion 3.3 gives a short overview of how to propagate a given electromagncetic
ficld in free space. The last section of this chapter introditees two iteralive
mcthods to calenlate phase functions of diffractive optical clements,

3.1 Maxwell’s equations, constitutive
relations, and boundary conditions

Hectromagnetic fickls are described hy the fonr Maxwell cquations, which
read in Sl-units

VxE+B = 0 3.1)
VxH = J+D (3.2)
v.D = p (3.3)
v-B = 0 (3.4)

E, B, D and H are the clectiric field, the magnetic indnction, the electric
displaceinent, and the magnetic ficld, respectively. J and p arc the clectric
current density and the electric charge density, respectively. The partial
time derivative is denoted by a point ahove the corresponding vector. We
only consider time-harmonic clectromagnetic fields of angular frequency w.
Any time varying field can be decomposed into a spectram of time-harmonic

15
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fields via a Fonrier analysis.[7, 34] The physical time-varying, electric and
magnetic fields E{r, 2} and H(r, ¢) can be expressed as
E(r.1) = Rel{E(r)exp(—iwt)} (3.5)
Hir.1) Re{H(r) exp(—iwt)}, (3.6}

where fle{} stands for the real part of a complex number, # denotes time,
and r is a vector containing the spatial coordinates. For the imaginary unit
the symbol 1 iz nsed. E{r) and H(r} on the right side of the cquation are
the complex representations of the pliysical ficlds and will be used in the
follawing. Maxwell’s equations for the fime-harmanic case are then

VxE(r) = iwB(r) (3.7)
VxH(r) = J(r)-iwD{r) (3.8)
v-D(r) = nlr) (3.9)
V-B(r}) = 0. {3.10)

The material paramciers enter via the consttutive relations which for hincar
isotropic media arc

D(r) = cc(r)E(r) (3.11)
B(r) = jpon(r)H(r) (3.12)
Ar) = ofr)E(). (3.13)

c{r) and p(r) are the diclectric permittivity and the magnetic permeability
of the medinm, and o(r}) is the specific conductivity, The coustants ¢ and
Jip, the permitiivity and permeability of the vacimn, are given as

@ = 8.854-107"AsV "'m! (3.14)
fg = Ar-1077VaA T 'm (3.15)
The velacity of propagation in vacuum is defined by
!
c= = 2.99792458 - 10° ’—:’ (3.16)

Vol

The refractive index n(r) for the phase velocity in the material is then ob-
tained via Maxwell’s relation as

a(r) = y/e(r)p(r). (3.17}

Later, we will nse a complex permittivity &, and a correspondingly complex
refraciive index 1, defined by

o(r)

w

(B = (n{e) +ix(r))? = #t) = o(r) + . (3.18}
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where wfr) stands for the imaginary part of the complex refractive index.
The sign of the imaginary part of the complex refractive index is determined
by the geometry of the problem depending on whether the propagation of a
wave field is in the positive or negative direction of the coordinate system.
The flow of clectromagnetic encrgy is described by the Poynting vector

S=ExH. (3.19)

The boundary conditions for the I and E ficlds at. an interface hetween two
different. inedia, referenced by indices | and 2, are

nz (B2 —By1) = 0 (3.20)
n;-(Da=—Dy) = p, (3.21)
my x{E;—E;} = 0 (3.22)
my x (Hy —Hy) = J,, (3.23)

where myz is a nnit vector pointing from media 1 to media 2. p, and Jo
stand for the surface charge density and the surface current density, respec-
tively,. Maxwell’s equations (3.1)~{3.4) together with the canstitutive rela-
tions (3.10)-(3.13) and the boundary canditions, (3.20)-(3.23), completely
determine the solution for the linear isotropic ¢ase in the framework of clas-
sical electrodynamics.

3.2 Diffraction theory

In this section we ntroduce different methods to solve the diffraction prob-
lem. The exact electromagnetic solution, satisfying Maxwell's eqnations, is
ontlined, as well as approximative scalar methods. The exact solution takes
fully into aconnt polarization effects, while within 1he approximative meth-
ods the polarization of the fields are only considered partially or not at all.
In general, exact electromagnetic theory has 1o be used when the period of
the grating structure is comparable to the wavelength of the incident wave,
For grating periods much smaller or much larger than the wavelength ap-
proximative theories can he applied. For grating periods small compared
to the wavelength, effective medinm theories treat the diffraction grating as
a homogenonus birefringent layer,[107] while for large grating periods scalar
diffraction theories are applicable. Scalar diffraction theory is treated in
Snhsection 3.2.2.
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3.2.1 Exact electromaguetic diffraction theory

In Scetion 3.1 we introduced the base of clectromagnetics in the form of
Maxwell’s equations, the constitntive relations, and the banndary conditions.
Now, we present the application to the diffraction problem. We follow an
approach formulated by Turunen,[95] where the details can he found. The
moast. widespread name for this method is Fourier modal method (1FMM),
because of the Fourier expansion of the ficlds and the dieleetric function, The
method is cspecially suited for staircase like maltilevel profiles as fahnicated
by binary photolithagraphy, whereas contionans relief surface profiles need
to be approximated by a sufficiently large number of grating layers. There
exist. ather theories whieh can handle continuous surface profiles directly by
employing a caardinate transform.[12]

The periadicity of a grating structure simplifies the problem consider-
ahly and allows an exact solution of Maxwell's equations. Approximations
enter only via the finite number of terms retained in the expansions, and,
in the case of a continnous surface profile, thrangh the approximation by a
multilevel profile. The validity of these approximations will be verified for
conerete calenlations by carefully checking the convergence properties of the
solutions. An exact solution to the diffraction problem is found when the so-
hition satisfies everywhere Maxwell’s equations, together with the banndary
conditions plns physically reasonable radiation conditions. Since analytical
sohitions can in general not he fonnd, numerical solutions have to he applied.

The standard geometry of the diffraction problem, which is typically en-
conntered when dealing with diffractive surface relief structures, is shown in
Fig. 3.1. Wo restriet ourselves to the case where the problem is y-invariant
and the incident plane wave is propagating in the m—z-plane. T'he general
casc, when the incident wave vector is not erthogonal to the grating grooves,
is called conic diffraction, becanse the diffiracted orders then appear on a
cone rather than on a straight hne. The conical diffraction prohlem can he
decomposed into two problems with T~ and TM-polatization for perfeetly
cond ucting gratings.[68] In onr case (I'tg. 3.1), we assume a plane wave with
Ti- or T'M-polarization incident on a stincture with a periodically modu-
lated refractive index. This generates a discrete spectrum of reflected and
transmitted plane waves. The grating diffraction problem consists now of
finding the complex amplitudes of these plane waves. The complex refrac-
tive indices, as defined in Eq. (3.18), arc fip and #3 for the two hamogencons
regions = < h and z > A, respectively. The region with the periodically mod-
ulated refractive index distribntion has the height £, as shown in Mg, 3.1 for
the case of twa different refractive indices iy and fiy. 1o the general case, the
modulated region can alse contain mare than two different refractive indices,
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Zz

Figure 3.1: General geometry of a two dimensional diffraction grating (shown
is one grating period).

The only vestriction econcerning the refractive indices is that the medinm
on the incident side is non-absarhing, therefore figp must be real. Al other
vefractive indices can be complex.

Maxwell’s equations, (3.7)-(3.10), yield for the y-invariant case together
with the constitutive relations, (3.1])— (33.13), the Helimholtz equations

d a
N == Pyl .,)+ Ly(r )+ ke (e, 2) e, 2) =0 (3.24)
for TE-polanization, and
d i 3 7 I J

Nt gl oy g el 2)) 4 APHy(x,2) = 0, (3.25)

di[cr('r ‘*)32 , 2z

for 'IM-polavization, where & is the wavenumber defined by & = w/e, and ¢
is the speed of light in vacnum as defined in {3.16). Once Ey(e,z) (T'E) or
H{x,2) (M) is fonnd, the complementary components can he obtained hy
application of the appropriate Maxwell equation. 'T'herefore, the £,(x, 2) or
the H,(z, z) companent completely determines the solution of the dnﬁ'rad ion
problem. In the following, the scalar field I represents the component. £, or
1, which appears in the relevant Helmholtz cquation.

As a consequence of the periodic: refractive index distribution, with the
help of the Flaquet-13loch theotem. one can obtain a Fonvier reprosentation
of the diffracted past {/; of the total ficld U {incident and diffracted). 1t
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takes the form

Ug(,2) = Y Gulz)exp(ioms), {3.26)
where the ay, are given hy
9
O = g + ——R\E op = kngsind. (3.27)
1

In the two homogencons regions, the Helmholtz equations (3.24) and
(3.25) reduce to llchmholtz equations with constant. coefficients. Using the
representation of Uy, as in Eq. (3.26). onc obtains after insertion into Eqs. (3.24)
or (3.23) for the cocflicients

G = T explitn(z — h)] + B oxp|—itm(z — A)]. (3.28)

T, and ., correspond to the complex amplitndes of the transmitted and
reflected orders of the clectromagnetic field. The valunes 1, are given by

tm = V (kﬁ:})? - 0'3711 |0m| S L"na ('}29)
1 ol = (kng)?, || > kna. (3.30)

3y inserting the salution far Gy, into Lq. (3.26), one finds for the transmitied
part of the total field

Uz, 2} = i T oxplilome + tn(z = R))), {3.31)

and for the reflected part,
U, 2) = Z Iy, explijomn — rpz]), (3.32)

where the rp, are given hy

rmo o= f(kno)? —al, |om| < kng {(3.33)
el — (kng)?, |ow| > kne. (3.34)

ilquation {3.27) corresponds to the commonly known grating aquation which
describes the directions of the transmitted and the reflected planc waves of
arder ne as

rm

nasitt(fme) = nosfn[ﬂ,-)—}-mi, (3.35)

npstn(fy ) nosin () + m%! (3.36)

it
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where ., and &, correspond to the diffraction angles of the transmitted
and reflected diffraction orders, respectively, and 8; is the incident angle. The
diffraction efficiencies are finally given by

o = RelryfrolHul? ~(TR) (3.37)
o = "“) Relrmfra}[ Rl (TM) (3.33)
Mo = Rr{tm/ro}l’lmP (TE) (3.39)
Yym = "”J”fr’{tn,/ru}ll,..l {'TM), {3.40)

The complex amplitudes 75, and K, of the diffracted transmitted and re-
flected plane waves are still nnknown and have to he determined by the
houndary canditions.

In order to find solwtions for the fields inside the modulated region, we
nse an cigenmode method for the z-invariant case.[11, 43, 67, 49] A general
profite, as shown in Fig. 3.1, can then he treated by slicing the continuons
profile into a snfficiently large mumber of slabs S, which are then piccewise
approximately constant. We start with the ilelmholtz equation for TE-
polarization, as given in Bq. (3.24). After scparation of variables, £, (x,z) =

X(2)Z(z), we find
Z(z) = aexplivz) + bexp(—iy(z — A)), (3.41)

where v is the separation constant, and the cocfficients a and b will he de-
terimined by the houndary conditions. With the psendo-periodic ansatz

[e=]
3 Proxpliogm) (3.42)
and the Fonrier series representation
<0
Z Em exp(i2ZrmafA), (3.43)
m=—0od

of i he diclectric function, we abtain as the resnlt a linear system of equations
written in matrix form
MP = +°P. {3.44)

M stands for the malrix

Mim = 8281 — L8, {3.45)
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§m for the Kronecker symbol, and P for the veetor 3. This standard etgen-
value problem can then be solved for the cigenvalues 42, and the correspond-
ing eigenvector clements Py, The complete solution can therefore be written
Ak

Efz z}= ,_E z_: P exp(iogz)(an exp(fynz) Hba oxp{=iy.(z —h))) (3.46)

with the cocflicients a,, and b, which have to be determined by the boundary
conditions, The sign eonvention is Re{v,} + Im{¥,} > 0in order to extract
the independent solutions.

For 'I'M-polarization, similar as for TV-polarization, a pseudo-periodic
ansatz

o .
(e, 2) = (nexp(ivz) + bexp(—iy(z — AN} Y. Pnexplionz)  (3.47)
m==c3
is made for the relevant field component H,. With the definition of the
function

Q) = 3 oIyt ) (3.45)

and its psendoperiodic expansion

@2, 2} = iy(a exp(iyz) — b(—i+{z ~ h))) i Qmexpliomz}  (3.49)

M= —00

one obtaing
oo

Fr= Y bm@Qn {3.50)

m=—o

Using the expansion of the inverse diclestric function
I

P _ f: EmexpliZrz/A), (3.51)

ofz) 2o

one finally gets a hincar system of equations, written in mairix form as
MNQ = v’Q. (3.52)
The elemenis of the matrices N and M are given through

I\Tfm = Efﬁm (35])
Mo = A'QJJm—ﬂ'ij_mﬂ’m- (354]



3.2, DIFFRACTION THEORY 23

After sobving the lincar system of equations for the cigenvectors @ and the
eigenvalues ,, onc obtains 7 from q. (3.50) and finally the complete solu-
tion

Hyx,z2) =
i i P expliogz)(e, explitaz) + baexp(—italz — A))). (3.55)

{=—co n=1

For the general mnltifevel case with S surface levels and therefore S—1 slabs,
the Eigenvalue problem is solved in each slab scparately with no additional
complication. The final solutians for £, in Eeq. (3.46) and H, in 13q. (3.55)
get an additional index s for the corresponding layer, and the Py, a,, and
by are replaced by Pis, @n,s, and by, 5, respectively, where s connts the slabs.

The complex amplitudes R, and T, in Eqs. (3.37), {3.39), (3.38), and
(3.40), and the cocfficients a, , and b, , In Lqs. (3.46) and (3.55) have to be
determined from the boundary conditions. Far ‘I'—polarization the continu-
ity of &5, and o, Eqs. (3.22) and (3.23), and therefore also 8£, /0:, Eq. (3.7),
is nsed. or ‘I'M-polarization the continuity of H, and £y, Egs. (3.23) and
(3.22), and therefore also of @M, /Az and the function @, Eq. (3.48), using
Lq. (3.7), is expleited. For a single slab gratiug the boundaries at = = 0
and r = h are used, while for imnltilayer gratings the additional 5 — 1 inter-
nal boundaries are nsed as well. At these boundaries the surface normal is
parallel ta the z—divection. Therefore the £, component for T'E-polarization
ar the Hy, compouent for TM-pelarization component. has to he continons
across all these bonndaries. Tn the gencral muliilayer case the satd conditions
result in two systems of egnations which for ‘I'i-polarization reads

oa

E (ﬂm.a exp(“"!‘m,a(:a — T3 )J + bm.s)'PIm,a =

Y (@mstr + e XD Fmasr (Zagr = 24))) Pimatr (3.56)
m=—o0
E (ﬂm,a Cxp{i']'m.a(:f'a - 3.;—1) - bm.a)?"m‘a Pim.s =

m=—co

[==]
Z (“m,s+] - bm..s+l CXP(’.Tm,sﬂ (:mﬂ - zn)))')'m,a+l P!m,s+'l (357)
m=—o0
andl for T'M-polarization

> (B eXP(iYma (22 = £0m1)) + Oors) Prms =

m=—00
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3 (@matr + bomog CXP( Vet (Zepr — 2 Phmagr, (3.58)
Z [ﬂm,s cxp(i')'m,s(zn — Zs—1 ] - bm,a)’:"m,anm,s =
Z (am.a+l - bm..u+'| e-\'p(i'ﬁ'm,.q+l (3.!+I - 55)))")’m.s+lQlM.s+1' ('359]

The Eqs. (3.46) and (3.55) together with Egs. (3.56)-(3.59) represent the
complete solntion of the diffraction problem. The diffraction efficiencies are
given by Eqs. (3.37)-(3.40) and the ficlds in the homogeneons regions by
Sas. (3.31) and (3.32).

For the numerical inplementation of the solution of the boundary valne
problem, we followed the solution as published by Moharam ot al.[62] with
improvements far the TM-case as published by Lalanne and Marris.{52} The
explanation for the natuee of this improvement can be found in the publi-
cation of Li.{56] For the nitmerical calenlations all matrices have to be trnn-
cated. lPor accurate results all propagating orders and a sofficient nmmber of
evanescent orders have to he taken into acconnt. The "sufficient” number of
orders N, which is propartianal to AfA, can be determined hy controlling the
proper convergence of the salutions as a function of orders retained in the cal-
culations. For diclectric gratings this is not critical. Care has to be taken for
matallic gratings with high condnetivity, especially for T'M—-palarization. The
dimension of the cigenvalue maleix is NxN, the size of the boundary—valie
matrix is ZV¥.Sx2N 8, where the number of slabs is § — 1. The computation
time is proportional to N2, memory requircments are proportional to N2,

There are many other approaches to selve the diffraction problem in a
rigotous way. The rigorans conpled wave methad (RCWA) [61] is very similar
to the method shown here. The main difference is the representation of the
ficlds inside the grating structire. Exact madal methods use a superposition
of exact modal funetions of the periadic grating strueture which are known
for specific grating geometries. [60] Other approaches to find exact solutions
of Maxwell's equations are the differential method,[68] where the propagation
equations are directly infegrated, or the integral method which necessitates
a tensor formalism for the handling of coordinate transformations.[68] While
for the dielectric gratings practically all methads show identical resnlts, the
performance of the methods can differ significantly for highly condunctive,
metallic gratings, espectally for T'M-polarization.
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3.2.2 Scalar diffraction theory

The diffraction theory introduced so far is exact in the sense that an exact
solution of Maxwell’s equations is obtaimed for a given diffraction prablem.
For large grating periods compared to the wavelength of the mcident light
approximative solutions of the grating problem are possible. In the follow-
ing two paragraphs we introdnce two appproximative methods to ohtain the
complex amplitude behind a diffractive structure: the thin element approxi-
mation and the optical path model.

The thin element approximation

For diffraction gratings with A >> X, the solution of the diffraction problem
with exact electromagnetic theory hecomes compatationally heavy hecanse
of the large matrices involved in the cigenvalue and houndary value problems,
On the other hand, if A >> A, then the angular spectrnm of the diffracted
plane waves concentrate around the z-axis and the nse of scalar theory is
justified. As a rule of thumb, the scalar theory gives reliable results when the
grating poriod is at least one order of magnitude targer than the wavelength.
Because of the simplicity compared to exach cleciromagnetic theary, scalar
theories are applied whenever justified. 1t should he mentioned that scalar
theory can produce accurate results for grating siructures, even when it is
nol theoretically justified {sce Paragraph 4.1.3).

