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‘ Abstract

Uatil the beginning of the cighties, optical systems were composed of classical elements
such as lenses, mirrors, and heamsplitiers. Thanks {o spectacular improvements in the
microclectronics manufacturing, it became possible to realize structured surfaces with fea-
ture sizes comparable to the optical wavelength. This enables the realization of elements
with novel propertics. Therefore, the accurate modeling of the interaction of light with
such optical microstructures became necessary. The preseat work gives an overview of
the anthor’s contribntions to the fields of electromagnetic optics, micro-optics, diffractive

optics, near field optics, and optical meteology.
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Chapter 1
Introduction

Until the beginning of the cighties, optical systems were composed of classical elements
such as lenses, mirrors, and beamsplitiers. Thanks to spectacular improvements in the
microelectronic mamacturing, it became possible to realize structured surfaces with fea-
ture sizes comparable to the aptical wavclength. This enables the realization of elements
with novel properties. Therefore, the accurate modeling of the interaction of light with
such optical microstrnctures becanie necessary.

The present work gives an overview of the author’s contributions to the fields of electro-

magnctic optics, micro-optics, diffractive optics, near field optics, and optical metrology.

near field optics

electromagnetic optics

micto-optics w

diffrective optics

optical metrology

Part of the work has already been published. The following papers are in the appendix

of this thesis:
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[A.1] P. Blattner, H. P Herzig, and R. Dandliker. ”Scanning near-field optical microscopy:
transfer function and resolution limit”. Opt. Commni., 155, 245-250, (1998).

[A.11] P Blattner and H. 1. Herzig. *Rigorons diffraction theory applied to microlenses”.
J. Mod. Opt., 45(7), 1395-1403, (1998).

(AT 1. Blattner, . P Herzig, K. J. Weible, J. M. Teijido, H. J. licimbeck, E. Langen-
bach, and J. Rogers. *Diffractive optics for compact space eommunication termi-
nals”. J. Mod. Opt., 43(7), 1473-1484, (1996).

[AIV] P. Blattner, H. P. Herzig, and 8. §. H. Naqvi, "Seanning spot mctrology for testing
of photolithographic masks™. Opt. lng., 23, 2425-2427, (1995).

[A.V] P. Blattner, S. S. 11. Nagqvi, H. P. Herzig, and P Ihhets. ™1iffractive structures for
testing nano-meter technology”. Micraclectr. Eng., 27, 543-546, (1995).

The thesis is structured as follows:

Chapter 2 provides a short review of the mathematical treatment of optical fields in
general, The spesific results will be used in later chapters. Chapter 3 ontlines the grating
diffraction problem. | show that it is important to use rigorous diffraction theories, if
the structures are in the order of the optical wavelength. | present the Fourier modal
method as a snitahle tool for solving the grating diffraction problem. Furthermore, 1 ex-
tend the existent Rayleigh method and the Waterman approach to dielectric surface relief
structures. Introdicing approximate theories helps to understand the complex problem
of lighi-matter interaction. Chapter 4 introduces the concept of transfer functions for
lincar systems. With this concept, complicated optical systems can be modelled. As an
example, a novel approach to understand the oplical behavior of the scanning near field
optieal microscope (SNOM) is presented. 1 emphasize that for a good SNOM, the Lransfer
functions representing the capahility to convert evancscent waves into propagating waves
has to be optimized, rather than the overall throughput. Chapter 5 applies the metlhods
introeduced in ihe previons chapters to different important cases. In partienlar, the near
field and far field of microlenses and slit apertures are investigaled. Furthermaore, we dis-
cuss properties of phase singularities created hy optical microstructnres in detail. Phase
singularities are isolated points of zero amplitude, hence the phase is not determined at
these points. These points are well localized. Therefore, measuring their position can give
infarmation about the object (shape, index of refraction, ete.). Chapter 6 gives examples
of the application of optical microstructures in the field of intersatellite laser communi-
cation systems and in optical lithography. Chapter 7 deals with the metrology of optical

microstructures. We introdnce two fast, non-destructive methods to characterize surface



relief gratings. Furthermore, we review the concept af resolntion and explain apparent sn-
petrresolution in interference microscopy. | present empirically that clectromagnetic waves
exhibit similar behavior than those observed in fluids: For smooth and thin structures, the
phase field shows a laminar flow. If we increase the thickness, phase singularitics appear

and the system becomes turbulent. Chapter 8, finally, summarizes the conclusions of this

thesis.
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Chapter 2

Theoretical background

2.1 Three dimensional vector fields

2.1.1 Maxwell egnations

The bebavior of electromagnetic ficld is totally described by the Mazwell equations, viz.

VxE+B =0, (2.1}
VxH = j+D, (2.2)
VD = p, (2.3)

VB = 0. (2.4)

Equations (2.1) and (2.2} are vector equations, 2.3 and 2.4 scalar relations. B is the electric
field. H the magnetic field, D the clectric displacement, B the magnetic induction, j the
clectric current density, and p the cleciric charge density. Maxwell equations describe the
interrelation belween these different ficlds. The standard units of the physical gnantitics

are resumed in Tab, 2.1

2.1.2 Material equations

For linear isotropic malcerials the general relation between the electric ficld and the electric

displacement is

D=l , with €0 =8.85-107"2 AsV " 'm™", (2.5)
|E}=V m™! . [P)=Asm™? , l=Am?,

3

IH] = Am™' , [(Bl=Vsm™ | [g] = Asm™™.

Table 2.1; Units of the different. physical gnantities
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where ¢ is the eleetric permittivity of the medimm. A similar relation holds for the magnetic

ficld and the magnetic induetion
B=jouH, with jpy=d4x-1077 Ved'm™", (2.6)

o is the magnetic permeability and equal to 1 for non-magnetic maiterials.

2.1.3 Boundary conditions at a surface of discontinuity

Maxwell’s equations were only stated for regions of space thronghout which the physical
propertics of the mediam { l.e. ¢ and g} are continuous, In micro-optics a lot of elements
contain abrupt houndarics between iwo media. The properties of the ficld vectors across
snch discontinnitics are described by boundary conditions. Let 1, be a unit vector norinal

to the interface separating two media. The following conditions are vald [1]:
mz- (B2 -B} =0, (2.7)

i.¢. the normal component of the magnetic induction 15 conttnuons across the surface of
dizcontinuity.

2 (D2 —Dy) = ps, (2.8)
i.e. in the presence of a layer of surface charge density ps on the surface, the normal
comporent of the cleciric displacement changes abruptly across the surface, by an amount
equal lo pg.

np X (B —Ey)) =0, (2.9)

i.e. the tangential component of the electric vector 18 continuous across the surface.
n;; x (Hy —H)) = js, {2.10)

i.e. in the prescnee of a surface current densily js, the tangential compouent of the
magnctic ficld vector changes abruptly by js x nya.

We are mainly interested in dielectric materials (p = 0, j = 0). 'Thus all right band
terms of Eqgs. (2.7) - (2.10) are zero. The corresponding components of the clectric and

magnetic ficld veciors are continuons through the interface.

2.1.4 Poynting vector and energy density

If we form the scalar product of H with the first Maxwell equation Fq. 2.1and of E with

the second Maxwell equation Eq. 2.2 and subtract both results we obtain

H- (VXxE)-E- (VxH)=—E.-D-H-B, (2.11)
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this gives

V(ExH):-%%(E-D-i-H-B). (2.12)
The unit of the scalar products inside the parenthesis of the right side of Eq. (2.12) are

Jowles per cubic mefers (D} = [BD] = Jm™3), We therefore write

a
Vs+aw—-0, (2.13)

where w is the energy inside a unit volume associated to an cloclromagnetic field, Written

i terms of the clectric energy density w, and the magnetic energy density wp,

w

w, + 1wy, , with (2.14)
1E D, and w,=3:B H. (2.15)

au,
T'he power flow in electromagnetic fields is descrihed by the Poynting vecfor
$=E x H. (2.16)

The physical interpretation of |8) according Bq. {2.13) represents the amount of energy
which crosses per seccond an unit area (5] = Js='m~2). By definition 8 is always per-

pendicular to E and H.

2.1.5 Wave equations

Using some clementary vector analysis 1t is possible to decouple the field relations de-
seribed hy the Maxwell equations. For linear, isotropic, but {diclectric-) inhomogeneous

media {¢ = ¢(r)]) it resulis

AE — coc(r);tnpl."] =-v (E\:(c_'(l;)) ) (2.17}
and
AH — coe(r)yipuH = —E:—(%? x (V x H). (2.18)

Equations (2.17) and (2.i8) arc the inhomaogeneous wave cquations for E and H. The
different. field componenis are coupled through the inhomogencity of the material (We(r) #
0).

2.1.6 Thnne harmonic fields

We are mostly interested in time harmonic, monochromalic ficlds. For this purpose, 1he

complex vectors E, and H,, arc usually introduced. The physical ficlds are then the real
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The time avernged cnergy densitics are related to the square of the magnitnde of the

complex ficlds,
< > = %(HC|E.,,|2 . and < Wy > = %[luﬂlﬂwlz . (2.25)
And finally, it can he shown that the timie averaged Poynting vector is exprossed as
<S8>=1Re{E,xH)}. (2.26)

Using Eq. {2.13), it follows that the divergence of the time averaged Poynting vector is

2610, Viz.

V <8>=0. (2.27)

The heanty of describing a time harmanic field hy a complex vector is that the time
averaged cnergy is the absolute value of the veetor, that the time (and space) propagation
is inclnded in the phase of the vectar, that the physical field is the real part of the vector,

and that the complementary field can he dednced from the imaginary part of the vector.

2.2 Two dimensional geometry

In the present work, we will only trcat two dimensional geometries. The grating vector
is chosen to he parallel to the snrface. Furthermore, the media and the fields shall not
vary in the g-direction. TFor these geometries we can distinguish two different fundamental
cases where the inhomogencons wave equations Eqgs. (2.17) and (2.18) hecome particnlarly
simplified.

If the clectric field is parallel to the g-axis (which is called T'E-polarization), the vector
wave eqiation (Eq. (2.17)) for the clectric field becomes a scalar equation. Furthermore,
the scalar product on the right hand side of Eq. (2.17) is zero. Applying the complex

representation introduced in Sec. 2.1.6 yields
AU(r) + ke(r)U(r) =0, with 12 = coptapiw® = (2mf2)? (2.28)

where U = E,, - 17 is the scalar representation of the (complex) clectric field and A is the
free space wavelength. Equation (2.28) is the inhomogencons ffefmholtz equation for the
clectric ficld in T'E-polarization.

If the magnetic field is parallel ta the j-axis { TAMf-palarization) the situation is some-
what more complicated. Dne to the diclectric inhomogeneity, the right hand side becomas

different from zero, viz,

AV(E) + K2(r)V(r) = (r)™" Ve(r) VV(r), (2.29)
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where V. = H,, - § is the scalar representation of {complex) magnetic field in T'M-
polarization. The right hand side of Eq. (2.29) can give risc to some problems, especially
if the gradient of the permittivity is singular (for axampie in the case of a diclectric snrface

relief structure).

2.2.1 Poynting vector in two dimensional geometry

We have already scen that the time averaged Poynting vector < 8 > is the real part of the
veetor product of the complex clectric field and the complex magnctic field (lq. (2.26)).
In addition, the magnetic field is contained in the imaginary part of the complex clectric
ficld (15q. (2.23)). In two dimensional geometries these relations allow to cxpress < § >

for the TE-polarization as

-1
2wytofi

<S>rp= Re {U(r)VU"(r)} . (2.30)

Similar considerations arc valid for the T'M-polarization, thus
i
Zwpe

<8 >ram = Re{V(e)¥V {z)} . {2.31)
Writing the complex field in amplitude and phasc,

U= Arge®r™®, and V= Appye?™ {2.32)

and introducing it into q. (2.30) and Lq. (2.31), respectively, yiclds

<8 >rg= Are Vére, for TI , (2.33)

-1
2witfig

<S> = A%‘M Vrar for TM . (234)

2wreey
The Poynting vactor is thercfore always orthogonal to the phase contours of the complex
fields. The absolutc value of < § > is proportional to the square of the amplitnde of
the ficlds and the gradient of the phase. In ray optics, L(r) = k™ ¢(r) is called Fikonal.
The gradient of the Eikonal V.L indicates the local propagation dircction of the individiral
rays. Equations (2.33) and (2.33) confirm that the time averaged Poynting vector (and
therefore the energy flow) is actually parallel to the gradient of the Eikonal.

The electric energy densities in TE and the magnetic encrgy density in TM hecome

1 1
< Wy >TE = EC({)A%‘E , and < W DA = Z,u;toAer . (2.35)

For illustratton, let ns consider one part of the field of Fig. 2.1. Figurc 2.2 a) shows the

square of the amplitude of the complex clectric field AZg. In Fig. 2.2 b) the phasc and
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at phase dislocations, whereas it is always zero at saddle points (sec See. 5.3). To our
knowledge, this important difference between the enrl of the Poynting vector and the cur!
of the time averaged Poynting vector has not yet heen discussed in open literature.

2.3 Homogeneous media, plane waves

For hamegeneous regions the Helmholtz equations simplify to

AUfr) 4+ Keli(r) = 0, (2.37)
AV(r) + k2eV(r) = 0. (2.38)

There exist an important set of solirtions: the plane waves. They are characterized by
their wave veetor k = (A, k;) indicating the direction of propagation of the wave. Far a

two dimensional geometry, plane waves are represented hy
U(r) = u ™ = uexplikpe + ik, 2], {(2.39)

Introducing Eq. (2.39) inta the Helmhbaliz equation Eq. (2.38) imposes for the projections

of the wave vector the relation
B4k =k = Kje. (2.40)

Equation (2.40) implics that the length of the wave vector is fixed hy the permittivicy of
the medium and the wavelength. ‘T'hus, the wave vector has to be on a sphere (resp. a
circle in twa dimensional geometry) of radins kgn, where n = /¢ 1s the refractive index
of the hamagencous medinm. T'his sphere is referred to as the Ewald sphere [2]. Only
ane of the twa components of the wave vectar can he chosen independently. One of the

consequences is, that there exist two different kinds of plane waves, If
kP < ke, (2.41)

the second camponent k; is real. We get a homogeneous or propagating planc wave which

has a constant amplitude u. if
kD > k2, (2.42)

the second component &, becomes imaginary. Equation (2.39) rewrites as
U(r) = nexpliker] exp[Lyz), with 5 =ik, = /&2 — ke (2.43)

We get inhomogeneous or evanescent waves. The physically meaningful sign in the expo-

nent of Eq. (2.43) is determined by the geometry of the problem. In any case the field at
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infinity has to be finite. Fvanecscent waves are characterized by an exponential change of

their amplitude. The penctration depth
zopr D oy =20 (K2 — k2)™'2, (2.44)

is proportional to the inverse of . For large kg the penctration deplh z.4p is in the order
of 2r k1.

Note that the Poynling vector associated with an evancscent wave is always parallcl to
the #-aris (V¢ = (k2,0,0)), i.c. there is no encrgy transport in the 2-direction. Evanes-

cenl waves play an important role in the interaction of light. with optical microstrnctnres.

2.4 Discussion

In this chapter, we established the hasic notions for the mathematical treatinent of op-
tical ficlds., We ontlined the advantage of introducing complex vectors to descrihe time
harmonic fields, We showed that the inhomegencous wave equation is more complicated
for TM-polarization than for Tli-polarization, especially if there are discontinuities in the
permitéivity function. We introduced the curf of the time averaged Poynting vector and
showed that it indicates how turhulent a time harmonic clectromagnetic ficld is. And
finally, we showed that transverse field variations that are smaller than the wavelength

give raise to exponentionally damped, and non-propagating (cvancscent) waves.
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Chapter 3

Interaction theories

Fourier Modal Mathods, Sec. 3.3

Rayleigh hypothesis

Rayleigh approximation, Sec. 3.2

local points

Waterman method, Sec. 3.4.1

large periods

Thin element approach, Sec. 3.4.2

Figure 3.1: Different interaction models discussed in this chapter.

This chapter treats different theorics of interaction of light with periodic optical mi-
crostructares (Fig. 3.1). A good overview of different integral and differential maothods
applied to grating structure has heen presented by PETIT [3).

Here, we discuss in the first section some hasic propertics of all surface relief grat-
ings. In Sec. 3.2 the well estahlish Rayleigh method is reviewed and applied to diclectric
gratings. In Sac. 3.3 two different rigorous diffraction models arc presented. Both are
differential methods. The last section of this chapter {Sec. 3.4) outlines different approxi-
mated methods including the Waterman method, the thin clement approach and a sceond

order effective medium theory.
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z Ti

Figure 3.2: Sctup for the grating diffraction problem,

3.1 Grating diffraction problem

The grating diffraction problem can be formulated as follows: Green a periodic surface,
delimiting the space into teo homegencons regions. What is the light ficld emerging from
the structure if the surface is illuminated by a plane wave? To answer this question
different approaches have been proposed in the open literature. et us ficst cesume some
basic properties common to all surface relief grating structures.

The grating surface profile is descrihed hy a periodic function z = f(z2) = f(z + A).

Ior commedity, we separate the space into three different regions (see Fig. 3.2): Two
homogeneous region 53 and Sy, characterized by a permittivity ¢; and ¢;rr, respectively,
and an inhonogeneous region whieh includes the periodie surface niodulation for 2y, <
z < Zmnx- The field in the first region may be wiitien as a snm of the incident. field #y(r)
and the reflected field F.(r). The field in the third region 13 the transmitted ficld E(r),
VIZ,

E;(l") = ED(I‘) + E,.(l") R and .E;”(r) = Ef(r)‘ (3.])

Lot us suppose that the incident ficld is an infinite plane wave
Eq = ¢imoetifor (3.2)
Equation (3.2) and the periedicity of the geometry suggest that the reflected and the

iransmitted fields are also periodic in the #-direction, i.e. they can be expressed as

Fourier series

E(r) = 73 ua(2)e™™ = 3 v (2)et K= ?\i . (3.3)
Ee(r) = do7 % wa(z)e ™M = 3 wn(z)e™", . (3.4)

with
Op =g — 0k . (3.5)
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If we insert Eq. (3.3} into the Helmholtz equation Eq. (2.28) we find that

(:: + (P —allo, =0, and %-Z—" 4 (K= alhw, = 0. (3.6)

The general solutions of Eq. (3.6) are

,”n(z) = Anei:?m.z + B,.G-ml ni , with ;31 = ”ﬂ"‘(‘[ — O.El , (37)
wa(z) = Cod®o? 4 Doemns o with Py, = (fh2gy —al. (3.8)

We soe that the reflected and the transmitted fickd consists of superposition of plane waves.
‘I'he dircction of propagation are given by the grating period. From the physical point of
view the reflected field can only consist of backward traveling waves and the transmitied
of forward traveling waves, i.e. A, =0 and [}, = 0. We finally find the general expansion
of the reflected and transmitted ficld (called Rayleigh expansion), defining i, = 3, and
Ty = Ch,

E(r) = 3 fpolonmifiar for z < min f(z), (3.9)
Eir) = Z?',,ei"’"z"'iﬁ"”‘ ) for z > max f(z). (3.10)

Considering Eq. (3.9) and Eq. (3.10) we recognize that solving the grating diffraction
problem means determining the complex amplitudes of the reflected and transmitted
waves fl, and T),.

In most cases, we are intercsted in the diffraction efficfency, that is the energy flux
associated to every diffraction order. Based on the definition of the Poynting vector,

Iiq. (2.16)}, we define the diffraction efficiencies of the nth reflected and transmitted wave

as
Wrn = Re{BiafBa}| ], (3.11)
nra = C Re{Ban/Bo}Tul® . (3.12)
where
1 for TE-polarization
C= ¢ . (3.13)
L for TM-polarization
<

The real part of the z-projection is taken to exclude evancscent waves. They do not
contribute to the diffraction cfficiency. It is ahvions that for non-ahsorhing materials (i.e.
diclectric materials) the sum of all difftaction efficiencies shonld be equal to 1, viz.

Y uratura=1. (3.14)

n
Equation (3.14) expresses the fundamental law of encrgy conservation. lt is also useful,

ar cven necessary, to verify the validity of Eq. (3.14) for the different diffraction theories.



16 CHAPTER 3. INTERACTION THEORIES

3.2 The Rayleigh method

Let us furn hack to the grating diffraction problem. Historically, Lord Rayleigh introduced
a first approach at the heginning of the century for reflection gratings [4]. During almost
60 years no contradiction to this approach has been found. With the introduction of
mordern nunerical computation tools failure of the method has been found especiaily for
deep grating structures [5). Different papers disenss the validity of the Rayleigh method
for sinusotdal [6] and general periedic [7, 8, 9, 10, 11, 12,13, 14, 15] surfaces. Different,
methods have heen proposed to improve the convergence [16]. 1t has generally heen
accepted the Rayleigh method is neither always wrong nor always valid. Of course this
constraint limits the application of this method. On the other hand, the method is very
casy to understand and o implement. We present it from a numerical analysis poiat of
view, We apply it to the case of diclectric surface relief gratings, which is not treated to
anr knowledge in literatire.

