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ABSTRACT

The general idea of the presented investigations is to use the polarization of the electromagnetic field in high-resolution opti-
cal microscopy to get information about sub-wavelength details of topographical structures. The main application is the lo-
calization of vertical edges. For structures in non-magnetic materials, polarization effects are caused by the different bound-
ary conditions for the tangential and normal electric field components. Using rigorous numerical simulations we show that
two physical-optics model describe the polarization dependent images of vertical edges and sub-wavelength structures: a
boundary diffraction wave originating from the tip of the edge and waveguiding effects, respectively. We report on two ex-
perimental approaches for polarization usage: a) comparison of interference microscopy images for s- and p-polarization,
and b) polarization interferometry. The former is capable of ,,synthetical microscopy”. Measurements of well defined struc-
tures (calibrated with a scanning force microscope) are compared with rigorous numerical simulations.
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1. INTRODUCTION

Optical inspection of surfaces has the well known advantages of a minimum interaction with the object and high measure-
ment rates. All this at comparatively low technical expense. The not less well known main problem is the Rayleigh resolution
limit, i.e. limitation of the resolution to the half wavelength. Thisis crucia for the microstructures considered in ths contri-
bution (Fig. 1). However, the reproducibility of optical measurements is much better than the resolution: in principle it is
possible to localize the position of an isolated edge according to threshold- or extreme-value criteria® with <1nm precision.
Although a precision of 3 nm is state of the art, deviations of up to 100 nm to the true edge position are observed.? The rea-
son for the decreased accuracy is the assumption of a

reflection (or transmission) according to geometrical microstructures metrology-tasks
optics neglecting physical-optics effects. The electro- ® edges with nm-accuracy:
magnetic boundary conditions provide a polarization ¥ N\ Whin

dependent edge scattering resulting in polarization de- | Mask [j e e—_u— 05-15 w&?
pendent threshold values. If edges are closely neigh- oo Hm

bored, multiple scattering occurs, resulting in an even
increased polarization dependence. These polarization
dependence must be known and understood in order to CD-structures:

correct microscopical measurements, i.e. to calibratethe - v )
sensor. To this end, physical-optics models are very bimifeld 200 N =<4

useful. %
Microstructures of main interest are photomasks, resist peomas 200 M

on silicon and etched wafers with a critical dimension of
now <200 nm (Fig. 1a). For the present investigation,
we restrict ourselves to pure topographical isolated
edges or line structures down to sub-wavelength width
(Fig. 1b).

From a physical optics point of view, usage of the polarization in micro-metrology means to perform measurements of
structure dimensions that take two different boundary conditions as a basis. The advantages are obvious. For example:

Fig. 1: Objects and tasks of optical micrometrology
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a) increased accuracy of threshold-value measurements, for instance by finding an optimum polarization

b) simultaneousimaging and detection of regions where the boundary conditions differ. The signal strength depends on the
amount of the difference which itself depends on edge-material and —angle. This enables a discrimination of a damaged
or soiled edge from an edge at the wrong position.

€) structure characterization where no spatial information is available, as for sub-wavelength gratings.®

In arestricted sense, polarization usage means the generation of contrast from the polarization difference, i.e. from the fact
that the x-polarized image E,(Xx,y) does not equal the y-polarized image Ey(x,y).18 This could be done, for instance, by the
crossed polarizer configuration®® (image = |E,” + E,?)) or polarization interferometry® (image = E4E,*). However, several
more contrast-mechanisms (i.e. functions of E, and E,) are possible.® Which should be applied for a given structure and
illumination and what systematical errors should we expect? In our contribution we try to present a method to answer these
questions.

The organization of the paper is as follows: In the next section we explain the measurement of complex fields with interfer-
ence microscopy. Then we present measured and computed polarization effects in section 3 and discuss their physical optics
origin interms of boundary diffraction waves and waveguiding effects in section 4. An interferometrical method to use po-
larization effects for enhanced edge detection are presented in section 5.

