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Abstract. In this work the interaction peculiarities of electro-magnetic optical range 
radiation with gratings’ surfaces are investigated. The multilevel diffractive holographic 
grating is proposed to be used for the polarization optical methods testing. This object 
allowed to obtain simultaneous visualization of different spatial frequencies and to 
estimate both structure and surface peculiarities when working with 3D-objects. Using 
this additional information one can remove uncertainty in solution of the inverse problem 
of ellipsometry related with ellipsometric angles periodicity. Thereby, multiangle 
ellipsometry allowing investigation of the specular reflection component could be used to 
study submicron peculiarities of the object. We have also presented the basic aspects of 
ellipsometric method optimization. It was shown that anisotropy parameters, such as 
linear amplitude anisotropy and linear phase anisotropy, obtained from ellipsometric 
measurements are the most effective to ascertain the submicron characteristic dimension 
of material.  
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1. Introduction 

A lot of optical experimental methods based on 
interaction of electromagnetic waves with medium 
possess high sensitivity even at a submicron 
characteristic dimension of the material under 
investigation. [1-3]. However, their usage is often 
complicated by the necessity of reliable interpretation of 
the experimental data. 

The diffraction gratings are widely used as test 
samples for calibration of different optical methods [3-
7]. Main advantage of grating application seems to be 
the strongly pronounced character of collective 
interaction between formations (clusters) with a well-
defined characteristic dimension that corresponds to the 
lattice parameter. If taking into account availability of 
nano-structural materials with the characteristic 
dimension comparable to the wavelength of optical 
radiation λ, the use of diffraction gratings for testing 
requires additional researches. 

Really, according to the diffraction grating theory 
the well-known relation for angles ϕ  that indicate the 
direction of the diffraction maxima 1sin dmλ=ϕ  ( 1d  – 
lattice parameter, m  – number of a diffraction 

maximum) for the nanometer value 1d  becomes invalid 
because of ϕsin  reaches values 1≥ . In such a case, 
diffraction orders are located nearby the grating surface 
or dissapear at all. The aforementioned ratio is correct, if 
we would use parallel sounding beams. It is clear that 
visualization of diffraction orders from nanometer-size 
grating periods needs to use a special optical setup. 

For example, in the works [3, 4] authors used the 
optical scheme with oblique incidence of the light beam, 
and the measured diffraction efficiency after reflection 
from the grating depended on polarization. A similar 
polarization dependence in diffraction orders were 
observed by the authors [5-9]. Thus, the multi-angle 
ellipsometry is an informative method that could be used 
in the needed range for angles of incidence and angles of 
scattering. It was possible to investigate a specular 
reflection component suitable for experiments with 
unknown objects. 

In connection with above-stated, the aim of this 
paper was to create a universal special grating with 
periods equal to λ≤≤λ 1010/ id , the optical scheme 
and measuring methods suitable for visualization and 
investigation of polarization characteristics. 
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Table 1. Standard deviations for Mueller matrix elements that were measured using various ellipsometric methods. 

SD 10-2 
 
Method 

m11 m12 m13 m21 m22 m23 m31 m32 m33 m41 m42 m43 

FIPM 0.38 0.49 0.47 0.16 0.56 0.68 0.32 0.62 0.63 0.24 0.45 0.39 

TIPMlin 0.13 0.24 0.35 0.29 0.52 0.30 0.39 0.53 0.13 0.13 0.17 0.04 

TIPMcir 0.06 0.20 0.16 0.20 0.30 0.41 0.22 0.31 0.32 0.07 0.09 0.07 
 

2. Ellipsometric investigation features  
for ordinary grating  

It was earlier shown that the multiangle ellipsometry can 
be used to study the surface structures and subsurface 
formations with submicron and nanometer dimensions 
[6, 9, 10].  

The experiment contains the study how the 
structure of the samples affects on the behavior of 
reflected light polarization under various angles of 
incidence. To reach that purpose, we used the Mueller 
polarimeter based on the modified three-input 
polarization method. 

The polarimeter (Fig. 1) consists of two channels: 
the probing and receiving ones. There are He-Ne laser 
with the wavelength mµ=λ 63.0  and polarizer, 
orientation θ  of which is controlled by a computer in 
the probing channel. The receiving channel includes the 
rotating quarter-wave plate and polarizer (analyzer). 