In the so—called thin clement. approximation (TEA) the effect. of a trans-
mission grating with height fi is desetihed by a complex transmission function
t(x,¥), which relates pointwise the incident field w;, (=, y,0) and the trans-
mitted field w(z, ¥, h) by

uy(x,y. h) = iz, y)uin(z, v, 0) (3.6¢)

in three-dimensional notation., When assuming thal, in the siimplest approxi-
mation, the light passcs the grating structure withont deflection, the complex
transmission function #(ir, y) of a grating with a refractive index distribution
n(z,y,z) s given for a normally incident light ficl! by

tHw,y) = oxp (ik Lh n{=, ¥, :)d:) . (3.61)

The increased path length for non-normal incidence can be taken into aconnt
by an additional cosiuc—factor in the integral. The complex amplitndes of
the diffracted waves are then

nLro oy

Ar Ay '
"'m"=r;\: I ke h)oxp(=i2(F= + Th)drdy. (362
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where A, and A, are the grating perieds in z- and y-direction, respectively.
The diffraction cfficicncics of the order ma are finally Hpn = [Tmal?, inde-
pendent. of polarization.

The optical path model

The optical path model allows Lo calenlate diffraction efficiencics of gratings
more accurately than the thin elament approximation. At the same time
the optical path model is computationally much more officient than exact
clectromagnetic theory. This method is sometimes also called phase sensi-
tive raytracing.[39, 71, 10] In order to obtain the complex amplitnee of the
wavefield at z = & behind the grating, a number of rays which are evenly
distributed over the grating period are traced threngh the grating strncture.
For cach ray the optical path length is calculated. At interfaces with different
refractive indices 11y and na Snell’s law of refraction

a; sin{fh )} = nasin(#;), (3.63}
is applied, where #, and 83 ave the angle of incidence and the angle of the
transmitied rays with respect 1o the surface rormal, respectively. 1'he new
directions of the rays are determined and the polarization dependent Fresuel
losses are caleulated. The reflection and transmission coefficients p and T,
for the amplitudes at an interface between two different refractive indices are
given by

sin{#y — 0;)

A sin{f + 64} (3.64)
_ tan(lh = 8) '

M = _tan(ﬂ, ) (3.65)
_ 2sin(#h) cos(fly) '

TE = TG 1 0) (3.66)

= 2sim(fy) cos(fz) : (3.67)

sin(fy + 8;) cos{y — )

The subscripts indicate the two orthogonal polarizations TT and TM. The
reflectivity 17 and the transmittivity T* are then given by

R = |of? {3.68)

, 112 cos(f:)

T o= i .

Ir| 1 cos(8)) (3.69)

Once the complex amplitude behind the grating has been determined, the
diffraction efficicncics of the different. orders arc calculated by a Fourier trans-
form as in liq. (3.62).
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The optical path model is a scalar method, wheicas the polarization of
the incident wavefront enters via the polarization dependent Fresael losses
at the interfaces. 'T'his method will be nused in Section 5.4 for the analysis -
‘of deep structures with large grating periods. Because of the depth of these
grating structures. large differences between simple scalar theory and exact
electramagnetic theory are observed. The optical path model provides an
cfficient tool to analyze such structnres, becanse cxact calenlations are very
time and memory intensive due to the large grating periods.

3.3 Propagation of light fields

In the previous sections we intraduced exact and approximative methods to
calculate the change of the complex amplitude of an incident wave cansed
by a diffractive stricture, In Subsections 3.3.1 and 3.3.2 we shall treat the
propagation of light fields in free space.

3.3.1 Wave optics

As shown in Subsection 3.2.1, Helmholtz equations (3.24) and (3.25) for the
electromagnetic ficlds can be deduced directly from Maxwell’s eqrations. The
general solution of the Helmholtz equation in a homogencons and isotrapic
medinm can be expressed with the help of Green’s theorem [3d] as

ie)= 3z | ({50~ 05 o @)

which is known as integral theorem of llelinoltz and Kirchhoff. G isa Green .
function of the Helimholiz equation. The formula expresses the scalar field
U at a point P in terms of the values of this field on any closed snrface
S surrounding this point 2. The expression 8/0n stands for the partial
derivative i the ontward dircction at each point on the surface 5. This
formula plays a cricial rele in the development of sealar diffraction theory
for the propagation of light ficlds.

The integral theorem of Helmhaoltz and Kirchhoff can be applicd to a
planc screen, as schematically shown in Fig. 3.2(a). The points 7 and P
indicate two point sources in niirror position fo cach other with respect to
the screen. 74 and 1:".2 are the correspanding vectors pointing frem the point
sources to the sereen. Using the corresponding Green function

G(rra) = exp(thria) _ cxp(ﬂikr‘lg) (3.71)

12 1z
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Figure 3.2: Geometry for the application of the integral theorem of Helmoltz
and Kirchhoff to the case of a planc screen (a), and (b) for the first Rayleigh-
Sommerfeld diffraction integral as in Eq. (3.72),

with Kirchhoff houndary conditions,[44] results in the first Rayleigh-Sommer-
fold diffraction integral [31]

zw exp (thryz)

ualm, 3y, 20)1 :——jjﬂ,(r vk — T dr'dy’, (3.72)

’11 r12 "1z
which describes the field 1y in the plane 2 = 22, The geometry is iflustrated
i Fig. 3. "{h) Hereby is uy(a', ', 21) the incident wave ficld within the free
aperture ¥ of the screen. b = Zir,’k 732 the distance between the screen and
the plancat & = 23, 73 = ﬁ.‘, + (r —a')+ (¥ — ¥')?, and A the wavelongth.
Hereby the Sommerfeld radiation condition is nsed, which means that the
radiating fields vanish at least as fasi as a diverging spherical wave.[36]

Yor riz >> A the first Rayleigh-Sommerfeld integral Eq. (3.72) can he
simplified to

sl g m)r = l\[f nl; . c-xp :I.nz) ~12d delyf (3.73)

™2 12

Using in the Green function of Eq. (3.71), a plus sign instead of the minus
sign, and again assnming ryz >> 4, leads to the second Rayleigh-Sommerfeld
diffraction integral §34]

L '\
a2y, 22 = — o jj Il !I n)oxpli 1‘2) dx'dy’. (3.74)

"2

The second Rayleigh-Sommerfeld diffraction integral (3.74) with the deriva-
tive of the ficld is rarely used. hecanse in most cases rather the ficld itself
than the derivative of the ficld on the plane screen is known. In the following
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we will therefore use the Rayleigh-Somimerfeld diffraction integral given in
Eq. (3.72).

In snummary, the Rayleigh-Sommerfeld diffraction integral, Eq. (3.72), al-
lows to propapate a given scalar wave ficld in free space in a rigorons way.
The only asnmptions are the validity of the Sommerfeld radiation condition
and the Kirchhoff bonndary conditions. For Eqs. (3.73) and (3.74) addi-
tionally the propagation distance has to he larger than the wavelength, i.e.
g > A

Equivalent fo the Rayleigh-Sommerfeld diffraction integral, but based on
a different concept, the transfer function concept, is the angular spectrnm
approach.[34] An optical system is described as a linear system characterized
hy a teansfer function H{p,, p,), where p, and p, arc the spatial frequencies
in the &- and y—directions. The propagated wave field 1z s then given by

ug(m, g, 22) = ffu,(n",y’,z,}h(m — 'y — y")da'dyf, (3.75)

where A is the impulse response of the system and linked to H (p,, p,) via a
Fourier transform. For free space propagation the transfer function is

fH{pa.py) = exp (i?n‘z]?\{(%]r“ - - p§) . (3.76)

This leads to a different, bat mathmahically eqnivalent form of the Rayleigh-
Sommerfeld diffraction integral

"2('1"39'3 3‘2).' =

r - I -
e {F?'{u,(m', ¥, )} exp (t?rrsn {1)2 —p2 —pl } . (3.77)

which is significantly more cfficient for the pamerical implementation. Herchy
the convolntion theorem of the Fourier transform was used. The operators
1" and #1'7 stand for the Foarier and the inverse Fonrier transform, re-
spectively. The convolution formulation can speed np the exccntion on a
computer by orders of magnitnde compared to the direct evalnation of the
Rayleigh-Sommerfeld integral, especially for the 2-dimensional case, becanse
of the available very efficient fast Fourier sransform (I'FT) algorithms. The
angniar spectrum representation (3.77) and the Rayleigh-Sommerfeld inte-
gral (3.72) can be transformed into cach other via the Weyl representation
of a spherical wave.[59]
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The first Rayleigh-Sommerfeld diffraction integral, approximated to the
secand order, results in

wp(ikz

Up(r. g, 22) = w

f/m(m',y’, ) exp (105— [(:1: V4 (y— y’)?]) dx'dy’, (3.78)
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which is the well known Fresnel integral. 1t can be cast into the form

"2('1\"..'}: ""2) =
explik(z + ot =%+ y"
plik{za + 7 n.!-'"!‘{m(.r'-,y’,:l)nxp("’l‘r—.z:l-_y_)}a (3.79)
12

i/\312

which is inore convenient for a numerical implementation. For darge propa-
gation distances, the Fresnel integral (3.78), can further he approximated to
the first order as
. Iy ,?
exp(ib(zen + STL))

up{x, g, 22) = v 2 a5} (3.50}

which is the Frannhofer or far ficld appreximation. In contrast to the Rayleigh-
Sommerfeld integral, which is valid in general, the accuracy of the Fresnel
or Franmhofer integrals depend oo the length of the propagation distance
compared to the lateral extension of the field. A detailed description for the
oplimeun nimerical evaluation of the Fresnel and Fraunhofer integrals can
be found in the dissertation of Vokinger.|98]

3.3.2 Geometrical optics

ln geamctrical aptics the light. field 1= described hy rays. The rays in turn
are defined by the condition that the they are normal to the phase front of -
the wave field. Geometrical optics is a valid description for light ficlds when
transverse phase and amplitnde variations on the scate of the optical wave-
length are small, and therefore: diffraction offects can he: neglected. The path
of the light rays in an optical system is described by repeated application
of the Jaw of refraction and reflection al a sequenee of homogeneons media
separated by discrefe interfaces. In Snbsection 3.2.2 an optical path modcl,
based on geometrical optics, was deseribed to calenlate the complex am-
plitnde change behind a diffractive structure. The fundamental law, which
- governs ray optics, is Sncll’s law of refraction

my sin(@y) = ngsin(fy). (3.81)
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1t describes the refraction of light at an interface between two different refrac-
tive indices iy and np. #) and 02 are the angle of inctdence and the angle of
the transmitted rays with respect to the surface normal. For diffractive ele-
ments the grating 5qs. (3.35) and (3.36) are used ta deterinine the directions
of the varions diffraction orders. 1t is possible to transform a ray distribution
back into a wavefront by nsing the condition that the rays are normal to ihe
phase frout of the wave field. Thercfore it is possilile to conthine wave optics
and geometrical optics to describe an optical system. There are many com-
mercial raytracing programs available, for example TracePro™, Raytrace™
Zemax ™, and Code V™. The main advantage of these programs is their
ability to analyzc and optimize optical systems.

3.4 Iterative calculation of phase functions

Diffractive optical clements (DOLs) are often applied to solve heamshaping
problems, where a certain input wave has to he converted into a specific
intensity pattern. The spatial location of the desired intensity pattern is
often the Fonricr plane, but any other planc is possible. Typical beanshaping
applications are the conversion of a Ganssian beam into a flat-top, or fan-out
clements for spot. array generation. The basic problem is now to find for a
given beamshaping problent the optimum design of the diffractive element.
Usnally only DOTs arc considered that infinence the phase of the incident
wave, becanse then no absorption occurs and 100% diffraction cfficiency is
possible.

In the following we intreduce two different design methods for theiterative
calenlation of phase functions. The first algorithm is the so—called iterative
Fourier transform algorithim (1F'TA} which is well suited for continuous phase
clements or multilevel phase elements with al least § phasc levels per 2m phase
difference, The second method, the sinndated amealing (SA) optimization
algorithm, is a non-linear optimization method that works well for any kind
of nnltilevel efements, while a drawback can be the long computation time
for larger design problems.

3.4.1 The iterative Fourier trausfarm algorithm

The iterative Fourier transform algorithm (1FTA) has been developed by Ger-
chberg and Saxton in 1972.{32] Since then, many anthors have contributed to
generalize and improve the algorithin,[26, 35, 106, 105, 20] [t is an algorithm
that can be used for the far—ficld optimization of a DOE. Here we address the
special case of a fan—out optiinization. bui the algorithm is also capable of
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optintizing more general optical functions. The [ FA is schematically shown
in Fig. 3.3. The amplitades of the various diffraction orders with indices 15

DOE plane Image plane

oYy k= o ¥k oxpll #7700 FF1 2k = 8% oxpli #7p k)

tstwicallon constraims: amplituds adjustmen:
- convohution wilh writing beam ,,2,” > 8%k
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Figiire 3.3: Flow-chart of the iterative Fourier transform algerithm (1FTA)
for far-ficld fan-ont optimization.

ara the ag and the phasese are the ¢y e The subseript & connts the numher
of iterations and the superscripts 1 and 2 refer to the DG and the image
plane, respectively. The starting point for the optinization is generally the
destred amplitiede or intensity distribution for the varions orders in the image
plane. Random valucs are chosen for the phases. Then, an inverse Fourier
transforn is executed and the amplitudes af;, are set fo unity, since pure
phase elements are desiced. The inverse Fourier transform is nsed becanse
the wave field in the plane of the DOE and the far ficld amplitudes are related
via a Fourier relationship as shown in Eq. (3.80). In the standard algorithm
the corresponding phases ¢, are maintained. Fahrication offects, like the
convolution of the diffractive phase clenrent with the Ganssian writing heam
in direet [aser writing, can be taken into accoint and compensated for. This
will be shown in more detail in Section 4.2, Now a Tourier transform is
excented. The obtained amplitudes o), arc then adjnsted with respect to
the desired valnes, while the phases ¢, are maintained. The guality of the
solution, especially the wniformity error, can be improved considerahly by
halancing the amplitndes according to
" a <0he>
Gk = 05—

2
LH Y

(3.82)
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where < af;; > is the average over all diffracted fan-ont amplitndes.[38, 70]
This terminates the first iteration step. lterations are executed till a prede-
fined termination criteria is reached, typically the efficiency and nniformity,
ar the number of iteration steps. The algorithm allows to optimize continnous
phase elements. There are modified algorithms which can directly optimize
muliilevel diffractive phase clements.[25)

3.4.2 Non-linear optimization by simulated
annealing (SA)

The phasc profiles of the diffractive clements which are designed with the
standard IFT algorithmus arc continuons. When multilevel elements are
designed with the IPTA | the phase values are nsnally clipped to the allowed
multtlevel niveans after the aptimization is finished. The clipping canses
binarization noise, which is in most cases tolerable for 16 or 8 phase levels,
but causes a strong degradation of performance for 4-level or binary elements.
In contrast, the SA method for the optimization of multilevel diffractive phase
clements does not have this draswhack and allows a direct global optimization
of the phase profiles.{45] The hasic principle of the SA method was introdiced
by Kirkpatrick in 1983 {47, 46] with a physical analogy. The optimization
process is compared to an annealing process where a solid is coerced into a
low encrgy state.

A multitevel diffractive phase clement is described by a inatrix with AVx &
pixel, where each pixel has a discrete valne. During the SA optimization pro-
cedure all the pixel are visited in turn and their valies changed to anocther
discrete value. Then, the merit function is evaluated and compared to the
metrit function value before the pixel change. If the merit function valne de-
creases, the pixel change is accepted. If the merit function has an increased
value, the change is only accepted with a prohability p = exp{—AE/Eg'T),
which is commonly known as Boltzmann factor, where AE s the difference
of the merit function value before and after the pixel change. This differ-
ence can he interpreted as energy difference and therefore the denominator
be considered as thermal energy kgT hecanse of the analogy to the anneal-
ing process, with kg the Boltzmann constant and 7 the temperature. For
the optimization process the numerator and denominator are pure numhers
of conrse. This procednre allows the algorithm to escape from local min-
ima because pixel changes which increase the merit function value are also
accepted with an exponential probability, If the temperature 7' s reduced
slowly enough and the optimization parameters are properly chosen so that
the system is always nearly in equilibrinm, the algorithin tends to the global
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minimum of the merit function. T'he main drawback of this method is the
compuiational effort, because a large number of merit funclion evaluations
lhave to be executed. Whether this method is appropriate for a given problem
depends mainly on the size of ithe matrix thal bas to be optimized and on
the complexity of the ment funciion that has to be evaluated.



Chapter 4

Realization of phase functions:
ideal and real

The designed ideal phase function of a DOE is in general confinuous. This
translates for surface relief DOEs into continuons surface relief profiles where
normally the thin clement approximaition, as described in Snbseetion 3.2.2,
is nsed to relate the surface relief profile to the phase function. The real
fabrication of such continuous relief surface profiles is non-ideal in the sense
that the ideal profile cannot be fabricated, hut only a best approximation to
the ideal profile. The commnon point of the two sections in this chapter is the
fundamental prablem of how to iplement hest a given phase function as
surface relief profile by taking inte account the inevitable constraints of the
corresponding fabrication method. In Section 4.1 we address the encoding
problem for mililevel surface relicl stroctures, as fabricated by hinary mask
photolithography in combination with RIE. Scclion 4.2 introduces a method
to compensate the influence of the finite width of the writing heam for the
fabrication of coniinuons surface relicf DOEs by direct laser beam writing.