2. COMPLEX FIELD MEASUREMENT WITH INTERFERENCE MICROSCOPY

For a systematical investigation of the influence of polarization on the image of line-structures we employed a Linnik-type
interference microscope that is equipped with a linear polarizer in the illuminating section. We will show that it enables a
measurement of the diagonal elements of the Jones-matrix of the object. This provides a direct measure for the polarization
effect due to the structure. Furthermore, we can perform ”synthetical microscopy”, which means that we can take the com-
plex field as basis to perform typical microscopic operations, like focusing, polarization contrast, or dark-field contrast, sub-
sequently in the computer.

2.1 Interference microscopy set-up

The interference microscope is based on a modified LEICA-
Orthoplan 100. The optical system is sketched in Fig. 2. A mer- ceb-camera | |
cury high-pressure lamp (HBO50) with subsequent interference
filter (A=549nm, AA=20nm) polarizer and adjustable aperture = ML
stop provides an approximately monochromatic, linearly polar-

ized, partially coherent illumination with adjustable coherence

parameter (ratio of illumination NA and imaging NA) between Hg-Lamp

0.2 and 0.95. For the present investigations, a coherence parame- (iOSIO)PoIarizer AS BS i

ter of 0.2 was used. ®{};_= () _.<Q N\ Ji Reference
) \/ ™ Piezg

The images of the investigated structure and a plane reference \
mirror, provided by two paired microscope lenses (100x, 'F“ifte;rference FS :
NA=0.9), are superposed by a beamsplitter onto a CCD-camera ]

chip with 8.2 x 9.4 um-pixel pitch (Hitachi KP160). A second Moz
magnifying lens-system in front of the CCD-camera yields an Object
additional 4x-magnification with the consequence that the system E
operates in the regime of empty magnification with an object Piezo PC
distance of 21 nm between adjacent camera-pixels. The image is

sampled with 10 bit resolution using a MV 1000 frame-grabber.  Fig. 2: Linnik-type interference microscope (MO1, MO2:
With proper adjustment, high-contrast, straight interference paired microscopelenses, ML: magnifying lens system, AS:
fringes can be observed even for white light illumination. aperture-stop, FS: field-stop)
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The noise is reduced by two means. 1) 10 frames are averaged

for each interferogram. 2) Because of the high magnification the interferograms may be low-pass filtered considerably with-
out affecting the lateral resolution. With A=549nm, M=400 and 9um pixel-size, NA=0.25, NA,,,=0.9, the cut-off fre-
quency of 1.1/A in the object plane is equivalent to a cut-off frequency of 24 pixel™ in the image plane. Therefore, each in-
terferogram is low-pass filtered using a Gaussian filter with a standard deviation of 2 pixel.



2.2 Interferogram-evaluation for vector fields

The interferogram on the CCD chip stems from the vector field Eq due to the object and a phase shifted reference field Er
according to (to simplify the notation, the spatial dependence is not written)

. 2 1
lag =|Eo +ER exp(ido)| )
that becomes in the usua form
lpg = Ig(1+y cos(@+Ad)) @)
with phase ¢, intensity Ig, and contrast y
2 2
lg =[Eo|” +[ER]
_ 2Eo [ER| ©)
Ig
®= afg(Eo DER)

The measurement is performed according to the eight-step method of phase-shift interferometry”: 8 images | j (=1-8) are
captured where the j’ th component is phase-shifted by 3;=jn/2. Phase ¢, intensity 15 =lg, and contrast y are obtained by
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The phase-shift is performed either by moving the reference lens and mirror simultaneoudly (the reference mirror is always
in focus) with a piezo or by defocusing the object using a piezo-driven table (Physik-Instrumente). The z-position of the
piezo-driven table is actively stabilized using capacitive sensors with sub-nm resolution. We used for the present investiga-
tions the phase shift of the reference because for an object-defocus the well known aperture factor of interference micros-
copy® has to taken into account.