The Rayteigh method is based on the following hypothesis: The Rayleigh expansions,
Eq. (3.9) and Eq. (3.10), are not only valid in the two homogeneous region Sy and Sy

hut also inside the modulated region. Therclore, we can write
Fps = dovrtihs & goseifio | for < f(a), (3.15)
By = 5, Tpefonmtifanz for z> f(=z). (3.16)

Note that the ouly difference to Eq. (3.9) and Eq. (3.10) is in the domain of definition of

the fiinctions. On the grating surface the fields have to satisfy the boundary conditions

Eﬁ-(:ﬁ,z) - ]5‘1114(37,5):0, ‘v':n,ze 'P, (3.!7}
d d _
E}JJ{-(I! Z) - C EL”H(I, 2) = 0, V.T-, z e p N (3'8)

where C is again given by Liq. (3.13). The grating diffraction problem can now be re-
formalated as follows: fow do we have to choose the amplitndes of the reflected and
transmilied waves (Fq. (3.16) and Fq. (3.16)) in order to best satisfy the boundary condi-
tions (fiq. (9.17) and (. (3.18)). ‘T'he grating diffraction problem is therefore equivalent,
to a parameter optimization. The merit functions to be minimized is the errors made in

the houndary conditions, viz.

¥ fr |E1s (2, 2) = Eppe (2, 2) Pl (3.19)

2
Xa -[T‘

For nmmerical implementation the honndary is sampled at A different points. Furlher-

d . d . :
E.’}]+($,2’J - CEI}””(T” z) dr. (3.20)

more, we limit the nimber of reflected and transmitted waves R, and T, to N (including
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propagating and evanescent diffraction orders). We therefore get M equations of type
Eq. (3.17) and M equations of type liq. (3.18) with 2N nnknowns. The nice thing is that
these equations are finear in R, and T,,, hence, we can write the bonndary conditions in

matrix form

M'R + MY'T = b, (3:20)
N'R + NI'T = b,. (3.22)

In the first equation the matrices M! and MY are according the first boundary condition

lq. (3.17) given by

M{:.m = exp[io',,a:m - iﬂl,nf(mm)] 1 (323)
M = —explioat; — iBzaf(7m)] (3.24)

and the vector by by
{bi}m = —expliooz, + ifof(#m)] - (3.25)

The second equation includes the field derivative normal to the boundary surface. 1t is
not difficult to show that for a general plane wave u = exp{iaz + ifz) this ficld derivative

can be cxprossed as

du  -af' 48
—_—= .2
dn VT2 h (3.26)
The mairices N’ and N7 are therefore given by
Ni,m = (’_anf'(mm) + ﬂl,n} exp[ianﬂ"m - iﬁl‘wlf(:rm)] ] (327)
NI = (auf(Zm) = Bom) exXpliontm — ifznf(2m)] (3.28)
and the excitation vector bz by
{babm = (o0f (@) + o) explicozm + ifaf(2m)].- (3.29)

Due to the linearity of the problem, the optimization prohlem is simplified. 1n numerical
analysis, problems of this type is referred to as the general lincar least squares method [17).

The general form is
M
y(.’i‘t) = z (J],A’k(:'t) B (330]
k=1

where a; are the parameiers to be determined, Xy (z),. .., Xpr(z) are the basis functions.

@y = [ RnJ . oand  Xy(m) = [M’ MI”:| . (3.31)

In our casc

rlin NI NI.”
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The figure of merit for this lincar model is

N

M 2
=3 [y.- > ak.n(r,-)] . (332)
k=1

i=1
Equation (3.32) is nothing clsc than the approximation of the integrals in Eqs. (3.19) and

(3.20). 1t can be shown that the hest set of parameters in the sense of x? is given hy [17]

M N
a;= 3 Ci [Z y.'Xk(-'ﬂ.-)] : (3.33)
=1 iz
where Cj is the covariance mateix defined by

N
Cie = ol , with [o] =3 X(z) Xi(zi) . (3.34)

=1
In most modern high-level compnter Jangnages (sueh as MaTLAB™) the general linear

least square method is a single line command, namely
»a=X\y

That is the reason why the numerical implementation of the Rayleigh method is straight-

forward.

3.2.1 Validity of the Rayleigh method

Once we have found the hest set of parameters (in onr case the best fitted conplex
amplitudes of the plane waves) it is important to check its validity. For the Rayleigh
approach, there exist two straightforward methods for this purpose. First, from the
physies point of view, it is clear that the encrgy has to he conserved for dielectric materials,

sce Eq. (3.14). We therefore define an crror in the energy conservation law as

&= 1= 3 (trn +1ra)| - (3.35)

Sceond, from the mathematical point of view we have to verily the goodness-of-fit of the

model. For this purpose we introdnce [17]

Q = T(V/'?)‘\'2/2) : (336)

where y{a,x) is the incomplete gamma function and v the degrees of freedom in the
fitting model (i.e. ¥ = N — M). If Q is close to zero for a set of data, then it is most
probable that the model is correct. In terms of Rayleigh method this mcans that the
planc wave expansion of the fields inside the modulation is correct. If @ is close to [, the

mathematical model is likely to he wrong.
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Figure 3.4: Region of validity of the Rayleigh approach for a sinusoidal surface relicf

grating. a) the energy conservation error and b) the goodness-of-fit are reported.

Example Lct us look at a sinusoidal surface relief grating of period A and height A
(Fig. 3.3). The refractive index of the first medium is ny, = 1.5 and of the second
medimm ny = 1. The grating is illuminated by & perpendicular incident plane wave of
TE-polarization. We caleulate @ and ¢, for different grating periods and grating heights.
In TFig. 3.4 a) the energy couservation error ¢, Fig. 3.4 b) the goodness-of-fit @ is re-
ported. There is an excellent agreement. hetween the two graphs. We therefore conclnde
that for certain types of grating configurations (light regions) the Rayleigh approach is
mathematically and physically wrong.

The inverse statement is less trivial: How can we show that in the dark region (i.c.
in regions with cnergy conservation) the Rayleigh approach is correct? One possibility
is to compare the diffraction cfficiency calenlated by the Rayleigh method with rigorous
calculations. Section 3.3 will introduce different rigorons methods. Here, we only show
caleulations for a sinusoidal grating of period A = 3A (FFig. (3.5) }. The diffraction
efficiency versus the grating hicight is reported. In the region with Q@ = 0 a good agreement

cxists hetween the rigorous and the Rayleigh method.
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Iigure 3.5: Diffraction cfficiency versns grating height for a sinusoidal grating with
A = 3\, The lines correspond to the Rayleigh approach, the circles to the rigorons calen-

lated points. Q is the goodness-of-fit of the Rayleigh approach.

3.3 Rigorous methods

We have seen that there are cases in which the Rayleigh method gives wrong resulis.
Especially for deep grating structures, the field representation inside the modulated region
is not. valid anymore. Therefare, we have to hase the field expansion inside the modnlated
regian on the wave equations. For this purpose different rigorous approaches have been
reported. Normally, they are classified in fonr different gronps: analytical, integral, finite
clement, and differential methods. Unfortunately, analytic expressions of the rigorons
salutions for the diffraction arc rare. 1n principle, they exist only for the case where the
disconiinuity of the permittivity function coincide with the axis of a clementary coordinate
system (Le.flat surface, circular, or elliptical interface'). Integral and finite clement are
mostly nsed to maodel non-periodic structures. For period structures, methods solving
the differential wave equatian arc generally nsed. Usually, they are hased on a modal
expansion of the field. The initial work on binary surface relief struetures has heen made
by BURCKHARDT [19],KasPanr [20], and KNoOP [21]. Therefore, the method is sometimes
called BKK-method. Later MOHARAM applied it to general surface relief stroctures [22]
hy slicing the general surface into a stack of lamellar gratings. He called the method
rigorous coupled wave approach, RCWA. In practice, it can he shown that the method

lcads to the same mathemalical differential equation system than the BKK method. Vor

There exist. n method (C-meihed) introduced by CuaNprzox [18] which mnkes n Lransformution of
the coordinates in a way that the snrface profile becomes Mat, Tnsiend of having a simple wave equalion

and complicate houndaries, 1he C-incthod has siniple boundaries but n complicate wave equation.



3.3. RIGOROUS MIETHODS 21

this reasan we prefer to nse the term eigenmeode method [29] or better Fonrier modal
method, FMM (in contrast to other modal approaches as presented hy MoRF [24]). The
FMM has also been suceessfully applied to eross-gratings [25] and gratings of anisotropic
materials [26).

Since: the introduction of the method in the ecarly 70’s, different mathematical im-
proevements have heen proposed [27, 28, 29, 30]. The main prablem is still the poar
convergence of the PMM in the case of TM-polarized plane waves diffracied by a general
surface relicf grating structure of non-infinite conducting metals.

In this section, we first introduce the concept of the canpled-wave analysis. The
methad is hased on a physical approach and is therefore quite intuitive [31]. The salu-
tion is a snperposition of individual waves. The waves are conpled through the Fanrier
cocflicients of the permittivity expansion of the snrface modunlation. We will see that this
approach leads to a secand order differential equation system: with non-constant terms.
The sitnation can he handled hy reformulating the wave approach by a modal approach.
Second, we antfine the rigorous eigenmode approach. The Helmbaltz equation, a partial
differential equation, is separated in z and z. The two resalting (ordinary) differential

equations are easily solved.

3.3.1 Slicing the surface relief

The first step, connnon to all modal approaches (including RCWA, FMM, Morf), is to
remove the z dependency of the permittivity function e{z, ). This is done by slicing the
snrface relief steneture into a slack of lamellar layers (see Fig. 3.6 a). Inside cach layer,
the permitiivity is supposed to be constant in z direction, ¢(2, ). It is now the binary
permitlivity funetion, (Fig. 3.6 a), and not. the hinary surface fnnction, which is expanded
into a Fonrier series {in RCWA,FMM), resp. polynomials (Morf, {24]). Inside cach layer a
field ansatz is made and at the end the different ficlds are matched through the banndary
conditions.

We will now study the field expansian for the RCWA, resp. the FMM in more detail.
For simplicity of notation we will omit the numbering of the individual layers. We consider

therefare the field inside one slice.

3.3.2 Coupled-wave analysis

The general concept of conpled waves is used to describe the propagation of waves in
a media which can be characterized by any kind of perturbation. The salution of the

perturbational case is found by tinearly superposing nan-pertnrhational solntions. This
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Fignre 3.6: T'he z dependeney of the permittivity function c(x, z) is remaoved by dividing
the surface relief into a stack of lamellar layers, a). The permittivity function (h) of cach

layer is then expand into a Fonrier series.

method has been extensively applied te volume holograms which have small perturbation

terms. H is however also possible Lo apply the methad for surface relief gratings.

Coupled wave ansatz

Let Spp be the modulated region. [f there is no perturbation Sy is a transparent, homo-
gencons and isotropic media, characterized by a diclectric constant ¢j;. As a solntton of

the hamogennous Helmbholtz equation we choose plane waves
Eilx,z) = ¢ 70770 (3.37)
with
(.‘rf- + ﬁf = kzr.” . (‘3‘38)

Assuming an infinite surface-relicf grating, the perturhation may be written as a Fourier

scrics

pir) = P E(zx,z) Y qexp(—il Kz}, with K=2xfA. (3.39)
i

The coupled wave approach assnines now, that the electric field E(z, z) in the pertarba-
tional medinm can be obtained by a linear superposition of a certain number of plane

waves, aamely

E(a,2) = 3 A2 By, 2) = 1 Aslz)eiorm=im, (3.40)
} 7

In the concept of pertarbation theory, the inhomogencous Helmholtz equation wriles

as [31]

AU(r) + kielr)l(r) = p(r) with &2 = courgpe? = (2m/2)2. {3.41)
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Introducing Eq. (3.40) into Eq. (3.41) vields

d24;
z[AAL,md - d’ ,-+k2c,m,-fa,-]=p(r). (3.42)

¥

Because the individnal planc waves satisfy the homogencous wave equation, Eq. {3.42) is

reduced to

dA; 8t d? Aj dA; * A;
9 -2 —26,—2 4 =
Z,:[ 4;25 4 A L] z[ 25,25 4 & 2][9 W), (343)

i
Orthogonality of the plane waves

If we moltiply Eq. (3.43) by a plane wave /5, and integrate then over the whole space,

we can take advantage of the orthogonality
f da Bj(, 2) B (v, 2) = e~ = j dmeilemmn)e _ g, (3.44)
—o0 -

of the individual plane waves. Using this orthogonality relation Eq. (3.43) hecomes

2 N o .

Ay ;3,,, = ot [ droiontp(r). (3.45)
FEl .

Introducing now the pertnrbation term given by Eq. (3.39) into I2q. (3.45)

d’4,, a2 4Am 2 ifmt o iom=iK)z
F—Q:ﬁm?_k e ;q/_wdrc E(x,z). (3.46)

The right hand side of Eq. (3.46) becomes

. o0 . -
RE T Mg [~ daclen-ikeee, (3.47)
it et

Nen-vanishing integrals arc only cbtained if

o = ap — 1K, (3.48)

p)

which is recognized as the condition for diffraction hy the grating. We see thal the
condition for diffraction is included in the concept of coupled waves. The set of plane
waves is discrele and the spacing in the a-space {or frequency space) is K. Equation (3.48)
mutually relates the z-prajections of the individual waves. The offset value {i.c. ag) is

given by the z-projection of the incident wave plane wave

ap = +/rsings, (3.49)

where ¢p is the angle of incidence.
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Figure 3.7: Different possible choices for 1he bela-projection.  a) beta value leads to
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differential equations with non-constant cocfficients, h) IK-vector closure is used in the

rigorous classical coupled wave approach, (RCWA).

Coupled wave equations

By replacing the right hand side of 15q. (3.46) with Iiq. (3.47) the conpled wave equations

become A A
dz? ~ %0 dz

= A‘.z Z c”ﬁm_m]zcm-j AJ H (3'50)
i

Equation (3.50) is a system of coupled differential equations of non-constant terms. This
formnlation is called befa-valne approach. ‘I'he different plane waves are canpled throngh
the Fourier harmonics of the perfuchation expansion €,_j. If the perturbation is weak
(in the sense that there are only smooth transition) only fow cocfficients are necessary fo
express the solution. For a sinnsoidal index grating (like a volume hologram) only onc
Fonricr coefficient is necessary. 1 one takes only two waves and neglocts the second order
derivative, the solution proposed by KOGELNIK [32] is found. For snrface refief structures,
however, there 1s normally a sharp jump of the permittivity inside the modulation. In
this situation, a large number of coupling cocfficionts have to he taken into account. 'T'his
may lead to diffienlties for the numerical implementation of Fiq. (3.50) hecansc of the
non-constant cocfficienis. One possihility to overcome this problem is to choose another

set of elementary waves.

Alternative choice of the individual waves

In our previous formulatian of the conpled waves, the individual waves were chasen in

the following way: First we said that they are solntions of the non-perinrhational wave
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cquation. This requirement relates the projection a; and 3 of the wave vectors trongh
Eq. (3.38) (see Fig. 3.7 a). We have secn that this leads coupled wave equations with
non-constant coefficients. The non-constant, term { ¢®==%) ) can be avoided if we choose

all the 3; constant:

B =8 = k% — o, e, Bilm,z) = griogr=ifiz {3.91)

Note that t3 has no index anymore, hecausc it is the same for all the terms (Fig. 3.7 b).
Note also that the individnal “waves® do not satisfy the wave equation anymore. We
hetter call them space harmonics. From Eq. (3.42) we get

d? A,

dz?

dAn,
2
i dz

+ (ain - ﬂz)‘gmj*“m = kez(m—j Aj (352)
H

instead of Eq. (3.50). T'his corresponds to the rigorons coupled wave approach (RCWA)
presented by Moharam and Gaylord [22]. Setting A, = A, and Ag,, = dAnz/dz, the

sccond order differential equation system is reduced to a first order system, viz.

Ay m
’d—‘ 0 I Arm
= ) (3.53)
d4 m -
- M | 2pl Azm

£

where 0 is a zero matrix, [ an snit matrix, and M a matrix with M,,; = kzcm_,— —(of -

B%)8,;. The four submatrices (0,1, M, 2i61) form together the conpled wave matrix 8. T'he
resulting system (A = SA) can he solved by making for the A,, the cigenvalue ansatz

An(z) =3 ap wpm £, (3.54)
»

wherc &, and w5, arc the eigenvalues and cigenvectors of S. The valnes a, are found
through the houndary conditions (see Sec. 2.1.3).

The cigenvalues and eigenvectors of § arc essentially determined by the matrix M.
Actually, it is not difficult to show that for cach cigenvalne p of M there exist fwo

eigenvalues, deternined by the second order equation
W =2k —p=0. (3.55)

The cigenvector wy, is then given by

Wy, = ( oK ) . (3.56)

thn
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where v, is an eigenvector of M. Therefore, it. is sufficient, to search the eigenvalies and
cigenvectors of M; the eigenvalues and eigenvectors of § are found throngh Egs. (3.55)
and (3.56).

The nnmerical implementation is straightforward, that is the reason why the conpled

wave method is so popular,

3.3.3 Fourier Modal Method (FMM)

Starting point of the Fourier Modal Method (FMM) is the Helmholtz equation (Fq. (2.38)).

Separating the variables E(z,z) = X(x)Z(z) leads to two ordinary differential eqnations

d? . -
X (@) + [Rd(z) - ] X(z) =0, (3.57)
and
d? .
@/;(Z)"")’ /:(Z) = 0, (358)

where 47 is the scparation constant, The solution of Fq. (3.58) can be expressed as

Z(z) = aexp(ivz) + bexp(—ivz). (3.59)
To solve Bq. (3.57) the complex relative permiftivity is usnally expressed in terms of a

Fourier series

er)= i epexp(i2aprfA). (3.60)

p=—co
The periodicity of ¢ implies (throngh the Floguet-Bloch theorem) a psendo-periodic soln-

tion, i.e. X(x+ A) = exp(iooA)X (). Therefore, we expand X(z) as follows

Ar) = i P cxpliom®) , (3.61)

m=—-cd
where

Om =+ 2rmfA, and o = kosin(fy). (3.62)

The complete sotution of 1q. (2.38) is given by

Efz,z)= 3. 3 Pmexplionz) {an exp(ivaz) + b exp(—ivaz)} , (3.63)

where P, and -y, are found by inserting Eq. {3.63) and Eq. (3.60) in iq. (2.38). We

ohtain

a3 o0

> Y [(of,, + 4% exp(iapT)dmp — k?c,,cxp(ia,,,ﬂ,:r:)] Pn=0. {3.64)

m=—0d p=—co
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Multiplication with exp{—imz) and integration over the period d gives a system of equa-

tions

oD
3 (Fam — aldm)Pa =71, or Q-P=+P. (3.65)

m=-0a

Thus, P, and 4?2 arc given by the eigenvalues and eigenvectors of Q with

le = kzq—m - a?n(sfm - (366)

Note that the conpling matrix Q of the Fourier modal method is very close to the

matrix M in the rigorous coupled wave appreach, Eq. (3.53), namely

M-A1=Q. {3.67)
Thus, the cigenvalues of M and Q are rclated by

w—Br=r (3.68)

Althongh the starting point is different, the rigorous conpled wave approach (RCWA) and
the Fomier modal method (FMM) lead to the same numerical implementation. T'he term
RCWA is probably more nsed in open literature than FMM. We prefer “Fonrier modal
method™ heeause it describes hetter the physical aspect (inside the grating structure the

field is expanded into modes).

3.3.4 Boundaries

Onee we have found the fields inside each layer, we have to match them at the boundaries
in order to determine the unknowns field amplitndes f2;, and 7; of the Rayleigh expansion
Eqs. (3.9) and (3.10}, as well as the amplitudes a, and b, of the modes in side each layer,
Liq. (3.63). The boundary conditions (see Sec. 2.1.3) implies that for TE-polarization
the field and its derivatives in the > direction arc continuous across the houndaries. We
will therefore get a large system of linear eqnations, which can be easily solved by using
standard methods (for example Ganss climination). The size of the matrix is 2(N +1)M x
2{¥ 4+ 1) M, where N is the number of waves retained in the analysis and M the number
of layers used to describe the gencral snrface relief structures. The factor two is due to
the fact that there are always 2NV unknowns inside cach slab. The detailed description of

the houndary prohlem is well documented in literature, sce for example [23, Sec. 2.2.5].
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3.4 Approximate methods

Although the numerical implementation of the FMM, or the RCWA, is not difficult,
simplification of the theory is in many situations desirable. H the ratio hetween the
grating period and the wavelength grows, the number of modes to he retained in the
analysis increases. Thus, the CPU-time and the computer memory will also ncrease.
We will therefore study different. approximations. First, if the Rayleigh approach is valid
(i.c. if the gratings arc not Loo deep), it can he shown that the complex amplitudes of the
different diffraction orders are given by a simple integral expression. Sccond. if the grating
period is much larger than the optical wavelength, the integral expression is simplified
and we will find the classical thin element approach. And third, if the grating period
is much smaller than the wavelength, an analytical expression of the cigenvalnes in the

rigorons method exists.

