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Aim of work

Designing and studying an EUV polarimetric apparatus based on multilayer structures as QWR works
within a suitably wide spectral range (88-160 nm) where some important spectral emission lines are as the
hydrogen Lyman alpha 121.6 and Oxygen VI (103.2 nm) lines. The design covered with a protective capping
layer to avoid oxidation and contamination to improve stability and reflectivity. Such design could be
particularly useful as analytical tools in EUV-ellipsometry field. In addition, the phase retarder element
could be used in other experimental applications for generating EUV radiation beams of suitable polarization
or for their characterization.

1. Introduction

Great interest and efforts have been recently paid to produce linearly and circularly polarized light in
vacuum ultraviolet (VUV) and extreme ultraviolet (EUV) spectral ranges [1]. In space, polarimetry plays an
important role for understanding the physical processes of the coronal plasma in the energy transfer from the
inner parts of the sun to the outer space [2]; in photolithography, the contrast between the lowest and highest
intensity is considerably enhanced by using linearly polarized light source when compared with unpolarized
ones [3]; then circular dichroism spectroscopy [4], magneto-optical spectroscopy [5], and spectroscopic
ellipsometry [6] are only some of other examples requiring polarimetry.

In the materials science, ellipsometry is considered one of the promising and superior technique for
revealing the optical and structural properties of materials, since linearly and circularly polarized radiations
are very sensitive to the interaction of light with electrons of materials and compounds [7,8]. Due to its
favorable advantages, including that the method is not invasive and can give information about the sample
with high-precision, spectroscopic ellipsometry has been studied in a wide spectral range from the infrared
(IR) to the ultraviolet (UV). Optical systems based on the combination of optical polarizers, quarter-wave
retarders, and optical analyzers [9] are available for this purpose.

The experimental and theoretical methods based on the Stokes formalism and the Mueller matrix calculus
can be also extended to VUV and EUV light [10]. Several approaches have been used and several devices
implemented at large scale facilities, such as synchrotron and free electron laser [11-15], for measuring the
polarization state of VUV and EUV light. The first reported study above 6 eV was achieved at large scale
facilities by using linearly polarized synchrotron radiation with dedicated insertion devices as triple-
reflection polarizers [16]. However, the access to large scale facilities needs financial support and
experiment proposals approval for beam time scheduling. Therefore, laboratory-based experimental systems
are highly desired as good option to expensive and time consuming facility for fast, cheap and reliable
preliminary experiments.

To produce circular or elliptical EUV polarization at small scale laboratory, a phase retarder element is
needed [17-21]. However, as we move toward shorter wavelengths as problems arise since it is difficult to
find suitable materials for fabrication of polarizer, QWRs, and phase retarders. In fact, all materials become
highly absorbing in that spectral range and some problems arise for the control of the layers thickness and
the contamination effects.

For example, reflective mirrors based on aluminum single layer introduce a suitable phase difference
between the two-reflected TE and TM perpendicular polarized components over a relatively large EUV
spectral range [22]. Furthermore, the presence of aluminum oxide Al,Os due to the reaction with air strongly
influences the optical properties of the film. In fact, the oxide layer has very high absorption in VUV range
reducing the reflectance of the aluminum in this region and also affecting the phase difference [23].

In this paper, we will discuss the improvements and the implementation of the EUV reflectometer
facility located in the Institute for Photonics and Nanotechnologies-CNR Padua (Italy). The system coupled
with an EUV linear polarizer for performing EUV ellipsometry in 90-160 nm spectral range, has been used
for the characterization of a single layer of aluminum as quarter wave retarder. The whole system consisting
of the reflectometer and the polarizer can be a very promising laboratory system to characterize phase
retarders, polarizers, and other optics in the VUV and EUV region and to investigate the properties of thin
films and optical coatings. In addition, the phase retarder mirror based on aluminum and used in this
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experiment, could be proposed for characterizing and controlling the polarization state of EUV radiation
beams.