According to (3), the scalar, complex quantity EqEgr* is obtained from
Eo (ER =05yl g exp(i Q) )

If we ensure normally incident, plane, linearly polarized reference wave along the x- and y-direction, i.e.

g = -8

we get from Eq. (4) the complex field components E, and E,°.

Demanding alinearly polarized reference wave implies an optics without depolarizing elements. However, we used an inter-
ference microscope without particular strain-free lenses and without a non-depolarizing beam-splitter. Experiments have
shown, that the main source for polarization-anisotropy in the set-up is the beam-splitter. Due to its construction a beam-



splitter has two orthogonal eigenpolarizations along which no depolarization occurs. We have chosen these directions as the
x- and y-axis of the global coordinate system.

For each structure, two measurements are performed, with an incident x-polarized and an incident y-polarized wave, respec-
tively.

The intensity |=|Efof the object wave can be measured separately by inserting a stop into the reference arm. Combined with
Equ. (3) we may also obtain the complex object wave from

E = 172exp(g(x, y))

This straight forward expression has the advantage of being independent from intensity-variations of the reference. But it
may lead to inconsistencies as will be shown below.

€)

Eqg. (7) and (9) are equivalent if no depolarization occurs at the structure. This is the case, for instance, for a line structure
and an incident wave polarized parallel or perpendicular to its edges. In our coordinate system, the configuration has a di-
agonal Jones-matrix if the edges are oriented along the x- and y-axis
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For adepolarizing structure, i.e. a configuration with a Jones-matrix with non-diagonal elements, we get
_ |]JXX “]XyE| D]

E,=0 e = L e
0 DJyx ‘Jyy|:|| BJny X B]nyly

Assuming a perfectly reflected reference wave we set Eg=E; and get
2
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which becomes J,, for a x-polarized and J,, for ay-polarized incident wave, i.e. we measure separately the diagonal elements
of the Jones-matrix even if non-diagonal elements are present. But in. Eq. (9) the intensity obtained with shut reference arm,
includes the non-diagonal-elements

o=’ +‘JVX‘2§EL‘2+§JVX‘2 +‘JW‘ZQEH2 )
While the phase ¢ according to Egs. (3) and (4) does not.

2.3 Examplefor synthetical Arrplitude Phase
microscopy: a-posteriori
focusing

Consider a trench of 121 nm
depth and 710 nm width in a
Silicon substrate. For a line-

15
arly polarized, perpendicularly E
incident plane wave of 549nm S 1
wavelength, the reflected, 8

complex field is imaged ac-
cording to section 2.1 and 2.2.
The obtained amplitude and
phase are shown in Fig. 3.

The incident wave is not per- ) ) X[t ) I
fectly coherent, because the Fig. 3: Left: amplitude, right: phase measured at aSi- trench of 710 nm width and 121nm depth in Si.



finite half-width of the applied interference filter (AX = 20 nm) and the non-zero coherence parameter. With an illumination
NA of 0.25, the coherence parameter becomes 0.28. Assuming a coherent field U(X,y,2) we may compute a defocus of Az
from a focusposition z=z, according to

U0y, 20 +89) = F A F{UCc v 2 expdfi -~k k)" ne] a4

where F{} denotes the Fouriertransform and F*{} its inverse. k; is the free space propagation constant and k, and k, are the
spatial frequency components in x- and y-direction, respectively. Aberrations of the optical system could be included into
Equ. (13), but this was not done here.

Fig. 4 shows a comparison of a computed intensity focus scan (left) and a measured one (right).

k2
=
-

Elar] ~ A & [ i ¥ Ja )

Fig. 4: Comparison of synthetic (left) and measured defocus (right) at a Si trench of 710 nm width and 121nm depth in Si

The agreement is satisfactorily. The main discrepancy is observed in the central peak for negative defocus (here: above the
structure). Notice the higher diffraction lobes in the synthetic defocus. This stems from the fact that the mesurement is per-
formed with a partially coherent wave field while the computed defocus according to Eq. (14) assumes a perfectly coherent
wavefield.