3.4.1 Waterman method

The Waterman method has been introduced by WATERMAN [33] it the field of acoustic
waves, Later MAYSTRFE [34] applied the formalism to the grating difitaction problem for
perfeet condueting metallic surface relief strnetures, In this case, the boundary conditions
are simplified. The ficld, for T polarization, or the normal derivative of the ficld, for TM
polarization, is equal to zero on the houndary. The consequence is that the amplitnde
of the reflected waves (there are only reflected waves for perfect metals) are given on
the honndary by the normal derivative, for TE-polarization, or the field itscll, for TM-
polarization. Here, we try to estahlish a similar approach for diclectrics. The boundary
conditions for two homogeneous dielectric region imposc only the continnity of the field
and its derivative across the horder. We therefore get some kind of mixed expressions. The
amplitudes are given hy the field and the normal derivative of the ficld on the houndary
for hoth polarizations. 'To our knowledge this approach has not yet been reported in
open literature. In this work, we will not discuss the general validity of the method. The
interested reader is referred to a recent paper of BAGIEU and MAYSTRE [35), discussing
the validity of Walennan method for perfect metal gratings. The extension to diclectric
gratings is straightforward,

Starting point of the Waterman approach is the Rayleigh expansion

E(r) =Y R co~ibier (3.69)
Fir) =3 Toeimrtifans (3.70)

n

Eq. (3.9) and L2q. (3.10). We know that (by construction) K, and £, satisfy the Helmholtz
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equations

AE +KE =0, with k¥ = &2¢;, (3.7
AR+ k2B =0, with &2 = ke . (3.72)

Far further considerations, we introduce two auxiliary functions
Uy(x,2) = explion® — 1Piaz), and Us(z,z) = explionz + if2nz) . (3.73)
The two function satisfy the Helmholiz cquations, thus also their conjugates
AUT + kU =0, (3.74)
AU + k35 =0. (3.75)
Multiplying the first pair of Helmholtz cquations Eq. (3.71} and Eq. (3.72) by U and U3,

respectively, the second pair of Helmholtz equations Eq. (3.74) and Eq. (3.75) by £, and

£y, respectively, and subtracting the first from the second yield

EAU; - UTAE, = 0, (3.76)
EAU; — U Al 0. (3.77)

By integrating the above two equations over the hatched arcas in Fig. 3.8 and using the

second Green identity, it can he deduced that

5 V2 — UV - U7 B
//S’(L,V Ui ~UiVE) S = [ (B -UigTd=0,  (378)
e gyt g ~ LUy B
/L,”“V U} - U;VIE)dS = fas,{b‘_dn —u =0, (379)

where 85, and 35, are the houndarics of the hatched arcas. Becanse of the periodicity
of the problem, the paths parallel to the 2-axis (i.e. PS" and R"Q, respectively, S'F and
@R’} arc opposite and cancel cach other.

The line integrals hecome therefore

AU dB s,
jp(brﬁ -l dn )d[_./sm-(Lr ds —Ui dz ) d=, (3.:80)

R LU 4B ,
f?{Et 2y dn}da_[m"(}# Uy ds (3.81)

The right hand side of liq. (3.80) and Eq. (3.80) is farther transformed. lecause of the

orthogonality of the plane waves, the individual amplitndes can be separated. After some

cumbersome calenlations we find that
R = g I expl—ianz — B f (@) {z}d with

¢z} = {t+ @) L -y — an f(2)]

(3.82)
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Fignee 3.8 For the Waterman method, the second Greens identity is applied to 5; and
Sa.

and

T = g i expl—ionr — iBanf(z)lgalz)ds,  with

Balz) = [1 + (=) 2B 4 if—Fy o — o f(2)] Pk

We are now in the following situation: The amphitude of the reflected and transmitted

(3.83)

field expansiou are given by an integral expression of the fleld and its normal dertvative
on the boundary, Unforlunately, these two integral equations are conpled, Therefore
we introdice the local point approximation. We consider the horder consisting of locally
independent points. The field at a cerfain point on P is then the same as the ficld obtained
by replacing P by a perfect interface tangent to P at the same point. The same is valid
for the normal derivative of the field: The normal derivative of the ficld at a certain point
on P is the same as the normal derivative of the field obtained by replacing P by a perfect
interface fangent to P at the same point. This statement is by the way related to the
Rayleigh methed (Sec. 3.2). ‘The Rayleigh method assnmes that the Rayleigh expansion is
not only valid in the homogeneons region but also in the modulated region, and especially
also on the honndary, The points on the houndary are therefore independent of cach
other.

The transmittance and reflectivity of a wave at a flat interface is described by the
Fresnel formulae v(2) and 1(x). We are therefore able to replace £ and [ on the

houndary hy the incident field 7%, viz.
Ede, f(m) = riz)hi(s (=), (3:34)
i, f(2)} i) Fi», f(2)) with Ei(x, f2)) = dmo=+¥fln) (3 85)

The Fresnel formmla depends on the local slope of the grating horder (f'(z)) and the
polarization of the incident wave. Afterintroducing Bas. (3.84) and (3.85) in to Eqs. (3.82)
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and (3.83) the complex amplitndes of the transmitted and reflected ficlds are found to he

R,

]

) fOA?ﬁ',n{x)exD[—i(ﬁx—,@:‘n)f(z)]exp{—inl\’m)dr, with (3.86)

tials) = 21-;1 ﬂ{r'(r-)f'(a:) +ir(z)[f(x){o0 — o) — (Bo — Biall} s (3.87)

and
v = % ]nA o n{z) expl=i(f — Bon)f(x)] exp(—inkix)dx, with (3.88)

danla) = gz )+ ()00 - an) = (Bo= Bol) . (389)

The obtained equations arc very interesting: The cocfficients in the Rayleigh expansion

arc given by the Fourier transform of a complex function. The amplitnde of the complex
function ;. is mare or less the transmission of the interface ¢, plus the variation of
the transmission t'f* (which can he negligible in most cases}. The phase of the complex
funclion is the accnmulated phase through the element. The expression is very close to the
thin element approach, except that cach diffraction order has its own accumulated phase,
i.c. the thickness of the grating is different for each diffraction order. Geometrically this
means that only the Z-projection of the wavevector (thus By,) ¥sces” the clement. For
large diffraction angles (hence, for higher diffraction orders, or small grating periods), 3.,

is small, therefore the clement is “thinner” than for small diffraction angles.

3.4.2 Thin element approach

it is cvident that for large grating periods the propagation constants B2 of the central

diffraction orders are equal. For perpendicular incidence (8 = koni) Eq. 3.88 rewrites as
A
Ta= [ expl-iolm = n)f(a)] oxp(~inKx)de = FT{expli¢(all},  (3.90)
)

which is the classical expression for the thin clement approach. 'I'he element acts as a

phase anly element. The phase-delay

$(x) = —iko(m — na)f(2) (3.91)

ts proportional to the element thickness. The diffraction efficiencies are directly obtain
by taking the Fonrier transform of the complex transmission function.

The thin element approach is usually introduced through the concept of ray optics.
I'he optical field is represented by independent rays. Crossing a thin clement, cach ray is
delayed proportionally to the clement thickness. This ®intnitive” approach lcads directly

to Bg. 3.90. Here, we based the thin element appreach directly on the wave equation.
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a superposition of different modes. T'he modes are conpled though the Fourier cocfficients
of the permittivity expansion. These cocfficients arc the off-diagonal elements in the
conpling matrix Q. The diagonal elements represent the cigenmodes of the unperturbated
media. This homogencous medinm is characterized by the zeroth Fourier coefficient ¢
of the permittivity expansion. If the grating period is smaller than the wavelength (for
perpendicnlar incidence) only the zeroth diffraction order is propagating. The clements on
the diagonal hecomes important since they are proportional to the sqnare of the spatial
frequencies of the different diffraction orders o, = (mK)® ~ (m/A)%. For very small
grating periods, the conpling coefficient (i.e. the off diagonal elements) have no influehce
on the cigenmodes anymore. That is the raison why it is possible to limit the numher
of considered waves to three. f we retain only the coupling between next neighbors the

conpling matrix hecomes

ky — K KR n
Qim = ke key ke . (3.92)
0 k% ki — KP

1t 15 possible to show that the eigenvalues of Eq. (3.92) are approximately

o= K- K7, (3.93)
,}..'2:.' = }.:?'(D — ]\"2 — k% . (394)
= et i, (3.95)
with op2 An?
R 0
e= =59 = 210l (5) - (3.96)

The squarc root. of this cigenvalues (thus v, 2,3) arc the propagation constant of the modes
in 3 direction. It is evident that for subwavelength gratings the first two propagation con-
stant. v, and v are pure imaginary onmhers (d2¢g < K?). These modes are attenuated
exponentially and can he neglected if the grating thickness d 1s large compared to the pen-
etration depth of the non-propagating modes. Inside the grating structure the field is then
mainly described hy one mode (sce Eq. (3.63)). The subwavelength grating acts there-
fore as a homogeneous layer. The permitiivity of this layer is then given by LEqs. {3.95)
and (3.96). It is not difficult to cxpress the first two TFourter coefficients for a binary

permittivity function analytically
=t {1 — thenr, (3.97)

and

6= ];sin[*rrt} ler — <rrnt] s (3.98)
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Vigure 3.10: Second order term £ calenlated from Eq. (3.99) (linc) and from the work
of Raguin |38, Kq. (3)] (dotted-line). The calenlations ate made for a grating of peried
Afd =04, 1, = 1.5 and n3 = 1, Tli-palarization, and for differeni. fill factors £,

where t is the normalized filf facfor of the binary fanction (0 < ¢ < 1). The artificial

permittivity becomes

2 AN?
enrp=c+e=tag+ (1 —eagn+ Fslni(ﬂi) ler — r.nr;r]2 (X) . (3.99)

The first term ¢ 15 exactly the same as for the classical zero-order effective index mod-
cls [38). The sccond ferm depends on the ratio AfA.

EEquation (3.99) is different from the second order effective index theory reported by
other authors [38, L. (3)]. The difference is however quite simall (see Fig. 3.10). Fig-
ure 3.11 shows the phase of the zero diffraction order of a fine hinary grating for different
ratios A/A. The zero order effective index theory is only walid for very small graiing
periods. 'T'he second arder theories (of the present work and of the work by Raguin [38])
show good agreement with the rigorously calenlaied values np to the appearance of ihe
first. propagating diffraction order.

In the effective index model presented above the subwavelength grating is replaced
by a thin layer of artificial index. The artificial index is given by Eq. (3.99). In this
representaiion the field in the cutput region is given by ene propagating plane wave. The
higher order cvanescent waves are neglected. That is the reason why this approach is only
valid in the far field of the element. The limitation is of course given by the penefration

depth of the higher order evanescent waves. The amplitudes of these evanescent waves
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phase of the o™ diffraction order
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Figure 3.11: Phase of the zeroth difiraction order of a binary graling for different grating
periods using several different models. The caleulations were made for TE-polarization,
o= 15,0y = 1,h = Af2, and t = 1.5, The arrow indicates where the first (reflected)

diffraction order appears (A = A/1.5).

(i.e. of the first and the minus first diffraction order) can casity by deduced. For this
purpose we consider the efgensector Pyg associated with the propagating mode (ya) inside

the grating structure. It can be shown that,

ki

Pa=| K |. (3.100)

The different coefficients of the cigenvectors indicate the strength of the associated modes.
Therefore, we conclude that the amplitude of the zero diffraction order is &%c} /2K larger
than the amplitude of the fiest order. The factor twa is due to the fact that the encrgy is
distributed between the first and minus first order. Nence,

sin(m?)
2r

A 2
[Ty = [70] = 1 — cra1] (I) 7ol , (3.101)

where T 0, are the amplitudes of the minus first, zero, and first diffraction order. Al-
though the derivation of 13q. (3.101) was somewhat intnitive, the resulting field amplitndes
agree well with the rigerous calenlations (see Fig. 3.12 as an example).

Using Eq. (3.101} the ncar field of the subwavelength strocture can he easily calculated,

as close to the structure as the penetration depih of the next higher order evancscent,
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Figure 3.52: Amiplitude of the first diffraction order of a subwavelength binary grating

{(m = 15,72 = 1,k = }2,t = 0.5, TE-polarization} calcunlated by the rigorons Fourter

Modal Mecthod (FMM) (line), and the approximate effective index model with ucar ficld

correction (crosses).

1.05, T T T
—— rigorous FMM
+ 2™ ardar eff. ind. model with near field con
104} e 0™ ardar off. ind, model E

0.45 05 0.65 oe 0.65 [¥] 075 0.8
zih

Figure 3.13: Normalized anplitude of the ncar field of a subwavelength binary grating
(m = 15,03 = 1,h = 05/A A = 0.2)1 = 0.5, TE-polarization} aleng the propagation

direction £ The field has been calculated with different methods (see figure legend).
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b longth grating doematn “scalar” domain
A A A—A A<chA
2m order effective index theory J——
0 orcar effective index theary ... —
rigorous diffraction theory - >

Witerman method —— e

thin element theory L8 I
Reylsigh approach .‘?.._.._,.. .......

Fignre 3.14: Overview of the validity of differcnt. grating theories (not complete). The

arrows indicate the range commonly nsed hy the correspanding theory.

wave, which is praciically as close as a fraction of the wavelength. An cxample is shown
in Fig. 3.13.

3.5 Discussion

in this chapter, we presented different theories to solve the grating interaction problemn
{sec Fig. 3.14). For gratings having geometrical dimensions in the order of the optical
wavelength, the solutions have to he based on Maxwell’s equations. The problem of all
rigorous theorics is that the compntational requirements increases for larger ratio between
the grating period and the wavelength. In differential methods, as presented here, the
number of waves or modes retained in to analysis is typically proportional to the ratio
A/A Inintegral methods the number of sampling point used to smmerically caleulate the
integral is also proporiional 10 this ratio. The same is valid for finite clement methods,
increasing the geometric sizes will increase the number of mesh point used in the analysis,
lncreasing the ratio AfA will in any case increase the need for computer memory and
calculation tiwe if rigorous solutions arc needed. 1t is therefore necessary to simplify the
models if possible, heing aware of the validity of the approximations.

In particnlar, we have presented a second order effective index madel whicli is valid
as soon as the grating peried is smaller than half of the wavelength. The method is more
accurate for thick gratings than for thin encs (hecause of the neglected evancscent waves
inside the grating structure). In the near ficld of the structure the first and minns first
diffraction order can he expressed analytically.

If the grating period is much larger than the wavelength, several models exist, inchuiding
the thin clement approach, the Waterman or the Rayleigh methods. These methods work

best if the structures are thin, The region of validity of the Walermian and the Rayleigl
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method is still a current research topic [35).



39

Chapter 4

Spectral response and transfer

function

4.1 System response

In Chaptet 3 we cansidered the interaction of light with optical microstructires. In most of
the applications these structures are parts of a larger optical system. For lincar materials
Maxwell’s equations are linear. T'hercfore, we first study linear systems in more details.
We then apply the theory to some important cases. The notion of lincar system will be
useful for the discossion of scanning near field optical microscope {SNOM).

One of the basic properties of lincar systems (or even the definition) is the superposition
principle: The sum of the respanse to two impulses of a lincar systems is the same as the

response 10 the snm of the two impulses. In a more general form, this is written as
(-]
mm:/fmﬂ%wmm (4.1
-0

where t{a, 2') is the impulse response, Fig. 4.1.
Equation (4.1) is often used in Vourier aptics. Another approach is to consider the

Ug(x') Uy(x)
linear system

lingar system

s ./'
UO(V t(e,a) Uq(o)

Figure 4.1: Impulse response Iigure 4.2: Spectral response

t{x,x"
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space invariant frequency invariant

spectral response | e, o) = H{o)d{e - o) (o, 0') = o — &)
frequency space Uy(e) = f(a)l}o(a) l:f.(o-) =i(a) * l}o(a)
impulse response Hz 2') =tz — ') ir, 2"y = t{z)6(z — 7')

direct space Us(z) = t(z) « Uy (=) Ua(x) = t{x)Uh (x)

{{a) : transter function | t(x) : bransmission function

Fxamples ideal imaging system thin clement (parax.)
scanning system

planar intecface

free space propagation

Table 4.1: Lincar system: terminology and relations

response of one spatial frequency. The superposition principle is of conrse also applicable
in this case: the snm of the response for two frequencies of a linear system is the same as

the response for the snm of the two frequencies. Therefore, one may also write
. 0o, -
bnfo) = [ (e o) Dafe’) da’, (4.2)
-0

where i{a, o) is the spectral response, Fig. 4.2, Equation (4.2) describes how a plane wave
traveling at spatial frequency a is transferred into a planc wave traveling at freqnency o

The spectral response fnnction is somewhat similar to the scatiering matrix approach
(or S-matrix approach), sec for example the work of NIETO- VESPERINAS [12, Chap.5].
However, in contrast to the S-natrix approach, we will inclide also evanescent waves.

I the impulse only depends on the difference of the position of the input and the output
{(and therefore not on the ahsohite position), the system is said to by spacc tavariant. As
an exaniple, an ideal imaging system is space invariant. Snch systems play an important
role in classical optics. Similar to this, one can define frequency fnvariant systems. The
spectral response of a frequency invariant. system only depends on the difference of the
input and ontput frequency. We will see that the thin element introduced in See.3.4.2 is
a frequency invariant system.

The different terms used in this chapter are summarized in Tab. 4.1, Theirs definitions

and properties are discussed in the following sections.

4.2 Space invariant systems

By definition, the impulse response of a space invariant. system is

Uz, z'y =z — 1), (4.3)
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The superposition integral, Eq. (4.1} is therefore the convolution,
o0
wm:fzu_ﬂu@wf. (4.4)
o0

A convolution in the space domain corresponds to a multiplication in the frequency do-
main. The spectral response of a space invariant system is therefore deseribed as (ef.
Table 4.1)

Uala) = He)Oh (e), (4.5)
where #(a) is the Fourier transform of the impnlse response #{z). Equation (4.5) describes
the the change of cach frequency. £(a) is thercfore the frequency transmission of the system
(in analogous to the compler amplitude transmission in frequency invariant systems).

T'here are several important cases of space invariance.

¢ an ideal imaging system (Fig. 4.3 a) is completely described by a space invariant
impulse responsc {the point-spread function). The associated (coherent) transfer
function is called emplitude transfer function, ATF. The notion of space invariance
allows the treatment of imaging system in a very elegant way (see for example

GoobMan {43))

systems that are scanned (in #-direction) and that are not changing properties

dnring the scan are also space invariant, Fig. 4.3 b}. Examples of such systems are
scanning detectors and scanning light sources. The transfer function is the detector

acceptance function, or the radiation pattern of the source.

o if a planc wave hits a planar interface the amplitnde of the wave is changed, however

not the (spatial) frequency.

In free space propagation a planc wave changes the phase (propagating wave) or the

amplitude (evancscent wave) , however not the frequency,

The imaging systems and the scanning systems are well docnmented in the open literature.

Here, we focus the discussion on the planar interface and the free space propagation.

4.2.1 Flat interface

1t is well known how an infinite plane wave is reflected and refracted on a flat interface. 1t
is described by the Fresnel reflection formmlas [1, Sec. 1.5], nsnally expressed for different
incident angles. Here, we are considering spatial frequencies. Since the freqnency response
functions are defined from —oc < a < oo, we are not only including propagating planc

waves but also cvancscent waves. Let ny and ny by the index of refraction of the first and



42 CHAPTER 4. SPECTRAL RESPONSE AND TRANSFER FUNCTION

Uyix)

A
vvvuuv

Up(x)
a) b)

Figure 4.3: Space invariant systems: a) ideal imaging system h) ideal scanning detection

system

the second region. I'he length of the wave vector is then given as by = mik and by = ok
The incident, reflected and refracted waves are
HD = cia.r+i[31z \ Er = einr—iﬂ,z , ‘Et =1 cia:r+iﬁgz . (46)

where » and ? are the amplitudes of the reflected and transmitted wave. The z-projections

1 and 3, arc imposed by the constant lengih of the wave vectors ky and &y, namely
B =k —a?, and  Bl=k-al. (4.7)

Applying the ordinary houndary conditions to the flat interface problem yicld for 113

polarization

B - 2,
= . trp = ——m—, 4.8
TR Bt TE L+ B, (4.8)
and for TM-polarization
nif —aif; PACEIPYE

2 =, 4.9
a3 4+ aif’ ™ nifd +nif (4.9)

Now, we distingnish the following three cases {see Fig 4.4).

rTM =

1. o < min(k, k) : this corresponds to the classical case of reflection and refraction.

All waves arc propagating planc waves.

2. min(ky, k) < & < max{k;, k) ¢ this corresponds to the sitwation where one wave
is evanescent and the others propagating. If the sccond media is denser (k2 > &),
t{cx) describes the evanescent wave fo propagating wave conversion capability of a
flat interface (case 2a). If the first media is denser (k& > &2} . (e} describes the
propagating wave fo cvanescent wave conversion capability, corresponding to the

total reflection (case 2h).
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ny oy Ny<ny Ny >Ny n N

. “ T . M

E, £ el \E E - M
& ' \ E & E

cosa i<y, b case 2n: koo ky case2b: ky< < iy case 3: o> Ky, by

Figure 4.4: Refraction and reflection of propagating and evancscent plane waves at a

planar interface.

3. @ > max(k,ky) : this corresponds to the situation where all the waves are cvancs-

cent. 1t is interesting to study the “reflection™ and “refraction” of evanescent waves,

Case 1 and case 2b are well known and described in texthooks (see for example [1, Sec. 1.5]
or [44, Sec. 6.2]). The other cases are less common. Figure 4.5 shows two examples of
planar interface refraction, indicating the three different cases. The square of the ampli-
tude of the transmitted wave versus the normalized spatial frequency (o/k) is reported
for n; < ny and b) ny > 1. An evanescent incident wave can be realized by cither a
medium of index before the incident structure or by a grating strnciure which gencrates

cvanescent waves of high spatial frequency.

116 1B>1

L] o)

Figure 4.5: Spectral response of a planar interface for two different geometries: a) ny < ny

and h) ny > na.