According to [11], this modification of the 
polarimeter allows to measure the first three columns of 
the Mueller matrix simpler and with a higher precision. 
Thus, the mentioned part of the Mueller matrix is quite 
enough to complete description of polarization 
properties for the object with weakly pronounced 
depolarization [12-14]. 

We have realized three experiments when Mueller 
matrices for the chosen sample were measured by three 
optimized methods: 1) four-input polarization method 
(FIPM) [15], 2) three-input polarization method with a 
circular polarized source (TIPMcir) [14], and 3) three-
input polarization method with a linear polarized source 
(TIPMlin) [11]. Standard deviations (SD) for the Mueller 
matrix elements measured using the above mentioned 
methods for 6,000 averaging at the angle of incidence 

o56  are presented in Table 1. In this case, the matrix of 
averaged values was:  

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

−
−

=

3295.00121.00008.0
9029.01039.00108.0

1014.09868.01900.0
0100.02060.00000.1

34xM  

The anisotropy parameters were considerable at 
this angle of incidence. Therefore, the error of 
measurements had to reach its maximum. 

 

angle of
incidence

He-Ne 

polarizer wave plate 
analyzer 

sample 

photodetector
θi ωt 

 
Fig. 1. Setup for multi-angle Mueller polarimetry. 

 
As it is seen from Table 1, TIPMcir method has the 

highest stability, which was followed by TIPMlin and 
then FIPM (with forming 4

λ - plate), as it was expected 

[11, 15]. However, we have chosen TIPMlin for usability 
[11]. 

The measured Mueller matrices were analyzed 
within the framework of the multiplicative matrix model 
developed in [15-17]. This model is based on the 
assumption that any complex elastic interaction of 
polarized radiation with an object can be described by 
involving four basic types of anisotropy. They are linear 
phase (LinPh) and amplitude (LinAm) anisotropy as 
well as circular phase (CirPh) and amplitude (CirAm) 
anisotropy. 

Table 2 demonstrates the calculated standard 
deviation for anisotropy parameters that corresponds to 
the mean values 000.0=R , 670.0=P , o40.1=γ , 

47.161=δ , 45.1=α , o17.0−=φ  depending on the 
method of measurements. 

The values R  and φ  are circular amplitude and 
phase anisotropy, correspondingly; P , δ  are values of 
linear amplitude and phase anisotropy, correspondingly; 
γ  and α  are orientation of linear amplitude and phase 
anisotropy, respectively. 

Data presented in Table 1 corroborate 
experimentally the estimations of the Mueller matrix 
measurement errors derived theoretically in [11, 15] for 
FIPM, TIPMlin and TIPMcir. However, it is substantial 
that Table 2 shows that this is not the case for the errors 
of determination of the values for some anisotropy 
parameters (see, for example, the value of linear phase 
anisotropy δ ). This can be explained by the peculiarities 
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Fig. 2. Dependences of Mueller matrix elements (a) and anisotropy parameters (b) on the angle of incidence for the sample with 
no grating structure. 
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of individual measurement error distributions for matrix 
elements ijm∆ , which are presented in Table 2. Thus, 
individual errors of the matrix element measurements 
give additional important information on stability of the 
inverse problem solution. 

Thus, for each sample the Mueller matrix was 
measured and anisotropy parameters were calculated at 
various incidence of light. Corresponding dependences 
for a sample with no grating structure are presented in 
Fig. 2 and demonstrate qualitative agreement of Mueller 
matrix elements for similar investigations [6].  

The dependences in Fig. 2 are reference lines and 
predicted localization of extrema on these dependences 
for a sample with no grating structure. 

To investigate objects that have a characteristic 
dimension (both relief height and lateral size) less than 
the wavelength of electromagnetic sounding, we 
prepared the gratings with the identical periods d  ( d = 
1 µm) and variable height ih , 251−=i . The gratings 
were produced by e-beam lithography and were 
described in more details in the following section. 

In the paper [9], we saw that diffraction maximum 
positions were unaltered at the quasi-normal angle of 
incidence ( o10 ), but their intensities depended on 
diffraction grating groove depths for the main and first 
orders (Fig. 3). The behavior of those dependences 
shows their anti-correlation and illustrates the energy 
redistribution between diffraction maxima (from the 
main to higher orders). 
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Fig. 3. Intensities of the main and first diffraction orders for 
various numbers of gratings 1-25 (which correspond to h = 12-
300 nm). 