3. POLARIZATION EFFECTSIN COHERENT MICROSCOPY

Using the field measuring capability of interference microscopy and a rigorous numerical simulation of the imaging process
we will givein this section an account of polarization effects observed in the images of topographical line structures. In par-
ticular we will investigate wide structures and small lines of sub-wavelength width. The structures are oriented parallel to the
y-axis. They are etched into silicon that has an ellipsometrically determined refractive index of n=3.8+i*0.3 at A=633nm.
The refractive index of bulk Si is according to Ref. 9 is n=3.882+i*0.019 at A=633nm, i.e. the real part agrees well but the
imaginary part is significantly higher in our measurement. At our measurement-wavel ength of 549nm, Ref. 9 gives a value of
n=4.18+i*0.04 for the refractive index of Si. Having the increased imaginary part at HeNe wavelengths we assume that the
imaginary part for our samples is also higher at 2=549nm. Therefore we used a refractive index of n=4.2+i*0.3 for a com-
parison with the interference microscopy measurements.

The focus position for the investigated small structures is adjusted visually so that the intensity above the structure shows
two closely neighbored, sharp minima and a,,coherent ringing* that is at most close to the structure edges. Thisis not a strict
but a sufficient focus criterion for the present investigation.



For a rigorous computation of the near-fields
and coherent images of semiconductor struc-
tures, we developed a procedure based on the
rigorous coupled wave theory (RCWA%) and
Hopkins image formation theory using the ef-
fective source™.

31 Widetrench

The first considered structure is a trench of
910 nm width and 121 nm depth. Both values
are determined by scanning force microscopy.
Fig. 5 shows amplitude and phase of the meas-
ured field components (circles) and the rigor-
ous simulations (lines). For comparison the
geometrical optics phase shift is included into
the phase images.

Evidently, the modulation of amplitude and
phase is stronger if the electric field vector is
oriented perpendicular to the structure edges
(TM-polarization) than in TE-polarization
where it is oriented paralél to the edges. The
edges are parallel to the y-axis. From a metro-
logical point of view TM polarization seems to
be better suited for edge locaization of the
present structure than TE-polarization. Despite
this difference the agreement of the phase half-

width and aso of the amplitude minimawith the actual structure edgesis quite well.

Unfortunately, the conclusions from the above
paragraph are not a general behavior: it de-
pends on the structure depth as is demonstrated
in Fig. 6, where a rigorous computation of the
amplitude of edge images for steps of various
heights (0-500 nm) is shown. The height is
increasing from top to bottom.

The focus position is fixed to the top of the
edge. The minimum isindicated by a solid line.
It shows oscillations in accordance with the
phase shift introduced by the step. However,
the oscillations are more pronounced and more
regularly in TM than in TE polarization. The
difference becomes stronger with increasing
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Fig. 6 Thickness-dependence of minimum-position at an Si-edge

illumination NA. Furthermore, the minimum is shifted away from the edge. Therefore, the minimum detection method for
edge localization provides problems with increasing structure height.

3.2 Signal strength of sub-A line

Asiswell known, the difference of TE and TM polarized images increases with decreasing line width. The effect for com-
plex images is demonstrated in Fig. 7. The experimental parameters are identical to Fig. 5 but now the object is a trench of
only 210 nm width. The observed amplitude modulation is distinctively stronger in TM than in TE polarization. |.e. the
scattering cross section is higher in TM polarization. In TM polarization, two minima are still discernible with a distance of
approximately 200nm, while they have aready merged in TE polarization. An interesting phenomenon is observed in the
phase image: The sign of the phase and therefore the apparent topography is opposite for both polarizations.
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The reason for the latter behavior is the close proximity of two phase-

singularities™ to the focus plane in TM-polarization. Phase-singularities are points in a wave-field where the intensity is zero
with the consequence that the phase is not defined. Crossing the plane where the singularities have formed results in an ap-
proximately inverted phase-image. This is a consequence of the general property of phase singularities that crossing them
yields a -phaseshift. Here, a dlight negative defocus crosses the singularity plane and removes the effect (Fig. 8).