4.1 Encoding of diffractive phase functions

4.1.1 Introduction

In modern oplics, diffractive microlenses are appreciated because of the ad-
ditional degrees of frecdom they bring to the design compared with conven-
tionzl refractive optics. They can be fonnd for example in collimating and
focnsing optics, in optical diffusers, chromatic-aberration correction optics
or in athermalized hybrid elements.[6, 4, 85] When designing optical systems,
raytracing programs offer the possibility to include arbitrary phase functions,

35
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Fignre 4.1: Mustration of the two encoding methods AQ (a) and DS ()
for a lincar blazed grating with Ay/mfs = 2.75. T'he ideal phase function
of the lmear hlazed grating is the dash-dotted line, the solid line is the
multilevel profile ohtained with DS and AQ. The harizontal grid lines arc
the 8 available phasc levels.

which can he realized by DOEs, in order to take advantage of this additional
freedom. The designed phase fiunetions are in the gencral case continnons
and have to he quantized into a multilevel stairease like profile for a fahri-
cation by the multilevel approach.f88} The number of discrete phase levels
per 2x phase steps depends on the mininmm feature size, mfs, which can he
fabricated. For the coding of the continuans lens function into the multilevel
profile, different approaches are possihle and several papers have appeared in
recent years,[103, 51, 41, 55] which have adressed the problem of finding the
optimum encoding procedure for a given phase function and given fabrica-
tion constraints. A simple, standard way of cading is analytical quantization
{AQ).[89, 54] Tn AQ [89} (Fig. 4.1(a)) the phase function is clipped ta val-
nes between 0 and 2, then the transition points for 2z phase jumps are
determined and regions between these transitions are encoded. The mim-
ber of phase values hetween two transitions is determined by dividing the
distance hetween the transitions by the mfz and rounding this valne to the
integer closest to zera. However, this procedure gives only satisfying results
a5 long as 4 or more discrete phase levels are possihie per 27 phase differ-
ence of the lens function, For high aperture lenses or shart. wavelengths, AQ
gives an cfficiency of the lens which is significantly smaller than the optimnm
value.[103} The AQ method is Hlustrated in Fig. 4.1(a) for a hlazed grating
with Apyfmfs = 2.75. Since the grating period is smaller than 3 mfs, AQ
encoding resalts in & simple binary grating, using only two of the available 8
phase levels.
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A morc advanced method is the radially symmetric iterative discrete on-
axis (RSIDO) coding, developed by Welch of al.{103, 41] The quantized phasc
function is obtained by optimizing the cnergy in a signal window for a given
optical setup. This method praduces also at the edge of the lens, where only 2
to 3 phasc levels are possible per grating period Az, nearly optimum resnls.
The major drawback of this method is the fact that it utilizes nonlincar
techniques, like simnlated anncaling, for the optimization of the widths and
locations of the quantized phase levels. W thercfore consumes considerable
compnting power, especially for lenses with large diameters and small mfs.

Kuittinen and Herzig [51] described a different, more straightforward way
to solve the coding problem, which they called Direct Sampling (135). Direct
Sampling is a straightforward mcthod to obtain dircctly the encoded phase
profile from a continnous phase function. This method gives antomatically
the optinmm efficiency of a diffractive lens whereas the coding scheme con-
vinces with its simplicity. With DS coding the complete lens function is
sampled with the mfs and phase valnes are clipped between 0 and 2r. These
phase values arc then rounded to the closest available phase tevel. The DS
mathod is illnstrated in Fig. 4.1(b) for a blazed grating with Ay/mfs = 2.75.
In the outermost part of a diffractive high aperture lens, only 2 or 3 phase
levels are possible per 27 phasc difference, because of the limitations by the
mfs. We will call this part of the profile the binary region. IFig. 4.1 shows a
part of the binary region, where 2.75 mfs fit into one grating period. While
the performance of the different cocing schemes is most eritical in the bi-
nary region, this arca can acconnt for a large fraction of a high aperture lens
and therefore has a great impact on the total performance. For example, a
spherical lens with NA = (.32 operating at A = 632.8nm has a hinary arca
of 59 % when a mfs of | jom is assnmicd.

In the binary region, assuming a mfs of 1 m and the wavclength range
of the visible spectrum, one is clearly ontside the range of validity of scalar
diffraction theory.[69] The DS method for encoding is based on simple scalar
theory and so far has not been rigorously investigated. 1lere, we investigate
the DS method with exact clectromagnetic grating theory and compare the
two polarization cases.[73, 74] We fabricaled and characterized best structures
which were encoded using the DS method and compare the measured diffrac-
tion efficiencies with the values obtained ly exact electromagnetic diffraction
theory. The work on the encoding problem bas been focused so far mainly
on the diffraction efficiencies of the encoded phase functions. The influence
of the encoding method on the quality of the wavefront and therefore on the
focal spot, size or the Strehl ratio has not yot been investigated. We analyzed
quantitatively the influence of the encoding scheme on the quality of the
wavefront for an incident planc wave which is focnsed by a cylindrical lens
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cncoded by DS and AQ. For this we compared the FWHM of the facal spot
and the Strehl ratio of the DS and AQ enceded cylindrical lenses with the
ideal case. While for AQ the periodicity of the phase function 1o he encoded -
is maintaincd, DS shows a principally different behaviour. In the general
case DS enlarges the periadicity of the underlying phase function this gen-
eraling additional diffraction orders in hetween the main orders. We discuss
the consequences of this difference between the two encoding schemes.

4.1.2 Theoretical background and numerical methods

FFor the rigorons calenfations we nsed the cigenmode method as described
in Subsection 3.2.1. For the entire analysis, the diffraction cfficiencics were
calculated for a lincarly polanized plane wave under normal incidence. The
standard propagation direction was anbstrate to air and the refractive index
of the substrale was 1.5, if not otherwise indicated.

in order o delermine whether the qnantized phase profiles obtained with
DS are still the optimum solutions with the highest diffraction efficiencics
when analyzed rigorously, we introduced a “rigorons steepest gradient apti-
mization” (RSGO) method. The sampling of the lens functton was hereby
kept constant, 1mfs, The starting point for 1he optimization procedure was
the phase level distribution obtained with DS, as for example iHustrated in
Fig. 4.1(b) by the solid line. Using this distribution, the first phase level was
changed one lavel np (7/4 for 8 level coding), or down, while all the others
were kept. constant, and rigorous diflraction cfficiencies were caleulated for
the new distribution. The same was then done with every other phase level
until all levels had heen changed once and corresponding efficiensies were cal-
enlated. The new phase level distribution was then chosen as the one with
the highest diffraction efficiency in the corresponding order. This new phase
level distribution was the starting point for the next iteration step. lterations
were executed until no further improvement of difiraction efficiency could be
achioved. Since non-miformly distributed phase levels are only of advan-
tage for very weak lenses,[55) we nsed equally separaled phase levels for the
encoding. Since the RSGO is a steepest gradient optimization, it cannot he
exclided that the algorithm ends in a local maximum. On the other hand,
utilizing a nonlincar optimization techniqne like simnlated annealing, which
avoids stagnation in local maxinm quite effectively, is inappropriate because
of the thue consnming rigorons calculations. Howeover, for some phase level
distribntions, we nsed simulated annealing, and oblained the same maximum
diffraction efficiencies as with RSGO.,

I order to obtain the focal plane intensities of the cylindrical lenses we
propagated the fields nsing the first Rayleigh-Sommerfeld diffraction inte-
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gral as given in . (3.72).[103, 51 The scalar diffraction efficiencies for the
DS and AQ encoded gratings were caleulated via a Famier transform, as
desaribed in Eq. (3.62). We analyzed DS encoded blazed gratings since any
arbitrary lens function can lacally be considered as a Dlazed grating. The
lacal peried of a hlazed grating Ay and therefore the Ay/A ratios are smallest
in the binary region, where only 2 to 3 mfs are possible per grating period for
a given diffractive lens with design wavelength A, ‘This means that differences
befween scalar and exact clectromagnetic theory are most likely to appear
there. We therefore concentrated our rigorous analysis on the binary region.

4.1.3 Results and discussion
Rigorous analysis of DS blazed gratings in the binary region

When a blazed grating with a certain grating period Ay is DS encoded into a
multilevel surface profile, the formal period of the grating increases, hecanse
in general the 2m phase steps of the blazed grating do not. coincide with the
DS steps of Imfs. 1'his has to be considered for the calenlation of diffrac-
tion efficiencies, since here the periodicity of the structure is of findamental
importance. The grating pesiod of the )3 blazed grating A is determined
throngh A = m - A with m obtained from the condition 1z - Ay = n - mfs,
where m and n are smallest non-zero integers. As illustrated in Fig, 4.E(h),
the blazed grating with period A, = 2.75 mfs colncides with the DS steps of
Lmfs after . = 4 periods. 'The grating period of the DS encoded grating
is therefore 11 mfs. For a standard blazed grating the first order diffraction
efficiency is of concern. However, for the DS encoded blazed gratings the
grating period s increased by the above mentioned factor m. As a consce-
quence, the direction of the first order for the blazed grating corresponds to
the m™ order of the IS encoded grating. Thercfore, it is this arder which
has to be aptimized in the calculations.

We applied exact electromagnetic diffraction theory to the DS encod-
ing methad in arder 1o determine the limits of validity of the scalar-based
meathod. The rigorons analysis of the DS blazed grating was done for cight
different Ag/mfs vatios in the hinary regon, namely 2, 2.2, 2.25, 2.4, 2.5, 2.6,
2.75, 2.8, for both pelarizations. First, we calenlated the rigorons diffraction
cfficiencies for the various Ay /mfs ratios by varying X while keeping the grat-
ing periad Ay constant, Then the RSGO was excanted for a AyfA range of
1 to 7, again for fixed As. A representative part of the results is shown in
IFigs. 4.2 and 4.3. The rosults for Ay/mfs values of 2.25 and 2.75 arc shown
i Fig. 4.2 for TlE~polatization, and i Fig. 4.3 for TM-polarization. Each
graph contains three diffraction efficicncy cirves: The DS encoded phase level
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Igure 4.2: Calenlated diffraciian efficiencies for TE-polarization as a fune-
tion of Ap/A with constant A, for blazed gratings with (a) Agfmfs = 2.25,
and (h) Ag/mfs = 2.75. For the phase depth of 27, 8 equally spaced phase
levels were available.

distribution, calculated with exact electromagnetic theary (solid lines) and
simple scalar theory (dashed-dotted lines), and the RSGO optimized phase
level distribution calculated with exact electromagnetic theary (dashed lines).
Far large AsfA ratios the diffraction cfficiencies approached the scalar values
(dash-datted lincs), as cxpected. However, the rigorons values are always a
fow percent belaw the scalar values, since in scalar diffraction theory no Fres-
ucl lasses and reflected arders are taken inta acconnt. For AyfA between 2
and 3, the diffraction cfficiency exhibits a strong decrease fallowed by a peak,
as can be seen for example in Fig. 4.2, This behavionr can be nnderstood
guinlitatively as an ocourrence of total mternal reflection at the interface.[63)
The impaortant criterian far the perfarmanee of the encoding method is the
A/ A ratio antil which the scalar-based encoding method 15 prodices phase
level distiibntions which cannot significantly be Improved when optimized
nsing exact clectromagnetic theory (RSGO). This ratio will he designated
(AsfA)o. We determined {AyfA)o for the cight different Ay/mfs ratios in the
hinary region for hoth pelarizations. The (Ay/A)y were determined hy the
condition that far all Ay/A ratios larger than {Ay/A)o the rigarously aptimized
salntions show an improvement in diffraction efficiency of less than 3% over
the solutions obtained with DS. The (A/A)p ratios are shown in Table 4.1 for
TE- nnd ‘PM-polarization. ‘I'he most important resuli of the analysis in the
hinary region is, that the values for {ApfA)p are hetween 2 and 3.3, which is
surprisingly small. This mcans, that the DS method can be reliably applied
to wavclengths of un to 0.85mfs which corresponds to NA = 0.43. The
rigarons diffrackion efficiencies are somewhat smaller than the corresponding
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Figure 4.3: Calculated diffraction efficiencies for TM-polarization as a func-
tion of Ay/A with constant A, for blazed gratings with {(a) As/mfs = 2.25,
and (b) Ap/mfs = 2.75. Yor the phase depth of 27, § equally spaced phasc
levels were available.

Table 4.1: (Ap/A)y values for different A;/mfs ratios of the DS blazed
grating in the binary region (8 equally spaced levels were available
for 27 phase).

As/mfs A/ %o, TE-pol. A/ No. TM—pol.
2.0 2.0 [
2.2 2.2 2.0
2.25 2.3 2.1
2.4 2.8 2.1
2.5 23 2.0
2.6 2.9 2.2
2.75 3.3 2.5

2.8 3.3 2.3
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Table 4.2: (As/A)o values for different Ay/mfs ratios of the DS blazed
grating in the binary region (8 equally spaced levels were avail-
able for 27 phase, TE-polarization). The propagation direction is
reversed: air to substrate.

Ap/ mfe {AsfA)o
2.25 2.3
2.5 3.2
2.75 3.6

scalar values, the phase level profiles are however, under the given fahrication
constraints and the constant sampling of the lens function, the best possible.
The values which were obtained for (AyfA)o. hetween 2 and 3.3 for TT-
polarization, and between 2 and 2.8 for TM-polarization, are very small
compared to the normal validity range of =calar diffraction theory for grating
strnctures ((ApfA) >=2 10).[69] The values for TM-polarization arc herchy
even smaller than 1he valunes obtained for T'E-polarization. 'I'he results show
that simple DS cncoding onsures optimum performance in the ahove sense
over avary wide Ay/A range for both polarizations, from the scalar regime to
deepinto the rigorons regime (Ag /3 & 2—3), whereas the validity is even more
extended for TM- than for TE-polarization. In the regime Avfd < (As/ Mo,
where the 1DS quantized phase profiles have diffraction efficiencics as low as
1%, the rigorously optimized solutions show large improvements of np to
25% for TE-polarization, and up to 22% for T"M-polarization. Thercfore, the
optimization polential is comparahle for TE- and TM-polarization while the
validity of DS is more extended for TM-— than for TF-polarization.

The results shown so far were obtained for propagation direction sub-
strate to air, which is the standard case for a diffractive microlens. In the
following we present for I'l-polarization resnlts for the inversed propagation
direction, air to snbsirate, for three selected Ay/mfs ratios, 2.25, 2.5 and
2.75, in the binary region, All the other paramecters remained nnchanged,
T'he results of the calenlations are given in Table 4.2, 'The diffraction efficien-
cics as a function of As/A show for the propagation direction air to substrate
no significantly different behavionr than for the inversed one. The (AyfA)o
ratios, which were obtained in the same way as for the propagation direction
substrate to air, are in a similar range, between 2.3 and 3.6.

Calculation of rigorous diffraction efficiencies for cylindrical lenses

For the calenlation of rigorans diffraction efficiencies of cylindrical lenses
which were DS cncoded, we approximated the ideal lens furction of a fo-
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cusing diffractive lens [51] hy a series of blazed gratings with piccewise
constant, and towards the center of the lens increasing, grating periods.
The basie principle of this method is illustrated in Fig. 4.4, [n the hinacy
region, the same discrete grat-
ing period to mfs ratios as given
in Table 4.1 were used, namely
2, 2.2, 225, 24, 2.5, 2.6, 2.75,
2.8. For the larger grating pe-
riods, Dlazed gratings with the
following grating periods to mfs
ratios were used for the approx-
imation: 3, 3.5, 4, 4.5, 5, 5.5, 6,
6.5, 7. We then computed the
. : total first order lens diffraction
R efficiency for TE-polarization by
adding up the various contribn-
tions from the different parts of
the lens. The calculations were
carried ont for cylindrical lenses
with 2mm diameter and 8-level
DS encoding. The mfs was as-
snmed to be ijm and the fo-
cal length was chosen so that the
lens had a local grating period of 2nfs at the edge. Efficiencies were com-
puted for three wavelengths, A = 0.75, 1.0 and 1.25 uym, cotresponding to
NA of 0.38, 0.5 and 0.63. Qur analysis covered the onter part of the lens
mtil a local grating period of 7mfs was rcached. Since for larger grating
periods, corresponding to the inncrmost part of the lens, the performance is
in a good approximation scalar and the influence of the coding scheme on the
performance of a lens becomes negligible. We would like to point out, that
for the high aperture lenses studied here, the analyzed fraction was the dom-
inating part of the lens, with 76% to 81% of the total lens arca. The results
arc snmmarized in Table 4.3, The corresponding scalar values are also listed
for campartson, where onc has to keep in mind that the valies for scalar
diffraction cfficiencics do not include Fresnel reflection losses. The important
result s that the difference in diffraction cfficiency between the rigorously
optimized encoding and the simple DS encodiug is quite small for all three
tenses in spite of thewr gnite high NA. For the lens with NA = 0.38 the dif-
ference amonnts to only 1.7%. Furthermore, the absolute value is already
guite close 1o the scalar one, whaen considering the additional Fresnel losses
for the scalar calculation.  As expected, with increasing NA the difference
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Figure 4.4: Phase profile of a high aper-
ture cylindrical lens (dashed), and piece-
wise lincar approximation (solid). Vor the
calenlations we nsed a finer approximation
than shown in the fignre.
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Table 4.3 Rigorous and scalar first order diffraction efficiencies
of the outer area for cylindrical lenses. DS encoding with 8 phase
levels (TE—polarization).

A=0T3mfs A=10mfs A=125mfs
NA=038 NA=05 NA=063

analyzed fraction of total kens:  76.7% 8.1 % 80.2%
m: DS, sealar! 64.5% 63.6 % 62.3%
m: DS, rigorons 56.2% 49.0% 42.0%
m: rigorously optimized 57.9% 52.6 % 48.1'%

between DS encoding and rigoronsly optimized value gets larger, becanse the
Ap/d ratios are smaller and one is therefore decper in the rigorons regime.
"I'he absolute differences of 3.6% and 6.1% are, however, still very small when
considering the very high NA of 0.5 and 0.63. respectively.

Optimization potential of extended scalar depth correction
using DS

1t is known from extended scalar theory [90] that for perfectly blazed gratings
the highest diffraction cfficiency is obtained for a grating depth, dgar. which
is shallower than the depth corresponding to the 27 phase difference predicted
by simple scalar {heory.[T2] namely

A

my — my cos(arcsin(A/Ag))

dgst = (4.1}

The incident wavelength as A, 7y and ny are the refractive indicos of the two
materials on the incident and fransmitted side, respectively, and Ay denotes
the grating period. This reduced depth can be explained geometrieally by
ojptical path considerations. The utility of this depth correction in ordar
to inerease the diffraction efficiency of a high aperture lens depends on the
manufacturing process. If a direct writing techniqua is nsed, the correction
of the depth leads always to an improvenient, hecause the depth can be ad-
justed to the local grating period. For a mask based process this is different,
becawuse the phase levels for the clement have 1o be chosen for the wheole
diffractive element independont of the grating period. This means that for a
given wavelengih the correeted depth is only carrect for ane spocific grating
period. For all other grating periods it iz more or Jess inappropriate, The

"The sealnr efliciensies are nol accurnle for s kind of high NA diffractive leuses, iliex
ure shown for cotnparison only.