2. Experimental realization

2.1 VUV-EUV normal incidence reflectometer

A schematic diagram of the normal incidence reflectometer at CNR Padua [24] is shown in Fig.1. A 600
grooves/mm toroidal Pt-coated grating with a main radius of 0.5 m and 25° subtended angle between the
entrance and the exit slits drives the light to a toroidal mirror. The toroidal mirror working at 45° incidence
angle reflects the monochromatic radiation on the sample placed in the experimental chamber together with
the polarizer and the detector. The samples, and the detector are mounted on movable holders in a 6-26
configuration to allow measurements at different angles of incidence. In this experiment, the EUV radiation

was produced by a deuterium lamp with M gF, window emitting the strong 121.6 nm line superimposed on a
spectrally continuous weaker emission [25]. Other lamps can be coupled to the system for covering the 90-
160 nm spectral region. The beam impinging the sample is partially linearly polarized due to the multiple
reflections. The light is allowed to pass through the four-reflection polarizer (FRP) rotating counter-
clockwise with respect to the beam propagation direction, and the modulated intensity is gathered by the
channel electron multiplier (CEM KBL10/90) manufactured by Sjuts Optotechnik [26].

Monochromator

four reflection polarizer

Sample Output slit

Rotation stage

Entrance slit

Source connection

CEM detector Linear motion stage
Toreidal mirror

Fig.1. The VUV-EUV normal incidence reflectometer Facility located at CNR-IFN, Padua, Italy.

The samples are mounted on a linear movable stage to be extracted from or inserted in the radiation beam path and to
allow the measurement of the incident and reflected intensity. As we have just pointed out, the incoming beam has a
considerable polarization degree due to the geometrical arrangements of the diffraction grating and toroidal mirror.
Then, in order to fully characterize the system, the measurements were performed at different orientations of the
experimental chamber. The details of the test campaigns are discussed in the following sections.

2.2 Opto-Mechanical design of the polarizer (FRP)

In order to characterize the polarization state of the beam delivered by the EUV reflectometer, we
manufactured a polarizer optimized for H-Lyman alpha line at 121.6 nm. It is a four-reflection linear
polarizer designed and fabricated by using gold coated mirrors consisting of 200 nm thick films deposited by
thermal evaporation on Si substrate; for a good adhesion of the gold, a 3-nm layer of chromium was e-beam
evaporated between the substrate and the film. The design guarantees that the performances of the polarizer
are relatively good even on an extended spectral range from 40 nm to 160 nm. A schematic of the polarizer
design is shown in Fig. 2a. A special holder for mounting two couples of parallel mirrors has been
manufactured in order to preserve the propagation direction of the incident beam after reflection. The
mirrors, having dimension of 10 mm x 32 mm, are mounted with 60° normal incidence angle. The optical
polarizer mounting system consists of two parts where the four mirrors are glued on four plane reference
surfaces secured together by using screws (Fig. 2b). The device is mounted on vacuum compatible rotational
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stage (Rs-40 Physik Instrument, with the minimum angular step size of 0.0025°) [27], the total assembly of
the polarizer combined with the rotation stage is shown in Fig. 2c. The transmitted beam intensity was
collected by the channel electron multiplier (CEM) as it was already specified.

The designed Polarizer

/ /

input aperture Rotation Stage

(a) (b) (©)

Fig. 2. (a) Design of four reflecting mirrors polarizer consisting of two halves, (b) all mirrors consisting of 200 nm layer
of Au on Si substrate are glued onto the machined surfaces. (¢) Overall shape of four reflection polarizer attached to the
rotation stage.

We selected gold as reflective coating because it is a good reflector in this range, it is very stable and the
optical constants are well known. However, a single gold surface at the Brewster angle of incidence is not
enough for reaching high extinction coefficient.

The calculated reflectance &, and g, of the two orthogonal TE and TM polarization components versus
wavelengths for different materials suitable as reflective coating for the linear polarizer are reported in Fig.
3a, together with the extinction ratio 2 (Fig.3b). As it is confirmed by the curves in Fig. 3b, the gold coated

polarizer works properly for dlfferent wavelengths from VUV to EUV range with a relatively good
extinction ratio in the wide range of 65 nm-170 nm. However, it can be extended to wavelength shorter than
60 nm, although showing reduced performances.