 

Angular dependences of the orthogonal component 
of the reflection coefficients were different for gratings 
with different heights ih  and for different polarization of 
sounding illumination [9]. Using the method TIPMlin, we 
studied 25 gratings with different depths. Only for the 
first 11 ones good repeatability was shown for the 
measured and calculated data. 

It is significant that parameters P  and δ  
demonstrate the heighten sensibility to surface changes 
(in what following, we will consider the only P  and δ ). 
Below, the selected dependences versus the angle of 
incidence for a linear amplitude ( P -parameter) and 
linear phase anisotropy ( δ -parameter) for gratings with 
the depth step 12 nm are shown in Fig. 4. 

It is seen that initial extrema move to the range of 
less angles of incidence with a rising grating depth. In 
addition, the values of extrema become narrower, and 
new maxima (for P ) appear. 
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Fig. 4. Angular dependences of the linear amplitude anisotropy 
P (a) and linear phase anisotropy δ (b) for gratings with 
numbers: 1, 3, 5, 7, 9, 11. 
 

Table 2. Standard deviations for anisotropy parameters 
that were calculated for various ellipsometric methods. 

SD  
 
Method 

R P γ, 
deg 

δ, 
deg 

α, 
deg 

φ, 
deg 

FIPM 0.0012 0.004 0.43 0.47 0.17 0.21 
TIPMlin 0.0005 0.003 0.29 0.08 0.04 0.08 
TIPMcir 0.0002 0.001 0.51 0.11 0.02 0.10 
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h∆
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(с) 

Fig. 5. Images of the multi-level diffractive holographic grating obtained using optical microscopy (а), its schematic sketch (b), 
simultaneous visualization of lines with the main and +1st diffraction orders from this grating (с). 

3. The multi-level diffractive holographic grating 

We cannot predict existence of clusters with different 
heights and characteristic dimension, their quantity and 
their location on the surface under investigation of 
unknown objects. Therefore, creation of the test with 
well-defined surface, with needed parameters both along 
the surface and perpendicular to it, with known 
anisotropic properties, is a very important and urgent 
problem. However, such test based on the structure with 
a grating region, according to [7] could lead to excitation 
of several modes, and the energy of the incident wave is 
distributed into diffraction orders at the certain necessary 
conditions. This fact needs to take into account the 
grating design. 

In this paper, we proposed the technical decision to 
create diffraction gratings that have to meet the 
following requirements: 

- to conclude needed different spatial frequencies 
selected by the height levels (multi-level grating); 

- it should not have some additional modes caused 
by grating range that could be reached by special relief 
shape; 

- it should not have symmetry for simultaneous 
visualization of both low and deep levels for high spatial 
frequencies. 

All grating objects, which are the subject under 
consideration in this paper, were produced by e-beam 
lithography on electronic-sensitive PMMA resist 
( 0019.0,515.1 11 =κ=n ) with the thickness equal to 
642 nm. PMMA resist was deposited on Cr layer 
( 36.4,48.3 22 =κ=n ) with the thickness equal to 2 
µm, which covered a glass substrate ( 5.13 =n ) with the 
thickness equal to 2 mm. Indicated in brackets are the 
refractive jn  and the absorption jκ  indices for 
corresponding layers. 

Also, the multi-level diffractive holographic 
grating produced by e-beam lithography according to the 
scanning program for e-beam proposed to be used for 
testing the polarization optical methods. There are 64 
quantization height levels (from 4.69 to 300 nm) and 
corresponding periods (from 0.4 to 25.6 µm) in one 
direction. The grating period is constant (1.2 µm) on 
another perpendicular direction. Thus, such grating 
represents set of echelette grating in one direction and 
ordinary grating with gaps width equal to 0.4 µm and 
strips width equal to 0.8 µm in another perpendicular 
direction. 