4.1, ENCODING OF DIFFRACTIVE PIIASE FUNCTIONS 45

a1 = :‘“mﬂ‘giﬁg' ' “ =5 gﬂnl:&ﬁlm‘,

7

2 3 4 8 T e 2

5 5
& ots] A, mta)

Figure 4.5: Rigorous diffraction efficiencies as a function of Ay for scalar 27
depth (solid line) and corrected depth, according to extended scalar theory
(dashed line), for a 1S blazed grating. The grating depth was corrected
for the middle of the binary region, Ay, = 2.5mfs. Tor the phase depth of
27, 8 equally spaced phase levels were availahle. Figures (a) and (b) are
calenlated for A = 0.75 mfs and | mfs, respectively.

question which now arises natnrally is, whether one can achieve an improve-
went in total diffraction efficiency for the whole lens if this depth correction is
applicd. Conseqnently, in this section we investigate rigorously the optimiza-
tion potential of grating depth correction according to extended scalar theory
when applicd to the DS mcthod. Concerning the fabrication constraints, we
again assumed 8 available phase levels and a mfs of | ym.

When com paring the rigorans optimum depths of blazed gratings with the
optimnm depths ohtained from extended scalar theory, ene finds a qualitative
agreement for Ag/h = 2.8, Till Ay/A & 2.2 extended scalar theory givos at
least the right tendency. On the other hand, a significant improvement of
at least a few percent in diffraction cfficiency is only possible for A/ <
4.5. We therefore chose for the analysis a DS blazed grating with a corrected
depth aceording to extended scalar theory and calenlated rigorons diffraction
efficiencics as a function of grating period for varions wavelengths. ‘T'he
grating depth was corrected for the middleof the binary region, Ay = 2.5 mjfs.
The results for wavelengths of 0.75 mfs and 1 mfs are given in Fig. 4.5(a} and
(b). respectively. The results show, as already mentioned, that the gain in
diffraction efficiency for the small grating periods is inevitably connected
with a loss in diffraction efficiency for the larger oncs. In order to study
this effect for a practical example, we calculated the diffraction efficiencies
for the three cylindrical high aperture lenses from the preceding section for
TE-polarization. We inclnded in the analysis the onter part of the lens until



46 CHAPTER 4. REALIZATION OF PHASE FUNCTIONS

‘Iahle 4.4: Rigorous first order diffraction efficiencies i, of the outer
_ area for cylindrical lenses. DS encoding with 8 phase levels for
scalar 2w depth and a corrected depth according to extended scalar
theory (TE—polarization).
A=0.75 mfs A= 10 mfs A =125 mfs

NA = 0.38 NA=05 NA = 0.63
fraction of total lens: 78.0% 79.4% 81.4%
i scalar 2rr depth 56.5 %0 49.4% 12.1%
th: corrected depth 571 % 50.7% 43.5%

a local grating period of 8 mfs was reached. The results are sammarized in
Table 4.4. The diffraction efficiencies for the cylindrical lenses with corrected
depth, following extended scakar theory, Eq. (4.1), show only a marginal
improvement between 0.6 and 1.4%. Hereby the innermost part. of the lenses,
which amounts to ahout 20% in the above cases, is not inclnded in the
calculations.

When considering the results displayved in Fig. 4.5, one has also to take
into acconnt the fact, that the design according to extended scalar theory in-
traduces in the remaining center area additional diffraction efficiency losses.
We therefore conclude that the design according to extended scalar theory
has, in terms of total lens difftaction efficiency, no advantages over the de-
sign according to simple scalar theory for a mask hased fahrication proeess.
The simple design for the encoding of the diffractive lens results in a better
performance.

Fabrication and characterization of DS encoded blazed gratings

We fabricated DS encoded lincar hlazed geatings with 8§ phasc levels in fused
silica with Ay = 2.25 mfs and 2.75 mfs for mfs of 1pm, LGpem, and 2pm,
and characterized the corresponding difftaction efficiencies for hoth polariza-
tions. The characterization wavelengths were 632.8nm and 900nm, which
results in 6 measnrement points per Ay/mfe ratio. The gratings were fabri-
cated for the 2 design wavelengths by a three-step photolithographic process,
where each lithographic step is followed hy a RIE step in order to prodnec
the 8-level sniface profile (see Subsection 2.1.1). The fabrication process
was carricd ont at CSEM in Nenchatel, Figare 4.6 shows S1EM pictures of
the fabricated structures with Ay = 2.25 mfs and A, = 2.75 mfs, respectively,
for a mfs of 2. The numbers from 0 ta 7 indicate the eorresponding 8
phiase levels. Subsequenily, we compared the measured diffraction efficion-
cics to the values obtained by exact clectromagaetic diffraction theory, 'he
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Vignre 4.7: Experimental and theoretical diffraction efficiencies for (a) T1i-
and (b} TM-polarization. The gratings are 8-level DS encoded in fused silica
with Ay = 2.25mfs
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Figure 4.8: Experimental and theoretical diffraction efficiencies for (a) T1E-
and (b) TM-polarization. The gratings arc 8-level DS encoded in fised silica
with Ay = 2.75 mjfs.
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IFignre 4.9: Tocal spot sizes (FWHM) and Strehl ratios for DS and AQ

cncoded cylindrical lenses compared to the ideal case. (a) FWHM as a
function mfs, (b) Strchl ratio as a function of mfs,

where f is the focal length, p the radial coordinate, and A the wavelength.
‘The focal spot sizes for DS, AQ, and the ideal case shaw all a ncarly linear
dependence on mfs. The three curves seem to originate with different slopes
from one common point. 'T'he difference in the focal spot size hetween DS
and AQ is quite small compared to the difference between 1S and the ideal
casc. As expected, DS produces smaller focal spots than AQ for all mfs,
aud the difference between NS, AQ and the ideal case vanishes when the mfs
approaches the wavelength (0.5pm). In onr investigation, we characterized
the focal spot by the FWHM. For other definitions like full width at 1/e?
intensity level or the width between the first two minima, we expect no signif-
icantly different. results. The Strehl ratios for DS and AQ do not achicve the
diffraction limited valne of 0.8. "The Strehl ratios are practically independent
of the mfs for the maximum numerical aperture lenses studied here. 'The
average valne for DS is 0.71 and 0.64 for AQ. The formula of Marechal (7]

Dy =1 — Ar?(Wonef A)2. {4.3)

relates the Strehl ratio D, with the wavefront aberrations (rms) Wi, for
a given wavelength A, Using this formnla we find for the DS encoded lens
Wems = 0.086 X and for the AQ encoded lens Wi, = 0.095 A, Thercfore the
wavefront aherrations cansed by the encoding are abont 10% smaller for DS
than for AQ in the casc of the investigated high aperture lenses.

Due to the enlarged period of the DS encoded hlazed gratings, compared
with the non-encoded blazed phase function, there are additional diffraction
orders created between the main diffraction orders. This principal difference
hetween the two encoding schemes is illustrated in Fig. 4.10 for DS and AQ
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Figure 4.10: Efficiencies in the various diffraction orders for 135 and AQ
cncorded blazed gratings. (a) for Ay = 228 mfs, (b) for Ay = 273 mfe. The
even orders of the AQ encoded gratings are missing, since for this casc they
arc simple hinary gratings with a phase depth of .

cncoded blazed gratings with Ay = 2.25mfs and Ay = 2.75mfs. It can be
ohserved that there are additional diffraction orders generated in hetween
the main diffraction orders, but that the ahsolute magnitude is very small,
roughly onc to two orders of magnitnde simallee than the main orders. This
is consistent with the results for the focal spot sizes and the Strehl ratios.
The difference between the focal spot sizes is quite small for DS and AQ,
since the intermediate diffraction orders have a very small inflnence becanse
af the small magnitucle, while the Streld ratio differs significantly for DS and
AQ, beanse the first order cfiiciencies of DS are significantly higher than for

AQ.

4.1.4 Conclusions

We have investigated the scalar hased encoding method of Direet Sampling
(2S) from the point of view of exact clectromagnetic diffraction theory. In
particular, we analyzed ideal hlazed gratings in the hinary region, that is
the region, where the mfs allows only 2 to 3 phase levels within one grat-
ing period. We found that quantized phase profiles obtained with scalar
IS are, muder given fabrication constraints, close to the optimum selutions,
cven for grating period to wavelength ratios (Ayf2) as small as about 2 to
3.3. The validity of the method is even more extended for TM- than for
TE-polarization. This proves the usefulness of 1)S as an efficient encoding
method that can he applied to a range of Ay /A, which exceeds the validity of
scalar diffraction theory. [ has also been shown, that for even smaller Ay
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ratios the phase profiles obtained by DS can be improved by a straightfor-
ward "rigorons steepest gradient optimization™. For certain AyfA ralios the
improvement. is as large as 11% 1o 36%.

We calenlated rigorons lens diffraction efficiencies for high aperture focus-
ing cylindrical lenses, encoded with DS, by approximating them as a series
of linear blazed gratings with varying grating periods. We showed that the
differcnce in diffraction effictency between rigoronsly optimized encoding and
simple DS encoding is.quite small, even for large numerical apertires (NA =
0.63) of the lenses. Furthermere, the values were quite close to the expecta-
tions from scalar diffraction theory.

Additionally, we rigorously investigated the optimization potential of
grating depth eorreetion according to extended sealar theory when applied
to the DS encoding. Here we found that for a mask based fabrication process
the design according to extended scalar theory has no advantage over simple
scalar theory.

We fabricated and characterized 8-level DS encoded Elazed gratings in
fused silica and found good agreement hetween the experimental and the the-
orclical diffraction cfficiencies, which were calenlated by exact electromag-
netic diffraction theory. We compared the influence of the encoding schemes
DS and AQ on the quality of the focal spot. Hercto, we compared the size
{(FWHM} of the focal spot and the Strehl ratio of the DS and AQ encoded,
focusing, cylindrical lenses with the rase of the ideal lens.

4.2 Spot compensation for laser direct
writing

4.2.1 Introduction

Dircct laser heam writing is a flexible and fast mcthod to fabricate con-
tinmous relief diffractive grating structures. It is described in more detail in
Section 2.2. A basic inherent prohlem hereby is that for small grating periods
A relative to the width of the writing heam o {FWHM) the ideal diffractive
structure is distorted. In a simple but accurate model [39, 40] the resulting
surface relief profile 2(x., ¥)reat can be described as a convolntion of the tdeal
surface profile z(, ¥)idest with a Ganssian writing beam:

& Y)rear = 2(30, 1) ideat @ 902, y1). {4.4)

The symbol @ stands for the convelntion operation. The function

e 2
9(x,y) = coxp (—L - y—) (4.5)
207 257
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describes the Ganssian beam, where o2 and g, are the TWHM of the Gaus-
sian writing beam in the two orthogonal directions, and ¢ is a normalization
constauf. ‘The main distortions of the ideal profile oecnr at the 2r phase
jumps of the surface profile,

4.2.2 Theoretical background

For I-1) grating structures the number of 27 phase jumps can be rednced by
increasing the profile depih fo muliiples of 27, and using the corresponding
higher diffraction orders. Therefore the performance of 1-D diffracting grai-
ing striectures ¢an already be partially improved with respect. to ihe finite size
of the writing beam by simply reducing the number of 2 phase jumps that
oceur. The drawback of this approach are the more severe fahrication toler-
ances hecanse of ihe increased profile depth. For 2-D structures the method
of working in higher diffraction orders is in general not. possible, except if the
2m phase steps form a closed line as for example for lens like structures.[8]

T'here are other methods hased on pixelwise optimization of the diffrac-
tive sirncture [39, 40] to compensate for the writing beam convolution, They
can principally be applicd to 2-13 diffractive grating stractures, hut have the
disadvantage of being computationally heavy and therefore raiher appropri-
ate for simple 1-1) struclures, like blazed gratings. The work of Ehhets {18}
where an 1F1 algorithin was used to oplimize wrifing spol. compensated fan-
ont. strnctures, was restricted to [-1) fan-ont sirnctures, 'I'he experimental
restlts showed relatively large deviations from the theoretical results becanse
of the limited acciiracy of the moving stages.

We implemented an IFT algorithm including writing spot compensafion
which can be applied for the optimization of arbitrary I-D and 2-1) fan-
onk. structures. The algorithm is fast and can handle large amonnis of data.
We show experimenial results canfirming the theoretical resulis for i-D and
2-1) fan-outs. The algorithm is an I77TA, as deserihed in Subseetion 3.4.1,
where during Lhe step with the fabrication constrainks a convoluiion with the
writing heam is performed. "I'he characieristic paramefer for ihe wriiing spot.
compensation is the ratio of the FWIHM of the writing beam to the peried
of the fan-ont grating.

4,.2,3 Theoretical and experimental results

Using the IFTA we opiimized two different 1-1 fan-outs and one 2-13 fan-
ont. Snbsequenily, we fabricated the fan-ont gratings by direct laser writing
anel characterized the efficiencies and mniformities. Tables 4.5 and 4.6 show
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Table 4.5: Table with theoretical results for various compensated
and non—compensated 1-D and 2-D fan—outs. Shown are the .
- efficiencies and uniformities.

off umif off wnif

non-comp. Hom-coMm . comp. comyp.
1x9 fan-ont 37.1% 0.34 95.4% < 0.001
1x15 fan-out, 31.3% 0.73 96.9% < 0.001
4x4 fan-out 84.0% 0.12 87.0% < 0.001

‘I'able 4.6: Table with experimental results for various compensated
and non—compensated 1-D and 2-D fan-—outs. Shown are the
efficiencies and uniformities.

eff unif off mnf

ﬂOI]'COI]]P. IIOII-COIIIP. ('.Ol'lll'l. COlTlp.
1x9 fan-out. 84.8% 0.54 94.5% 0.21
Ix15 fan-out 80.6% 0.82 91.6% 0.17
4x4 fan-out S1.4% .44 84.7% 0.25

the theoretical and experimental results which were obtained for the com-
pensated and non—compensaled fan—outs, respectively. The efficiencics and
‘wniformitics of the non—compensated fan—onts in Tahles 4.5 and 4.6 were
obtained after convolution of the ideal phase profile with the writing bean,
For the 1-1) case we chose a 1x9 and a 1x15 fan—out, and for the 2-1) casc a
Ax4 fan-ont. They were characterized by their efficiencics and untformitios.
The uniformity of a fan—ont is defined by nnif = ({00 = Lnin}/ (far + fiain)
where {mee and g s the maxiomm and the minimum intensity of the cor-
responding fan-out. orders, respectively. The FWIHM of the writing beam
was @ = 1.1 pum. For the 1-1) fan-outs the grating period was 35.6 o, and
for the 2-1 fan-outs the graiing period was 37.60m.  For the 1-D case we
found that the efficiencies and the uniforinities of the fan-outs could be n-
proved consideralily by the writing spot compensation algorithm. Concerning
the improvements we fonnd a very good agrecment between the theoretical
and experimental values for the efficiencies and nniformitics. By comparing
the absolute values of the uniformity, we ohserve an additional offset for ithe
experimental values, which is cansed by small deformations of the ideal struc-
tures due to stage instabilitics occured during the writing, procedire. This
effect was observed for the compensated as well as for the non-compensated
fan-outs. Far the 1x9 fan-oul the cfficiencies improved by 8.3% (theoreti-
cally) and 9.7% {experimentally). The corresponding uniformities improved
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Figure 4.11: Comparison between the theorclical and experimental intensi-
tios in the varions diffraction orders for the {a) non-compensated and (b}
competsated 1x15 fan~ont,

hy 0.34 (theoretically) and 0.33 (experimentally). For the 1x15 fan-out the
efficiencies improved by 15.6% (theoretically) and 14% (experunentally). The
corresponding improvements of the uniformities amonnted to 0.73 (theoreti-
cally) and 0.65 (expecimentally). Fignre 4,11 shows an intensity plot of the
different diffraction orders for the 1x15-fan-ont, We compare the theorelical
and experimental values for (a) non-compensated and (b) compensated fan-
onts. The compartson shows a very good aggreement hetween the theoretical
and experimental values for both cases proving the acenracy of the applied
medel. We observed thal Lhe writing spot sompensated surface profiles were
less than 2r deep. A possible explanation of this effect is that the algorithm
keeps the gradients smaller by sacrificing slightly profile depth and therefore
cfficiency.

For the 2-1) case we observed that the efficiencies and the uniformitics
of the fan-outs conld alke be improved, The agreement of the improvemant
between the theoretical and experimental valnes for the efficiencies and uni-
formities of the compenzated fan—onis is good. Similaras for the 1-1) case, we
observe an additional offset for the experimental values, which are cansed by
stage instabilitics during the writing procedure. Bxperimentally we achicved
for a 4x4 fan-out an improvement of 3.3% in cfficiency compared to the the-
orelical valie of 3.0%. The uniformity improvement was experimentally 0.19
comypared to the theoretical value of 0,12,
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4.2.4 Conclusions

We implemented an 11T algorithin for the optimization of arbiteary 1-12 and
2-1) diffractive fan-outs which are compensated for the convolution with the
writing beam. Subsequently, we fabricated and characterized 1-1) and 2-D
fan-ont test structures. We found for the 1-1) fan-onts that the efficiencies
and the uniformitics could be improved considerably by the compensation al
gorithm. Expertmentally we achieved up to 14% (80.6% to 94.6%) cfficiency
improvement and 0.65 (0.52 to 0.17) uniformity improvement for a Ix15-
fan-ont. We fonnd a very good agreement with the theoretical predictions.
For the 2-1) case we ohsarved that the nniformilics of the fan—onts could be
significantly improved, together with a slight efficiency tmprovement. Exper-
imentally we achicved for a 4x4 fan-out experimentally an improvement of
3.3% (81.4% to 84.7%) in cfficiency and 0.19 (0.44 to 0.25) in uniformity.