— Al

f— [

f— Pt

reflectance

60 80 100 120 140 160
wavelength A nm

40 60 80 100 120 140 160

Fig. 3. (a) Calculated reflectance &. and &= versus wavelengths at normal incidence angle of &0; (b) ratio - of Au, Ir,
and Pt coatings on Si substrate for different wavelengths.
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3. Experimental results

3.1 Stokes Parameters and Mueller Matrix Formalism

Y
Normal to surface \» incident beam propagating along z
\

Y
,‘ i \\ s

reflected beam

Fig. 4. The reference system used in the experiment. Incident linearly polarized light with electric field vectork;
propagates along the z axis, suitably chosen values of the incident angle #and rotation angle 6.

Before explaining the method applied for the characterization of the light beam coming from the
reflectometer and impinging the sample, we recall some basic concepts related to the use of the Stokes
formalism and Mueller calculus. The polarization state of a light beam can be described by the Stokes
formalism [10]. In the reference system defined in Fig.4 the electric vector E of monochromatic
electromagnetic wave travels along the z-axis. In the general case, we can decompose the vector into E, and
E,. components, respectively along the x and y directions [28]. The Stokes parameters characterize the light
beam in terms of intensities and phase difference 6:

S, Ej +Ej,

Sl — Eéx - E(z)y

S,| |2EE,cos6 ©)
S;)  |2E,Esiné

where the first parameter Sy is the total irradiance of the light beam, the parameter S; describes the amount of
horizontal or vertical linear polarization, the parameter S, describes the amount of +45° or —45° linear
polarization, while the parameter S; describes the amount of right or left circular polarization, and
§ = §, — G,1s the phase difference between the two components. The Stokes parameters enable us to
describe the degree of polarization P for any state of polarization by the definition:

S JS2+S2+8.2
p = Zro 1 2 3 (2)

= 3

When the beam goes through an optical element its polarization changes [10], then the Stokes parameters
change. The effect of the optical element is described by the related Mueller matrix of the optical system and
the Stokes vector of the output light is given by:

S =MS (3)
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where W iz 4x4 Mueller matrix associated to the optical system. The concept of the Mueller calculus can be
extended to complex optical equipment, composed by a set of elements; the equivalent Mueller matrix of the
whole system is given by the product of the Mueller matrix of each element.

In case of the four-reflection linear polarizer used in the experiment, the Miiller matrix is:

8 8 8 8
Ll L7
b b 0 0
8 2 8 8 2 8
VO L A 0o 0
“‘" 2 2 4)
0 0 et 0
0 0 0 r“sr“'J

The terms %% and %* come out because the polarizer is based on four-reflection mirrors. The polarizer can
rotate by an angle (0) around its axis counter-clockwise with respect to the beam propagation direction and
the modulated intensity is collected by the channel electron multiplier (CEM KBL 10RSR). A schematic
diagram of the arrangement is shown in Fig.1. In the figure, also the sample on the removable stage is
shown.

According to the Mueller calculus, the Mueller matrix of the rotated four reflection polarizer is [29]:

8 8 8 8 3 8
g i 5| oy g bl .
8 8 8 8 8
- - -
Mcos 260 MCOS229+I’;I’; sin?20 ‘S‘ 2rp c0s26).sin 20 — Qf‘r;sin229.00529 0 ®)
I P i+
— sin2 ————sin26.cos2¢- 1’;‘;’; c0s20.sin20 sin?26 +}g,4r; cos26 0
0 0 0 e

where 0 is the rotation angle of the polarizer around the beam propagation axis.

The output intensity of the light beam propagating through the polarizer and collected by the detector is:

A =%[( ’ +‘rp‘8)SO +(

The Stokes parameters 5, 5,, and 5, can be retrieved by investigating the output signals coming from the
rotating polarizer without the sample on the optical path (Fig. 1). 5, is the total intensity that we can assume
normalized.

r r

; —‘rpr)SI (:0526?+(|r5|8 —‘rpr)Sz sin26?} (6)

In order to determine the Stokes parameters 5, and 5, we performed the measurements by rotating the
experimental chamber by 135° clockwise around the direction defined by the beam propagation. Then, the
light entering was -45° linearly polarized. We used a MATLAB code developed accordingly to the Eq. 6; in
order to determine 5, and 5, by fitting procedure. The reflectance values of the gold mirrors were
experimentally measured to reduce the number of fitted parameters.