Reflection and refraction of evanescent waves If all the waves are evanescent,
B and B3 can be replaced by iy and iy, where 1,72 are positive real numbers. The

expression for the spectral responses remnain basically the same as Eqs. (4.8) and (4.9).
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The speciral responses are real functions, indicating that all the waves have the same
phase. Note that for large values of o, the interface becomes transpareat for the T'l-
polarized evanescent wave, however not for the T'M-polarization

2yn,
n3 4 n}

lim tre{a)=1, and lim typple) = 1.10
Jim trpla) =1, Jim trpp(er) (4.10})
Evanescent — propagating wave conversion Let us limit our consideration to the
evanescent to propagating wave conversion in TE-polarization. The TM-polarization and
the propagaling 1o evanescent wave can be deduced in a similar way.

If we choose &y < o < kg, the propagation constant 3; is complex., We therefore define

&=in, (4.11)
the spectral responses become now alse complex
i~ B 2im
rrela) = ~=—, and tre(a) = - . 4.12
ra(e) in+ 6’ ra(a) im + By (.12)

It is not difficnlt io show that the real part and Lhe imaginary part of » and { form a

cirele
Re*{r} +Im*{r} =1, and Re*{t — 1} +Im¥{t} =1, (4.13)

This indicates that there is always a phase change assoctaled with cvanescent wave o
propagating wave conversion. The same is valid for the inverse case, that is, there fs
always a phasc change for propagating wave to cvanescent wave conversion. The second
casc corresponds to the iotal reflection. The phase change associated with it can easily
by measured [1, See. 1.5.4].

Let us summarize this section hy illustrating the reflection and refraction on a flat
interface by an ummsnal representation. In g, 4.6 the imaginary and the real part of 2(a)
for different values of a, is reported [ TE-polarization, & < k3). The different cases can
casity be identified. First, the transmission function js purely real (corresponding to the
classical refraction case). Then, the real part and imaginary part form a circle {indicating
the phase change associaled with the evancseent to propagating wave conversion). And

finally, the transfer function is real again, and approaches unity.

4.2.2 Free space propagation

Usnally, frec space propagation is introduced through the Rayleigh-Sommerfeld or the
IGirchhoff diffraction integrals (sce for example [45, Chap.4]). Here, we will use the concept

of transfer functions.


pha.se
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Im{t{x)} | Re {t(a})

Fignre 4.6: Planar interface: amplitude of the transmitted wave illustrated in the complex

plane, TE-polarization. n, =l and n, = 1.5

[t is well know how plane waves hehave in free space (see. Sec. 2.3). Propagating
planc waves change the phase, evanescent waves change the amplitude (see Fig. 4.7). In

terms of transfer function this can be written as

o) = expifz] with 8= /oki—a? for ki >a’ (4.14)
exp(£yz] with v=/o? — ok} for k] <o’ . '

The consequence 18 that if we want to detect a field which has variations smaller than
the wavelength, i.e. spatial frequencics larger than nk, the detection has to be very close

to the position of generation, hecanse of the exponential decay of the waves. Based on this

it borto)]

dz

=
b
a¥

Figure 4.7: Free space transfer function
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principle it. is possihle to overcome the classical resolution limit (sce Sec. 4.4 and [46, 47]).

A second consequenee of Bq. (4.14) is a phase delay belween different spatial fre-
quencies during propagation. The higher frequencies arc more delayed than the lower
frequencies. This phase delay is respansible that a field distribution will spread ont. dur-
ing propagation®. 1f the spectrim of the given field disiribution is limited to the central
frequencics, the spread is less pronounced than if the whoele spectrum is nsed, i.c. the
diffraction pattern of a large apertnre is smaller than the diffraction pattern of a small
aperture.

Equation (4.14) describes how light propagation hehaves in the spatial frequency space.
On the other hand, i is possible to calenlate the field distribution in another plane without
passing throngh the frequency space. The field in the output plane is the field in the
inpit plane convolnted with the free space impulse response, This impulse response is the
Fourier transform of the free space transfer function which is

—kz o,
o i (kr), {4.15)

iz 2) = é{—rjm expli(ez + fz)]de =

where f1{"(t) is the first-order Hankel function of the first kind and r = (a? + 2272,
Figure 4.8 shows the intensity of the free space transfer function versus = and z. The
derivation of Eq. (4.15) can he found in [45, Sec. 5.2]. For small argitments the first-order
Hankel function hehaves Tike »~! (Fig 4.9). Vor larger arguments #1{"}(1) is propertional
to r='? (sce [18, Chap. 8] ). These approximations allows to write for large distances

(here large means larger than the wavelength)

2 g , for hr> 1, (4.16)
r

Iiquation (4.16) is nothing clse than a eylindrical wave. Purther approximations for
large propagation distances (mainly the replacement of &r in the exponential function
of 13q. (4.16) by a quadratic term) leads to the Fresnel impulse response (44, See. 4.1]
or {43, Chapt. 4], representing a two dimensional parabolic wave.

ominfd

iks  —imz?fae 417
T < . g
vl (4.17)

iz z) =

lor very large distances, it is not allowed to forther simplify the impulse respansc of
lig. (4.17) directly. The system is not space invariant anymore, t(z,2") # t(z — #). The
superposition integral of Eq. (4.1) hecomes a Fourier infegral. The diffraction pattern does
not ehange the shape hut only the scale while propagation, This sitnation corresponds to
the Fraunhofer diffraction.

"The spread of the field ¢an be compared to the spread of a pulse in n dispersive imedinm [44, p. 138
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4.3 Frequency invariant response

The spectral response of a frequency mvariant system depends only on the difference of

the ontput frequencies at the inpat (c.f. Table 4.1), therefore
f{o,0') = i{a = o). (4.18)

The superposition integral, Eq. (4.2} becomes a convolution in a. In the direct space this

convolntion becomes the multiplication
Ur(m) = 1(x) (), 4.19)

where {(z) is the Fourter transformation of the spectral response. Equation (4.19) de-
scribes how the ecomplex amplitnde of the ficld is changed hy the system at each point.
1(x) is therefore the compler amplitude trausmission function {or simply the transmission
function) of the system. In the thin element approach (Sec.3.4.2) the clements are de-
scribed by a transmission function (like in Liq. (4.19)). The system is therefore frequency

variant in this approach.

4.3.1 Thin element approach

In Sec. 3.4.2 we have alrcady encountered transmission functions deseribing the inter-
action of light with gratings in the thin element approach. This interaction is simply

described hy the complex transmission function
Us(x) = explig(e)) Uhix), with  ¢{x) = exp[=ikof{r, — 13) f(5)], (4.20)

where f(z) is the surface profile of the element.

We have also seen that the thin element approach is only an approximation of the
rigorous grating theory. 1n Fig. 4.10 we illnstrai e the spectral response of a binary grating
structure. or frequencies smaller than ~ 0.25% the clements behaves as a frequency
invariant, systems, The range of validity of the frequency invariance depends of course on
the siructure. 1t is interesting to ohserve that the amplitude of the individual diffraction
orders becomes maximal at the point of total reflection, similar to the case of a flai

interface (sec Fig. 4.5 b),
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Figure 4.10: Rigorously calculated spectral impulse response of a 4A-period binary grating.

Only the 1,0, -1 diflraction orders are shown.

4.4 SNOM represented by transfer functions (A.I)

Up ta naw, we used the spectral response as a representation of one element. We now are
interest how to assemble the different componenis to a larger system. The most important
observation is that in frequency invariant systems, the different transmission functions are
simply multiplied, and in space invariant sysiem the transfer functions are mnltiplied. An
cxample is shown in Fig. 4.11 where this method has been applied to Lthe scanning near
field optical microscope, SNOM.

In [49] {scc appendix A.1), we consider the ncar field detection system as an optical
instrument characterized by a transfer function. For this purpose, the measnrement sys-
tem is separated into different parts as shown in 1ig. 4.11. Note that in [49] the spatial
frequencies o are written as Ky, whereas the propagation 8 constanis are called k. The
object is illuminated by an incident wave and gencrates a field distribution in the out-
put planc. In general, the interaction of light with sub-wavelength structures has to he
computed rigarously with methods described in See.3.3. We define a spectral response
function Hpj as being the action of the object on the incident wave for a certain spatial
frequency. The resulting field is detected by the scanning probe at a constant distance
from the sample. The radiating part of the field propagates in free space, whercas the
cvanescent part is atiennated. This effect is described by the free space transfer function
P, corresponding to 1ig. (4.14). The detection is made by seanning a tip over the sample.

If the property of the detection system does nob change during the scan the lincar system
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Fignre 4.11: The scanning near field optical microscope is considered as an opiical instru-

ment characterized by spectral response and transfer functions.

is space invariant. 'Therefore, the dotected signal can be expressed as a convolution

Vau(z) = [ Uz — )Ua(2')d2’ = by, + Us (4.21)
where {( — 2') is the impulse response of the detector. In frequency space Eq. (4.21)

hecomes a multiplication

Uaeler) = () Ufa) (4.22)

where T'(o) is the transfer function of the detector. For linear systems the transfer function

is expressed as a linear superposition integral

o0
T(a) = [ Heplar, o) Dia’) do’ . (4.23)

-0
where Myp{e,a’) is the spectral response of the tip and D(a’) the detector acceptance
function. The acceptance function of the tip depends on the chosen geometry. For a
classical single-mode fiher tip SNOM (Fig. 4.12 a} only one frequency is guided, D{a’) =

(') and the transfer fanction becomes particularly simple, namely
{a} = Hiip(n,0). (4.24)

In the casc of a cantilever tip based SNOM, the acceptance function of the detector is
cqnal to the coherent amplitude transfer function (ATY1) [43] of the detection system. The
different frequencios are now integrated over the nnmerical aperture of the system. For
an ideal imaging system the coherent, amplitnde transfer function ts a hinary function,
Eq. (4.23 ) rowrites as

T(a) = j ™ o(ara’) o (4.25)

k NA
where NA is the numerical aperture of the imaging system. The aim of the tip-detector is

to provide sub-wavelength resolution. For this purpase, the geometrical dimensions of the
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Fignre 4.12: Acceptance function £){a’} for different geometries. a) fiber tip detection, b)
SNOM based on a cantilever tip .

tip have to be in the sub-wavelength range. Thns, the spectral response Hyp(o, a') also
has to be calculated with a rigorons model. In Fig, 4.13 the spectral response Hyg(a, Q)
of a coated and uncoated dielectric fiber tip is shown. The calenlations have been made
by the same algorithm as for the grating siructnre (FMM), by considering periodically
arranged tips (scc also comments in the intreduction of Chap. 5). The investigations were
limited to two-dimensional geomnetries. 'I'he unceated tips have higher coupling efficiencies
for low spatial frequencies than the coated tips. On the other hand, the electromagnetic
ficld is less confined, i.c. the angular spectrum is narrower. The capability to convert
cvaneseent waves Lo propagating waves is higher for the coated tip than for the uncoated
tip. The signal to noise ratio, and therefore the resolution, is better for the coated tip,
althongh the overall throughput of the nmcoated tip is higher.

In [49] we make the following conclusions: In the representation of transfer functions,
the limitation of the scanning near field microscope can be clearly discussed, althongh
back reflections from ihe tip arc not taken into account. Sub-wavelength signals have to
overcome the exponential attenuation duc to propagaiion of the cvanescent waves and the
low-pass filter characteristic of the prohe tip. The spectral response of the tip cxpresses
the capability of conversing cvanescent to propagating waves. It deteriines therefore the

resolution power of the SNOM.
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Fignre 4.13: Calculated intensity and phase of the complex spectral response finction of
a onc-dimensional diclectric probe tip : uncoated (solid ling) and coated {dashed line).

The coated tip has a clear slit aperiure of A/10.

n=15| n=1 n=1.5

a) d )

Figure 4.14: 3 homogeneous regions: “sandwich” structure. a) for a perpendicnlar plane
wave a a backward and forward planc wave is gencrated inside the structure. For a large

incident angle the ficld inside the structure is evanescent.
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Figure 4.15: Transmitted intensity of the sandwich strncture versus the thickness dfA. a)
corresponds to Fig. 4.14 a) and h) to Fig. 4.14 h}, respectively. The dashed lines were
calculated hy the transfer fuction method. The solid lines have heen calculated by a self
consistent approach. The points ‘4’ correspand to the improved transfer function method
(See. 4.5.1).

4.5 Limitation of the transfer function concept

In some cases, like the flat interface, not only forward propagating waves are generated
hut also backward waves. Depending on the reflected waves, the overall behavior of the
system may change. A trivial example of this is the sandwich configuration shown in
Fig. 4.14 . I the first case (Fig. 4.14 a) a perpendicular incident plane wave is refracted
(and reflected) on a first flat interface after some frec-space propagation the field is again
refracted and reflected by a second interface. The reflected wave travels again backward
and forward, and so on. In Fig. 4.15 a) the intensity of the transmitted wave for different
thickness is shown. The dashed line is the calculation based on transfer functions, and the
solid linie corresponds to the self consistent calenlation (imade by matching all the waves
at ance). The seclf consistent model shows the typical periodic behavior as a Fabry-Pérot
resonator. Depending on the thickness of the structure, constructive and destructive
interferences occur. In this sitnation, multiplication of the three fransmission functions

(first interface, free space, second interface) gives wrong values. If the geometry (resp.
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Figure 4.16: Improved transfer function coneept: alse the reflections are taken into ac-

count

the incident angle) is chesen in & way that inside the sandwich struclure there are two
cranescent waves (19g. 4.14 b), the method hased on the transfer function is accurate as

soon as the influence of the back reflected cvancscent wane dizappears (Fig. 4.15 b).

4.5.1 Improvement of the transfer model in the case of back
propagating waves

The problems deseribed above ean ke removed by a refincment of the model. The idea
is to describe also the reflections with a transfer function and then iteratively inclnde
them in the system. In I%ig. 4.16 an examplc of such as system is shown. 7 and T3 are
the transfer functions of the transmitted waves, ) and Ry the transfer functions of the
reflected waves at the first and the second interface, respectively. P2 and 1%, describe the
system in between, depending on the direction of propagation, nsnally Pz = Py = P.

If we do net include the hack-refiections, the transfer funciion of 1the overall system is
Ho=T: PTy. (4.26)

The index 0 stands for the Oth iteration step. After gning once forth and back, the transfer
firnetion is
h=H+ TP PR, PT=T(1+ PR PI)PTY, (4.27)
and after N iterations
N
Hy =1 (Z[ pmr Rg]") Py, (1.28)
n=0
We are considering only passive systems, i.e. there is no encrgy creation inside the strue-
tnre. The snm of the geometric progression in Fq. (4.28) converges, thus the transfer
function of the overall system including the hack-reflections hecormnes
|
1-A

Using this approach for the sandwich examplein Fig. 4.14 gives the expected exact results

fH=1lim Hy="1 P, with A= P PR, (4.29)
N—eoo

(see the crosses in Fig. 4.14).
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We believe that this improved method is not limited to the case of only one hackward
and forward traveling wave, hnt can be applied in more general cases, such as stacked
grating structures, or more accurate madels for the scanning near field optical microscope
(i.e. to include also the back-reflections from the tip). Note that in a more general case,
the transfer functions arc described by matrices, and not scalars as in the example of
Sec. 4.5. The sum of the geometric progression cannot be expressed analytically, and

thercfore also the limit &' — oo cannot be represented by Eq. (4.29).
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Chapter 5

Near field and far field of

microstructures

In chapter 3 we Icarned different. techniques to compute the interaction of light with pe-
riodic microstructures. These melhods allow to calculate the near field and far field of
different grating structures, The term nenr field and far field have different signification
depending an the ficld of ntilizations. In classical optics, and especially in Fouricr op-
tics [13], the far field is considered as the region where the different spatial frequencies
do not. interfere anymore, i.c. the diffraction patiern do not change the shape during
propagation but only the scale (Frannhofer diffraction). The near field is then defined as
“everything closer than the far field” [43, p. 67] (for example the Fresnel region). In near
ficld optics, the near field is then defined as region where the field is mainly influenced
by evanescent waves, i.e. the near ficld distances are smaller than the wavelength, And
the far field region is “everything further away than the near field” '. Heve, we are using
the ferm necar field in a less strict way. It is the region close to the element, withont.
specifying how close it really is.

We will now apply the interaciion theory of chapter 3 Lo different optical microstric-
tures. Although the theories were develeped for poriodie structnre, we will also apply
them to single elements, For this pnrpose, we introduce a large grating period to reduce
the influence of ncighhor elements. Further details on this approach are preseated in [50]

{see appendix A1),

'Sometimes the lerm intermediale zone is used in near fickd oplics, especially in total internal roflection
mode (STOM). It describes the penctration depth of the zero (evanescent) diffraction order.
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Figure 5.1: Calenlated near field phase contour ploi. of a ane-dimensional microlens array.
The clements have a diameter of 8), a height of 4A and a refractive index of n = 1.5

The array is illuminated hy a 'I'E-polarized plane wave with perpendicular incidence.

5.1 Near field and far field of microlenses {A.II)

In this section, we discnss the hehavior of smalt cylindrical microlenses, arranged in an
one-dimensienal array or as single element. For this purpose, we apply one of the standard
rigorons diffraction theory (FMM) intraducaed in Chapter 3. Figure 5.1 shows an example
for the near fiekd an array of small microlenses,

We have investigated the conpling effect between the elements. Furthermore, we have
compnted the complex transmission fiinetion by rigorous diffraction theory and compared
them with classical theories (combined raytracing, thin clement approach). Finally, we
have disenssed the focal properties of microlenses in the rigorons regime. The detailed
work can be found in [50] (see appendiz A).

It turncd ont that it is possible to simulate single element diffraction with the aid
of a rigorons grating diffraciion method by carefully choosing the grating peried. First,
the grating period should not be a multiple of the wavelength, and sccond, the period
shonld be larger than twice the diameter of the element. Iirthermore, we have presented
a comparison hetween three different mothods to caleulate the interaction of light with
small sized lenses. For thin clements, all three methods predict well their hehavior, even
for very small lenses. This is mainly due to the fact thai thin lenses are dominated hy

the cdge diffraction which influences the focusing behavior of the lens. We have shown
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Fignree 5.2: Hlustration of the focal shift. The focal position relative to the paraxial focal
position versus the diamcter of the lens is plotied for different aspect ratios § = £/ 2a.
The lines correspond to the focal positions calenlated hy the thin element approach and

the crosses to the rigorously calenlated focns positions.

that there is a good agreement of the classically predicted focal shift compared to rigotous
computations.

For thick lenses the combined raytracing js more precise than the thin element ap-
proach. For such elements, the focal shift turned ont to he lass pronounced than predicied
hy the thin clement approach (sce Fig. 5.2). In any case, it has been illnstrated that alse
very small lenses exhihit some focnsing hehavior. Such small sized microlenses may he
uscd in optical lithography. The idea is to replace mask and projection lens by one single

clemont (smaril mask, sce See. 6.2).

5.2 Near field and far field of slit apertures

In A1 we have shown ihat il is possible to use a rigorous grating diffraction to model
single clements, if the grating period is carefully chosen. Here, we will nse this method
to calculate the diffraction pattern of single slit. apertures, In the thin clement approach,
the transmission of a slit is jnst a binary amplitude fitnetion. The diffraction pattern is
proportional to a sinc®-function. This result is independent of the ratio hetween the slit
diameter and wavelength. Figure 5.3 shows the rigoronsly calenlated diffraction pattern

{logarithmic intensity seale) for 1wo different shit apertures. The calenlations have heen
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Figure 5.3: Rigorously calculated diffraction spectrum of a slit of aperture d. The slit is

illnminated by a perpendicularly incident plane wave with TE-polarization.

made for a perpendicularly incident plane wave with TE-polarization.

"The larger slit has a diamcter of d = 2X. T'he diffraction pattern is sinc®-like with
a first mintmnm at k. /& = 1/2. The smaller slit has an aperture of d = A/10. The
diffraction pattern is completely different from the large aperture case. The diffcrence to
the sinc®function has the following reasons: In thin clement approach the field after the
aperinre jnmps sharply from 0 to 1. Such amplitude jumps in fractions of the wavelength
are not physical. For the rigorous calcunlation the opaque region consists of a thin layer
(h = Af10) of a finite conducting metal. The ficld change smoothly its amplitnde,

1t is interesting o see that the two different types of plane waves hehave completely
diffcrent. The amplitude of the propagaling waves are almost constant all over the region
of propagation, giving raise to a spherical like wave. The amplitude of the evanescent
waves are exponentially decreasing as a function of the spatial frequency.

The behavior of the two different types of plane waves has some consequences in near
field optics. The aim of near ficld opties is to measure high spatial frequencies, hence
the evanescent part of the field. Figure 5.3 shows how the different ficld componcents are
transmitted through a slit. In terms of spectral response functions this corresponds to
(0, 2'); it shows how an evanescent wave is converted into a propagating wave. Although
the total thranghpnt of the large slit is nnch higher, the smaller slit is more interesting.
As shown in A.] the signal noise ratio of the evancscent to propagating waves conversion

is much better for the small slit. These considerations are fundamental and therefore
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Figure 5.8: Sum of three complex values in the complex plane. A phase singnlarity cxists

at v = (0,0) if the sum is equal to zero, as i case a) and c).