Chapter 5

Deep optical microstructures

Optical microstructures can principally he divided into fwo categories, refrac-
tive and diffractive. The transition between these two categorics, hawever, is
cantinnous and there is nat always a cotunan cansensus whether an optical
microstructure is diffractive or refractive. With refractive microstructures
we mean structures which deviate light based on the law of refraction, while
diffractive microstructures arc characterized by a lateral periodicity, and are
mainly goverened by the laws of diffraction. N is remarkable that as lit-
tle as a fow grating periods are sufficient to make an optical mierastructure
diffractive.[36] The decp, optical microstructures in the first two sections of
this chapter arc refractive, while the last two sections deal with diffractive
microstructnres,

In this chapter we present results which are related to deep aptical mi-
crastructures, i.e. clements having a phase depth of more than 2z, In See-
tion 5.1 we introduce a method to calculate threc-dimensional surface pro-
files of resist reflow microstructures with arbitrary border geometry, which
takes into acconnt surface tension and gravity. Reflow microstructures in
micro-aptical applications have typically dimensions of a few tenths up to
a few hnndred micrometers and are deep in the above sense. Micra-optical
clements which combine the fan-out and focnsing function arc presented in
Section 5.2. The monolithic clements were realized by using fwo differcat
concepts: either the bwo functions are implemented on Hic opposite sides of
one substrate, or the fan—aut function is superimposed on the convex sinface
of the refractive microlens. In Section 5.3 we present color fan-oul clements
which are able 1o separate the different colors of the visible spectrum into
the three central diffractian orders of a grating. To ahtain this functionality
the multilevel gratings need to be niore than 2n decp. Theorctical results
for diffractive optical elements which have a ncarly constant, high diffraction
cfficiency for a large spectral bandwidth in the visible region arc shown in

57



38 CHAPTER 5. DEEP OPTICAL MICROSTRUCTURES

Seetion 5.4. These clements nced to be very deep in order to achieve the
desired functionality becanse of the given material constraints.

5.1 Surface profile modelling for reflow
microstructures

5.1.1 Introduction

Refractive microlenses are usad in varions applications such as miniatue-
ized, chemical detection systems,[65] Multiple Projection Lithography.[99]
and confocal microscopy.[22] A common and well known method to fabricate
such refractive microlenses is the melting resist technology as described in
Section 2.4, T'he fabrication process, as illnstrated in Fig. 2.5 of Section 2.4,
is dominated by experimental expeticnce. Little work so far has been ded-
itated to a theoretical Tnvestigalion and analysis of the sncface profiles in
terms of ihe basic underlying physical quantities, especially for arhitrary mi-
crolens geometries. In the work of Sheridan ol al. [83] the modelling of
melted sphorical microlens shapes is done with a hearistic approach, while
in the work of Erdmann (23] the restrictions concerned either the geometry
of the siructnres, approximations for small radii of curvature, or the exelu-
sion of gravity. For spherical or clliptical microlenses withont gravitational
influcuce, the theoretical profile forms can he determined analytically, while
for arbiteary microlens geometries the sucface profiles have to be cvaluated
with numerical methods. Examples for this kind of more complicated profile
forms are cylindrical microlenses interseeting under 90°, which results in a
microlens corner strnctnre. Such structures can possibly bo used in smart
mask lithography where micro-optical elements serve to print simple patterns
into photoresist.[100)

Here we present a finite element. method to caleulate 3-D snrface profiles
of microlenses with arhitrary geommetry nnder the influence of surface tension
and gravity. We demonstrate that for certain parameter combinations gravity
can have an advantageons influence on the sndface profile forin of microlenses
compared to the surface profile without gravitational influence. We give a
siniple sealing law to estimate the influence of gravity on the surface profiles
of melting resist microlenses. We compare theoretical profile forms with
measured profiles of fabricated steuctures to demonstrate the applicability
of this finite element method. For the example of cylindrical microlenses
inferseeting under 90°, we show how theoretical predictions for the surface
profiles can be used to inprove the design of smart mask stenchures. f76, 75)
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5.1.2 The theoretical model

The model to calculate the surface profiles of melting resist microleuses is
based on the assumption that at a certain point during the fabrication process
the resist is a liquid with a defined surface tension and that a generalized
mintmim surface is formed 1inder the additional influence of gravity. For a
complete description of the prohlem one has to specify the geometry of the
resist borders, the resist height, the surface tension and mass density of the
lignid photoresist, and the gravity constant. llereby we assume that, during
the melling process, the horders of the resist structures remain fixed, which
is experimentally well justificd, at least for the fabrication process we nsed. If
one further assnmes that the volume is conserved dnring the melting process,
ihe problen: is specified and the solution is completely determined. In order
ta take into account resist solvent evaporation during the melting process,
the fraction of evaporated solvent or the maximmm microlens height after the
melting process could e used as additional parameter.

In the following, we present the basic equations for the generalized mini-
mnm surface problein. The equation which describes the surface profile of a
lignid with a surface tension ¢ and mass density p in an external potential
tJ is given through [9)

t I
o(———+
Rilayy)  Ralx,y)
R\(z,y) and Wa(x,y) are the two principal radii of curvature, £ is a constant

and = and y are Cartesian coordinates. In terms of the surface profile z(=, %)
we get. for the radii of curvature

| i
Fe * Tl P e

The influence of gravity is described by the exteraal potential / = —gz where
& is the gravily constant. From Eq. {5.1) we get finally for the surface profile
z(iw,y) the partial differential cquation

div | ! grad =(2,y)) — (n r;)+ — =0 (5.9)

JHIWM%TMP
T'he geometry is illustrated in Fig. 5.1. The coeffictent pg/e dehines a typical

——— )+ plU(z,y,2)+ =0, (5.1)

grad z(x,y)). (5.2)

length scale L, = /o /pg, which is called capillary length. In the following
we replace the constant pg/e by a and afe by b Therefore, Lq. (5.3) takes
the form

din ( 1 grad z(z, y)) —ez(a,y) + 6=10. (5.4)

V1t [grad z(z,y) [¥
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Fignre 5.1: Achitrary surface (2, i) with the two principal radii of curvature
Fi(x,n) and Ra(z, ).

This elliptic partial differential equation was solved with a finite clement
method. as implemented in the partial differential equation toolbox in MAT-
LABT™ [96] First, the honndary of the microlens has to he specificd. This
honndary corresponds to the honndary of the resist cvlinders before the melt-
ing process. There are no restrietions coneerning the geometey of the bound-
ary. Afterwards a meshgrid with an appropriate resolution has bo he defined
over the area of interest, the interior of the microlens boundaries, An appro-
priate reselition of the grid can always be found by nsing a set of meshgrids
with increasing resolntion while controlling the copvergence of the obtained
solitions. Subsequently, the boundary conditions have to he defined. For
the standard case it is rather obvious to use Dirichlet houndary conditions, -
where the value of the surface profile height z is specified on the boundary.
After the melting process the surface profile héight. is zero on the honndary,
therefore the Divichlet boundary condition hecomes

:'{'q(;":y)) =0 i (5-5)

whoere a(z, ) deseribes the boundary of the microlens. 1t can he nsefnl for
certain spocial cases to use other houndary conditions, like Neirmann hound-
_ ary conditions, where the derivative of the profile height. = is given on the
honundary, or mixed boundary conditions, where a combination of &z and the
derivative of z is specified on the bonndary. T'he paramcters ¢, p. and &, or
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equvivalently @ and b, have to be defined. @ and p are material constants
which depend on the photoresist ssed for the fabrication of the microlenses,
and the constant & has o be determined with the help of an additional pa-
rameter, like volunte or maximum height of the final surface profile. For the
calenlations in Subscction 5.1.3, we chosc the parameter b so that the resist
volume was conserved during the melting process. In Subscctions 5.1.4 and
5.1.5 the parameter b was delermined so that the experimental and theo-
retical maximum profile heighis agreed. Typical values for mass density and
surface tension of photoresist are p = 1000 kg/m® and o = 2.5—5-1072 X'/m,
respectively.[23, 2] Therefore, a typical value for the paramcter a is abont
21077 pn~?, which corresponds to a typical length scale of L, = 2mm.
By rewriting Iq. (5.1} with the parameters a and b, we obtain

(s + ) —az(2,y) + b= 0. (5:6)

Ry(z. 1) + Itz )

If the linear dimcnsions and the surface profile height are scaled with an
arbitrary dimensionless parameter § we get

¥ = Pa, (5.7)
¥ = Bu (5.8)
Zy) = Bz, (5.9)
and the radii of curvature scale accordingly as
B=pR ,i=12 (5.10)

Az a consequence, 1%, (5.6) remains invariant if at the same time the param-
cters a and b arce scaled according to

a =

(5.11)

¥ o= (5.12)

=g

The scaling propecty of Iq. (5.6) and the parameters @ and b is useful for the
cstimation of the gravity influence on the surface profiles of melting resisi
microlcnises. It will be employed in Subsection 5.1.3.

5.1.3 Influence of gravity on the surface proflles of re-
flow microlenses

We have investigated the influence of the direction and strength of gravity
on the surface profile form of spherical microlenses. The parameters p, g,
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and o appear in Eq. (5.4} in the cambined form of the parameter @ = pg/fo.
For fixed values of mass densily p and surface tension o, the variation of the
parameter @ corresponds to a variation of gravity, We have to distingnish be-
tween two different cascs. In the first case, gravity points from the snbstrate
to the microlens surface (hanging microlenses), corresponding to @ < 0. In
the other casc, gravity points from the microlens surface to the substrate
(lying microlenses), corresponding to @ > 0. The two different canfigurations
are displayed in Fig. 5.2. We bave calculated for spherical microlenses with

(@) (b)

microlens

microlens

Figure 5.2: Gravity g acting on the melting photoresist during microlens
formation: (a) hanging microlenses (a < 0, (h) lying microlenses (a > 0).

adiameter of 100 e and a typical resist cylinder height of 9 um the surface
profile forms as a function of the parameter a. Subsequently, we have cal-
culated the corresponding Zemike polynoms of the surface and analyzed the
profile farms with a commercial raytrace program (Raytrace™ 6.1). We have
evaluated the focal spot size for the microlenses wilh a refractive index of
n = L5, illmminated with a plane wave from the convex side. The focal spot.
was defined as the point of least confusion. The resnlts of the simulations are
shown in Fig. 5.3, A significant influence on the spot size can he ohserved
for parameter values Jof > 2- 107" gm~% in both cases of the direction of
gravity. This valic of the parameter ¢ corresponds to a capillary length of
L. =2 200 m which is on the order of the microlens diameter of 100 :m. For
parameter valites || > 5- 107 um=2 the spot size changes dramatically. The
behaviour of the spot size is guite different for the two different directions
of gravity, While for lying microlenses the focal spot increases continnensly,
for hanging microlenses a smaller foeal spol. size is possible. This is duce to
the rednction of spherical aberration by thickening the center of the lens.
The smallest spot is achieved for Ja| 22 3. 1074 ym~% The focal spot. is 25%
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Figure 5.3: Focal spot size as a function of the parameier ¢ = pgfo. (a)
hanging microlens (¢ < 0], (b) lying microlens {(a > 0). (Note that, hecanse
of the logarithmic scale, the parameter ¢ is not displayed for the case of
zero gravity.)

smaller than the spot size of a comparable microlens withont gravitational
influence for this configuration.

The scaling law introduced in Subsection 5.1.2 predicts that if the length
scales for & given microlens geometry are changed by ane order of magnitude
then the parameter a = pgfo has to he scaled by two orders of magnitude
to reproduce an identical surface profile. As shown above, gravity starts to
have an inflaence on the surface profile for Ja| > 2.10=% um~? for microlenses
with diameters of 100 . Formulated as inequality the relationship

0.2 |

& > \ [l (5 3)
specifics a lower limit ¢; for the microlens diameter where gravitation has a
significant influence. Thercefore, one can concinde that, assuming a typical
parameter valie of a =2 2 - 1077 pm™2 for standard photoresist, gravitation
will start to have a significant influence on the profile form for microlenses
with diameiers larger than about 1000 . Iquivalently, if the parameter a
conld be changed hy two orders of magnitude, for example by nsing other
materials or by increasing gravity with a centrifuge, the influence on the sur-
face profile wonld hecamie significant for diameters larger than about 100 um.
Sinee the scaling law is valid in general, the conclusion abont the influence
of gravity can he extended to arbitrary microlens structures, when typical
radii of curvatire are comparable with the radii of curvature of the investi-
gated spherical microlenses. For microlens stenctures with other typical radii
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(a)

+ ]200 nm
T
Fignre 5.4 Two cylindrical microlenses intersecting under an angle of 0 =

135°: (a) geomectrical configuration, (h) theoretical and experimental profile
curves for the cross sections | and 2 indicated in Fig. 5.4(a).

of curvature, the critical value of the paramcter o for the onset of gravity
influence can he determined by the scaling laws given in Eqs. {5.7) to (5.12).

5.1.4 Test of the theoretical model

We fabricated various test structures to verify the descrihed finite element.
modelling for microlens surface profiles with arhitrary geometry. The differ-
ent geometrics and the comparison of the theoretical and the experimental
results are shown in Figs. 5.4 to 5.6. The microlenses were fahricated follow-
ing the process described in reference [65]. We used the photoresist AZ 4562
from Hocebst. We always caleutated 3-D surface profiles and tock cross
sections for the camparison with the measured curves. For the investigated
microlenses the influence of gravity was negligible, therefore all prafile forms
were ealculated with ¢ = 0. All experimaontal curves were measured with a
profilometer (Tencor Instruments). The exact positions and directions of the
measured curves were cantrolled with a micrescope that allowed to view the
profilameter tip and the microstructures to he measured,

Figure 5.4(a) shows a microlens structure with two eylindrical microtenses
intersecting uuder an angle of 135°. The eamparison of the theoretical and
cxperimental surface profiles for the cross sections | and 2, as indicated in
Iig. 5.4(a), is shown in Vig. 5.4(b). The agreement between calenlated and
neasured profile forms is very good for the cross section 1. For cross section 2
the maximum height and the general profile form is well reproduced, while
the lateral position of the maximun height is slightly displaced.
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IFigure 5.5: Two cylindrical microlenses intersecting nnder an angle of 0 =
90° (a) geometrical configuration, () theoretical and experimenial profile
curves for the cross sections T and 2 indicated in IMig. 5.5(a).

5.1.5 Application of the model to smart mask
structures

It is desireahle for certain smart mask applications to have connecied, aylin-
drical microlenses which form a 90° angle. We fabricated two different strie-
tnres of connected cylindrical microlenses nnder an angle of %0°, shown in
Figs. 5.5 and 5.6. |l the layont of Fig. 5.5, the mictolenses are directly
coniccted, forming a sharp corner. In the layout of Fig. 5.6, the 90° cor-
ner is ronnded, so that the microlens has a constant width. For these two
structures we calenlated and measneed Lhe profile forms and found again an
experimental verification of the theoretical results, as expected. The cross
section |in g, 5.5 yiclds the same result as for the structnre with o = 135°,
hecanse it corresponds to the same cylindrical microlens. 'T'he agreement
between calculated and measured data for cross sections 2 is satisfactory.
However, the ahsolute profile height. is slightly nnderestimated and the the-
orctical profile shows a slight deviation from the measured one. For the two
cross sections displayed in Iig. 5.6, we found an excellent agreemant hetween
thearctical and experimental profiles for hoth eross scctions. T'he “constant.
width” stricture from Fig. 5.6, with a differcnce between interior and exte-
rior radins of eurvature cqual to the width of the structure, bas the expected
property that the microlens height s constant and that the cross scetional
profile is identical for the whole microlens. ‘The focal line is therelore pro-
duced in the same plane along the whole structure, whieh was confirmed by
intensity measurements. Consequently, this structire wonld be the most. ap-
prapriate for smatl mask applications, where patierns in the focal plane have
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Fignre 5.6: Improved corner structure for two microlenses with a constant
width design: {a) geometrical configuration, {(b) theorctical and experimental
profile eneves far the cross scctions | and 2 indicated in Fig. 5.6(a).

to he printed into resist. The fact that the agreement between theotetical
and experimental surface profiles was hetter for smooth structures than for
strnctires having sharp corners was also eonfirmed hy other cxperiments.

5.1.6 Conclusions

We have presented a finite element methad to determine theoretically the 3-1)
sutface profiles of microlenses fabricated hy melting resist, technology for ar-
bitrary microlens horder geometrics. For spherical niicrolenses, the influence
of gravity on the profile form was caleulated and the optical properties of the
resulting profile forms were analyzed with a commercial ravtrace program.
We found that for hanging microlenses a better focal spot can he achieved
than for lving mierolenscs. With the help of a simple sealing law, we derived
a ale of thumh to decide when gravity has a non-negligihle influence on the
surface profiles of microlenscs. We compared theoretical and experimental
resilts for the surface profiles of different structures and fonnd good agree-
ment. For eylindrical microlenses intersecting under 90°, we demonstrated
the utiity of this modelling method to design non-standard microlenses for
simart mask applications.
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5.2 Miniaturized, focusing fan—out elements

5.2.1 Iutroductioun

Ian-out phasc gratings are micro-optical elements which split an incom-
ing heam into an array of light beams with equal power. The diffracted
heams are then focused by a Fouricr transfornt lens. These elements arc
nsed, for example, in optical interconnects, in mnltidetector systems, and
in parallel optical processing.[65, 5, 101] We present different concepts for
the fabrication of hybrid elements which combine the fan-out and the fo-
cusing function. The fan-out function is diffractive and for the focnsing
funclion we use refractive microlenses. The combination of these two optical
functions results in monolithic clements with miniaturized dimensions and
therefore with a high potential for applications in optical microsystems. To
achieve this functionality, we nsed two different designs and different fabrica-
tion technologies, namely injection monlding in polycarbonate, double-sided
photolithography with subsequent ctching in fused silica, and direct laser
writing in photoresist. Single clements, as well as large arrays of clemends,
have been fahricated {78, 77, 37)

5.2.2 Design cousiderations

The combination of the fan-out and the focusing function can be done in two
conceptually different ways. Either the two functions are implemented on the
two opposite sides of one substrate (see Fig. 5.7(a)). or the fan-out funciion
is superimposed on the focusing finction of a plano-convex microlens (see
Fig. 5.7(b}). The first concept was used for the elements fabricated by injoe-

fan-out
(a) grating (b) itk i
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Figure 5.7: Schematic drawing of the two different. coneepts for bybrid cle-
ments: (a) the fan—oui structure is on the backside of the microlens, (b) the
fan-out stencture is on top of the refractive surface.

tion monlding in polycarbonate and hy doubic-sided photolithography with
subsequent trausfer into fused silica, The sceond possibility was nsed for
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clements fabricated by direct laser writing in photoresist. In case (a), the
diffraction arders are gencrated by the grating and propagatc paralicl to the
optical axis after the lens, when the grating plane is in the back focal plancof -
the lens. For casze (b), the diffraction orders are divergent after the element,
with respect to the optical axis, hecanse the fan—ont grating is on top of the
curved surface of the lens. For an application, where the spots have to he
aligned relative to a reference, for example a detector, the propertics of the
two concepts in terms of alignment tolerances are different. With concept
(a), the longitndinal position of clement and detector is uneritical. Concept
{h) can he advantageous for a system with lateral alignment errors between
spots and detector, beeanse these errors can be compensated by tongitudinal
adjustment. of the element relative to the detector.