Fig. 5 shows the measured and fitted data against the rotation angle of the polarizer at 121.6 nm wavelength
in two polarization states:

a) almost fully polarized light along the y axis- (Fig. 5a);
b) almost fully -45° polarized light as described by the polarization ellipse (Fig. 5b).

AN aggiornato 07/06/2017



PH.D. SCHOOL IN INFORMATION ENGINEERING - UNIVERSITY OF PADOVA

U L A L - ,
0 %=121.6 nm 0 e, 1wkl O exp. |
’ o ¢ e it o= =it
1=121.6 nm
08 F 4 08 A
H
3; 06 + 4 »; 0.6 B
», g
h-1 P
@ 04
£ x
8 04 B g 04
E E
£ . ;
02k 1 el \
\
00 - (a) - 0.0 F
[ N N RN ST NI R |(.b)|.|.|‘\‘\ 5

0 % 10 10 200 2% 30 3 40 050 100 150 200 250 300 350 400

rotation angle (") rotation angle (0)

Fig. 5. a) Measured values and the fitted curve of the modulated intensity versus the rotation angle of the polarizer at
121.6 nm in case of almost fully polarized light along the y axis; b) measured values and the fitted curve of the
modulated intensity versus the rotation angle of the polarizer at 121.6 nm in case of almost fully -45° polarized light as
described by the polarization ellipse. Inset shows the polarization state of the light impinging the sample.

Table 1. The Stokes parameter of the incident beam at wavelengths 121.6 nm

Stokes b)
Vector almost fully -45° polarized
light
So 1
S1 -0.006
Sz -0.90

It is worth mentioning the reversal role of 5,; and 5, by changing from polarization state a) to b). 5, (5, in
b)) is <<1, while 5, (5, in b)) is -0.92 determined with ~2% uncertainty.

3.2 Structure properties of Aluminum phase retarder

In order to estimate the potential of the table top ellipsometer system, a phase retarder element was
introduced along the optical path (see Fig. 1) [9]. An aluminum mirror was used as a phase retarder. It
consists of 100 nm thickness films deposited by e-beam evaporation on Si substrate, 3 nm layer of chromium
was interposed as adhesion layer. The experimental equipment was configured to have almost fully -45°
linearly polarized light impinging the sample [28,29].

The optical scheme is shown in Fig.6: the beam reflected by the phase retarder element was analyzed by the
polarizer and recorded by the CEM detector. Accordingly, the output signal is described as follows in terms
of the Stokes parameters and Mueller matrix:

S” =R(-0).M(FRP)R(6).M(WR)S, (7)

where M {WR7 is the Mueller matrix of the phase retarder element and (R) are rotation matrices.
From a general point of view, the Mueller matrix of a reflector can be derived by describing its behavior as a
polarizer with the amplitude reflection coefficients n*and =¥, in series to a phase retarder with 3 as delay:
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2 2 2 2
I v N
0 0
2 2
2 2 2 2
ST [T+
= 0 0
MRemrda: - 2 2 (8)
0 0 |rSR||rSR|cos6 |rSR||rSR|sin6
0 0 - |rSR||r§|sin6 |rSR||rSR|cos6

The properties of phase retarders and quarter wave plates can be described by the ellipsometric parameters,
and o derived by ellipsometric measurements and defined by the following relationships [28,31]:

tamp =2 4=86,.0, ©)

Back to the experiment, the light emitted by the deuterium lamp and going through the reflectometer was
reflected by the sample under investigation, then the output intensity was analyzed by rotating the four-
reflection polarizer. The detected intensity is described by the following relation:

(( 5 +|r| )(’} +|r | )+( 58—|rp|8).(|rsR|2—|r;|2)cos26)so (10)
. [(rs| +| )(rs| - )—i—(rss rp|8)_(|;nSR|2_|_|r[f*|2).cos29]81

p rRrR .COS (5.sin29).S2

+2(( rlt - |rp|8 )rfrf.sin 8.sin 20).S3
i

Eq. (10) can be conveniently rewritten in terms of the ratio —=, in order to handle only three unknown

Tz

parameters: the ratio, the phase 8, and the Stokes parameters 5..