Concluding this section we discuss what 3

happens if we actually reverse the 12 TE N

structure, i.e. if we image a bar of 210 2

nm width and 121 nm height. A com- 1 — ™

parison of both casesis shown in Fig. 9. > R =4 _ 1

Because the structure was not available, 08 IN 8

only computations are shown. The im- 5 S o— -—
ages have changed strongly: The gen- E 2° e

era modulation is stronger and the 1

amplitude images have become more 04 ™

alike. This is also true for the phase, 02 2 TE

although the sign is still reversed. Now, ’ ||

the half width of the phase-image as 0 . L. . . 3 ; s ; ;
well as the minima in the amplitude -1 05 0 05 1 1 05 0 05 1
image yield a comparatively large de- X [1m] X [hml

viation from the actual edge position,  Fig. 9 Computed amplitude (left) and Phase (right) of a Si-bar of 210 nm width and 121nm
i.e. they are less valid indicators for the height on Si for TE and TM polarization

true linewidth.



4. PHYSICAL-OPTICSMODELS

In arather ssimplified manner we may say that the phase image of a pure topographical structure represents the topography,
the amplitude image the amount of scattering beyond the imaging NA and the polarization effect the difference of boundary
conditions for both orthogonal polarizations. These are most pronounced for edges and inclined sections.

To use the polarization effects for resolution enhancement or at least a better interpretation of the images, their origin should
be understood in terms of simple physical-optics models. Of course it is possible, as was demonstrated in the preceding sec-
tion, to compute the images rigorously and to include by this means vector aspects into the analysis. But to our opinion this
is more useful for systematical investigations and eventually providing a kind of look-up table (polarization effect vs. struc-
ture parameter). For the development of sensor concepts using these effects a more ,,operational understanding” is necessary.
In the following two subsections we discuss rather simple models to explain the observed effects

4.1 Boundary diffraction wave

The concept of the boundary diffraction wave dates back to T. Young. The basic idea is to consider diffraction (Ug¢) as a
deviation from the geometrical optics propagation (Ug). This is due to a boundary diffraction wave'® Ugpyw originating from
the rim of the aperture or in our case from the structure edges.

TM-pol., 100nm step TE-pol 100nm step
Ugitt =Ug *Ugpw (15

Ugpw is discontinuous to compen-
sate for the discontinuity of the
geometrical optics field. Polariza-
tion dependent boundary diffrac-
tion waves from diffraction by
perfect conductors are well
known.** This model was used by
Kimura and Wilson® to understand
the contrast mechanism of confo-
cal microscopy between crossed
polarizers (,polarization dark-
field").

Because for perpendicular inci-

dence and vertical edge walls the
geometrical optics fields are iden-
tical for both polarizations, this
concept is useful to describe the
difference of differently polarized
images. Fig. 10 shows the differ-
ence of the rigorously computed
near-field and the geometrical
optics near-field for both linear
polarizations and two step heights
in silicon. The geometrical optics
field was computed according to
the thin film matrix theory
(TEMT®).

In Fig. 10 the magnitude of the
real part of the electric near-field
is plotted. It represents the field
amplitude at a certain moment. It
visualizes by this means both
amplitude and phase of the field.

Fig. 10 Nearfield (magnitude of real part of electric field) of the boundary diffraction wave
(Udir-Uy) at steps of different heightsin Si, A=549nm.. Identical color-maps.



If the concept of the boundary wave is valid, we should observe a cylindrical wave originating from the structure edge. This
is approximately true, but the wave is more asymmetrically in TE- than in TM-polarization, in particular for the 300nm step.
There the reflected boundary diffraction wave is very weak in TM- but quite strong in TE-polarization. To these effects we
attribute the observation that the assumption of a geometrical-optics structure reflection provides better agreement with
measured imagesin TM than in TE polarization.