There is imaging of multi-level diffractive 
holographic grating by optical microscopy (а), its 
schematic sketch (b), simultaneous visualization of lines 
with the main and +1st diffraction orders from this 
grating (с) in Fig. 6. The obtained diffraction pattern 
from this holographic grating was a composite one and 
consisted of lines with diffraction maxima of various 
intensities and periods in two orthogonal directions. 
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Fig. 6. Setup for simultaneous visualization of different spatial 
frequencies.  
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In this case, simultaneous visualization of 
different spatial frequencies on one screen is 
problematic, because of system geometry is not 
paraxial. Focusing the diffraction orders occurred on a 
spherical surface caused by the goniometry application. 
Diffraction maxima have different intensities, which 
relates with a phase difference of interfering beams in 
this direction. We saw good diffraction maximum 
spacing that allowed to receive the good angular 

resolution down to 0.05 o . Depending on investigation 
object parameters, application of this grating as a test 
object can be possible in various configurations of the 
optical setup. 

We proposed converging beams for visualization of 
spatial frequencies corresponding to submicron changes 
on the surface (Fig. 6). 

As an illumination source, He-Ne laser with 
λ =0.63 µm was used. The coherent radiation was 
formed into converging beams by the long-focus system 
L1L2 and illuminated the grating entirely. After 
reflection from the grating, the main maximum in the 
specular reflection direction and a great number of 
secondary orders were observed. Application of a 
convertible lens enabled suitable observation orders 
from a submicron dimension that were upright spacing 
from zero order. 

Diffraction maxima corresponding to characteristic 
dimension more than λ  were situated across from the 
central maximum on a short distance from each other. 
To have effective restoration of every maximum, we 
used the lens L3 that could enlarge image to a needed 
scale. The photodetectors PhD1 and PhD2 were intended 
to register the diffraction maximum intensities and were 
situated on the goniometry arms. There is PhD1 with lens 
L4 and calibrated phase plate PhP in the channel for 
investigation submicron heterogeneities. To reach more 
accurate investigation for high spatial frequencies, CCD-
camera with subsequent computer data processing 
instead of PhD1 can be used. 

We could achieve such location of diffraction 
orders, when specular reflection component is fixed only 
at zero position of the scale reading (for goniometry) at a 
corresponding slope of grating. In this case, intensities of 
maxima could be measured only in the channel for 
investigation submicron heterogeneities by CCD-camera 
and PhP.  

Comparisons with objects that have nano- and 
submicron peculiarities give a chance to estimate range 
of spacing frequencies for an unknown object. Thereby, 
we can remove uncertainty in solution of the inverse 
ellipsometric problem related with periodicity of 
ellipsometric angles [18]. 

A substantial moment, when investigating 
unknown samples are positioning of their surfaces like to 
multi-level grating. 

Then, the ellipsometric measurements of this object 
in the specular direction (zeroth order) were produced 
(Fig. 7). 
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Fig. 7. Angular dependences of the linear amplitude anisotropy  
P (a) and linear phase anisotropy  δ (b) for objects without any 
grating structure (filled squares), multi-level holographic 
grating (open squares), ordinary grating with the number 25 
corresponding to h = 300 nm (asterisks). 

 
 
The dependences of anisotropy parameters P  and 

δ  were compared with analogous results for clear 
substrate (without grating range, Fig. 2b). Their 
behaviors are similar and compatible units at certain 
scaling. Absence of additional extrema in dependences 
for the multi-level grating can be related with absence of 
the propagating mode. 

In that way, these facts can be added to advantages 
of multi-angle-incidence ellipsometry using the specular 
component, because all changes on the surface can be 
reflected in polarization properties of objects (even 
excitation of the propagating mode). 

4. Conclusion 

The obtained results show that structural submicron 
dimension changes on surface of different samples can 
be investigated in the optical range by multi-angle-
incidence ellipsometry. As a test object, the periodical 
structure with well-defined parameters can be used. In 
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our case, such object was multi-level holographic 
grating. This object was produced in the layer of PMMA 
photoresist. This method may preset the required values 
of the groove height and shape with the lateral resolution 
0.4µm and depth of the step 12 nm. However, there is 
some critical dimension after which incident 
illumination leads to appearance of the propagating 
mode in ordinary gratings (relief of the “meander” type) 
[7]. This fact complicates character of interaction with 
structured surface and leads to ambiguities when 
analyzing their parameters by using polarimetric 
methods. Expansion of dynamic range testing for test 
object with characteristics that are more than the 
mentioned critical dimension need a more complicated 
shape that excepts excitation of the lateral mode. In this 
work, the proposed multi-level grating with a broad 
bandwidth of heterogeneity dimensions and 
corresponding to them spatial frequencies was used as 
this test object. 
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