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EXPERIMENTAL SPECTRAL ELLIPSOMETRY OF 1D DEEP LAMELLAR GRATINGS

EXPERIMENTALNI SPEKTRALNI ELIPSOMETRIE JEDNODIMENZIONALNICH HLUBOKYCH
LAMELARNICH MRIZEK

Abstract

The phase modulated spectroscopic ellipsometry (PMSE) as the excellent experimental technique
for the specification of optical and geometrical parameters of thin films and multilayer dielectric coatings has
been applied for the inspection of one-dimensional deep gratings. The experiments have been realized
at the incidence angles from 48 to 75 degrees (depending on the kind of measurement) for the zero reflected
order in the spectral region from 270 to 700 nanometers. The lamellar gratings have been realized by etching
method on the common SiO, substrate. The main attention has been concentrated to the experimental study
of the influence of the groove breadth, mutual position of incidence plane and grating geometry, and
incidence angles on ellipsometric angle dispersion of diffracted light.

Abstrakt

Fazové modulovana spektralni elipsometrie (PMSE) jako vynikajici experimentalni technika pro
urcovani optickych a geometrickych parametri tenkych vrstev a dielektrickych povrchi tvofenych
multivrstvami byla vyuzita pro vyzkum jednorozmérnych hlubokych mtizek. Experimenty byly provadény
pro thly dopadu od 48 do 75 stupni (v zavislosti na druhu méfeni) pro nulovy reflexni ¥ad ve spektralni
oblasti 270 az 700 nanometrti. Lamelarni miizky byly pfipraveny leptaci metodou na spole¢né podlozce
z oxidu kiemiku. Hlavni pozornost byla soustfedéna na experimentalni studium vlivu $itky vrypu, vzajemné
polohy roviny dopadu svétla a miizkové geometrie a thli dopadu svétla na disperzi elipsometrickych uhlu
difraktovaného svétla.
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Introduction

The phase modulated spectroscopic ellipsometry (PMSE) is the excellent experimental technique for
the specification of optical and geometrical parameters of thin films and multilayer dielectric coatings. This
technique has been applied ex situ and in situ for the growth control of transparent films with varying
composition [1]. The recent advances in PMSE instrumentation are summarized in [2].

The lamellar gratings are attractive in optoelectronics, spintronics, visible and infrared optics etc.
Scattering of TE-polarized plane waves by a finite number of rectangular grooves in perfectly conducting films
and giant resonant enhancement of the electric field within the grooves is reported [3]. The resonant grating
reflection filters operating at normal incidence are investigated. Multimode structures are shown to exhibit
broader angular selectivities and narrower spectral linewidths than those of single-mode structures [4].
Anisotropic etching of v-shaped grooves in (100) crystalline silicon has been proposed as a method to realize
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transmission-type Fourier-plane multiple beam splitter gratings for infrared wavelengths [5]. The asymmetric
beam deflection by doubly grooved binary gratings was demonstrated theoretically and experimentally [6]. It
has been showed that the optical response of regularly arranged noble metal wires with nanoscopic cross
sections (nanowire gratings) strongly depends on the polarization direction of the incident light [7].

In the present paper the spectral ellipsometry has been applied for the specification of diffractive
properties of deep SiO, periodical structures for light spectrum from 270 to 700 nanometers.

The attention has been concentrated on the experimental study of the influence of the groove breadth,
mutual position of incidence plane and grating geometry, and incidence angles on ellipsometric angle
dispersion of diffracted light.

Experimental arrangement

The experiments were performed using computer controlled four zone null ellipsometer with
polarizer-sample-compenzator-analyzer (PSCA) configuration in the spectral region from 270 to 700
nanometers (Fig. 1). A Xe-Hg lamp was used as a light source. A 10 cm double-grating monochromator
combined with a photomultiplier was employed as a null detector. Rochon quartz prism polarizer
and analyzer were rotated by stepping motors to adjust a minimal intensity. A four total reflection-type
Fresnel thomb made from two fused silica rods was used as an achromatic quarter wave retarder. The four-
zone averaging for two compensator azimuth angles + 45° gives high precision measurements insensitive
to the compensator, polarizer and analyzer azimuth angle errors and imperfections. Absence of systematic
errors is essential for a reasonable determination of the unknown parameters. The experiments have been
realized at the incidence angles from 48 to 75 degrees (dependent on the kind of measurement) for the zero
reflected order. The plane of incidence was adjusted to be parallel or diagonal to the lamellar geometry.