5.2.3 Fabrication of the elementé

For the fabrication of the byhrid clements, we used three different technolo-
gics. Injection moulding in polyearbonate, douhle-sided photolithography
with subsequent transfer into fused silica, and direct laser writing in pho-
toresist.

Injection monlding i polycarbonate: The plano-convex microlens originals
in photoresist. were fahricated hy photolithography and a subsequent melt-
ing process, as deseribed in Section 2.4, The diffractive fan-oul gratings
in photoresist were obtained by standard hinasy mask lithography on an-
other substrate. 'I'wo masters were made from the photoresist. originals hy
clectroplating. One for the difftactive fan-ant stenctures and the other for
the refractive microlenses. With 1hese masters, double-sided replications in
polycarhonate were fahricated hy injection monlding. The process was exe-
ciited at the IMM in Mainz. This technology is well suited for low cost mass
production. )
Double-sided photolithography with subsequent transfer into fused silica: The
diffractive fan-ont structures and the refractive microlenses were fabricated
by photolithography into photoresist on both sides of a fused silica wafer.
Subscenently, these photoresist clements have becn transferred into fused
stlica by reactive ton ctching (112} in two independent etch steps. The pho-
toresist microlenses with a height of about 600 cesulted in microlenses with
a height of 40 gnr after the transfer into fused silica.

Piveet laser writing in photoresist: 1Mlano-convex photoresist. microlenses,
fahricated again hy photolithography and sehsequent melting, were spin-
coated with an additional photoresist layer. Afferwards, a continuous relief
fan-ont phase grating was directly written in the resist with the laser writer
at CSEM in Znrich.[30, 29] This technology can be used for rapid prototyp-
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ing of photoresist clements. A possible replication of these elements wonld
have the advantage that only one strnctured surface needs to be replicated.

5.2.4 Comparison of the fabrication methods

IZach of the three different techuologics which were used for the fabrication of
the hybrid focusing fan-ont elements has its advantages and limitations. The
opltimum techuology depends on the specifications imposed by the application
for which the element will be nsed Jater, Besides, the quality-cost compro-
misc that can be tolerated is of importance. Donble-sided photolithography
with subscquent transfer inta fused sifica produced the clements with the
best. overall performance. However, compared to the obher bwo fabrication
technolagices, it is rclatively expensive, and the transfer of deep photaresist
microlenses into fused silica is not yet a standard precess. The injection
monlding technology is well adapted for the production of a large number
of elements at low cost with satisfackory quality. The double-sided photo-
lithography provides an accurate alignment. of the two optical functions of
about 1 gm, whereas the injection monlding process allows an alignment with
a tolerance of about 20 gm, limited hy the mechanical positioning of the two
masters during the process. The aceuracy of the alignment was not critical
for aur periodic fan-ont structures. However, for a non—periodic structnre,
for example a diffractive aspleric correction of the microlenses, the align-
ment accuracy will become important. An advantage of the laser writing
technology compared to the other two technologics is that a prototyp in pho-
toresist can be fahricated relatively fast. Subsequently, a Nickel shim can
he fabricated by electroforming from the photaresist ariginal and elements
can he replicated by hot embassing.[28] The advantage of this approach is
that the optical fanctions are on one single surface and therefare only one
structured snrface nocds ta be replicated. A disadvantage of the laser writing
technique is, that for the performance of the element the homogenity of the
additional photoresist layer is gquite eritical. ‘The homogeneous deposition of
this additional resist layer on the curved surfaces of the convex microlenses
is not. trivial,

5.2.5 Characterization
Injection moulding in polycarbonate

The original is a hinary Dammann grating in photoresist, which gencrates
4x4 equal diffraction orders. 'T'he grating period is 64 m with a minimum
feature size of 1 gm. The calenlated binary phase and a SEM micrograph
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200 pm

Fignre 5.14: Intensity distribution of a focnsing fan-ont clement in the focal
plane. The element was fabricated by direct laser writing in photoresist on
photoresist microlenses. The diameter of the microlens is 990 jtm and the
grating period of the fan-ont is 51.2um (A = 632.8nm, NA = 0./4).

sequent. etching in fused silica, and direct laser writing in photoresist. Two
different coneepts were used for the fabrication: cither the two optical func-
tions are inplemented on the opposite sides of one substrate, or the fan-ont
function is superimposed on the convex surface of the micrelens. We have
demonstrated that the three different technologies can be snecessfully em-
played for the fabrication of miniaturized foensing fan-ont. elemenis, while
cach techmology has certain advantages and limilations. The small size of
the combined elements makes it necessary to nse fan-out gratings with small
grating periods. This canses a relatively large nniformity error for the fan-out.
clements compared to values pnblished in the literature, which are nsually
obtained for fan-onts with significantly larger grating periods. The charac-
terization showed that the quality and everall perforinance of the clemants
fabricated by injection moulding is satisfactory. 'Fhe advantage of this tech-
nology is the possibility of mass prodnction at low cost. The focusing and
the fan-ont functions on the two opposite sides are aligned within about
20 g 'I'he fused silica elements showed the hest optical perfoermance., How-
aver, the transfer of deep photoresist microlenses into fused silica is not a
standard process. The direct taser writing technique has the advantage that
a prototype can he fabricated relatively fast. For a replication of the hyhrid
elements only one surface has to be replicated and therefore no aligninent is
necessary. Critical for the performance of the clements is the homogenity of
the additional photoresist. layer.
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5.3 Color fan—out elements

DOEs can he used to discriminate the colors in the spectrnm of incident,
light. "I'he simplest approach is to nse the dispersion inherent to diffraction
gratings. Mowever, it is also possible to ntilize a design based on the idea
of Dammanr.[14, 15] which provides more degrees of freedom for the design
of the intensity distributions of the colors. This design principle utilizes a
deep multilevel grating, which can be thought of as three different hlazed
gratings, each hlazed for a different. diffraction order. There exist also other
approaches to achicve color separation nsing arbitrary phase elements. The
nan-periodic phase distributions of these clements are optimized by a mod-
ified 1FP-algorithm.[57] T'he algorithim optimizes the phase clement until a
best compromise is found to achieve the desived color separation and position
far all the specified discrete wavelengths. This approach is adapted when a
few discrete wavelengths have to be separated and placed in predefined lo-
cations, eventually with an additional focusing function. Applications fike
(de)multipiexer, router or couplers may be possible in WM communication
systems.[57] The deep multilevel approach, however, is rather to scparate
colors in a large band spectrum. A possible application for such multilevel
gratings is color separated imaging, where the different colors have to he
projected onta separate detoctors. A particularity of the mnltilevel approach
is that the spectral curves obtained with the 4-level gratings are very similar
lo the required sensitivity curves of pickup devices for color reprodnction by
TV {14

5.3.1 Priuciple and limitations

The color—fan-out clement projects the different colors of the visible spec-
trum into the three central diffraction orders -1, 0, and +1. A possible con-
figuration wlilizing this color separating graiings, nsing an additional Fonrier
lens, is shown in Fig. 5.15{a). The eloment acts as a left blazed grating for
the blue, as a right blazed grating for the red, and like a non-structured
surface for the green color. That mcans that it has to fulfill for three dif-
ferent wavelengths seemingly controversial conditions. The three different
optical functions for Lhe three different wavelengths are schematically indi-
cated in Fig. 5.15(b). "I'he solution was proposed first by Dammann [14] and
uses the so—called overphasing principle for periodic multilevel gratings. The
overphasing priniciple is based on iwo facts, First, that for a given surface
profite the added phase is proportional to 1/A when dispersion of the ma-
terial is neglected. Second, that a standard 2z multilevel grating, designed
for a specific wavelength A, shows the same scalar behavionr as a grating
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Figure 5.15: The principle of the periodic color separating fan-ont clements:
{a) color separation into the three central diffraction orders with periodic
multilevel gratings hased on the overphasing principle; (b} diffevent. optical
functions for the three different colors of the incident speetrim,

whete on cach phase level, except the lowest onc an, interger multiple of 27
phasc for this wavclength is added. This everphased grating acts now for a
certain wavelength Ag like a flat surface relief profile when the phase differ-
ence between two adjacent Jevels is a multiple of 27 for the wavelength Az,
Carrespondingly. for a third wavelength s the overphased grating acts as a
blazed grating directed inte the opposite dicection compared to wavelength
Ar. Snch multilevel color fan—out clements are an example where the multi-
level profile has a real functionality rather than being just an approximation
to an ideal continnons surface profile.

For the design of the mmliilevel color fan-ont element one has hasically
three design freedoms: the number of phase levels for the grating, the over-
phasing factor in mnltiples of 27 per level, and one of the three peak wave-
lengths which appear in the central diffraction orders. The number of phase
levels of the grating has {wo effects: with increasing number of phase lev-
cls the three peak wavclengths got closer and the efficiency in the blazed
arders increases. The overphasing factor in multiples of 2r hetween differ-
ent levels affects the spectral separation of the three peak wavclengths: a
larger overphasing factor canses a narrower spoctral separation. Fixing onc
wavelength determines the speciral foration of the other two wavelenghhs.
We designed color fan—ont clements with 4 phase levels which operate in
the visible specirum with the three prak wavelengths of 411nm, 5ldnm,
and 666 um, The overphasing factor was 2w for the wavelength of 411 nm.,
In contrast to Dammann’s work, where the difftaction gratings had rather
large grating periods of around 60 e, we focused on small grating periads
and thercfore large deflection angles. We fahricated 4-level color fan—out
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Fignre 5.17: Theorctical and experimental efficiencics of the 4-level color

fan—ont. elements (TE-polarization).

Color separating strnctures ¢an alse be used in a reversed manner to svo-
thesize colors by combining different wavelengths. Hereby they are nsed in
a configaration like in Fig. 5.15. but with the wavelengths to be combined
incident, frone the right side from directions eorresponding to the -1%, Otk
and +17 diffeaction order. Wa investigated theoretically the possibility of
combining wavelengths with overphased nnltilevel gratings in such a config-
uration. 'The diffraction efficiencies as a function of the grating period for
a. A-level color separating element in fused silica is shown in Fig. 5.18 for
T¥~ and ‘I'M-polarization. 'I'hese efficiencies are calenlated for an arrange-
ment where the three discrete wavelengths 411 na, 504 nm, and 666 2m are
incident. from air on the grating with angles corresponding to the -1, 0,
and +!1* diffraction order. Shown is the dependence on the grating period,
which corresponds to an angular aceeptance enrve when the threc colors are
combined, The design principle of eolor fan—ont clements is based on simple
scalar theory. llowever, for small grating periods deviations from the scalar
hehavionr are observed, which are relatively large becanse of the depth of
the elements compared to standard diflractive elements with a phase depth
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Figure 5.18: Angular aceeplance curves for combining the three contral
wavelengths, (a) TE-polarization, (b) TM-polarization.

of only 2r. In order to quantify the angnlar acceptance for the combining of
the three different wavelengths, we determined the grating period for which
the efficiency averaged over ihe three central diffraction orders drops to 90%
of its asymptotic value for a grating period of 50m. This limiting grating
period was M jum for TE-polarization and 15 um for TM-polarization. As
cxpected, the difference between T'E- and TM-polarization is quile small,
cxcept for very small grating periods.

5.3.3 Conclasions

We designed, fabricated, and characterized deep, color separating, 4-level
gratings with relatively small grating periods of 16 um. VYxperimentally we
achieved aboutl 60% of the theoretical efficieney predicted by exact electro-
magnetic theory. We determined theoretically the gratiog period range for
which these color separating gratings show the behaviour as expected from
scalar theory, when used for combining wavelengths to synilhesize colors,

5.4 Gratings with wavelength independent
diffraction efficiency

5.4.1 Introduction

Conventional O s reach their maximum cfficiency only for the design wave-
length while the cfficiency is lower for other wavelengths. This is shown
for examnple by the dash-dotted line in Fig. 5.21 for a standard 2r decp
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blazed grating. This findamental drawback Timits the field of application
for DOEs. A typical example is chromatic aberration correction in hybrid
oplical systems, where DOEs are used over a large spectral bandwidth, but
the maximnm efficiency is only achicved for the design wavelength., This
hasic drawhack can be overcome. In arder to compensate the wavelength
dependence of the phase for a given spectrum, material comhinations can
be used. which take advantage of the dispersion,[17] or an additional inter-
face can be introdnced in the diffractive structure. Using common materials,
deep diflractive steuctnres are required. We concentrated on three coneepls
for suech achromatized, diffractive aptical clements (A-DOEs) and analyzed
them with different models. We determined the range of use of these strue-
tirres, evalinated the fabrication tolerances, and analyzed the accuracy of the
applied models.[81, 102)

5.4.2 Concepts

We investigated three cancepts for the realization of A-DOEs, which are dis-
played schematically in Fig. 5.19. Figure 5.19(a) shows the concept using two

A +15t diffracted
blazed grating , order

structure

Figure 5.19: Concepts for A-DOEs: two media structure (a), structure with
interior (b) and exterior (<) air gap: The parts (a) to (¢) show one period of
the grating enlarged.

materials with appropriate dispersion, e.g. polycarbonate (1°C) and BaF52
glass, which fulfill in a good approximation the candition A/An{)) = eonst.
Such a confignration was first proposed by Ehstein.[17] The refractive indices
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as a function of wavelength for PC and Bal52 are shown in Fig. 5.20. One
can clearly ohserve the increasing difference between the two refractive in-
dices as a fanction of wavelength. For a design wavelength of Ay = Td0nm
the resulting grating depth is d = 28.3 pm.

Another approach, which wses a scecond surface, has an additional de-
gree of freedom. 1t is therefore not limited by a special material combi-
nation, thus allowing a wider choice of fabrication technologies. 1t can be
realized in two different confignrations, as shown in Figs. 5.19(b) and (c).

The confignration with an
1.63—— air gap between the' two

media  was proposed by
R E LT aF! . -

‘ - Arieli.Jl] 'The consequences
c1, ? and advantages when this
£ air gap s moved to the ex-
-E‘- terior are shown in Snb-
15 section 54.3. In order to
k] treat a realistic case which
€15 can be fabricated, we used

57l fused silica and PC with an
) air gap. The total grating

1.56 0:5 e Y 038 (_)J.B depth and the si.ze of the air
wavalength fum] gap arc determined by the

condition that for hoth de-
Figure 5.20: Refractive indices as a function of sign wavelongths, A, and A;,
wavelength for PC and Bal's2. the phase difference over one

grating period is 2m, which
leads to

Moo= aplh)dy — npe(d by — taicdue (5.14)
Ar = nn{Aa)d) — npc(Ag)dy — naicdar, {5.15)

where &, stands for the depth of the fused silica, y for the PC, and dy for
the air gap. These depths arc related hy dy = dy + dair. 1245, npg, and nge
stand for the refractive indices of fused silica, PC, and air, respectively. We
uscd as dosign wavelengths &y = 410nm and Az = 700 nm, which leads to
dy = 169 um and dair = 4.78 pm.

5.4.3 Results and discussion

We nused three models for the deseription of the A-1JOEs which are explained
in mere detail in Chapter 3: simple scalar theory with thin elcnent approx-
imation, an optical path model taking into acconnt polanzation dependent,
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Fresnel losses, and exact eleckromagnetic theory. All calenlations with ex-
ach electromagnetic theory were made for TE-polarization. The diffraction
cfficiencies of the three different approaches as a function of wavelength,
calculated with simple scalar theory, are shown in Fig. 5.21 together with
the dependence for a conventional 2r deep blazed grating. The two dif-
ferent air grp approaches are equivaleni from the poink of view of simple
scalar theory. However, hecanse of the large depth of the struchures, simple
scalar theory is often not sufficient to describe these structures accurately.
In order to determine the limits of the optical path model, we calculated
the diffraction cfficiencies for the three concepts as a function of grating
perind with exact electromagnetic
theory and the optical path model.
In Fig. 5.22 the diffraction efficien-
cies of the 2 media A-DOE are
shown for various grating periads.
Using the materials PC and Bal'52,
the grating depth of the stencture
is 28.3pm. For the small grating
periods (Gpm, Bum, and 105nn)
relatively large differences are ob-

: served. For grating periods larger
0.5 (5] 0.7 o8 e
wivalength

02F | mmem 2modla ADOE |- - F
=== alrgap A-DQE )
rwan conventional DOE

fm) than 25 pym, wefound an agreement,
of hetter than $% when comparing
Fignre 5.21: Performance of the dif- the efficiencies averaged over the
ferent approaches for A-TOFs calen- spectrum. In Figures 5.23 and 5.24
lated with simple scalar theary, ‘The ihe diffraction cfficiencies of the in-
cfficiency of a conventional blazed grat- terior and exterior air gap A-DOEs
ing is shown for comparison. are shown for varions grating peri-
ads.  The design wavelengths are
chosen as Ay = 410nm and Az = 700 nm, which yields, following Lqgs. (5.14)
and (5.15). a grating depth of 16.9;un and an air gap of 4.78un. For hoth
structures, with exterior and interior air gap, we found, for periods larger
than 30 pm, an agrecment betier than 4% Tor the averaged cfficiencics. The
light which is missing in the first order is found in the higher diffraction or-
ders. This cffect is significantly increased far the inierior air gap siructnre,
where the deflection angles are larger, becanse of the larger refractive index
diffcrences. The effect is illustrated in Fig, 5.25 where for the twa air gap
structures the phase of the E-field inside the grating structure is plotted for
TE-polarization.
In order to determine the limits of simple scalar theory, we caleulated
the difference in average cfficiency between simple scalar theory and the
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wavalength [nm] wevelength [nm]
Figure 5.22: Diffraction efhiciencies of the 2 media A-DOE for various grai-
ing periods. The optical path model {a} and cxact clectromagaetic theory
(b) was applied.
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Figure 5.23: A-DQF with interior air gap: (a) diffraction cfficiencies cal-
cnlated with the optical path model, (b} efficiencics calentated with exact
clectromagnetic theory.






5.4 GRATINGS WITH WAVELENGTI INDEPENDENT ... 85

0.5 .
g H —— 2media structure
§ e : ==+ Interior alr gap
woab|l-h o e T exterfor ar gap
I FE : :
sl
goa s - L
5 H .
8 []F %

[

goz .
g

1
£
£

1)

o

50 100 150 200
grating period [umf
Fignre 5.26: Lifficiency difference between opfical path model and simple

scalar theory for the three concepts of A-DQLs.

optical path model for the three concepts as a finction of the grating period.
The results are summarized in Fig. 5.26. Taking into acconnt Fresnel losses
at the interfaces, we found an agreement between the optical path model
and simple scalar theory of hetter than tY% for grating periods larger than
15um (2 media), 90 g (interior air gap), and 35 o {exterior air gap). In
Figire §.27 we show a graphical representation of the validity ranges for the
different models.