)f Bq. (5.8) is nof safisfied, but only q. (5.2}, the phase dislocation is shifted away
from r = 0. Therefore, the precise localization measurement of phase singnlaritics gives
some sensitive information about the complex amplitudes of the individual plane waves.
i Bq. (5.3) is the Rayleigh cxpansion of a field generated by a grating structure, the
measurement of the positions of phase dislocations can give some information about the
grating stricture (see Sec., 7.3.2).

It is interesting to examine a phase dislocation in more details. Fur this purpose we
choose the k,, such that they form an equilateral triangle (and k, = (0,1)). Figure 5.9 a)
shows the time averaged intensity of the sum of the three waves. The phase contonr
plot (Fig. 5.9 b) indicates well the position of the phase dislocation. At this peiut, the
time averaged Poynting vectors is zero. The cuergy flows aronnd the phase singularity,
{Fig. 5.9 ¢). The curl of the time averaged 'oynting vectors is different from zero, as
illustrated in Fig. 5.9 d), see also comments ai. the end of Sec. 2.2.1 . Figure 5.9 b) to d)
show a “spectacular™ aspect of optical light ficlds: Similar to air or water turhulencies,
light ficlds can exhibits whirls and vortices.

Note, that the phasc afwaeys jumps by 7 while passing throngh 2 phase dislocation,
independent from which direction the scan is made. The phase jump itself is very sharp,
theorctically with an infinite slope. This is not. astenishing, because in terms of the real

amplitnde, this means that the sign changes.

5.3.2 Saddle poiuts

In the previous section, we discnssed the behavior of an optical ficld at points with time

averaged intensitics equal to zero. We have seen thal also the time averaged 'oynting
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we have shown phase dislocalions inside a modulated (bence non-homogeneous) region.
There, the field ts bypically represented by a superposition of modes (15g. (3.63)). If phasc
singnlaritics are used for the meirology of grating structure, we need to know the relation
hatween the location of the singularity and the geomelry of the strncture. Unfortunaiely,
no trivial relation exists, at least not for small sized structures, and rigorons computations
Are necessary.

Wa would like to illusirate this with the following example. A hinary dielectric grating
{ny = 1.5, ng = 1} of period A = 42X is illuminated hy a perpendicularly incident plane
wave with TE-polarization, Let us look at the phase behavior in the near ficld of such
a structure for different grating depths d. Figure 5.11 shows a series of phase contour
plots.  Tn Tig. 5,11 a) to d) the contour fines are approaching cach other at aronnd
wfh =047, z/X = 0.49. Increasing the grating depth gives risc to fwe phase dislocations,
Fig. 5.11 ¢} and ). The rotaiion is opposite from cach other. By increasing the grating
depth even more, the location of the phase singularities changes, Fig. 5.11 g) and h). For
very large grating depths, these two specific phase singularities will disappear {not shown
in Fig. 5.11). '

Actually, it is possible the separatc the life-eyele of the phase singnlarities into three
parts. This can he hest seen if wee look at the local minimum of the intensities. In the
pre-bivth phase, corresponding to region A in Fig. 5.12, the intensity of the local minimum
i= different from zero. Approaching the point of hirth (at 4 = 0.424), the intensity drops
sharply to zero (In Fig. 5.12 the “zero”™ intensity is at le — 9, corresponding the the
numerical noise level of the simnlations). The intensity stays then at zero (region B)
until d = 1.68X. Increasing the depth the phase dislocation disappears (region C).

Figure 5.13 gives another view for the live cycle of a phase singularity. liere, the
position of the phasc dislocation for different graling depths is shown. The configiuration
is still the same as nsed for Fig. 5.12. At the point of birth {d = 0.423) twe phase
dislocations arc generated. Similarly, at the point of death (d = 1.68}) the two phase
dislocations recombine.

It is possihle to conclude from Fig. 5.13 that there is a rclationship helween the
cdge location and the position of the phase dislocation. However, it is evident that.
this relationship is not trivial Henee, measuting the phase in the near field gives more

infarmation abont the structure, hut the reconstruction of the object is nok trivial.

5.3.4 Stability of phase dislocation against spatial filtering

The obscervation of phasc dislocations is not Limited o the near field of a strncture.

An imaging system transforms the near ficld throngh a tow-pass filter. First of all, the
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Figure 5.11: Birth of a phase singularity: The phase contour of a hinary grating structure
is shown for different grating depths d.
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Figure 5.12: Intensity of the local minimum intensity is plotted in function of the grating

depth. A phase singularity cxists in region B.
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Figure 5.13: Location of the local minimmm of intensity for different grating depths,
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evanescent waves do not contribute to the far field difiraction pattern. Furthermore,
some diffraction orders are cut away. The resulting superposition of waves can he quite
different from the near field case. But still it 1s possible that the far field contains phase
dislocations. This is Hlustrated in Fig. 5.14, where the phase contonr 1 the near field and
in the image plane of a binary grating are plotted for diflerent numerical apertures NA.
The grating period is A = 4.5, corresponding to the case of 9 propagating diffiraction
orders (ny = 1.5). The height of the grating is & = A ln Fig. 5.14 a) the rigoronsly
calculated near field is shown, In Fig. 5.14 b) the phase contonr plot in the imaging plane
of an ideal (aherration frec) :I imaging system is reported. The numerical aperture is
NA=1, corresponding to the case where all propagating diffraction orders are retained,
however the evanescent waves are cut away becanse they do not contribute to the far field.
It is interesting to see that the phase dislocation which is close to the surface (at £ = 0.4A)
has changed position. The other threc, which are outside the penetration depth of the
evanescent wave, have of course not changed. For Fig. 5.14 ¢} to f) the numerical aperture
has been successively reduced, and thercfore also the number of interfering waves. lor
NA=0.65 (Fig. 5.14 f) all phasc dislocations have disappcared.

Let ws summarize the most important properties of phase dislocations

1. Phase dislocations are isolated points with intensity equal to zero. At this point the
phase is not determined. They can be created by the interference of at least 3 plane

waves of appropriate amplitude.

2. In a sean through a phase distocation the phase changes always by 7, independent

of the scan direction

3. The cur! of the time averaged Poynting vector is always different from zero at a

phase dislocation.

Aud finally, let ns mention that phase dislocations arc also observed in other scientific
rescarch fields. IPignre 5.15 shows a cotidal map of the north sce. The lines correspond to
the location of the same tidal phase. The two large points in the middie of the north sea
are amphidromic points, i.e. isolated points of zero (tide -) amplitnde.

This considerations on phase singnlarities will help vs to discuss the “superresolution™
in phase images (sce Sec. 7.3.2). The next section will show a consequence of the fact

that the phase changes always by « through a phase dislocation.
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Fignre 5.14: Rigorously caleulated phase contour plots of the a binary grating structnre

(A =450t =04, n; = 1.5, nz = 1), illuminated by a perpendicnlar incident plane

wave (TE-polarization). In a) the near field is shown, In b} to f} the far field is reported,

abtained hy low pass filtering with different cut-off frequencies. "This corresponds to an

aberration free, coherent imaging system of numerical aperture VA,
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Figure 5.15: Cotidal map of the north sca. The lines correspond to locations of same tidal
phase, The spacing hetween two lines is one hour. The two |arge points in the middle of

the north sea are amphidromic points, i.e. isolated points of zero tide amplitude.
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Figure 5.16: Difference of the rigorounsly calontated first order intensity and the thin
element prediction. The caleulations are made for a grating of large grating period A =

20X and different grating depths d.

5.3.5 Consequence of phase dislocation for the far flield: an ex-

ample

It is well know thai the diffraction efficiency of a binary strneture is ahont 40.5% in the
thin element approach. We have scen that the thin element predicts wrong valnes for the
diffraction efficicncics espectally for small grating periods. From the discussion on phase
singnlarities we know now that the phase jumps are always r. The thin clement approach,
however, predicts phase jumps different to =, The phase is just proportional to the surface
profile. Nence, if the surface height jump is different from a multiple of 7 we admit a
non-physical field. This hehavior can he illustrate hy the comparison hetween rigorons
calculations and thin element caleulations for differcit surface heights. Fignre 5.16 shows
this diflerence far the first erder diffractien efficiency of a hinary phase grating versus the
structure depth. The index of refraction are #y = 1.5 and ny = 1. The grating period is
A =20A. The Fresnel reflection losses are compensated in the case of the thin ciement.
approach. The grating is in the thin element region, this means that the overall error is
small (less than 0.2%). However, it is interesting to see that the error is maximum for
d = {m + 0.5)7 corresponding to phase jumps of ¢ = {m + 7/2}, which are the most

non-physical. For d = mA the errer is minimnm.
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Chapter 6

Applications of optical

microstructures

In Sec. 5.1 we discussed the hehavior of microlenses. We have seer that for small di-
amcters the edge diffraction effects become more important than the refraction on the
cnrved snrface. There are many other elements where diffraction and refraction plays an
important role. A general discussion about refractive versns diffractive elements is out of
the scope of the present work. The interested reader is referred to [56). lere, we only
mention that planar diffractive aptical elements (DO1Zs) [57] are an alternative to classical
clements (lenses, mirrors, heamsplitters). Relying on diffraction and interference rather
than on reflection and refraction (Fig 6.3), elements with unique and novel propertics can
e realized. Alinost any structure shape, including non-rotationally symmetric aspherics,
can be manufactnred, providing all degrees of freedom for the design. Other interesting
aspects of DOEs are low weight, strong dispersion, and the possihility to make segmented
clements, large arrays of elements, beamsplitters, and polarizers. These properties are

uscful for many applications of DOs, including filters for image data processing [58],

a) b)

Figure 6.1: Beam deflection made by a) refraction, b) by diffraction.
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beam shaping [59, 60], and antireflection structures [61, 38}, Furthermore, the combi-
nation of refractive and diffractive surfaces (hybrid elements) offers new possibilities for
optical design. The negative dispersion of DOEs can he used to compensate the chromatic
aberrations of refractive lenses [62, 63). 1ybrid elements can also he used to compensate
the temperature indnced variations of their mounting system. Some examples of ather-
malized hybrid lenses have heen discnssed in the literature [64, 65), and [66] (see appendix
AN,

6.1 Far field beam shaping (A.III)

The objective of this section is lo demonstrate the potential of diffractive optical elements
(DOEs) for the design of aptical and opto-electronic systems for advanced laser inter-
satellite communication terminals. Diffractive optical elemenis for space applications
must comply with a numher of reguirements, including mechanical, thermal and aptical
stability [63]. Snitable techniqnes for realizing the misrostructures in space qualified
materials arc hased on a varicty of high resolntion lithographic and optical processes [56].
We discuss possible applications for DOEs in compact optical communication terminals.
‘T'he design and experimental realization of three difforent clements are presented. These
elements include a ring paltern generatar allowing tracking and data transmission within
one optical element , an athermalized hybrid achromat, and a hybrid lens system.

An example of the clements studied in [66] (see appendix A.111) is shown in Fig. 6.2. A
single (diffiactive) clement is nsed to split the incoming heam inta a focused point and a
ring pattern. The ring pattern is used for the tracking between the two satellites, Changes
of the relative positions of the sending and receiving communication terminals are directly
iranslated into a shift of the ring intensity pattern on the tracking sensor, which can be
measured by means of the 4-quadrant detector. The focused point is used for the receiver
signal. Fignre 6.3 shows the measured intensity distribution in the tracking detector plane,
compared with the theoretical predictions. There is an excellent agreement hetween hoth

CHrves,

6.2 Near field smart masks

As shown in Scc. 5.} even small microlenses can foens light down to spots of a fow
wavelengtl in diameter. They can be used in photolithograpby, or meore particnlarly, to
simplify the mask imaging system be including the projection system in the mask.

Therc are a niimber of applications where it is reqnired to image an array of dots, lines,
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DOE ring ditfraction pattem

Tracking point diffractlon pattam
sensor (TS)

4-quadrant detector (TS)

Iigure 6.2: Schematic view of the principles of the tracking/recciving system of a in-
tersatellite laser communication terminal. The ceming beanr is splitted into a focused

potnt (used for the recetver signal) and a ring pattern (used for tracking).

o
b — calculated Intensity diatribution
1 — scanned by 8 0.2 mm pinhofa

Relativa Intensity [a.u.]

Figure 6.3: Measured and caleulated diffraction patiern of a ring-point generator used for

tracking and receiving in a space communication terminal,
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Figure 6.4: Different. types of photolithography: a) projection lithography, b) proximity

printing, ¢) smart mask lithography.

or other shapes onto a photoresist coating. One example is in the formation of arrays
of field emitters for flat panel displays. Normally, light passes throngh small apertures
in the photomask and is transferred onto the photoresist coating by a projection lens
{Fig. 6.4 a), or hy free space propagation (proximity printing, Fig. 6.4 h). In both cases an
important fraction of the light is blocked by the chrominm mask, which makes the process
inefficient. We propose an improved photomask arrangement, which is substantially more
officient. [67, G8], Fig. 6.4 ¢). In onr sysiem, each clement on the photomask inclndes its
awn foensing system that concentrates the light onlo a a point, a line or an other arca of
a photoresist layer.

In Fig. 6.5 the near field of a microlens is shown with and withont the presence of the
photosensitive layer. The calenlations have heen made with the Fonrier modal meihod
FMM (Sec. 3.3.3). It is cvident that the back reflection from the photoresist layer disturbs
the near field of the lens, but the light confinement is stil adequate for photolithographic

printing,
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Figure 6.5: Rigorously calenlated intensity distribution in the near field of a microlens
{diameter d = 5A, height A = 2), n = 1.5, TE-polarization), a) free space, b) presence of
a diclectric layer (n = 1.5) at z = 5A.
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Chapter 7

Characterization of grating

structures

The testing of grating structures typically includes the measurenent of diffraction efficien-
cies, resolving power, or spectral purity {36, Chap, 11}, hence the optical propricty of the
clement. lere, we are more intercsted to study the geometry of the microstructure stzelf
hy optical methods. The hasic question is : Is it possible to reconstrnct the geometry of
a grating structure hy measuring its optical response? By geometry, we mean the shape
of the structare: grating period, hnc-width, grating depth, slant angle, or more general
the surface fimction f{x).

In chapier 3, we learned abont the complicated interaction of light with such strue-
tures. We have scen that the object and the ficld generated by the objeet are not the
same. We will therefore distingnish between the object and the object field, We estimate
that fr general, it is not possible the solue the inverse interaction problem, but there arc a
number of important cases where it is still possible to get information abont {he structure
itself. 1f the element is large and thin (hence, in the ‘scalar® domain) there is a linear
relation between the ohject geometry and the phase of the emerging field. In this case,
the characterization of the geometry is referred to the characterization of the field, which
15 not too difficult using standard optical characterization methods. In a more general
formulation it is possible to state that the inverse-scattering problen: can be directly solve
as long as the Rayleigh hypothesis is valid (sce See. 3.2.1). There are different papers
treating this probler in the near field [69, 70) and in the far field {42, Chap.9].

If the element is in the resonance domain (i.c. the grating period is in the order of the
wavelength) the situation is more delicate. The general approach is to make a forward
optimization (sce Fig. 7.1}. This includes the following steps: 1. The grating structure is

illuminated by an electromagnetic ficld of a certain stale (spatial frequency spectram k.,
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IMigure 7.1: Characterization of the geometry of periodic optical microstructures.

wavelength spectrum A, polarization state p). 2. The response of the grating is measured
{i.e. the state of the emerging ficld is determined). 3. The measurements are then fitted
to theoretical {rigorous) calculations based on a parameterized geometry (A t,aetc). In
order to refine the results, the measurement and calculations are repeated for different
states,

Based on forward optimization, different methods have heen reported in the literature.
Prabably the most complete approach has been made hy Naqvi and coworkers [71, 72,
73, 74]. The basic idca of his methad is to measure the first order diffraction cfficiency
in function of different incident angles. The obtained measurement is some Kind of a
“fingerprint” of the grating structure. Later, the method has heen refined to inclnde
different. polarization states and wavelengths; also higher diffraction orders were measured.
Because several grating periods are iluminated at the same time, this mcthod allows only
to éxtract information about the mean value of the different parameters (mean line-width,
mean slant angle, etc).

In this chapter, we present two different methods to characterize the geometry of the
grating structure. The first method {scanning spot metrology) enables the extraction of
information on the focal linc-widths, the second method (laser diffractometer) measures
the mean grating peried with picometer accuracy (AA < 5pm).

At the end of the chapter we will discuss some aspects of superresolntion. 1t is clear,
that the question on how well the shape of an object can be determined from measurements
implies directly the question on how good is the resolution of the method. We will

thercfore review some historical aspects on resolution and superresolution.

7.1 Scanning spot method (A.IV, A.V)

Advancement in the areas of phase shift optical hthography, e-beam lithograpby, and x-ray
lithography have enabled the realization of very fine relief structures in the nanometer-

micrometer range. The ability to measnre the relicf parameters and the absolute position
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Figure 7.2: Principle of the scanning spot metrology: A grating structure is illominated
by a focused laser heam. A dctecior is measuring the interference while ihe structure is

scanned through the heam.

accuracy of these structnres is of obvious importance, not only to determine if the de-
sired structure has heen realized, but also to optimize the fabrication process. The wish
list. for metrology includes non-destructive testing, testing of large arcas, and testing of
large aspect ratio structures having sub-gem lateral dimensions. Current techniques for
measnrement are optical microscopy (including conventional, confecal and near ficld tech-
niques) [75], scanning electron microscopy [76] (SEEM), and seanning probe microscopy [77)
(SPM}. None of these techniques, howevet, 1s capable of providing rapid accurate sub-um
measurcinents over latger arcas. Optical testing methads have heen applied to address
these requirements. The relevant. parameters of a lithographic process, i.e. the depth and
width of a grating like test sieucture, can be determined by scattoring an incident laser
beamt at the structures and measuring the far field intensity distribution. A {abrication
technology can be best characterized, if specific structures with sensitive and casy-to-
measure propertics are realized. Gratings provide deal test clements, since they split an
illnminating laser beam into a discrete array of diffraction ordees. Previons published
results have demonstrated the capability of far field measurements (o rapidly and very
accurately measure large aspect ratio sub-pum featnee over larger areas, The main draw-
back is that these techniques only determine the average parameters, and are unable to
determine local errors such as single line defects, Therelore, we have investigated a scan-
ning spot method which provides accurate information ahout edge locations of opaque

structures on chrome masks. The method involves iluminating the structore with a small
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Figure 7.3: Rigoronsly calenlated diffraction pattern of a hinary grating structure of
A = L5um, lluminated hy a Ganssian heam of dianteter 2wy = [.5um. The thickness
of the grating is « = 0.7, the incident wave is TE-polarized and has a wavelength of
A =0.632um.

spot size focused laser beam and cvaluating the diffraction pattern as the structure is
scanned. It has been applied to amplitude gratings, rcalized typically hy opagne and
transparent line structures on chroime masks.

The total transmitted power gives information about the edge tocations of the fines [78]
(sce appendix A VY. In the case of phase gratings a different approach is used. The
focused laser heam generates enlarged diffraction orders. If the beam size is sufficiently
small, i.e. has a large angular spectrum, the diffraction pattern of the diffracted orders
overlap and interfere (Fig.7.2). Scanning the mask introdnces a (lincar) phase change
of the higher diffraction orders. The resulting interference modulation depends on the
ratio between the grating period and the focns spot size. This modulation can be nsed to
extract the edge locations with high accuracy [79].

An example of a rigorous calenlated diffraction pattern of a hinary diclectric grating
structore illominated by a Ganssian beam is shown in Fig. 7.3, the contributions of the
different diffraction order being reported separately. In this situation, the best place to
pt the detector is at 84 = 20°. There, the first diffraction and zero diffraction order are
cqual, and thercfore a maximal modulation depth is obtained.

Bascd on this principle, we were able to determine local line-widths of [um gratings

with a precision of 10rm. The detailed work on amplitnde gratings can be found in [78]
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Figure 7.4 Litteow diffraction angle measnrement system.

and [80] (sec appendix A1V and A V).

7.2 Laser diffractometer

The laser diffractometer is a well-known instrument to determine the period of a grating
by measuring the diffraction angles. We will show that this method is highly aconrate.
The hasic principle is illnstrated in Tig. 7.4. A grating structure splits an incoming beam
into different diffraction orders. Measuring the Littrow diffraction angles 8, requires only
onc rotating stage to detcrmine the mean grating period. The direction of the diffraction

orders in the Littrow mount is related 1o the grating period A by
Naip sindhy, = mAJ2A (7.1)

where ny;, is the refractive index of the air, m is the diffraction order and A is the
wavelength.

If the laser diffractometer is plased in a temperature and humidity controlled environ-
ment, high accuracy can he achieved. The index of the air has to be taken into acconnt
with the same precision as the measnrement acouracy [ [AA/A| = [Bngi /1, ).

Rasad on this principle, a laser diffractometer has been built and characterized. Fig-
ures 7.6 and 7.5 show a schematic view, respectively a picture of the system. The an-
gular precision of the rotary stage is in the order of 0.1” = 0.5urad. This instrument
allows the rapid and precise determination of the grating period of reflection gratings
(A = 400am.... 10pm) with an accuracy of hetter than 107%. Therefore, it is possihle to
determine the mean grating period of a Igm grating to better than 10 picometer!

The methoed has been successfully applied to determine the precise grating periods and
also the orthogonalily of cross-gratings. Fignre 7.7 a) shows an atomic force microscope

(A I'M) mcasurement. of snch a structure. The orthogonality of the gratings is determined






84 CHAPTER 7. CHARACTERIZATION OF GRATING STRUCTURLES

Figure 7.7: Cross grating nsed as test object for the laser diffractometer. a) AFM mea-

surement, b) exiracting information on the orthogonality of the gratings.

hy the measurement. of the grating periad in diagonal directions (Fig. 7.7 b) and applying
some elementary trigonometrical formulas.