Aluminum sample was measured at four different incidence angles. The output intensity at each angle was
recorded versus the rotation angle of the polarizer acting as analyzer (Fig.6).

Wave Retarder Sample

T

-

Reference Coordinate system

Rotation Direction of the Vacuum chamber

.
Polarizer
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Fig.6. The experimental arrangement for testing a phase retarder by using the improved VUV-EUV normal incidence
reflectometer facility.

In order to determine the parameters y and 6 of the sample for each incidence angle and to estimate 5,,
we performed the fitting procedure by using a MATLAB code based on the Levenberg—Marquardt algorithm
and developed accordingly to Eq. (10). We defined the interval of existence for each free parameter and we
performed the fitting procedure 300 times by randomly changing the starting guess of the parameters
between the selected intervals. The standard deviations (STDV) were calculated over 300 iterations. The
fitted and the measured curves are shown in Fig.7 and Fig. 8, the output values of the ellipsometric
parameters are reported in Table 2.

intensity (a.u)

0 50 100 150 200 250 300 350 400

rotation angle (")

Fig. 7 Measured and fitted data of aluminum samples at two different incidence angels 40° and 50°.
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Fig. 8 Measured and fitted curves of aluminum samples at two different incidence angels 60° and 70°
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Table 2. The fitted values of ratio, phase and =; with the standard deviation STDV.

Incidence angle AFE STDV ag* S STDV S;
40 68 6 0.02 0.12
50 101 6 0.0005 0.0970
60 120 6 -0.033 0.098
70 142 5 -0.083 0.082

The approach allows a quite good estimation of §,. The fourth Stokes parameter resulted to be rather small. It
is reasonable by considering that the beam coming from the reflectometer is emitted by an incoherent source
and results to be almost fully linearly polarized.

The ellipsometric parameters of the sample can be determined quite accurately. The uncertainty associated to
the phase is 3% - 9% depending on the incidence angles, while the uncertainty for the ratio is negligible. We
use the phase derived by the ellipsometric measurements in order to retrieve the properties of the sample
under investigation and to evaluate the potential of the method and the experimental system capabilities.

Aluminum is well known to have a thin oxide layer on its surface due to the reaction with air which
strongly affects the optical properties of the film [23]. We fitted the phase experimental data by using IMD
software [32] in order to retrieve the thickness of the oxide layer. We used the reported optical constants of
Palik [32] for both Al and Al>Os. Fig. 9a shows the measured phase versus the incidence angle at wavelength
121.6 nm and the fitted curve by IMD, the determined structure (inset Fig.9a). The thickness of the oxide
layer determined by the fitting procedure is 3.18 nm (3>=0.29).

LA B B B L L L L BNLEN B B B T T T T 1
=== IMD reflectance with (3.18 nm A1203)
0 | o 05 b
P — fit 7 ' == ecxp. reflectance
=MD reflectance with (2.90 nm AIZO3 )
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120 g 04 i
v
~ 9
L £
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incidence angle () incidence angle ()

Fig. 9. a) Phase shift of aluminum sample versus incidence angle at 121.6 nm wavelength; the measured data were
fitted by IMD software in order to determine the thickness of the oxide layer on top of aluminum surface. b)
Reflectance measurements and simulation by IMD of aluminum sample assuming Palik’s optical constants, the
structure in inset of panel, and sharp interfaces.

Additionally, we performed the specular reflectance measurements of the sample at the same wavelength to
verify the result obtained by analyzing the phase. Fig. 9b shows the experimental and the simulated
reflectance of the determined structure. The data are in good agreement.
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Fig. 10. Theoretical phase difference derivative vs incidence angle for the structure shown in the inset of Fig. 9a.

In order to verify the reliability and accuracy of the method, Table 3 shows the fitted parameters derived by
the ellipsometric measurements compared with the results of the phase fit performed by IMD with Palik’s
optical constants.