IFor the realization of deep diffractive struetures the fabrication tolerances
are of great impartance. Therefore, we compared the tolerances of the Lhree
cancepts using the optical path model, assining a grating period of 100 pm.
The corresponding efficiencies as a function of height error factor {actnal
height divided by ideal height) are shown in Fig. 5.25. For the A-DOL, a
fahrication wonld require to realize the two blazed grating structures inde-
pendently. ‘T'he fabrication errors are therefore related to the depth of the two
hlazed gratings. For the A-DOQE with the exterior air gap however it wonld
he possible to fabricate the structure with a combined injoction/compression
molding process, where the height error factor is refated to the depth of the
first structure and the depth of the air gap.

The 2 media A-IMOE has very relaxed tolerances.  Moarcover, surface
ronghness is not an issue, since the difference of the refractive indices is rela-
tively small. The main drawback remains the limited choice for the materials.
The A-DOE with the interior aic gap has the advantage of a wider choice
of materials, while the fabrication tolerances arc extremely siringent. More-
over, Lhe Fresuel losses at the inclined interfaces are relatively large. The
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Fignre 5.27: Graphical representation of the validity of the different meodels
{for the description of the concepts for A-DQEs.
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Figure 5.28: Fabrication tolerances for the three concepts for A-DOFs, (a)
2 media structure, (b) interior, and (c) exterior air gap.

A-DOE with the exterior air gap has clearly less critical fabrication toler-
ances and reduced Fresnel losses at the interfaces, compared to the interior
air gap A-DOE.

5.4.4 Conclusions

We introdnced different concepts for A-DOLs and showed the advantages
and consequences for the structures with an interior air gap compared to
the structures having an exterior air gap. We determined the limits of the
simpla acalar theory and the optical path model for the description of the dif-
ferent concepts. Up to relatively large grating periods the optical path model
(90 srm) ar exact clectramagnetic theory (50 yrm) has to be nsed for an aceu-
rate description of the A-1DOEs hecanse of the large depth of the structures.
We determined the range of grating periods for which the different A-DOE
cancepts can be used. and we analyzed also the fabrication tolerances. The
fahrication tolerances are most relaxed for the 2 media structure, more crit-
ical for the exterior air gap strncture, and extremely eritical for the A-DOJ
with the intetior air gap.
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5.5. CHAPTER SUMMARY

5.5 Chapter summary

In this chapter we have presented diffractive and refractive optical microstruc-
tures which are related by their commeon property of being deep. A modcl
has been developed to determine theoretically the 3-13 surface profiles of op-
tical reflow microstenctures, fabricated by the melting resist technology. We
nsed a finite clement method where the horder geometry of the microlens
can be arbitrary. We analyzed the inflnence of gravity on optical proper-
tics of spherical microlenses and demonstrated the utility of this modelling
method for the design of non-standard microlenses, e.g. for smart mask ap-
plications, We introduced focusing fan-out elemcits which combine fan-out
and focusing funcilion, resnlting in a monolithic element with miniaturized
dimensions. This type of elements has a high potential for applications in
optical microsystems. We designed, fabricated, and characterized deep color
separating 4-level gratings with small grating periods. We determined theo-
tetically the range of grating periods for which these eolor separating gratings
show the behavionr as expected from scalar theory when used for combining
wavelengths to synthesize colors. We have presented different concepts for
achromatized DOEs (A-DOBs), which are diffractive siructures with high
diffraction efficicncy over a large spectral bandwidth in the visible region.
We showed the advantages and consequences of an improved concept using
two Mazed gratings and an air gap. We determined the limits of different
madels for the description of these kind of structures, determined their range
of use, and analyzed the fabrication tolerances.



Chapter 6

Specific épplications of optical
microstructures

In contrast to the mare fundamental resnlts related to optical microstrie-
fures prosented in the previons chapters, we present in this chapler {iwo
concrete applications for diffractive and refractive optical microstrnctires.
In Section 6.1 an incoherent micro-optical beamshaping deviee is presentod
for application in rangefinder distance incasurement systems with extended
meastrement range. The optical microstroctures used for this device were
of diffractive and refractive nature. In Section 6.2 we present two different
diffractive optical microstructures with potential for applications in diffrae-
tive optical secnrity devices.

6.1 Beamshaping for high power diode—lasers

6.1.1 Introduction

High power, pulsed diade-lasers are used in rangefinder systems for distance
measurements. For these rangefinders the achtevable measurement. range de-
pends directly on available laser ontpnt power. The available laser output
pawer per onit length is limited by the damage threshold of the material,
Therefore, more cutput power results in a larger active region and the geo-
metrical shape of the emitting sirface is typically a line. Efficient collima-
tion of snch a partially eoherent linearly extended light source with large
divergence angles is a non-trivial problem and difficult to achieve with con-
ventional oplics. We designed, fabricated, and characterized a micro-optical
device with two aligned, diffractive or refractive optical elements in combi-
nation with conventional optics.[27] The goal was to achieve a high conpling

89
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efficiency of such a linear diode-laser into a multimode Bber, nsing a com-
pact and low cost oplical system that is snited for mass fabrication. The
diode-laser was coupled into a multimade fiber to simplify the quantification
of the performance. For a rangefinder application, the transformed light. dis-
teibntion is imaged onto the distant ohject. Leger and Golisos [53] used a
similar approach as described here to convert a mutnally incoherent lincar
diode-laser array into a 2-dimensional source with maximum radiance and
symmeirized shape and divergence. Their system was designed to optimize
end pnmping of solid-state lasers. In our wark we used a partially coherent
line sonree anel an optical syslem designed for use in rangefinders.

6.1.2 Working principle

While the laser souree is fully caherent. perpendicnlar to i he active region, the
spatial coherence extends only to a fraction of the 1otal length in the paralle)
direction, Therefore, a coherent heamshaping element, a so-called random
phasc plate, as for example designed by an iterative Fonricr algorithm, {58,
50] is not. an appropriate approach for the heamshaping prablem which is
addressed here. The special eoherence properties of the souree necessitate an
incoherent heanshaping methad.

The main characteristics of a linear diode-laser are the emitiing wave-
length A, the Jateral extensions of Lhe active regions 1 and d)), and the
numerical apertures NA) = sin{0,) and NAy = sin{f)} perpendicular and
parallel, respectively. 01 and 0 are the correspanding divergenee half angles.
The employved diode-laser had a wavelength of A = 850 nm, lateral dinien-
sions of dp = 1 pm and dyy = 350 sem, and numerical apertnres of NAL = 0.51
and NA) = 012 The space bandwidih product (S1317) is defined as [34]

SBP = g NA (6.1)

where d and NA are the lateral dimension and the wumerical aperture, re-
spectively. For a diffraction limited Ganssian heam the space handwidth
product. is [98]

SBP = Afm. (6.2)

The SBY? of the high power diode~laser is therefore nearly diffraction limited
in the direction perpendicular to the emitting edge. and typically a factor of
50 larger than the diffraction limited case in the paratlel direetion. The main
prablem far the heamshaping of the lincar edge emitting diode-laser lies in
the fact, that wilh canventional optics the SB31Y in one direction stays constant.
al best. Only the ratio between the NA and & ean be changed. The basic
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principle of onr heamshaping device is to symmetrize the laleral dimensions
and the NA of the sonrce such that SBP, = SBP with SBP, - SBP; =
const. For that purpose, the line source is divided into three equal paris and
redistrilinted on the fiber with the desired vaines for the NA and the lateral
dimensions. Consequently, we increase the conpling efficiency into the fiber
and correspondingly enlarge the range for rangefinder measurements, because
of the increased intensify on the target, We described the linear diode-
laser by an incoherent superposition of 75 independent Gaussian sources with
beam waists corresponding to the measured divergenece angles, The division
of the sonrce is achieved with the first micro-optical element. This has ta
he done hefore the various incoherent Ganssian heams begin to overlap in
the direction parallel 10 the emitiing edge. Otherwise an efficiency loss will
ocenr which is approximately proportional to the overlap and therefore to
the distance between the emitting sonrce and the first diffractive clement.
The concept of dividing and reassemhling an incoherent source is not
restricted to the special configuration presented here. Using this principie,
it is possible to transform virtually any distrbution of light into any other.
The second element only has to be adjusted with respect to the shapes and
directions of the various parts of the source created by the first element.

6.1.3 The optical setup

The complet optical sefup is schematically displayed in Fig. 6.1, The fast and

Isser
diode
chilp
1st element 2nd element
|388 8 séer ]
9 P multimods
ber
PMMA
Doric lens
Isns

Fignre 6.1: Schematic optical setup with the diode-laser chip (emitiing sue-
face: 1 pme x 350 pan), the combined diffractive optical element,, an additional
Polymethyl-Methacrylate (PMMA ) imaging lens, and the optical multimode
fiber (¢ = 100stm, NA = 0.2).

slow NA of the laser diode were measnred to e NA) = 0.51 and NA) = 0.12,
respectively. A gradient-index cylindrical lens (Doric Lenses Inc., Canada),
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which had a specified effective minerical aperture of NA = 0.5 and a diameter
of 60 o, was mounted dicectly after the active region in order to collimale
the fast axis. Since the tolerances for monnting the gradient-index lens
are very tight, it was aligned mannally by measuring the far field intensity
distribution, and finally glied onto the laser chip. The theoretical NA after
the Doric lens was NAL = 0.0083. Snbsequently, the beamshaping deviee
foltows, which is composed of two diffractive elements with a glass spacer
in hetween. The first diffractive clement, with a size of 370um x 370pm.
divides the line sonrce into three equal parts along the paraltel dicection
and directs the corresponding light emission into three different dircctions,
The working principle is schematically shown in Fig. 6.2. In paris 1 and

N,

£,

L

'

> fiber

2

s|t”

N
plane of first DOE plane of second DDE fier plane
("aource dividing™) {“redirecting™)

Figure 6.2: Schematic working principle of the beamshaping device (the Doric
and the PMMA lens are omitted for clarity). The different parts of the sonree
are denoted by the numbers 1, 2, and 3. The arrows mark the prism funciions
in the planes of the two DOEs.

3 of the first diffractive clement there are three different optical functions
implemented: a prism fonction peejiendicnlar, a prisim function pacallel, and
a focusing function parallel to the emitting edge of the diode-laser. The
central part 2 has only the focusing function, which collimates the heam
parallel to the active region. A typical measnred intensity distribution in
the planc of the sceond difftactive element is shown in Fig. 6.3, The second
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Figure 6.5: Calenlated and measured intensity distributions in the planc of
the sccond diffractive element: (a) cross scction perpendicnlar to the slow
axis of the diode-laser, () cross section parallel to the slow axis of the
diode-faser.

T'he total thickness of the combined diffractive clement after monnting was
Jmm,

For the theoretical optimization of the system design we used the commer-
cially available raytrace program Code V™, The performance of the setup
was then analyzed goantitatively with a wave propagation modef,[98] using
different propagation methods as deseribed in Subsection 3.3.1. Diffraction
at apertures is fully taken into acomnt, while Fresnel losses at ile optical
surfaces are not considered. For the comparison of theoretical and experi-
mental intensity distributions we used the wave propagation model, where
we modeled the lincar diode-laser by an incoherent superposition of 75 inde-
pendent Gaussian sources with beam waists corresponding to the measured
divergence angles (Eqs. (6.1) and (6.2)}. Calenlated and measured intensity
cross sections in the plane of the second diffractive element and in the fiber
plane are shown in Figs. 6.5 and 6.6, respectively. The agreemeni between
the theoretical and experimental intensity distributions is very satisfying. A
possible canse for the observed small differences could be the nen-uniformity
of the emitted intensily at the aclive region of the diode-laser. This cxperi-
mend al non-uniformity can also be seen in Fig. 6.3.

For the collimating efficiency of the gradient-index lens, we measnred a
value of abont 80%. With the wave propagation medel we obtained a value
of about. 83%, taking into acount Fresncl losses. Concerning the theoretical
valng, a 4% loss originates from diffraction effects at the apertore; while an-
other 8% are Fresnel losses. 'The overall efficiency of the beamshaping device
is given by the ralio of the light power conpled into the fiber divided by
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Figure 6.6: Galenlated and measnred intensity distributions in the plane of
the fiber: (a) cross section perpendicular to the slow axis of the diode-laser,
{b) eross section parallel to the slow axis of the diade-laser.

cmitted laser power. Tor the overall officiency we obtained experimentally
28%. The theoretical valne is 80%, assuming ideal diffractive clements and
no Fresuel losses. 'The difference hetween theorctical and experimental val-
ues has two main reasons. First, there are Fresnel losses which acount in
total to about 14%. These losses can be chiminated hy antireflective coat-
ings on all optical surfaces. Second, the non-ideal diffeactive elements result
in an overall cfficiency loss of abont 27%. 1he diffractive clements, espe-
cially the first elemient with the smaller grating periods, can be replaced hy
refractive clements with increased cfficicney fabricated by HEBS glass gray-
tone technology. A comparison of different technologics for the fabrication
of the two micro-optical clements is given in Subsection 6.1.3. As shown
below, an efficiency increase of ahout 10% for the first element is realistic, so
that we wonld expeei about 50% overall efficiency for an optimized device.
The reason for the theorctical losses are mainly twofold: coupling losses for
the collimation of the fast angle by the gradient-index lens, which amount,
to about 4%, and overlap losses of about 5% which originate from the fact
that one coherent source point hits two different. parts of the first diffractive
clement. The second loss s limited by the minimum distance of the first
micro-optical clement from the drode-laser. about 100 mm. and is mainly
determined by the gradient-index lens with the smallest available diame-
ter which was 60pm. The other 11% are due to diffraction effects at the
apertires of the system. Tahle 6.2 summarizes the experimentat efficiencies
together with the estimated optimization potential.

Since the NA of the impinging light at the fiber plane is important. for
the conpling efficiency, we measured the NA for the fast and the slow axis
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Table 6.2: Experimental efficiencies and estimated optimization po-
tential considering antireflective coatings and micro-optical ele-
meats fabricated by graytone technology. The efficiency and the
optimization potential refer to the overall efficiency.

position experimental efficiency optimization potential
hetween snhsequent positions

laser ontpnt 100% n. a.

after GRIN fens 80% 5%

after 1** DOE 48% 8%

after 2°¢ DOI 38% 2%

fiber 28% T

at. the fiker plane and caloulated the carresponding valies with the wave
propagation model. We ohtained for the siow axis an experimental valne
of NA = 0.12 compared to a theoretical value of NA = 0.16. For the fast
axis we obtained experimentally NA = 0.09 and theoretically NA = 0.11.
The experimental and theoretical values for the fast axis agree reasonably
wall while for the slow axis the experimental valwe is significantly smaller.
A possible reason for the obscrved difference hetween the experimental and
theoretical values for the slow axis conld lie in the simplified deseription of
the partially cohorent diade-laser as an incoherent superposition of Ganssian
sonurces within the wave propagation maodel.

6.1.5 Comparison of different fabrication technologies
Fabrication methods

Besides divect laser heam writing in photoresist, we also used twa other
technologies far the fabrication of the two micro-optical elements of the
heamshaping device: hinary mask photolithography in combination with
reactive jon etehing, vesulting in 8-level fused silica clements, and High-
linergy-Beam-Sensitive (HEBS) glass grayione lithography in photoresist,
resulting in cantinuons snrface relief strnctures. T'hese fabrication methods
ara described in Chapter 2. We compare the performance of the different. fab-
rication technologies with respect to the two micro-opiical elements which
were used for the heamshaping device. We discnss the different fahrication
tolerances and soncces of lass, as well as the diffractive/refractive behavionr
of the clements.[79, 80]
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Tahle 6.3: Measured diffraction efficiencies, normalized with re-
spect to transmitted intensity through unstructured substrate.

1" clement, 1*? element 279 elament
left. part, right part
efficiency multilevel  70% T70% 82%
efficicncy laser writer  70% 68% 8t%

efficiency grayione 78% (cffective)  81% (effective)  78% (eff.)
81% (maximom)  84% (maxinmum) 88% (max.)

Table 6.4: Comparisou between measured and designed deflection
angles for the two diffractive elements.

t*! element nd element
deflection angle, vertical  deflection angle
destgn value [degree)  4.01 3.38
mnliilevel [degree] 3.97 3.36
laser written [degree]  d.11 347
graytone [degrec) 4.45 .67

‘Table 6.4 shows a comparison of the measnred and designed deflection
angles of the two clements which were fabricated by the different technologies.
The pnltilevel clements reproduced nearly exactly the designed defloction
angles. the laser written elements showed slight deviations from the design
values, while the differences were largest for the graytone clements. Vor the
multilevel elements the directions are determined by the grating periods,
which are intrinsitally well defined. For the refractive graytone elements the
directions are deterniined by the snrface profile, which is more difficult to
control.

6.1.6 Conclusions

We designed. fabricaled and characterized a micro-optical beamshaping de-
vice, intended to optimize the conpling of a incoherent. linear high power
diode-laser into a multinode fiber. With a first prototype we achieved an
overall efficieney of 28%, which corresponds well to the theoretical valnes ob-
tained with a wave propagation model. Straightforward improvements. like
antireflective coatings and the use of graytone elements, should lead 10 an
efficiency of abont 50%. The beamshaping device is compact and the fabri-
cation is well snited for mass production at low cost. Used in a rangefinder
measnrement system, this micro-optical device will extend the measnrement
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ficiently thin, so that they add no additional thickness. A typical upper
honnd for the thickness is aboutl 25 . incInding proteetive lavers and ad-
hesives. Additionally, for non-expert nsers # has to he casy to verify visnally
the seenrity deviee. Machine readibility is often also a nescssity, or at least
desired for certain applications. Probably the most natural feature of this
oplical micrastmetnres is the resilience against fraud. Gratings with contin-
nously varying depth have heen shown to he very resistant. against sfandard
holographic copy technigques, since these {echnigues lead to a loss of fidelity
in profile form and depth.[87] 1n order to be competetive as a product. on
the market, these diffractive strigtures have to be fahricated by cheap mass
produnction replication, like roll embossing.