Tahle 7.1 summarizes the comparison of measurements made by the laser diffractome-
ter and the AFM. The agreement between the two methods is very good. The difference in
ihe absolute valuc of the geating period is less than 1074, The AFM measurements (itsell
a loeal method) were obtained by taking the mean value of a large range scan over sev-
cral hindreds of grating periods, The translation stage was interferometrically controlled.

The main advantage of the laser diffractometer over the AFM measurements is the fast,

AFM diffraction | difference

[nm] [am] . rel
x-pitch T00.967 700.953 | 2.0 -5
y-pitch 700.981 700928 | T.5E -5

diagonal 1 - pitch [ 989.297 989.248 | 6.2K -5
diagonal 2 - pitch | 993.265 | 993.327 | 6.2K -5
— orthogonality | 90.2290 ° | 90.236° | 7.1 -5

Tahle 7.1: Comparisen hetween AFM and laser diffractometer imeasurements.

contactless and accnrate determination of the mean grating period. The “mathemati-
cal aperation” of taking the average over several hundreds of geating periods is realized

optically by the diffraction of the light beam in free-space.
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7.3 Superresolution

7.3.1 Early work on the degree of freedom of an image

Farly considerations on optical resolution arc due to LorRD RAYLEIGH [81], who showed
that for a classical optical telescope the resolution limitis zp = Af/ D, where f and D are
the focal length and tlic aperture diameter of the instrument, respectively. TORALDO DI
Francia [82, 83] derived the intnitive eouclusion that the image is completely determined
by giving tlic complex aniplitudes at a square lattice of poiuts spaced A/2N A apart (VA

heing the numerical aperture). FTherefore, the image has
S=XNfzp=DX [Af (7.2)

degrees of freedom, wlicre X is the size of the object field, 5 is also called the Shannon
number. As a consequence, since the object field can have an infinite number of degrees
of freedom, it follows that many different objects fields can have one and the same image.
The ohserver must necessarily make use of some a priori information’.

13 years later Taraldo di FFrancia modified his elaims [84] and proved that his first
conchusions were mathematically wrong. For, if the object field size has a finile size, the
Fourier transform on the pupil is an analytic function; thus, knowing this function over
a finite interval is sufficient to reconstruct the complete function. This mathematical ar-
gnment induces the following interesting question: Why this possibility of superresolution
has not yet been transferred into physical reality, with a real and substantial gain compared
with conventional instruments? Toraldo di Francia showed that the practical limitation
of the number of degrees of freedom is a mathematicatl phenomenon. Me aualyzed the
difficultics that arc infrerent in the retrieval of the missing information. Later GOR1 [85]
generalized the concept. of degree of freedom to optical imagiag system in the presence of
aherrations. The argumentation is bascd on the following idea:

The relation hetween the object field and the image field is expressed by the superpo-

sition integral

Uda) = [ Uala) K} de’, (7.3)

where K{z,x') is the impulsc response of the imaging system (sce also Chap. 4) and X is
the object field domain. The object field Uy(z) and the image ficld Ui{z') are expanded

using the same set of basis functions

U2} = Zam Pw(r’), and (7.4)

"Notc that ngain we muake a distinelion between the obiject and the object field (ihat is the field created

by the objert).
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Figure 7.8: Positive real numher A,,. The graph indicates how a hasis function of the
object field is transferred into the basis function of the image for a coherent and aberration

free optical system. The configuration cotrresponds to with a Shannon number § = 11.5.

U,(IC) = me '{bm{m): (7"5)

with

Om

L usta') ) aa (7.6)
jz Volz) $5,(x) . (7.7)

by

The hasis fonctions in Eqs. (7.4) and (7.5) arc chosen to he the cigenfunctions of the
impulse response, viz.
jf B(x) K{z,2') da’ = X 9(z). (7.8)
For a perfect and coherent imaging system this eigenfinctions ¢,(x) are the prolate
spheroidal wave functions {86, 87, 88].
Introducing Eqgs. (7.4) and (7.5) into Bq. (7.3), interchanging snm and integral, and
taking advantage of Bq. {7.3) results in

bn = Dom Arm - (7.9)

Hence, Am indicates how a basis function of the object field is transferred into the basis
function of the image field. Therefore, suppose we know the image Ui(x), the coefficients
by of the mage expansion are found hy Eq. (7.7). The cocfficients ay, of the ohject field
are thea determined by 1q. (7.9) and the ohject field can he reconstructired hy Eq. (7.4).

However, practically the eigenvalue A, is one for m < § and zero for m > 5. As an
cxample, the behavior of A,. as a function of m is shown in Fig. 7.8 for § = 11.5. The
behavior is siimilar 1o that of a step function. 1t is clear that for a real imaging systen,
characterized by a certain notse level, the higher order terms of the obhject field expansion

can not be determined anymore. Therefore, the resolution limit based on the sampling
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theorem is a good estimation for the resolution of a classical optical system, althongh
physically there is no sherp Jimit,

All this considerations were made to study the reconstruction of an unknewm object,
field. If we bave some @ priori information aboui the object or about the ohject field, the
situation is completely different. It has already been noted by TORALDO DI FRANCIA
[84] {and unfortunatcly forgaiten nowadays by many antbors) that if we have some e
priori information about the ehject or the object field, the term resolution loses its
signification and the prohlem is transferred to a paramcter optimization, as discussed

in the introduction of this chapter.

7.3.2 Superresolutiou in phase images

At the beginning of the ninetics, TYSCHINSKY [89], and TYSCHINSKY and VELZEL [90]
presented spectacular images, reactivating the discussion on snperresolution. Fignre 7.9
shaws one of theirs measurements [90, Fig. 9] of a semiconductor test ebject with an
ctehed structure in the Si-Jayer. The measurements have boen made with a high resolution
interference microscope (see schematic view in Fig 7.10). The phase image has details well
beyand the classical resolition limit. Unfortunately, there is no satisfying explanation in
their publications.

Only recently, TOTZECK (91, 92] gives full cxplanation of the apparent superresolution
in phase images: the phase measurements show scans through phase dislocations, hence
sharp jumps are expected. As we have seen in Sea. 5.3, such phase dislocations can be
easily generated by the ;lzpcrposition of plane waves. The phase measurements do nat,
coniradict the classical resalution criteria. The term “snperresolution® in the context of
phase inages is therefore not suttable.

The main problem to solve in the measnrement of A-sized structures is the light infer-
action problem. Since the clements are in the resonance domain, there is no lincar relation
between the object and the phasc anymore. As an example, we present in Fig. 7.11 a) the
near ficld and Fig. 7.11 h) the scan through two phase dislocations for a similar element
as Tychinsky had nsed. Unfartunately, we do nat know all the parameters {waveleogth,
polarization state, spatial frequency spectrnm) of Tychinsky's work. That is the rea-
son why it is not passible to make a quantitative comparison between the two graphs,
Qualitatively, the phase measurement of Fig. 7.9 agrees well with the caleulated values of
Fig. 7.11 b).

To solve the inverse prablem, that is to find the ohject from the image ficld, we
need forward parameter optimizations as discnssed at the beginning of this chapter. I'he

imaging system (henee, the low-pass filtering) can directly hy incinded in the optimization.
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Fignre 7.9: Phasc measurement made hy Figure 7.10: Schematic view of a high
Tyschinsky and Velzel [90, FPig. 9]. resolution interference microscope (Linnik
type).
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Figure 7.11: a) Rigorously calenlated phase contour plot of the near field of an etched
100nm x 400nm groove in a Si-layer. The structure is illuminated by a perpendicularly
incident plane wave of ‘TE-polarization (A = 488nm). b) Phase plot of a scan close to two

phase dislocations. I'he phase changes rapidly within T0nm.



7.4. DISCUSSION 89

7.4 Discussion

We would like to eonclude this brief considerations on characterization and superresolution

by the following statements:

First of all, onc has ta be awarc that the field generated hy a A-sized ohject has
nol the same shape as the ohject itself. The interaction of light with these kind of
strnctures has to be modelled using a rigorous inferaction theory (see for cxample

Scc. 3.3.3).

Therefore, it makes no sense to develop complicated theories on superresolution,
or diffraction theories (in the sense of propagation), if the starting paint is nat a
physically realistic ficld; e.g. to make investigation on the propagation of a hinary
amplitude function with line-widths below the wavelength, as it has been made
for example in [93], or to admit a m-phase jump without the associated amplitude

change.

Since there does not exist (at least not to our knowledge) a general rigorons inuerse
interaction model, the extraction of geometric parameters of A-sized microstructures
has to be made throngh forward optimization (c.f. Chapt. 7). For this purpese, it
is necessary to acqguire as much information ahout the ohject as possible. lence, it

is advisahle 1o mcasure amplitude and phase of the emerging optical field.

And, finally, if we have some a priori wformation about the ohject, the notion
of reselution lonses its signtfication and the problem is rednced to a parameter

aptintization.
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Chapter 8
Conclusions

The objective of this work was to show different. aspects of the interaction of light with
periodic aptical mierostructures. In a firsh part, we discussed different theoretical models,
We shawed that it is important to use rigorans diffraction theories, if the structures
are in the order of the aptical wavelength. We presented the Fourier modal method as
a suitable tool for solving the grating diffraction problem. Farthermore, we extended
the existend Rayleigh method and the Waterman approach to diclectric surface relief
structures. Introducing approximate theorics helps to understand the complex prablem
of light-matter interaction.

For optical systems consisting of several clements, we introduced the concept of spec-
tral yesponse and fransfer function. New in this approach is, that also evanescent waves
arc taken into considerations. This opens new possibilitics in the modelling of modern
complex optical systems. As an cxample, we presented the scanning near field opiical
microscope (SNOM) as an optical imstrument, characterized by transfer functions and
spectral responses. We emphasized that for a good SNOM, the transfer functions rep-
resenting the capahility to convert evanescent waves into propagating waves has to be
aptimized, rather than the averall thronghput.

We described how phase singularities can be generated. PPhase singnlarities are isolated
points of zero amplitede, hence the phase ts not determined at these points. These points
are well localized. Therefore, nicasuring their position can give infarmation ahont the
object (shape, index aof refraction, ate).

Finally, we evoked the question if it is possible ta reconstinct the geometry of a grating
strnctire by measnring its optical response. We fonnd that, in general, we will have to use
forward parameter optimization to reconstruct the object. We discussed different paints
on superresolution. In our opinion, there is na superresoiution observed in phase images

(if we relate the term resolntion to the degrees of freedom of the image).
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In suminary, the present, work shows some aspects of the interaction of light with opti-
cal microstrictures. Such a work cannot he compiete, a lot of points were not mentioned
{surface plasmon generation, partial coherence, conical incidence, ete). During this work
not only solutions were fonnd to existing problens, but also new questions were cvoked.
Espeeially, it would be interesting to study phase dislocations in more detatls, to find con-
ditions for their creation. We observed that small changes of one geomefrical parameter
can totally alter the phase topography (see Fig. 8.1). For amooth and thin stroctores,
the phase ficld is also smooth and withont singufarities. If the thickness of the structure
changes, phase singularities appear and the phasc topography becomes turbulent®. It
is similar to hydrodynamics, where two different flow state exists: a laminar flow and
a turbulent flow. It would be interesting to apply hydrodynamical principles to optical

systems {or viz versa, optical prineiples to hydrodynamical systems. .. }.

'Exnmples of animated ficlds can be fonnd on Lhe Tnternel pages of the Tustitute of Microteshnology,

University of Nenchilel ; hitp://www-optica.naine.ch/resenrch /Microopt/RigDillraciion fmain kit
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' Abstract:

We present scanning near-field optical microscopy as an optical instrument characterized by a transfer function. This
approach gives some theoretical guidelines for the design of near-field optical measurement systems. We emphasize that it is
important to distinguish between the resclution for the optical field and the resolution for the object. In addition, to solve the
. general inverse diffraction problam the measurement of phase and amplitude of the electromagnetic field is necessary.

© 1998 Published by Elsevier Scienee B.V. All ights reserved.

" Keywords: Scanning near-field optical microscope: Rigorous diffraction theory; Sub-wavelength resolution

1. Introduction

Since the introduction of near-field optical micrascopy,
many differemt configurations of near-field measurements
have been proposed [1] Paratlel to the technological ad-
vances, several efforts have been made in the theoretical
modelling of near-field optical detection systems. A recent
overview of near-field diffraction theortes has been pub-
lished by Girard et al. [2). The paper includes different
scattering theories, and theories based on the plane wave,
respective multipole expansions of the electromagnetic
field. The basic question to be answered by any theory is

the resolution limit of near-field optical microscopy. Dis- |

cussions about the resolution of near-field optical micro-
scopes ¢an be found in different papers [3-65]. Vigoureux
{6] presents a historical overview of the resohition limit of
¢lassical microscopy (mainly the Rayleigh criterion), and
analyzes the consequences for near-field microscopy. The
main conclusion (which is in the meantime well known} is
that information on sub-wavelength details of electromag-

1 E-mail: peter.blattner@imt.unine.ch

netic fields is contained in the non-radiative {or evanes-
cent) components of the field. Therefore, it is important to
collect the near-field information,

In our present paper, the near-field detection system is
considered 2s an optical instument characterized by a
transfer function. For this purpose, the measurement sys-
temt is separated into different parts as shown in Fig. 1.

The object is illuminated by an incident wave and
generates a field distribution in the output plane. In gen-
eral, the interaction of light with sub-wavelength structures
has to be computed rigorously. We define a spectral
response function H,; as being the action of the cbject on
the incident wave of a certain spatial frequency. The
resuiting field is detected by the scanning probe at a
constant distance from the sample. The radiating part of
the field propagates in free space, whereas the evanescent
part is attenmated. This effect is described by the free space
transfer function P. The probe itself is again characterized
by a spectral response function . This approach can of
course also be applied to the inverse case, where the tip is
used to {lluminate the structure.

Compared to a classical optical instrument, the term
resolution has to be defined differently in near field opties.

00304018 /9% /$ - ses front matier © 1998 Published by Elsevier Science B.V. All fdghts reserved.
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Fig. 1. The scanming near-Geld optical microscope is considered as an optical instrument charscterized by spectral response and transfer

functions.

In classical optics, the field is directly related to the object.
Thus, the resotution for the field and the resolution for the
object are the same, In near-field optics, due to the compli-
cated ipteraction problem, the resclution is related to the
ahility to reconstruct the electromagnetic field io the out-
put plane {or output space) of the object. In consequence,
sub-micrometer resolution of a mensured field does not
imply that the object can be detenmined with the same

accuracy. )

We limit the analysis to pon-elastic interaction, 2D
geometry, and to TE-polarization. Furthermore, no back
reflections from the tip are taken ioto account. This means
that the theory presented here is not & self-consistent
approach. However, it allows us to discuss the field resolu-

tion problem of near-field optical microscopy in a compre-
hensive way. Furthermore, the reconstruction of the object
from the field data is not treated in this paper.

2. Spectral response fanction of the object

Most of the pear-fisld papers describe the interaction
problem by a macroscopic perturbation theory (7,8] This
approach writes the field as & superposition of the zero
arder field plus a first order perturbation term. This pertur-
bation is proportionsl to the incident field and to the
Fourier transform of the surface profile. However, the
perturbation theory is limited to smooth surfaces, ie. the
surface roughness is typically small compared to the wave-
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length. For deep structures (e.g. typicel surface relief
gratings) this approach is not valid anymore and the
solution of the interaction problem has to rigorously fulfil
Maxwell's equations. In the case of periodic cbjects, most
of the theories are based on the differential representation
of the ichomogensous wave fonction [9-12). These ap-

proaches directly compute the complex amplitudes of the

diffracted (propagating and evanescent) waves. Hence, it is
possible to compute the light distribution in the near-field
of any periodic structure [13].

For linear materials and coherent nllummanon, it is
possible to define a spectral response function H, (K, k)
_ which relates the cutput spatial frequency spectrum t?u(k )

to the incident excitation U, (') by a linear superposition

Ok = [ Ou(k.) Huy(Kok ) e, &

This function describes the action of the object oo m
incident wave. In its most general form the entire spectrum
is taken into account, i.e. —e <k ¥, <, In the case of
infinite plane wave illumination (ﬁm(k’ Y= A, (K, -
k. Eq. (1) becomes
ﬁo("x) =AgHyy(k, K o). @)
Eq. (2) is valid for the classical scanning near-field optical
microscope {(SNOM) and the pboton tumneling microscope
(PSTM /STOM). Fig. 2 shows the calculated plane wave
spectrum of & blazed grating structure in & SNOM configu-
ration.

The calculations were performed with the rigorous
cigenmods method [12]. In general, the spectral response is

& complex function including an amplitude and & phase
distribution. Tt follows that, similar to the bulographic
reconstruction process, the amplitude and the phase have
to be measured to reconstruct the original object field 2.
Different approaches for measuring the phase by near-field
interferometry have atready been presented in the cpen
literature [16-20).

3. Free space transfer function

The mdiating part of the generated object field is
propagating in free space, whereas the evanescent part is
sttequated. In the plane wave spectrum this transfer can be
written as a filter function
Uu(k,) = Pk, YU( K, ), 3)
where P(k,,d) it the free space transfer function and o is
the distance from the tip to the sample. In particular, the
complex free space transfer function is given by

expligfki = K7|  for k<K,
exp[—— Wci-k’] for |k |2k,

where k=27/A and A is the free spoce wavelength
Thus, evanescent waves are affected by an amplitude

Pk, d) = )]

ihholog:phy.meaigindwawhmonsnwed&omh

recorded phase and amplimde. Note chat, for the case of weak
pernirbations, it s postible 10 reomstroct the surface profile
withont the pecessity for phase retrieval [14,151
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Fig. 4 Acceptance function D(¥,) for different geometries. (a)
Fiber tip detection, (b) SNOM based on & cantilever tip.

D= ATF (g

change, propagating waves by a phase change. The locai-

sub-wavelength field information is contained in the
evanescent waves. The exponential damping of this
evanescent waves has therefore some crucial consequences
far the scanning tip distance. The damping factor is shown
in Fig. 3 as a function of the field period Ag,, for
different scanning distances. It is obvious that the scanning
distance should be as small es possible.

In the complete system the damping effect of the higher
diffraction orders is even increased by the fow-pass filter
charscteristic of the probe tip,

4. Spectral response of the tip

The detection is made by scanning a tip over the
sample. If the property of the detection system does not
change during the scan the linear system is space invarjant.
Therefore, the detected signal can be expressed as a convo-
luticn

Ul )= [ (x=XYULXYAX =13y, (5)
where #{x — x') is the impulse response of the detector. In
frequency space Eq. (5) becomes a multiplication

Usak,) = T(k,YU(,). (6}
where T(k_) is the transfer fimction of the detector. For
linear systems the transfer function is expressed as a linear

superposition integral,
(k)= [ Hi(k, k) D(K)AE,, )

where H,(k_.k,) is the spectral response of the tip and
D(¥) the detector acceptance function. The acceptance

10

Fig. 5. Calculated intensity and phase of the complex specarnl resp fi of a one-dimensional diel

d (solid

tine) and coated (dashed line). The coated tip has a clear shit aperture of A/10.



function of the tip depends on the chosen geometry. For a
classical single-mode fiber tip SNOM (Fig. 4a) only one
frequency is accepted, D{(k,)= &(k}) and the transfer
function becomes particularly simple,

T( kr) - Hn'p(kx -0)' (8)

In the case of a cantilever tip based SNOM, the acceptance
function of the detector is equal to the cokerent amplitude
transfer finction (ATF) [21] of the detection system. The
different frequencies are now integrated over the numerical
aperture of the system. For an ideal imaging system the
coherent amplitade transfer function is a binary function,
Eg. (7) can be rewritten as

T(kx) -leA

kN

where NA is the numerical aperture of the imaging system.
The aim of the tip-detector is to provide sub-wavelength

resolation, For this purpose, the geometrical dimensions of

the tip have to be in the sub-wavelength range. Thus, the
spectra) response Hy(k, k,) also has to be calculated
with a rigorous model. In Fig. 5 the spactral response of a
coated and uncoated tlielectric fiber tip is shown., The
calculations have been made by the same algorithm as for
the grating structurs, by considering periodically arranged
tips. The ancoated tips have higher coupling efficiencies
for low spatial frequencies than the coated tips. On the
other hand, the electromagnetic field is less confined, ie.
the angular spectram is morne oarrow.

5. Fiel] reconstruction, resolotion

In its simplest configuration (plane wave illumination,
fiber tip detection) the spectrum of the detected signal is
obtained by multiplying the spectral response of the object
field Ha;{0.k.) with the free space transfer functions
P(k,.d)(Eq. (4)) and spectral response of the tip H,,(k,.0)
(Eq. (&),

Gy(k,) = By (k, 0) P(k,.d)0y(k,). (10)
Oo(k,) = (¥, ) A 0,8, ). my

Inversely, it is theoretically possible to determine the
object field by deconvoluting the measured field with the
impulse response of the system. For this purpose, the
transfer function of the probe and the distance have to be
known exactly. Ome the other hand, one should be aware
that the process of deconvolution is in general quite sensi-
tive to poise. A real measurement system is characterized
by a certain signal to noise ratio (SNR). If the system is

 Hy(k, )4, ®

shot-poise limited, the SNR is proportional to the power
spectrum density and the total number of cotlected phato-
electrons 7, during the scan (total integrating time). Hence

W (1, )

R ST e

(12)

where U, (k, ) is the sampled spectrum of the field.