4.2 Waveguiding

As was demonstrated in section 3.2, sub-wavelength bars and trenches of identical width and height resp. thickness are im-
aged rather differently. These effects may be understood quantitatively by investigation of the corresponding structure near-
fields. A qualitative explanation relies on waveguiding effects. In this section we present preliminary results of an investiga-
tion of this topic.

The main ideais to consider the sub-wavelength structures as short waveguides situated on (or in) the substrate. Due to its
upper and lower boundaries such a structure forms a resonator that is excited by the incident wave. As is well known the
excitation is polarization dependent. In particular for trenches of width w in a perfect conductor there is for excitation in TE-
polarization (electric field parallel to the edges) a cut-off (free-space) wavelength of A=2w because the tangentia electric
field has to vanish at the walls. For

a perpendicular electric field (TM-  amplitude (|E,|), trench, TM-pol. amplitude(|E,|), trench, TE-pol.
Polarization) there is no cut-off fre- 0 ‘ os
quency because the electric field M%
component is oriented normal to the ° I
structure edges. Hence, the lowest 03
order mode may penetrate into the 02t
groove for TM polarization while it 01
is evanescent and therefore strongly
attenuated for TE-polarization. Such
a model was aready used qualita-
tively by Marx and Psaltis for ex-
planation of the polarization inter- 03t
ferometrical detection of DVD 04t
pits.’® o
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The same argument applies ap-
proximately for a strong dielec-
tricum asis demonstrated in Fig. 11.  phase (arg(Ey)), bar, TM-pol. phase (arg(E,)), bar, TE-pol.
There, the amplitude of electric 05 ‘ 05
nearfield for TM-polarization (left)
and TE-polarization (right) is shown
for a perpendicularly incident plane
wave and a trench of 0.16A width 02
and 0.4 depth in S (A=500 nm, 01
n=4.18+i*0.3). The different pene-
tration depth is clearly visble.
However, for a weaker dielectrica
like glass the effect is considerably
wesaker. 03
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For bars on a substrate the argument
may be applied in a modified form. 5
Now the structure is considered as a X [A]
short film-waveguide consisting of a

high-index film in a low-index me- Fig. 11 Field penetration into atrench in Si (top, amplitude isolines), phase of Si-bar on Si
dium. It is excited by the incident (bottom, phase-isolines).

wave. Responsible for the polarization effects are now their different mode-wavelengths. These are easily obtained from
standard textbooks" for afilm of thickness d and refractive index n; in a medium with refractive index no by solution of
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2uv

tan(u— mr) = 22 2 (16)

with the mode-number m, y = ((nf kg) _Bz)%d ,

%
v= (Bz - (noko)z) d, k=274, g=ny/n; and the mode-

wavelength Ay=2r/p. The mode-diagram is plotted in Fig. 53

12. Thethin line shows the relative mode-wavelength for g6

TE-polarization and the thick-line for TM-polarization. ,<E
)5

For a given mode, the mode-wavelength decreases faster
with increasing width for TE polarization, providing a 0.4l
comparatively stronger phase-shift.

Summing up: the waveguiding effects are responsible for
the observed opposite behavior of sub-A bars and trenches

in imaging. Bars provide a stronger phase-shift in TE- 0 0.1 02 03 0.4 0.5
polarization because of the lower mode-wavelength. width [Ag]

Trenches yield a stronger phaseshift for TM-polarization Fig. 12 Mode-diagram for Si film-waveguides at 2.=500nm
because of the higher penetration depth.
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5. POLARIZATION INTERFEROMETRY

According to the preceding sections, the relative phase-shift between the TE and TM polarized components is an important
polarization effect in particular for sub-wavelength structures. It can be measured directly by polarization-interferometry |
i.e. instead of superposing the fields reflected by the object and an external reference as in conventional interference-
microscopy, we interfere the TE- and the TM-polarized image of the same structure. Phase and contrast are measured using
tempora phase shifting. Of course, we loose the height

information but, as we will show, we gain an increased CCD MM
edge sendgitivity. Furthermore, the method is less sen- Y

sitive to vibrations because it constitutes basically a ;_'—_':' — Bal
common-path interferometer. E,::'.EI LEPS