6.2.2 Fabrication of the elements

In this section we present elements which consist of two superposed gratings
with varying phase shift.[91, 92] Two different fabrication methods arc ap-
plied. The basic concept is 1o syuthesize more complicated grating strnctures
hy superposition of simple basis functions with varving phase shift 8 between
them.

The first Lype of elements is a superposition of dwo sinnsaidal gratings,
where the amplitnde and the period of the second grating was half as large
as for the first onc. For zero phase shifi, they represent the first two Fourier
cocfficients of a blazed grating. In principal, arhitrary surface profiles can
be synthesized by superposing a larger immber of ginnsoidal funetions, cor-
respanding to higher Fourier terms. The technical constraints for more than
two expasures are however prohibitive. The sine-sine comhination gratings
were falricated by holographic recording, as deseribed in Scetion 2.3, with a
single-frequency kryplon-ian laser at A = 413, The details of the holo-
graphie recarding process are described in reference [93). The grating period
of the second basis grating was slightly detuned with respect to half of the
gealing periad of the fiest grating. Therefore, the two basis functions were
superpased with varying phase shift. as a function of pasition on the sam-
ple, and consequently, the resnlting surface profile was varving accordingly.
Over a distance of 2.5 mm the phase shifi was 8 = 2r. T'he donhble expo-
sire methad with a slightly detuned grating period for one basis grating has
soveral advantages. First, with one fabrication step a complete series of cle-
ments is obtained. Sccond, the scrics is continnons so that no information is
missed like in the case of a discrete set of samples,

The sccond type of eleiments was a superposition of two rortangniar gral-
ings, where the second grating had again half the depth and half the period of
the first one. The reci-reet combination gratings were fabricated as 4-level
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Figure 6.11: Efficiency of the £1° reflected diffraction arders as a function
of grating depth for the two types of combination gratings (8 = 0). The
grating material was Nickel (n = 1.8 4 3.3 i) against air with an illuminating
wavclength of A = 632.8nm: (a) sinc-sine combination gratings, A = |y,
{b) rect—rect comhination gratings, A = 7 jom.

surface rehief gratings, as described in Subsection 2.1.1 and Section 2.5, where
the second exposnre step was executed with a maskaligner and a slightly ro-
tated second mask. The rotation was controlled by using the alignment
marks on the mask. Depending on the position on the substrate, the two
rectangular gratings are superposed with a different phase shift, resulting in
a moiré like pattern.

In order to determine the optimmm grating depth for the combination
gratings we calculated the theoretical efficiencies of the £1¥ diffraction orders
in reflection as a finction of grating depth for the combined gratings with
zero phase shift (Fig. 6.11). 'The cfficiencies were calculated nsing oxact
clectromagnetic diffraction theory (Subsection 3.2.1), with Nickel {n = 1.8
+ 3.3} as grating material, illuminated from air with a wavelength of & =
632.8nm. The grating periods for the sine-sinc and rect-rect combination
gratings were A = 1pm and A = 7pm, respectively. From the curves in
Iig. 6.11 the assymmetry in the £1* difiraction orders as a function of total
grating depth can he extracted. The optintum choice of the grating depth
is based on a maximum asymmetry hetwecn light diffracted in the +1* and
— 1" order for both polarizations. 'The optimum thearetical value for the high
frequency sine-sine grating is about 270 mm. lowever, we chose a smaller
grating depth of about 145nm, hecause it was experimentatly difficult to
maintain the sinusoidal surface profile of the basis funictions while increasing
the grating depth further. The optimum value of the rect-rect grating fov a
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maximun: asymmetry is abont 240 nm whereas experimentally we achieved
270 nm.

6.2.3 Experimental and theoretical results
Sine-sine combination gratings

From the combination gratings recorded in photoresist, Nickel shims were
fabricated by electroforming. AFM pictures of the surface profiles of the
Nickel shims are shown in Figs. 6.12(a), (h), {c), and {d), for phase shifts of
0, 7/2, m, and 3n/2 between the basis funclions, respeetively. Using these

Figure 6.12: AFM pictnres of the fabricated sine-sine combination gratings
gratings with different, phase shifts between the basis functions.(a) phasc shift
of 0, {b) phase shift. of 7/2, (¢} phase shift of o, (d) phase shift of 3I7/2. The
gratings were fabricaled at OVD Kinegram Corp., Zng, Switzerland

measured surface profiles, we found for the depths of the two basis sine fune-
tions 112:0m and 56 mm for the low and high frequency grating, respectively.
One can clearly sce the left hlazed and right blazed gratings in Figs. 6.12(a)
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Figure 6.13: Calculated and measured diffraction efficicnics of the sine-sine

combination gratings: (a} TE-polarization, (b) TM-polarization.

and (&), respectively, and the two syminetric surface profiles in Figs. 6.12(b)
and (d). The Nickel gratings were characterized in reflection with slightly
focused light from a He—Ne laser at 632.8 e under normal incidence. The
spot size on the sample was about 50 tm to assure that the surface profile
of the grating did not vary significantly within the illuminated arca. The
caleulated and mcasured diffraction efficienics of 1he sine-sine combination
gratings are shown in Figs. 6.13(a) and (b) for the polarizations TE and TM.
In the calculations we used for the amptitudes of the high frequency grating
T0nm determined hy a best fit of the mecasured and caleulated efficiencics.
The agreement, hetween the experimental and theoretical cfficiencics is quite
satisfactory. The sinall deviations can he explained by slight variations in the
height of the grating structure. The desired asymmetry in the £1* diffrac-
tian orders as a function of phasc shift is clearly observed, more prancunced
for the TM- than for the TE-polarization. 'The superposition of the two
basis functions with the slightly diffcrent k-vectors which cansed the surface
profile and therefore the difftaction efficiency to vary on a mm-scale, revealed
under ambient light ilumination a visually interesting moiré fike effect.
Comparing the two polarizations in Fig. 6.13, it is remarkable that the
difiraction efficicncies for a phase shift of 4 = x/2 and # = 37 /2. which
should he cqual according to scalar diffraction theory, arc cqual for TM-
polarization, bnt differ significantly for 'I'E-polarization. In order to investi-
gate this effect, we performed nearfield calenlations for the sine-sine canibi-
nation gratings for bath polarizations. The time averaged intensities of the
y-components of the clectric, £y, and magnetic field, /,, are displayed in
Figs. 6.14 and 6.15 for I'E-polarization and TM-polarization, respectively.
The nearficld images of the time averaged intensily show that for 'I'M-
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Iigure 6.16: Calculated and measured diffraction efficienies of the rect—rect
comhination gratings: (a) TE-poelarization, (b} T'M-polarization.

polarization the intensity maximaare in the local valleys of the surface profile
for hoth phasc shifts. For T'E-polarization however, the intensity is strongly
locahzed in the valley for a phase shift of 3772, hut concentrated in front
of the small bumips for a phase shift of 7/2. The larger asymmetry in the
case of TE-polarization is consistent with the observed difiraction cfficiencies
(Fig. 6.13).

Rect—rect combination gratings

From the original fused silica rect—rect combination gratings, Nickel shims
were produced by electroforming. These elements were characterized in re-
flection with a slighily focnsed light from a le-Ne laser at 632.8»nm under
normal incidence with a spot size on the sample of again ahont 50 gm. The
total depth of the combination gratings was abont 270nm, as determined by
profilometer measurements. T'he calenlated and measnred diffraction efficic-
nics of the rect-rect combination gratings are shown in Fig. 6.16 for the two
polarizations TE and 'I'M. Because of the larger grating period compared to
the sine-sine combination gratings, a more scalar behaviour is observed with
only slight differences between the two polarizations. Again, we found good
agreement between the theoretical and measured diffraction officiencies. For
hoth polarizations a clearly varying asymmefry between the £ 17 diffraciion
orders as a function of phase shift can be ohserved. The resulting moiré like
effect can be exploited for diffractive optical security devices.
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6.2.4 Conclusious

Two types of comhination gratings, sinc-sine and rect-roct, with continn-
ously varying profile form have hecn desigied, fabricated, and characterized.
Good agrecment has been fonnd hetween the experimental and the theo-
retical diffraction efficiencies obtained from exact electromaguetic diffraction
theory. Both types of combination gratings clearly show'a varying asymme-
try in the £1¥ diffraction arders as a funclion of phasc shift between the two
basis functions. The two types of combination gratings are potentially nseful
for optical sccurity devices because of the moiré paltern easily obscrved in
the diffraction efficiency and the polarization properties.



Chapter 7

Summary and conclusions

In this thesis we have presented theoratical and experimental results related
to refractive and diffractive optical micrastructnres.

We have addressed the fundamental problem of liaw 1o translate an ideal
designed phase function of a DOE into a snrface relief profile of a real cle-
ment with given fabrication constraints. First, we considered the fabrication
of a DOQE by the multilevel approach, and analyzed the scalar-hased methaod
Direct Sampling (DS) for phase function encoding with exact clectromag-
netic diffraction theory. We found that quantized phase profiles obtainad
with scalar DS are, under given fahrication constraints, close to the opti-
mum solntions, even for grating period fo wavelength ratios {Ay/A) as small
as approximately 2 ta 3.3. We fahricated and characterized §-level DS en-
coded Dlazed gratings in fused silica and fannd good agreement hetween the
experimental and the theoretical diffraction efficiencies ohtained by cxact
clectromagnetic diffraction theory. We also compared the influence of the
ancading schemes 135 and analytical quantization (AQ) on the quality of the
facal spot. Secondly, we show how the influence of the finite width of the
writing heam can be significantly reduced when continnons—relief DOEs are
fabricated by direct laser writing. We implemented an 1] algorithm for
the optimization of arbitrary 1-D and 2-1) diffractive fan-outs which are
compensated for the comvohition with the writing heam. Subsequently, we
fahricated and characterized test structures, and found that the efficiencies
and the uniformities could be improved considerably by the compensation
algorithm and demonstrated a very good agreement hetween the theoretical
and experimental values for the efficiencies and uniformities.

We present results which are related to deep, optical microstructures. A
methad is introduced to calculate the 3-1D surface profiles of icfractive op-
tical microstructures fabricated hy the resist reflow technigque. 'The border
geometry of the structurcs can be arbitrary, and sinface tension and grav-
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ity are fully taken into acconnt. We analyzed the influence of gravity on
the aptical propertics of spherical microlenses and demonstrated the ntility
of this medclling method for the design of nen—standard microlenses, e.g.
for smart mask applications. Micro-optical clements are presented which
combine the fan-ont and focnsing function, resnlting in compact monolithic
clements with miniaturized dimenstons and with a high potential for appli-
cations in optical microsystems. We designed, fabricated, and characterized
deep, color separating 4-level gratings with small grating periods. We also
determined theoretically the grating perted range for which these color sop-
arating gratings show tbe behaviour as expected from scalar theory when
nsed for comhining wavelengths to synthesize colors. We discussed the ad-
vantages and consegnences of an improved concept for achromatized DOEs
{A-DOLs), difftactive structures which show for a large spectral bandwidth
in the visible region a nearly constant high cfficiency. We determined the
limits of different models, determined the range of nse of the structures, and
analyzed the fabrication tolerances.

We designed, fahricated and characterized a new incoherent diode-taser
collimator for application in rangefinder systems with extended measure-
ment range. With a fiest prototype we achieved an overall efficiency of 28%.
The overall efficiency corresponds well with the calculated values which were
obtaincd with a wave propagation model. Straightforward improvements
like antireflective coatings and the use of graytone clements shonld lead to
an cfficiency of about 50%. The beamshaping device is qnite compact and
fahrication is suited for mass production at low eost. Additionally, we com-
pared three different technologies for the fabrication of the two micro-optical
elements of the beamshaping device. We found that with refractive type ol
ements, hetter efficiencies can be achieved for large deflection angles, while
with diffractive clements accurate deflection angles can be obtained more
casily.

Theoretical and experimental results are presented for diffractive strie-
tures with continnonsly varying profile form for visual secnrity applications.
Two types of combination gratings, sine-sine and rect-rect, with confinn-
onsly varying profile form have been designed, fabricated, and characterized.
Good agreement has heen found between the experimental and the theo-
retical diffraction efficioncies obtained hy exact electromagnetic diffraction
theory. Both types of combination gratings have clearly shown a varving
asymmetry in the £1*° diffraction order as a function of phase shift he-
tween the two basis functions. The two types of combination gratings are
potentially useful for optical scenrity devices due to their assymmetry and
polarization propertics of the moird pattern cansed by the slowly varying
snrface profile form and therefore diffraction efficiency.
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Publication |

Direct sampling for diffractive microlens encoding
from a rigorous point of view

A. Schilling, P. Blattner, and H.P. Herzig

Rigorous diffraction theory is applied to analyze the Direct Sampling
{133) encoding method, which is based on scalar diffraction theory. Tor given
fabrication constraints and constant sampling width of the lens function, the
quantized phase profiles ohtained with scalar DS are close to the optimium so-
lntions, even for grating period to wavelength ratios (Ay/A) as small as abont
3. For smaller ratios, the phase profiles ohtained hy DS can he improved by
np to 25%. using a straightforward rigorous steepest gradient optimization,
Applicd to cylindrical lenses with NA = 0.5 and 0.63, coding with 1§ and
with rigorous improved 38 give quite similar results for the total diffraction
efficiency.

Publication 11

Miniaturized, Focusing Fan—out Elements:
Design, Fabrication and Characterization

A. Bchilling, Ph. Nnssbanm, Ch. Ossmann, 5. Trant, M. Rossi, 1. Schift,
H.P. Herzig :

We present miniaturized, focusing fan-out clements. The new micro-
optical clements were fabricated by different technologies: donble-sided in-
jection moulding in polycarhonate, douhle-sided photolithography with sub-
sequent transfer in quartz, and direct laser writing in photoresist. The fan-
ont clenients were characterized by measuring their efficiency and unifermity,
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the surface profiles of the microlenses were measnred with a Twyman-Green
interferometer. The overall perforimance of the combined, hybrid elements is
demonstrated with intensity distributions recorded in the focal planes.

IPublication 111

Diffraction from metallic gratings
with locally varying profile forms

W.IR. Tompkin, R. Stasb, A. Schilling, H.I”. Herzig

Mcasnrements of the diffraction characieristics of one-dimensional surface-
relief gratings of locally varying profile ace compared to rigorous diffraction
theory. The studied gratings resnlt from the superposition of two lincar si-
onsoiflal gratings of uniform depth where the relative phase between the two
gratings varies with position. If the relative phasc varics slowly, then the re-
sulting surface profile can exhibit a relatively large-period variation in profile
form. The resulting periodic variation in diffraction efficiency vields a moiré
pattern, having interesting asymmetry and polarization propertics, which al-
ters as the viewing conditions are changed; the gratings can be exploited hy
diffraciive optically variable devices for dociment security.

Publication 1V
Gratings of constantly varying depth for visnal security devices
R. Stanh, W.R. Torapkin, A. Schilling

The diffraction characteristics of sinusotdal gratings of locally varying pro-
file depth are studied in order to assess the value of these surface-relief profiles
as optically variable devices (OV1Ds) for securing documents. The diffractive
characteristics of these gratings are shown to depend very sensitively on the
profile form and depth. OV Ds with visual effects have heen developed which
exploit this sensitive dependence; the security of these OVDs is inherent o
the diffractive structures in so far as the exacl reconstruction of the original
profile is required for the realization of the visual effects. Sinnsoidal gratings
of locally varying profile depth are very resilient. against copying by standard
holographic techniques since these techniques are shown to lead to a loss of
fidelity in profile form or depth.
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Publication ¥V

Surface profiles of reflow microlenses under
the influence of surface tension and gravity

AL Schilling, R. Merz, Ch. Ossmann, and I1.P. Herzig

We present a finite clement method to calculate 3-D surface profiles of
refractive microlenses fabricated by melting resist technology (reflow tech-
nigue). The geometry of the microlenses can be arhitrary. Surface tension
and gravity are taken inlo acount. Gravity can have an advantageons in-
fluence on the profile formi, so that smaller focal spots can be achieved. A
simple scaling law is given to estimate the influence of gravity on the profile
form for given microlens parameters. We compared varions theorctical and
measnared surface profiles of microlenses fabricated by melting resist technol-
ogy and found good agreement. Finally, the nsefulness of this method for
the design of refractive microstructures for smart masks 1s shown.

Publication VI
Phase function encoding of diffractive structures
A. Schilling and H.P. Nerzig

We analyzed the Direct Sampling (DS) method for diffractive lens encod-
ing using exact electromagnetic diffraction theory. In addition to previously
published work [A. Schilling, . Blattner, H.P. Herzig, Pure Appl. Opt., 7,
565 (1998)] we present, new resalts for TM-polarization. We found that the
validity of the scalar-hased DS method is even more extended for TM than
TE-polarization. Additionally, we fabricated and characterized DS encoded
blazed gratings and fonnd good agreement between the experimenial and
thearcticnl diffraction cfficiencics. We analyzed quantitatively the influence
of the encoding schemes DS and Analytic Quantization {AQ) on the quality
of the focal spot. Herefor, we investigated the focal spot sizes (FWIM) and
the Stiehl ratios of the DS and AQ encoded, cylindrical lenses.
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PPublication V11

Efficient beamshaping of linear, high—power
diode~lasers using micro—optics

A. Schilling, H.1>. Herzig, 1.. Stanfler. U. Vokinger, and M. Rossi

We designed, fabricaicd and characterized a micro-optical beamshaping
device, intended o optimize the conpling of a incoherent, linear, high power
diode-laser into a multimode fiber. The device uses two aligned diffractive
optical elements (1301s) in combination with conventional opiics. With a
firsi. profotype we achicved an overall efficiency of 28%. Straightforward
impravements, like antireflective coatings and the nse of graytone clements,
shonld lead to an efficicncy of abond. 50%. The device is compaet and the
fabrication is snited for inass production at low cost, Used in a rangefinder
measurcnient system, this micro-optical device will exiend the measurement.
range. In addition to the direct lasor writing technique, which was used for
the fabricaiion of the DOEs of the prototype, we used two other technolo-
gics for the fabrication of the micro-optical elements and compared the per-
formance. The iechnologies were: Multiple projection photolithography in
combination with reactive ion eiching (RIE) in fused silica. and high-energy—
heam-sensitive (HEBS) glass graytone lithography in photoresist. \We fonnd
thai. refractive type clements (graytone) yvield hetier efficiency for large de-
fliection angles. while diffractive elemenis (multilevel or laser written) give
intrinsically acenrate deflection angles,