As a oumerical example, we consider the case of
resolving a field variation at the object surface of 50 nm at
a wavelength of 500 nm. For a scanning distance of 10
nm, the field is attenuated by 10 dB (Fig. 3). At a scanning
tistance of d =25 om the field is atready damped by 25
dB. The low-pass filter characteristic of a coated tip,
having an aperture of 50 nm, adds another 50 dB to the
attenuation with respect to the central frequency. The
situation is even worse for the ancoated tip (see Fig. 5),
namely 80 dB instead of 50 dB. In this aumerical exam-
ples, the signals are mainly decreased by the limited
resolution of the tips. Considering a resolution of 100 nm,
the response of the tips is much better, The coated tp
attenuates the signal by 15 dB, the uncated by 60 ¢B. In
practice, it is necessary to determine the spectral response
of the tip experimentally.

6. Conclusfons

The near field microscope can be considered as an
optical instrument defined by a transfer function. In this
representstion, the limitation of the microscope can be
clearly discussed, although backreflections from the tip are
not taken into account. Sub-wavelength signals have to
overcame the exponential attenvation due o propagation
of the evanescent waves (Fig. 3) and the low-pass filter
characteristic of the probe tip (Fig. 5). The spectral re-
sponse of the tip expresses the capability of conversing
evanescent ta propagating waves. The system is character-
ized by a signal to noise ratio which depends on the spatial
frequency. The signals bave to be above ke noise level of
the instrument. This limitations are fundamental for any
type of near-field microscopy. Purthermore, it is important
to realize that in a general case, similar to holography,
amplitude and phase measurements are needed in onder to
sotve the reconstruction problem, We emphasize that there
is a difference between the object resolution and the object
field resolution. The resolution limit usually discussed in
the open literature is the object field resolution. The
statement how good the object is resolved has lost its
classical meaning in sub-wavelength optics. The object
reconstruction itself (its gcometry and its dielectric behav-
ior} needs sorne a priori information about the object. the
detection system and the iHurmination,
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Abstract. In this paper, we discuss the behaviour of small cylindrical
microlenses, arranged in one-dimensionel arrays and as single elements. For
this purpose, we apply a standard tigorous diffraction theory, commonly used
for diffraction gratings. We investigate the coupling effect between the ele-
ments. It turns out that single elements behave like pericdic elements if the
spacing is chosen correctly. Furthermore, we compute the complex transmis-
sion function by rigorous diffraction theory and compare them with classical
theories (combined ray tracing and the thin-element approach). Finally, we
discuss the focal properties of microlenses in the rigorous regime.

1. Introduction

Today's technology allows the realization of small microlenses which have
geometrical dimensions of the order of a few wavelengths (figure I). These lenses
are typically realized by the reflow technique [1] and have perfect spherical
surfaces. In standard lens design, mainly two approaches are applied to describe
the behavicur of such elements. One method is ray tracing and the other is the
thin-element approach. in its simplest vetsion, ray tracing applies the laws of
refraction and reflection ta individual rays. No diffraction effects are taken into
account. However, it is possible to include the optical path length through the
optical elements (phase-sensitive ray tracing). This allows one to determine the
field in the plane of the exit pupil of an optical system. In a second step, the free-
space propagation of the field can be computed by diffraction theory (angular
spectrum, Rayleigh-Sommerfeld or Fresnel). This method is referred to as
combined ray tracing [2]). In the thin-element approach, the plane of the entrance
pupil and the plane of the exit pupil coincide. In this csse, the element alters only
the phase of the incident wave, that is the wave is delayed proportionally to the
surface relief of the element.

The classical theories lose their validity if the geometrical dimensions of the
element are of the order of the wavelength. For this purpose, different rigorous
diffraction theories have been investigated in the past. They are based on either the
integral or the differential representation of the wave equation. In the literature,
only a few examples are presented for the rigorous computation of microlenses.
Most of thetn are valid for diffractive microlenses (3, 4). Rigorous computation of
refractive microlenses based on intergral boundary methods and applied to have
been presented by Tabbara {5] and more recently by Wang and Prata [6).

t emaeil: peter.blattner@imt.unine.ch
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Figure 2. Celculated near-field phase contour plot of & microlens array. The elements
have a diameter of 8, a height of 4\ and a refrative index » =1.5. The array is
illuminated by a TE-polarized plane wave, with perpendicular incidence.

grating period-to-wavelength ratic. It has been shown that for dielectric structures
all propagating diffraction orders and some few evanescent diffraction orders
{typically ten) have to be retained in the analysis [10). Once the eigenvalues are
determined, the amplitudes of the eigenmode functions are found by matching the
electromagnetic boundary conditions.

With this method, it is possible to find the rigorous complex transmission
function of eny periodic structure, snd it particular also the light distribution in
the near field of microlens arrays {(figure 2).

In the following, we show how the method can be applied to modelling a single
microlens. There are mainly two points to consider when comparing microlens
arrays with single elements. First, there are interference effects during the free-
space propagation between the elements (e.g. the self-imaging effect or the Talbot
efiect).

Secondly, since the geometricel dimensions are small, the individual lenses
couple with each other (intrinsic coupling). The coupling influence can be
illustrated by comparing the rigorous transmission function of periodically
arranged elements with the rigorous transmission function of a single element.
Unfortunately, there exist only a few anelytic (rigorous) solutions for the inter-
action of light with single efements. One case is the diffraction 4t a ¢ylinder (figure
3). In that case, it is possible to express the field outside the cylinder by a
superposition of Bessel and Hankel functions (for example [11])

Uiner9) = Uo 3 (= exp (n)la(k) s + HOWIB). ()

Hw—00
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Usinge(%,3) Upercge(X.a,A)

a) b)

Figure 3.  Configuration used to illustraze the coupling effect between elements. (a) The
calculated field Uy e of a cylinder illuminated with 2 plane wave is compared with
(b) the field of periodically arranged cylinders Upgriodic-

A, and B, are coefficients which depend on the diameter of the cylinder and the
indices of refraction of the cylinder and the surrounding area, In parallel to that,
we compute the field generated by periodically arranged cylinders with the method
presented before. We denote this field by Uperodic{x,¥} = Ur. The coupling
parameter ¥ is now defined as the difference between the fields Usnge and
Uperiodic in the output plane, integrared over a fixed interval of one wavelength:

Af2
X(A) = J y |U|ingl=(x1 a) - Uperiodic(x= a, A)lz dx, (3)
—Af2

where 4 is the grating period of the microlens array. Figure 4 illustrates the
coupling coefficient x in function of the grating period A for different diameters of
the cylinders. It it interesting to observe that a resonance occurs if the grating
period is & multiple of the wavelength. Furthermaore, the coupling effect is larger
for small ¢ylinders than for large cylinders. For very small structures the eoupling
may occur even if the elements are spaced by several wavelengths. To understand
this behaviour, we compute the spectrum of (single) cylinders of different
diameters. If the size of the cylinders are large {Agure 5), the spectrum is mainly
given by the propagating frequencies, that is |k < k= 2n/A. For small cylinders
(Rgure ), the spectrum is mainly given by the spatial frequencies around £, that
is they correspond to evanescent waves (or surface waves) of wavelength A, also
called critical evanescent waves. If the elements are arranged periodically, the
spectrum becomes discrete, Depending on the grating period it is possible that the
sampling falls directly on the critical frequencies k, = +k&. In this case, there is
maximum coupling between the elements. In addition the diffraction pattern
becomes dominated by the two surface waves (in the positive and negative
directions). This is due to the large penetration deptht of the evanescent waves.
It turned out that it is possible to simulate the diffraction of a single element
with the help of a grating diffraction theory, if the grating period is chosen
correctly. First, the grating period should not be 2 multiple of the wavelength

1 The genetration depth of an evanescent wave is defined as mgp = i/y, with
v = (ki — Kk )1}2' For a critical evanescent wave (k, = k), 2.1 becomes infinite!
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Figure 4.  Coupling coeflicient x (equation (3)) against graring period A for different
diameters 2a of the cylinders: (a) 2a = A/5; (b) 2a=Af2; (c) 2a=A; (d) 2a=2)\
The coupling coefficient shows a resonance if the grating period is a multiple of the
wavelength. The smaller cylinders in (#) show larger coupling effects than the larger
cylinders in (b) do.

and, second, the period should be larger than twice the diameter of the element.
This result is justified by figure 4,

3. Comparison of classical and rigorous theories

In this section we compare classical and rigorous diffraction theory applied to
two different microlenses: a thick (h = 2A) and thin (k = A/5) cylinder lens of the
same diameter 2a = 4A. In this context, the terms thick and thin are referred to
paraxial and non-paraxial elements, that is to small and large deflection angles
respectively. In our case the deflection angles at the border of the element are 41.8°
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amplitude [2.u.)

-2 - E a8

Figure 5, Spectrum of a cylinder of diameter 22=3X (a.u./ arbitrary units).
Frequencies |k.| larger than k= 2n/M correspond to evanescent waves, The
spectram of such a large cylinder is mainly given by the propagating waves
(|| < &).

amplitude [a.u.]

2 -1.5 -1 4.5 0 o5 1 15 2

Figure 6. Spectrum of a cylinder of diameter 2a = A2 {a.u., arbitrary units). The
spectrum of such a small cylinder is mainly given by the critical evanescent waves of
frequency k, = k.

(thick) and 7.5° {thin). It turns out that the spectrum of thin lenses (figure 7)
calculated by the classical theories {combined ray tracing and the thin-element
approach) agree well with the rigorous computations. In this case, the influence of
the thin element on the wave front is small and the diffraction pattern is mainly
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kx /k
Figure 7.  Caleulated spectrum of a thin lens (a.u., arbitrary units): (——), rigorous
computation; (—--), ray tracing; (- - - - - }, the thin-element approach. The lens has

a diameter of 2a = 4) end a thickness of A= AfS.

ampiitude [a.u.)

Figure 8.  Calculated spectrurn of a thick lens (a.u., arbitrary units): { J, the rigorous
compurtaiton; (——-), ray tracing;, {- + - - - }, the thin-etement appraoch. The lens has
a diameter of 2a = 4) and a thickness of = 2A.

given by the aperture, that is the spectrumn has 8 sine form. The only difference
between the theories is in the absclute intensities. ‘The thin-element approach and
ray tracing show higher intensities, because there are no losses in the transmission
functions (only the phase is affected).

In the case of the thick element (figure 8), the prediction made by the thin-
element approach is wrong. The theory does not predict the bending of the border
rays through the elerment, Therefore, the spectrum of the transmission function is
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Figure 9.  Illustration of the focal shift, where the focal position relative to the paraxial

focal position in function of the diameter of the lens is plotted for different aspect

ratios 8 =hf2a; ( ), focal positions calculated by the thin-element approach;
(+), the rigorous calculated focus positions.

100 smalll On the other hand, combined ray tracing shows smaller differences from
the rigorous computations. One can conclude that combined ray tracing is more
accurate than the thin-element approach and that the methed is valid for elements
with diameters down to few wavelengths.

4. Focal properties of microlenses

The thin element approach predicts a focal shift for elements having low
Fresnel numbers [12]. The Fresnel number is defined as N = a?/)Af, where f is the
(paraxial) focal length of the lens. Microlenses, which have a diameter 2a of a few
wavelengths are especially affected by this effect, because the minimum achievable
focal length is fmin = a/(n — 1) &= 2a, n being the refractive index of the lens. Thus,
the maxienum achievable Fresnel number is of the order of

a
Newwx % 5+ #

This means that, owing to the small size, their properties are dominated by
diffraction at the aperture. [t has been shown in section 3 that the thin-element
approach does not describe thick lenses sufficiently well. Hence, we expect a
different behaviour of the rigorous computed focal shift than prediced by thin
theory. Figure 9 illustrates the focal shift in function of the diameter of the lens for
different aspect ratios 3. The aspect ratio § is defined as the ratic of the lens
thickness to the lens diameter, that is 8 = A/2a. For small aspect ratios the
computations based on the thin-element spproach agree well with the rigorous
computations. For high aspect ratios (and as consequence also thick elements)
there is quite a large difference between the two models. 1t tums out that the focal
shift of thick lenses is less severe than predicted by the thin-element approach.
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5. Conclusions

We have shown that it is passible to simulate single-element diffraction with
the aid of a rigorous grating diffraction method by carefully choosing the grating
period. Furthermore, we presented a compansan between three different methods
to calculate the interaction of light with small lenses. For thin elements, all three
methods predict well their behaviour, even for very small lenses. This is mainty
because thin lenses are dominated by the edge diffraction which influences the
focusing behaviour of the lens. We have shown that there is a good agreement
between the classically predicted focal shift and rigoraus computations.

For thick lenses, combined ray tracing is more precise than the thin-element
approach. For such elements, the facal shift tumed aut to be less pronounced than
predicted by the thin-elemnent approach. In any case, it hs been illustrated that
very small lenses alsa exhibit some focusing behaviour. This result is in a good
agreernent with the results presented by Wang and Prata [6].
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Abstract. Free-space laser communication links with data rates between 10
end 500 Mbits 3" are required 1 cover the large amount of communication
needs between low-orbit satellites, geostationary satellites and ground stations.
The objective of this paper is to demonstrate the potential of diffrective optical
elements for the design of aptical and optoelectronic systems for advanced laser
communication terminals. Three different examples have been realized: a ring
pattern generator, an athermalized and achromstic hybrid collimator system,
and a hybnid beacon system.

1. Introduction

The design of first-generation free-space laser communication systemns is based
on laser diodes with output powers of the order of 100 mW [1). The data rate
transmission is of the order of 100 Mbitss™". This lesds to terminals with large
transmitter and receiver telescope diameters and, consequently, to high terminal
mass and dimensions. The optical systems are usually deaigned with refractive
lenses and reflective mirrors. Alternatives are planar diffractive optical elements
(DOEs). By relying on diffraction and interference rather than on reflection and
refraction, unique and novel properties can be realized. Almost any structure
shape, including non-rotationally symmetric aspherics, can be manufactured,
which provides all degrees of freedom for the design. Other interesting aspects
of DOEs are their low weight, their strong dispersion, and the possibility of
making segmented elements, large arrays of elements, beam splitters and polar-
izers. These properties are useful for many spplications of DOEs in space,
including filters for image dats processing [2], beam shaping [3, 4] and antirefiec-
ton structures [5, 6]. Furthermore, the combination of refractive and diffractive
surfaces (hybrid elements) offers new possibilities for optical design. The negative
dispersion of DOEs can be used to compensate the chromatic sberrations of
refractive lenses [7, 8]. Hybrid elements can also be used to compensate the

0950-0340/96 $12-00 © 1996 Teylor & Francis Ltd,
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temperature-induced variations in their mounting system. Some examples of
athermalized hybrid lenses have been discussed in the literature [9, 10]. DOEs
for space applications must comply with a number of requirements, including
mechanical, thermal and optical stability [8]. Suitable techniques for realizing the
microstructures in space-qualified materials are based on a variety of high-
resolution lithographic and optical processes [11].

In this paper, we discuss possible applications for DOEs in compact optical
communication terminals. The design and experimental realization "of three
different elements are presented. These elements include a ring pattern generator
allowing tracking and data transmission within one optical element, an atherma-
lized hybrid achromat and & hybrid lens system.

2. Free-space laser communication terminals

Figure 1 shows as an example the design of the optical head of the very small
optical user terminal (VSQUT') discussed in [1]. The head consists of two units: an
optical block and a mirror pointing assembly attached to the optics block. The
optics block is made up of the laser transmitter assembly, the acquisition sensor,
the tracking-receiver combination, the telescope and the associated beam-forming
optics. A beacon system (generating a large divergent beam) is mounted at the
outer coarse pointing mirror housing and is connected to a high-power laser
package with a fibre. Many potential applications for DOEs exist in such a system,
as follows.

(1) Laser diode transmitters. High-power light sources allow long communica-
tion distance; a beam-shaping DOE could be used to collimate the output
beams of a high-power laser diode array.

(2) Telescope system. Complex telescope systerms may be simplified using
DOEs; the DOEs allow one to reduce the number of elements; further-
more, all lenses could be fabricated with the same matenal.

Figure 1. Very small optical user terminal (VSQUTY): optical head design.
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(3) Tracking—receiver system. DOEs allow multitasking with a single element;
the tracking and receiving function could be realized by a segmented
element.

(8) Coltimator of the beacon head. The system can be simplified by hybrid
(refractive~diffractive) elements.

(5) Beam splitter. Multiple beam splitting can be done with one DOE; the
number of beam-splitting elements and their weight could be reduced.

In the following, a detailed description of the design of the DOEs used in the
tracking-receiver system, an athermalized hybrid cellimator, as well as the hybrid
beacon system is given. All three elements have been realized by lithography and
subsequent etching. The procedure is to generate a mask by electron beam or laser
beam lithography. Then, the mask is transferred into an eight-level surface-relief
structure by dry etching in fused silica or optical glass.

2.1. Tracking—veceiver system

A schematic disgram of the tracking—receiver system [12] of the VSOUT
optical head is shown in figure 2. The tracking sensor consists of a four-quadrant
detector with a central hole which acts as a field stop for the subsequent receiver
optics. The specific task of the diffractive optical element, situated at the entrance
of the tracking-receiver system, consists of focusing the incoming beam into the
central hole (receiver signal) while generating a ring intensity pattern in the
tracking detector plane (tracking signal). Changes in the relative positions of the
sending and receiving comrmunication terminals are directly translated inteo a shift
of the ring intensity pattern on the tracking aensor, which can be measured by
means of the four-quadrant detector.

Figure 2. Principles of the tracking-receiving system: (a) side view; (5) top view. Changes
in the relative positions of the sending and receiving communication terminals sre
directly translated into a shift of the ring intensity psttemn on the tracking sensor,
which can be measured by means of the four.quadrant detector,
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Figure 3. Two different design approaches for the tracking-receiver element: (a)
segmented gperture design; (5) common aperture design; (¢) the phase function of
the segmentsd element; {d) the phase funcudon of the common aperture element.

Different design methods exist for the tracking-receiver DOE. The two
specific tasks may be made by a segmented element, which means that the surface
of the DOE is divided into two parts: a simple lens function in one part for the
focusing point, and a radially shifted lens function in the other part for generation
of the ring pattern (segmented aperture design). An alternative technique is to
generate the ring patiern by the first diffraction order of a rotational blazed grating
structure combined with a focusing function. The focal point in the centre is then
realized by the zero order of the grating structure. In this case, both functions are
generated by the whole element and thus have the same aperture (common
aperture design). The two design strategies are shown in figures 3 () and (b).

DOEs are mainly described by their phase function. For the segmented
elements, each segment has its own phase function. In the case of the tracking—
receiver DOE the phase function ¢ is then given by

._-k_,Z, g <r<a,
sn=1 2 for{ )
-ﬁ(f—fﬁm)z, 0 < r < g,

where & is the wave-vector, f the focal length of the tracking system, ry, the
radius of the ring intensity pattern on the four-quadrant detector, 24 the diameter
of the DOE, and r,,, the radius of seperation of the two different segments. The
function ¢(r) is shown in figure 3 (¢). The advantsge of this concept is that the ratio
of the energy used for tracking (ring) to the energy used for the receiver (focal
point) is directly given by the ratio of the surfaces of the two segments (i.e.
(7aeg /a)%). Furthermore, the two optical functions can be tested and characterized
independently by covering one of the segments. However, a drawback of this
concept might be that the systemn is not shift invariant, that is a change in the input
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intensity distribution directly affects the cutput functions. Also, the radius of the
diffraction spot of the focus and the width of the ring are given by the aperture of
the corresponding segments. This can lead to design problems. In particular, if
much more energy has to be in the central point than in the ring, the surface of the
segment used to generate the ring becomes small; thus the width of the ring
becomes very large owing to diffraction. On the other hand, if much more energy
has to be in the ring than in the point, the point becomes very large. Depending on
the design specifications the segmented approach may not be satisfying. The
above-mentioned problem can be avoided by the common aperture design.

The phase function of the common aperture design is composed of a lens
function and a blazed grating structure defined over the entire aperture:

¢(r)=—%r’+hmod (i 1), @)

where A is the period of the grating structure, % is the phase depth of the grating
structure and mad (a, &) is the modulo function (also referred to the fractional part
of the division a/b). The phase function ¢{r) is shown in figure 3(d). The grating
period A determines the beam deflection of the first diffraction order and thus the
radius of the ring, while the phase depth & of the grating structure determines the
energy distribution in the different diffraction orders. The diffraction effictency of
the first order of a blazed phase grating is given by

m = sin® (-E) (3)

For n 2n-deep blaze structure, only the first diffraction order has energy; only a
ring structure without a central peak is generated. If the phase depth differa from
2%, then the zero order will also gain some energy, but alse higher orders appesr,
that is rings of radius 2r;ng, 3ring, ctc., are created. However, these higher-order
rings do not affect the functionality of the tracking system. In this approach the
diameter of the diffraction spot is given by the aperture of the whole DOE and is
therefore smaller than in the first approach.