The experimental set-up for polarization inter- [ ]

ferometry is based on a Leica DMR microscope (Fig. _ 32x (M

13) with an attached laser-illumination and a detection

unit mounted on the photo-tubus. The non-polarizing

components form a reflection-type microscope with a

two-step magnifying system. The illumination consists

of a laser-diode of wavelength A=635nm (Sanyo

DL3038023, 3mW) that is collimated and focused A

with f/D=4 onto a rotating ground-glass. The laser-

diode is driven near its threshold to reduce the tempo-  Laser-Diode o

ral coherence. The spatial coherence is adjustable via

the diameter of the illuminated spot on the ground

glass. The ground glass is imaged into the aperture-

stop of the Kohler illumination system of the micro-

scope. Due to experimental constraints it was neces-

sary to insert the polarizer A/4 plate combination be-

tween laser-diode and focus lens. This somewhat un- . ) R .

usual configuration worked well, most likely because F9- 13 Slet'Upoor ","Cfosc‘)p'fa' p‘iang'?”"“t&rf;?ﬂe”é G:rOt?f‘F'”g
. - ground.glass, L= microscope lens, T=tube-lens, itional magnifica-

\(l)\:‘ee?ggrlcl)i(ijrﬁastgjl J%uQPQ?;?r;(:tjgdﬂgela?emlt ;Iin atli\ltﬁ; tion, BS: non-polarizing beam-splitter, LCPS: liquid crystal phase-shifter,

. Pol: polarizer
we measured the contrast of polarization-
interferograms without and with the ground-glass. The contrast differed by less than 1%.

T
{1x-1.6x)

10



The image of the structure due to a 250/0.95 lens and tube lens (magnification: Mt=1.0, 1.25, 1.6) is projected by a 3.2x
magnifying lens L (NA=0.15) onto a CCD-Chip (Hitachi KP160). The overall magnification amounts at M=1.25 to 1000,

i.e. asingle 9.2x8.4 pmz pixel on the CCD corresponds to a 9.2nm x 8.4nm pixel in the object space. The high magnifica-
tion is necessary to resolve the observed steep edge images. Additonally it allows a strong noise-reduction (c.f. section 2.1)
The focus-position can be adjusted with nm-accuracy by a capacitive-sensor controlled piezo trandation-stage (Physik In-
strumente).

The electrooptic compensator consists of a liquid crystal phase-shifter (LCPS), i.e. a planar nematic liquid-crystal cell be-
tween two transparent 1TO electrodes (Jenoptik). The maximum phase-shift is ~6x at A=635nm. The TE and TM field-
components interfere at the polarizer behind the LCPS. The resulting interferogram on the CCD chip is transferred via a
10bit frame-grabber to the computer. Image acquisition and interferogram evaluation are identical to the above described
conventiona interference microscopy, as described in section 2.1.

A measurement example is shown in Fig. 14. The illumination-NA is 0.4. In particular the contrast image indicates distor-
tions rather sensitively, compared with the intensity image.
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Fig. 14 Intensity (a), contrast(b), and phase-image (c) of 5 trenches of 120nm depth and 600nm pitch in Si.

6. CONCLUSIONS

Interference microscopy at different orthogonal polarizations with temporal phase shifting can be used for a systematical
investigation of polarization effects observed at linear microstructures. We have shown that the evaluation provides the di-
agonal elements of the Jones-matrix. In the absence of non-diagonal elements, subsequent defocus and image-contrast gen-
eration is possible according to a,, synthetical microscopy*. The agreement with rigorous numerical simulations according to
the RCWA s satisfactorily. Using near-field computations, we have shown that for steps and narrow trenches in Si, TM-
polarization provides a considerably better agreement with geometrical optics than TE-polarization. Polarization interfer-
ometry measures directly the phase-shift between the TE- and TM-polarized fields. By this means it provides a sensitive
method for linewidth-measurements of topographical microstructures.
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