The deviations between the values obtained from the ellipsometric measurements and the IMD ones can
be reasonably attributed to small variations in optical constants, due to the samples fabrication process and
storage, and experimental alignment errors. In terms of the structure of the sample, the sensitivity in
determining the thickness of the aluminum oxide is estimated to be 0.3 nm. Such sensitivity comes out by
analyzing the trend of the ratio that requires thinner oxide thickness (2.90 nm instead of 3.18 nm) to be
matched. The simulated ratio and phase corresponding to 2.90 nm of Al,O; on top of the Al film and
retrieved by IMD and Palik’s optical constants are reported in Table 3. The corresponding reflectance is
graphed in Fig. 9b (green curve). We highlight that the sensitivity could be improved by adding further
analysis.

Table 3. The fitted parameters obtained by MATLAB Code compared with those retrieved by IMD software.

. Phase fitted by IMD Fitted data by using
Incidence . . .
ancle software ellissometirc
& al,o, thickness 3.18 measurements
nm (MATLAB code)

toT = — Ag®

40 1.20 71 1.12 69+6

50 1.24 98 1.08 101+6

60 1.21 122 0.94 12046

70 1.14 143 1.04 14246

It is worth mentioning that the proposed method takes into account the uncertainty of the whole system,
including the uncertainty associated to the polarization state of the radiation delivered by the EUV
ellipsometer. It was possible thank to the approach based on the Stokes formalism and the Mueller matrices.
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Proof is the experimental results described in this paper about the properties of the aluminum optical coating:
the oxide layer thickness was determined by fitting the phase retrieved by the ellipsometric measurements.
As for aluminum in the determination of the oxide layer, the proposed method is suitable to be used for the
study of physical and structural properties of any VUV/EUYV reflective coating. Obviously, complex studies
require proper ellipsometric models in order to rightly interpret the experimental data and derive the desired
parameters. Concerning the aluminum film, the sample has an oxide layer due to exposure to air as expected.
The oxide layer reduces the reflectance of the sample and changes the phase shift properties: for example,
the bare Al coating acts as QWRs a 59° incidence angle, while the Al,O; sample works at ~47°. However,
the scientific literature demonstrated good stability of this type of samples once the oxide is formed and the
sample under investigation actually exhibits good properties as phase retarder. The performances strongly
depend on the incidence angle as it is shown in Figure 10, where the first derivative of the simulated phase
difference respect to the incidence angle is reported. It is worth to note that small angular displacements can
induce considerable phase deviation. Then an accurate alignment of the sample is required. This is especially
true around 47.5° where, as we already said, the sample acts as a QWR with a phase shift of 90° and a ratio
close to 1 and where small incidence angle deviation can induce phase variations of about 2.7°.

Considering the results, we can assert that:

e an ellipsometric method based on the Stokes formalism and Mueller matrices has been tested and
experimentally verified,

e polarimetric properties of an Al sample with a layer of native oxide on the top were experimentally
tested and characterized by using the proposed arrangement and method analysis;

e the ALOs/Al specimen behaves as QWR at 47.5° incidence angle and 121.6 nm wavelength. It can
be useful element for implementing optical system devoted to metrology and to change the
polarization state of VUV/EUYV radiation.

4. Conclusion

In summary, we have implemented and characterized an EUV reflectometer facility for polarimetric
measurements in 90-160 nm spectral range. The reflectometer was coupled with a four reflection EUV linear
polarizer in order to be used as a table top EUV ellipsometer system. The equipment was tested to
characterize the optical and structural properties of Al,Os/Al sample as phase retarder by deriving its
amplitude component and phase difference. The system can be a very promising laboratory equipment,
simple alternative tool for fast and preliminary experiments compared to measurements sessions at large
scale facilities. It is suitable to characterize phase retarders, polarizers and other optics in the EUV region
and to investigate the properties of thin films, optical coatings and multilayer structures as it has been proved
for the sample under investigation. Furthermore, the Al,Os/Al specimen behaves as QWR at 47.5° incidence
angle and 121.6 nm wavelength and can be used for implementing optical system devoted to metrology and
to manipulate the polarization state of VUV/EUYV radiation.
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