Based on the design of the VSOUT a ring generator has been fabricated. The
specifications of the element are as follows: the design wavelength is 818 nm, the
focel length of the element is 20 mm, the diameter of the DOE is 2 mm, and the
diameter of the central hole in the tracking detector is 0-1 mm. Furthermore, 75%
of the energy has to be inside the central hole of the tracking detector used for the
receiver. The resulting eight-phase level element has smallest features of the order
of 2 umn. The DOE was realized in fused silica. In addition, a set of visible light
demonstrators (633 nm) for the ring—point generation has been made, with a focal
length of 400 mm and a diameter of the generated ring of 15 mm, For these
demonstrators, both design approaches have been tested. Figure 4 (o) shows the
diffraction pattern of the cornmon aperture design. Scans through the focus in the
image plan, together with the calculated function are presented in figures 4 () and
(¢) for the segment aperture and the common aperture design respectively. The
measured intensity distribution shows excellent sgreement with the cxpected
theoretical data. The difference between theory and measurements can be
explained by etch depth errors in the fabrication.
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is that DOEs can be represented in any lens design software as arbitrary aspherics,
which in turn are realized directly by standard DOE manufacturing processes.

A hybrid collimator of 5:2mm diameter and 8 mm focsl length has been
designed and fabricated. The system is thermally compensated for a range from
—20 to 40°C and has a working wavelength range 630-670nm. The mount
material is a combination of alumininm and steel which has a thermal expansion
coefficient of 26-4 x 107%C™", It has been found that FK51, which hes an
optothermal expansion coefficient of 25 x 107%C™L, is an appropriate glass in
order to satisfy the athermalization condition. The length variation of the mount is
11 pm over the whole temperature range; the calculated shift Af of the focal
length of the hybrid system is 12-6 um. Hence, the absolute change in the focal
point pasition is less than 2 ym. The designed DOE has been realized in FK51 by
photalithography and ion beam milling. The resulting eight-phase level element
has smallest features in the order of Ipm. A good criterion to judge the
perfarmance of the collimator is to measure the wave-front aberrations of the
system. Figure 6{a) shows the expected optical path difference for the central
design wavelength of 650 nm and the measurement wavelength of 633 om and
figure 6 (b) shows a double-pass interferogram of the hybrid collunatar at 633 nm.
The central fringe of the measured double-pass interferogram behaves exactly as
the caleulated values. The expected maximal optical path difference is of the order
of A/4 which corresponds nicely to the shift of /2 in the measured double-pass
interferogram. ’

2.3. Hybrid beacon system

The third selected application far DOEs is the collunator for the beacon
system. The task of the beacon system is to gencrate a large divergent beam,
which is used in a pre-operational phase of the communication link in order to
lacate the oppasite communication terminal. In the classical VSOUT design the
beacon system consists of four refractive lenses {(figure 7(a)) of different glass
types. The benefit of a hybrid design is the reduction in the number of elements,
namely from four elements of different materials to three elernents of the same
material, which simplifies the system and lowers its weight. The hybrid system is
shown in figure 7 {b). The DOE is located at surface 3. Note that the planar back
side of the DOE substrate {surface 2) is used as pratection of the optical system
and can be cleaned easily. As described in section 2.2, the design is based on the
HRI model. The system is aptimized for an opersting wavelength of 850 nm, a
focal Jength of 6-25 mm, and a numerical aperture of 0-4. The resulting aspheric
phase function is shown in figure 8.

The hybrid beacon system and the classical beacon system have been designed
and realized in order to compare the two different approaches. The DOEs were
manufactured by a multistep lithographic process in fused silica for a working
wavelength of 850 nm. The smallest structure for an eight-level element is in the
order of 6 pm. Figure 9 shows the calculated wave-front aberrations for both
systems. It can be seen that the hybrid design shows even less aberrations than the
classical design. The wave front of the classical and the hybrid design were
measured and compared at 633 nm. The expected peak-ta-valley wave-front error
at this wavelength turns ont to be 0-2X for the classical and 1-6) for the hybrid
system. The measured values are 0.32A and 1-29A. Thus the measurements are in
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Figure 7. Beacon system: (a} clessical design; (8) hybrid design.
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Figure 8. Phase function of the DOE for an olﬁtimized beacon collimator with a
numerical aperture of 0-4 and a focal length of 6-25 mm.
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Figure 9.  Expected wave-front aberration of the beacon collimatar for () a classical
design and (b) & hybrid design.

DOEs benefits from all the main advantages of these elements in order to reduce
camplexity, weight and costs. Three different systems using diffractive optics have
been selected at the example of the VSOQUT. First, a tracking—receiver system has
been discussed where both functicnalities were performed by a single DOE. The
task of this DOE is to generate a point-ring pattern. For this purpose, two
different design strategies have been investigated. One is based on a segmented
aperture, and the other on a common aperture approach. The realized elements
showed good agreement with the theory for both types of design. However, it
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turned out that the segmented aperture-based system may give some problems for
specific point-ring energy ratios. Secondly, the design and realization of an
athermalized and achromatic hybrid collimator system have been presented. The
performance of this system is in excellent agreement with the expected theoretical
values. Third, 8 hybrid bescon system has been presented consisting of one
diffractive and two refractive elements. It has been shown that it is possible to
reduce the complexity of a classical system by introducing DOEs while keeping the
same optical performances. All elements have satisfied the given severe specifica-
tions for space applications, which encourages the use of DOEs in other systems in
the near future.
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1 Introduction

Advancement in the areas of phase shift optical lithography,
e-beam lithography, and x-ray lithography heve enebled the
realization of very fine relief structures in the nanometer to
micrometer range. The ability 10 measure the relief param-
eters and the absolute position accurecy of these structures
is of obvious importance, not only to determine if the desired
structure has been realized but also to optimize the fabrication
process. The wish list for metrology includes nondestructive
testing, testing of large areas, and testing of large-aspect-ratio
structures having submicromcter lateral dimensions. Current
techtiques for measurement are optical microscopy’ (in-
cluding conventional. confocal, and near-field technigues).
scanning electron microscopy? (SEM), and scanning-force
microscopy.® None of these technigues, however, is capable
of providing rapid accurate submicrometer measurements
over. larger arcas,

Opticel testing methods have been applied to address these
requirements, The relevant parameters of & lithographic pro-
cess, i.e., the depth and width of a gratinglike test structure,
cah be determined by scattering an incident laser beam at the
structures and measuring the far-field intensity distribution.
- Previously published results beve demonstrated the capability
of far-field measurements to rapidly and very eccurately mea-
sure large-aspect-ratio submicrometer feature over larger
areas,* The main drawback is that these technigues determine

only the average parameters, and they are unable to determine

local errors such as single-line defects.

Therefore, we investigated scanning spot metrology,
which provides accurate information about edge lceations of
opaque structures on chrome masks, The method involves
illuminating the mask with a small-spot-size focused laser
beam and measuring the total transmitted power as the mask
- -
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is scanned. In the following, we introduce the basic principle
and discuss algorithms for extraction of edge locations from
the detector signal. Finally, the scanning spot metrology is
applied 10 the characienzation of & modulated prating mask
having an everage grating period of & pm.

2 Scanning Spot Metrolegy

2.4 Principle

In contrast to far-field diffraction metrology, scanning spot
metrology yields information about local fabrication errors
of lithographic masks. The experimental setup is shown in
Fig. 1. A test structure is iMlumineted with a fecused laser
beam and the total transmitted power is measured as the mask
is scanned. An integrating sphere with a large entrance ap-
erture is used to measure the total ransmitied power. If the
laser spot size and the feature sizes on the mask are of com-
parable dimensions, the detector signal will aliernate between
high and low values as alternating lines and spaces are jl-
Ivminated. The edge position information can then be ex-
tracted using appropriate signal processing algorithms.

Scanning spot metrology is essentielly besed on the con-
cept of knife-edge scanning of & laser beam.” Consider the
case of & 1-D knife-edge illuminated with a focused Gaussian
laser beam, The intensity distribution of the incoming beam
is given by

24,2
L\

2P, x
H(znyy=— exp| -2 ) =Ly . i
W
where w, is the beam radius at 1/¢ and Py is the incident
power. Note, that K(x,y) is separable in x and y. Using a
coordinate system where the beam is centered at the location
u~x and the edge is lccated at u =gy, the total transmitted
power when the mask is scanned can be written in terms of
the complementary error function® as
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Thus, when a knife-cdge scan is made, the unknown quan-
tities are, in the most general case, the incident power, the
beam radius, and the edge location. They are found by it-
eratively fitting the experimental data 10 the function given
in Eq. (2). Figure 2 displays experimental data for a knife-
edge scan together with their best fits, which are obtained
using 20X and 100X microscope objectives. Beam radii of
3.02 and 1.08 pm, respecuvely, are obtained. Smaller llu-
mination spots can be obtained by optimizing the incident
bearn diameter with respect to the aperture of the microscope
objective.

Applying the same concept but replacing the knife edge
by an amplitnde grating consisting of a series of opague and
transparent zones, the transmitted power can directly be ea-
pressed by
b,

i

P x)—fﬂi[mfc(a‘_x)-m( _’)] ®
)= 2= wol V2 y wolvZ/ 1’

where a, and b, are the edge locations of the grating mask.
Whereas the knife-edge technique is mainly used to deter-
mine bears profiles, the grating-edge technigue enables mea-
suring the location of the edges of the grating.

2.2 Edge Extraction Algorithm

The ability to extract edge information from P{x) in the case
of multiple edges greatly depends on the radio of the beam
radius wy and the feature sizes 5 on the mask. Figure 3 shows
the contrast of the function Pr(x) as a function of the ratio
s/wg for a grating with 50% duty cycle. For the example of
o beam radius of 1 pm (Fig. 2, 100X objective), submicro-
meter structures with feature sizes down to 0.5 pum conld be
characterized.

For modulated grating structures, the local maximum and
minimum values of Pr(x) are no longer constant and change
as the linewidth or space width vartes, according to the con-
trast function in Fig. 3. The information on the edge position
can be obtained by determining the local maximum and min-

2426 f OPTICAL ENGINEERING 7 August 1995 /Vol. 34 No.
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Fig. 2 Measured intensity while scanning a knife edge through the
focus of two differsnd laser spots genarated by 20X and 100X mi-
croscope objectives.
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Fig. 3 Comtrast of modutation versus the [newidth-to-beam-radius
ratio.

imum of the measured transmission function. The accuracy
of the adge position detection, however, is then limited di-
rectly by the accuracy of the translation stage used to scan
the mask, The metrology issue, therefore, is to determine the
linewidth and space widths of each line/space pair by fitting,
as in the case of knife-edge metrology, the theoretical total
transmitted power function, given by Eq. (3), to the measured
values. In the idesl case, an optimization over all parameters
would be done. The pararneters to be determined include the
incident power Pg, the beam radius wo. and all edge
locattons (a,b,).

To abiain a good initial guess of the incident power, the
data are normalized 1o have a mean value of 0.5, correspond-
ing to the average fil] factor of the modulated grating struc-
ture. The initial guess of the edge locations of the mask are
the positions for which the normalized transmission is 0.5.
The start-up value of the beam radius is determined using
the knife-edge technigue at the first edge of the grating struc-
tre. In any multiparameter optimization problem the com-
puter time requirzd rapidly increases as the dimension of the
parameter space is increased. Consideration of all edges si-
multaceonsly may not be necessary, however, becanse the
response Pr(x} primarily depends on a few neighboring
edges. The edge extraction algorithm is thenzfore limited 1o
local optimizations of a maximum of only two parameters at
the time. During optimization, not only are the edge locations
varied, but the estimates of the beam radius and the total
incident power are also readapied. Because the initial guesses
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We investigated two optical methods for characterizing submicron structures, Aversge errors of a few nanometers
can be determined by the far-field diffraction metrology utilizing diffractive structures having enhanced sensitivity |
to fabrication errors. The scanning spot metrology is well suited for analyzing lithographic masks.

1. INTRODUCTION

Advancement in the aress of pbase shift optical
lithography, e-becam lithography, and x-ray
lithography have enabled the realization of very fine
relief structures in the nm-Um regime. The ability
to measure the relief parameters and absolute
position accuracy of these structures is of obvious
importance, not only to determine if the desired
structure has been realized but also to optimize the
fabrication process. The wish list for metrology
includes non-destructive testing, testing of large
areas, and testing of large aspect ratio structures
having sub-um lateral dimensions. Current
techniques for measurement are optical microscopy
{including conventional, confocel and near-field
technigues)', scanning electron microscopy? (SEM),
and scanning probe nﬁcroscopy’ {SPM). None of
these technigues, bowever, is capable of providing
rapid accurate sub-pm measurements over larger
aress,

To address these requirements, we investigated
the use of far-field diffraction metrology utilizing
diffractive structures having enhanced sensitivity to
fabrication errors in linewidth and etch depth. An
important point to note bere is that this technigue
determines the average error, and is tunable to
determine local errors such as single tine defects.

Secondly, we introducc scanning spot metrology
of chrome masks which involves illuminating the
mask with a small spot size focused laser beam and

measuring the total ransmitted power as the mask
is scanned. Algorithms for extraction of edge
locations fram the detector signal are discussed, and
applied to the chamacterization of 2 medulated grating
mask.

2, FAR - FIELD DIFFRACTION
METROLOGY

A fabrication technology can be best
characterized, if specific structures with sensitive and
easy-to-mezsure properties are realized. Grating
structures provide ideal test elements for far-field
diffraction metrology, since they split an
illuminating laser beam into a discrete array of
diffraction orders. Gratings with small periodicities
p in the order of the optical wavelength A produce
only a very limited number n of propagating
diffraction orders {n < p/A). If the grating period
becomes smaller than the read-out wavelength, only -
the zero order will be generated and can be used for
the characterization. For regular gratings, the
inteosity distrikution in the far-field depends
strongly on the relief shape, the ilflumination angle
and the wavelength.

The basic principle of far-field metrology is to
measnre the intensity distribution of the diffraction
orders as a function of the incidence angle or the
wavelength and then, to determine the relief shape
and depth by numerical modelization. Previous
published results bave demonstrated the capability of
this technique to rapidly and very accurately measure
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largc aspecl rauo sub-um feature over larger
areas®, Problems with this techaique arise, if the
lateral position accuracy of the lithographic process
has to be determined. In the case of a regular
grating, position errors produce a continuous blur of
the diffraction orders, which is difficuli to measure.
For this task, we have investigated modulated

grating structures. Position sensitive elements are

obtained by designing pulse-position modulated
gratings which generate a welt defined intensity
function® in the first diffraction order of the carrier
grating. An appropgiate measurement slgnal is
obtained by cncodmg a fan-out function® which
produces a discrete set of equally intense light spots
in the first order. ‘Posmomng crrors affect directly
the fan-out function and therefore, introduce
uniformity errors in the far-field. The average
position error within the illuminated field is
determined by adding 2 statistical Gaussian
distributed position error. to the ideal modulated
grating structure and calculating the comresponding
uniformity emror in the far-field that matches the
umformnty measurement.
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Fig. 1. Measured uniformity error in function of
the beam diameter.

Experimentzf results have been obtained by
characterizing a higb resolution ¢-beam written
mask. with a carrier grating period equal to 1 pm.
The modulation of the 9 beam fan-out fungction has
a period equal 10 125 pm and introduces locally
position modulation vp. to 50 nm. We have
measured the uniformity error as a function of the
illumination diameter (see Fig. 1}. For small beam
diamezters. the uniformity error decreases and reaches

a minimum of 5% for a diameter equal to 1 mm.
This minimum value corresponds to the case, when
one scan field of the e-beam writer is illuminated.
The decrease of the uniformity eror with the beam
diameter can be explained by the faci that the
stadstical errors are better averaged out.

The remaining 5 % uniformity error is
essentiaily due to systematic emrors inside one scan
field. The simulation has shown that the 5 % error
comesponds to a mean lateral position error equal to
50 nm inside one scan field. For larger beam
diameters, the uniformity error increases. In this
case, more than one scan field are illuminated and
larger stitching errors between the scan fields change
the statistics. As a consequence, stitching errors in
the order of 100 nm have been determined. If a
sufficient number of scan fields is illurninated, the
stitching errors ate also averaged out and again a low
uniformity error equal to & % is reached. A more
accurate characterization of the systematic errors
inside one scan-field is possible, if not only the
inensity but also the relative phase of the fan-out
beams is measured.

3. SCANNING SPOT METROLOGY

In contrast to the far-field diffraction metrology,
the scanning spot metrology yields information
abow local fabrication errors of lithographic masks.
The experimental setup involves illuminating the
structure with a small spot size laser beam and
méasuring the total transmilled power as the mask
is scanned. If the laser spot size and the minimum
feature size on the mask are of comparable
dimensions, the detector signal will alternate
between high and Jow values as alternating lines and
spaces are illuminated. The .edge position
information can then be extracted using appropriated
signal processing algorithms.

The scanning spot mewrology is essentially based
on the concept of knife edge scanning of a laser
beam®. Consider the case of a one-dimensional
knife-edge illuminated with a focused Gaussian laser
beamn. Using a coordinate systemn where the beam is
centered at the location u = X, and the edge is located
at u = ag, the total transmitted power as the mask is
scanned, can be written in terms of the
complementary error function’
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P = Derte (3—9;’5} . D

AL

where wg is the beam radius at 1/eZ, and Py is the
incident power, Thus, when 2 knife edge scan is
mede, the unknown quantities are, in the most
general case, the incident power, the beam radivs and
the edge location. They are found by iteratively
fitting the experimental data to the function given in
Eq. (1}. Figure 2 displays experimentel data obtained
using. 20X and 100X microscope objectives together
with theic best fits. A beam radius of 1.08 ym and
3.02 pm is respectively obtained.
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Fig. 2. Measured intensity while scanning a knife
edge through the focus of two different laser spots.

Applying the concept of knife-edge scanning toa
grating mask, which consists of several opaque and
transparent zones, the transmitied power can directly
be expressed by

S () 5] o

where a; and b; are the edge locations of the grating
mask. As before, estimates of the incident power,
the beam radius, and the cdge lecation can be
obtained, in principal, by fitting the above function
to the experimental transmitied power data.

The ability to extrace edge informations from
P1(x) in the case of multiple edgés greatly dépends
on the relationship of the beam radius wy to the
minimum feamre size of the mask being examined.
This is illustrated in Fig. 3 which shows the
contrast of the function Pr(x) as the peried (o beam

radius ratio is varied for. an equal line/space grating
iluminated with a Gaussian laser beam. -
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Fig. 3. Contrast of modulation versus the periald
to bm mdms rafio.

For modulated g-ratmg structures the local
maximum and minimum values of Py(x) are no
fonger constant, and change as the finewidih or
space width varies. The metrology issue, therefore,
is to accurately and precisely determine the linewidth
and space widths of each line/space pair.

In the ideal case an optimizetion over ali
parameters would be done. The parameters to be
determined include, the incident power Pg, the beam
radius wp, and all the edge locations (gj, by). In-any
muylti-parameter optimization problem the computer
time required rapidly increases as the dimension of
the parameter space is increased. However,
consideration of all edges simultanecusly may not
be necessary, since the response Pr(x), primarily
depends on a few neighbor. edges. We have therefore
decided to [imit the edge extraction algorithm to
only contain local optimizations, which also results
in increased computational efficiency.

To obtain a good initial guess of the edge
locations, the data were normalized to have a ' mean
value of 0.5, corresponding to an average fill factor
of the modulated grating structure. The initial guess
of the edge locations of l.hc mask are then obuained -
from tbe intersection’ of the normalized
measurements with a line drawn at the 0.5 leve).
Initial guess of the beam radius and total incident
power are mede using knife edge (ecbnique at the
first edge of the grating struciure.

The scanning spot metrology technique was
expenimentally applied to a modulated grating
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structure on a chrome mask. The carrier grating has
a pericd of B jm and modalations up to 500 nm.
Light from a He-Ne laser was focused on the
structure using a microscope 20X objective. Figure
4 shows the measured normalized transmitted power
P1{x) obtained as the mask was scanned on a high
precision translation stage.

Relatlve transmitted power
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Fig. 4. Measured relative transmitied pawer as
function of the illuminated location on the mask.

45 ==
4t
E
224
'54.0-1-
D
2384

36 -/ 4 Mieasured epace wiith

—— Theoratical

space width
34 ¢ I 3 '

: T ¥ )
10 2
Edge number

Fig. 5. Space width for each edge number.

Notz that the maximum intensity remains
almost constant, indicating that the space widths are
hardly varying while the minima levels change due
to variations in linewidth, which corresponds
exactly to the eacoding tecbnique of the grating
structure. Applying the edge extraction algorithm,
the linewidth and space width can be determined.

Figure 5 shows the space width exiracted from the
transmitted power measurements aloug with
theoretical data used to generate the mask. Local

. fabrication emmors between 10 nm - 50 nm can be

easily detectad.
4. CONCLUSIONS

The ability to measure the relief parameters and
absolute positioe accuracy of very fine relief
structures in the nm-pm regime is of importance in
modern micro-engineering. The wish list for
metralogy includes non-destructive testing, testing
of large areas, and testing of large aspect ratio
structures having sub-prm lateral dimensions.

To address these requirements, we investigated
the use of far-field diffraction metrology wtilizing
diffractive structures baving enhanced sensitivity to
fabrication errors in linewidth and etch depth.
Average fabrication emors of opaque and transparent
structures in the order of 2 few nanomeiers can be
determined.

Furthermore, we have introduced scanning spot
metrology of lithographic masks. Algorithms for
extraction of edge locations from the detector signal
are discussed. In contrast to the far-field diffraction
metrology, this methods yields information about
local errors.
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