Compensator Monochromator
Analyzer Photo-
Sample &7 multiplier
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Computer
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Fig. 1. Experimental arrangement of spectral ellipsometry

Samples

The set of 5 to 5 mm lamellar gratings has been prepared by etching method on the common SiO,
substrate. The periodicity d (see Fig. 2) and the depth h of all samples are the same: 260 nm and 525 nm,
respectively. The groove breadths (s) have been specified by Electron Microscopy (EM) method
with the following results: A sample — 92 nm, B sample — 96 nm, C sample — 114 nm, D sample — 153 nm,
E sample — 171 nm.
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Fig. 2. Geometry of lamellar gratings

Results and discussion

The experimental results are demonstrated in the collection of figures. The influences of the mutual
geometrical position of incidence optical plane and grating grooves, the incidence angles of light beam, and
groove breadths are inspected by experimental way in detail.
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Fig. 3. Influence of groove breadth on dispersion of y ellipsometric angles

Figs. 3 and 4 demonstrate the distribution of spectral ellipsometric angles y and A for the case when the
incidence plane is normal to grating lamellas and groove breadths are different. The incident angle is fixed to be
70 degrees. As regard the y spectrum we can observe the sharp extremes located close to the wavelength
of 525 nm (the depth of grooves). For the increasing of groove breadth the mentioned extremes (minima —
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for A, B, C samples) are converted to sharp peak (E sample). It means that the ratio |r,|/|r| abruptly increases.
Because this change is connected with the level of fill factor (FF) the spectroellipsometry data can be used for
the geometrical parameters specification of measured periodical structure. This effect brings the new
possibilities in the realization of resonant polarization reflectors with defined narrow band reflectance and
transmittance - together with multilayer twin systems. The dispersion curves of A values related to inspect
gratings intersect the zero A level at some different wavelengths (Fig. 4). The concrete value of wavelength,
which is characterized by the same phase for s- and p- polarized reflection coefficients, depends strongly
on the fill factor of analyzed periodical structure. This tendency can be used in the shape testing of gratings by
spectral ellipsometry. To compare y and A angles of the collection of samples with different values of FF it
can be observed that the sharp peaks positions for the grating with the lowest value of fill factor (E sample) are
characterized for y and A by 512 nm and 521 nm, respectively, in wavelength scale.
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Fig. 4. Influence of groove breadth on dispersion of A ellipsometric angles

The effects of mutual position of incidence plane and lamellar edges are experimentally documented
on the following figures. Fig. 5 describes y distribution as function of wavelength at 75 degrees incident
angle for E sample. The symbolic description “90” means orthogonal mutual configuration of incidence
plane and lamellas. For parameters characterizing the discussed sample (E) the experiments have been
realized from 90 to 58 degrees. For lower angles (the plane of incidence is moved closely to lamellar edges)
the spectral ellipsometry measurement has been displayed by some instability and serious results can be
expected only for short wavelengths related to our spectral band. For normal mutual configuration incidence
plane and lamellas the resonant peak is located to the wavelengths of 518 nm (near to the groove depth
— 525 nm). If this mutual angle is decreasing this maximum of y dispersion is shifted to shorter wavelength.
This tendency is confirmed by A distribution (Fig. 6). The detail of this process is documented on Fig. 7.
Here for starting mutual angle (90 degrees) the resonant maximum can be observed at 524 nm (the declared
depth of grooves is 525 nm) and at 66 degrees relevant maximum occurs at wavelength of 476 nm. As result
in average for one degree mutual rotation the peak shift of two nanometers in A scale is generated. Because
the wavelength dependences of A angles can be specified by applied arrangement of spectral ellipsometry
with experimental accuracy better than by one nanometer the tested grating is attractive element
for the construction of rotation sensor. The application of lamellar gratings offers the possibility of speed and
non-contact turning measurements.
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Fig. 6. A distribution as function of mutual position of incidence plane and grating edges
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Fig. 7. A distribution as function of mutual position of incidence plane and grating edges - detail

The influences of limit mutual angle position (normal versus parallel) are documented for A sample
on Fig. 8. One half of curves for three different incidence angles (64, 67, 70 degrees) are related to
orthogonal geometry (solid lines). The second one indicated by dashed lines describes y dispersion for
parallel mutual configuration of incidence plane and lamellas. The amplitude modulation — in agreement
with electromagnetic field theory — affects y angles only for orthogonal geometry. The parallel configuration
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Fig. 8. Comparison of y dispersion for normal and parallel mutual geometry of incidence plane and lamellas
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is characterized by insignificant changes of discussed ellipsometric data. For the longest wavelengths of our
spectra the curves related to limit angle position of incidence plane and grating relief practically flow
together for the same incidence angle of light beam.

The last figure (No. 9) documents the incidence angle influence on y angles for E sample. The sharp
resonant peaks for incidence angles of 75, 73, 70, and 67 degrees are accumulated around wavelength
510 nm. The shifts of these maximum values for mentioned angles are within frame of some nanometers
only. It is in contrast with dependences obtained for the situation when the angle motion (rotation)
of incident plane has been analyzed (Figs. 5, 6, 7). It means that the groove depth of grating can be relatively
easy specified by spectral ellipsometry. Of course we have to include the incidence angle corrections.

60 T I

55

50 —— 1DES067 [
—&— 1DE9070
—&— {1DE9073 ||

—e— 1DES075

45

40 e RREEEEEEEY L | SEEEE SRR EEEr P PR P PP EE Tt CEP R -
1 1 N 1 1 1

35

¥ [deg]

30

25

20

15

10
250 300 350 400 450& ]500 550 600 650 700
m

Fig. 9. Incidence angle influence on y angles for E sample

Conclusions

The experimental study of deep lamellar gratings by spectral ellipsometry opened the progressive
application possibilities of these structures and supported the theoretical approaches for the modelling
of these periodical systems. The diffraction properties of the deep one-dimensional gratings are characterized
by high sensitivity to breadths of grooves. The resonant character of this effect is typical for wavelengths
close to relief depth. The important attribute is the influence of mutual position of incidence plane and
grating geometry on polarization quality of reflected beams. This effect offers the promising applications in
measuring technique. Of no little importance are the experimental evidences that the spectral ellipsometry is
effective and accuracy inspection approach for the specification of geometrical parameters of above
mentioned structures with 1D periodic ordering.
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Resumé

Experimentalni spektralni elipsometrie jednodimenzionalnich hlubokych lamelarnich mtizek

Fazové modulovana spektralni elipsometrie (PMSE) jako vynikajici experimentalni technika pro
urCovani optickych a geometrickych parametrt tenkych vrstev a dielektrickych povrchd tvofenych
multivrstvami byla vyuzita pro vyzkum jednorozmérnych hlubokych mfizek. Jako svételny zdroj byla
pouzita Xe-Hg lampa. Kombinace dvojmiizkového monochromatoru a fotonasobice tvofi nulovaci detektor.
Polarizacni stavy dopadajicich a odrazenych svételnych svazk byly modulovany kfemennymi hranoly
Rochonova typu. Oto¢ny achromaticky Ctvrtvinny retardér kompenzoval fdzové posuvy odrazené viny.
Experimenty byly provadény pro uhly dopadu od 48 do 75 stupni (v zavislosti na druhu méfeni) pro nulovy
reflexni fad ve spektralni oblasti 270 az 700 nanometru.

Lamelarni miizky byly pfipraveny leptaci metodou na spolecné podlozce z oxidu kfemiku. Perioda
a hloubka vrypi byly u vSech vzorkl jednorozmérnych mtizek stejné a Cinily 260 nm respektive 525 nm.
Vzorky se odlisuji Sitkou vrypi. Hlavni pozornost byla soustfedéna na experimentalni studium vlivu Sitky
vrypu, vzajemné polohy roviny dopadu svétla a miizkové geometrie a thli dopadu svétla na disperzi
elipsometrickych thla difraktovaného svétla.

V ptipad¢, Ze dopadajici vlna je kolma k lamelam periodické struktury, pozorujeme vyrazné extrémy
disperzni kiivky y v okoli vlnové délky 525 nm. S rostouci Sifkou vrypli pltivodné minima pribeht
elipsometrického uhlu  prechazeji ve vyrazné maximum. Disperzni zavislosti rozdilu fazi reflexnich
koeficienti pro p a s polarizované viny (A elipsometrické uhly) vykazuji jednak v daném vlnovém spektru
nékolikrat soufazovost, jednak lze pozorovat posuv extrémi A v zavislosti na Sifce miizkovych drazek.

V piipadé, ze pfi konstantnim thlu dopadu ménime vzijemnou polohu roviny dopadu a lamel
miizek, lze pozorovat posuvy poloh extrému jak pro v disperzi, tak také pro pribéhy A. Tato méfeni,
vzhledem k tomu, ze mfizky maji charakter ,hlubokych® struktur, byla provadéna v uhlovém intervalu
90 (kolmost roviny dopadu a lamel) az 58 stupini. U A parametru primérna hodnota posuvu maxima ¢ini
2 nanometry ve vlnovém rozsahu pfi otoCeni roviny dopadu o 1 stupen. Tento fakt otevira aplikacni moZznost
uvedenych struktur jako inkrementalnich optickych c¢idel.
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Zajimavou se také ukazuje zavislost vinové disperze y na thlu dopadu. Prislusné kiivky jsou charak-
terizovany ostrymi extrémy v okoli 525 nm (deklarovana hloubka vrypt) pro dany interval thli dopadu
svétla.

Ze ziskanych experimentalnich dat vyplyva, ze pomoci spektralni elipsometrie 1ze na jedné strané ur-
covat geometrické rozméry hlubokych mtizek, na stran¢ druhé se zde nabizi moznost pro optimalizaci pro-
gresivnich optickych senzort polohy a rotace.

Recenzent: Doc. RNDr. Petr Hlubina, CSc., Ustav fyziky FPE SU Opava
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