Semiconductor Physics, Quantum Electronics & Optoelectronics, 2011. V. 14, N 3. P. 350-356.

PACS 06.20.Fb; 02.60.Ed; 02.60.Gf; 07.20.Dt

The new approach to identification of film reflecting
holographic marks

S.0. Kostyukevych?, L.I. Muravsky”", V.M. Fitio®, T.I. Voronyak”,

P.E. Shepeliavyi®, K.V. Kostyukevych®, N.L. Moskalenko®, V.I. Pogoda®

“V.Lashkaryov Inst. of Semicond. Physics of the Nat. Acad. Sci. of Ukraine, Kyiv 03028, Ukraine
"Karpenko Physico-Mechanical Inst. of the Nat. Acad. Sci. of Ukraine, Lviv 79601, Ukraine
“National University “Lvivska Polytechnica”, Lviv 79013, Ukraine

“dep24@ah.ipm.Iviv.ua; phone +380 322-633388; fax +380 322-649427

Abstract. The new approach for creation of film reflecting holographic marks for optical
security is proposed. Such marks are replicas of a reflecting master hologram recorded on
a chalcogenide glass layer. To receive the master hologram, the joint power spectrum of
a reference phase mask and an input phase mask or a transformed phase mask is
produced at the plane of the hologram writing and is modulated by an inclined laser
beam. If an inclined laser beam illuminates the replica recorded on a flexible substrate,
phase noise including speckle noise is eliminated because the hologram carrier frequency
exceeds greatly the limiting frequency of the phase noise power spectrum. Experimental
results have shown the principal possibility to produce the high performance film
reflecting holographic marks for security applications. The proposed approach can be
combined with technologies for fabrication of rainbow holograms. In this case, the
received rainbow holograms are the reflecting holographic marks simultaneously.
Therefore, they can be verified not only visually, but also by means of automatic
identification.
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1. Introduction

Recently, identification and security verification of
different products, things and documents by optical
methods and means are developed intensively.'” The
optical methods and systems possess large possibilities
to resist the counterfeiting due to the parallel encoding-
decoding of large amount of information and, in
particular, 2D and 3D arrays. The techniques utilizing
random phase masks simultaneously with fingerprints,””
in particular, the security verification technique®* and
the method for optical protection and identification of
documents,”’ are very perspective among optical
security technologies.

Mentioned above techniques ensure reliable
protection only of such objects, which can contain
random phase masks frequently combined with
fingerprints. Meanwhile, the majority of hardware

products and things are not suitable for protection by
transparent optical marks. One of possible solutions of
this problem is the creation of a reflecting optical mark
by recording a joint power spectrum (JPS) of a
transformed and reference phase masks on a
chalcogenide glass AssS40Sey at the first stage of a joint
transform correlator (JTC) scheme.® The resulting
reflecting optical mark is fabricated as a copy of the
written JPS. However, reflecting optical marks can be
copied only on a solid substrate. So, only solid surfaces
of objects to be protected from counterfeiting can be
used for bonding of such marks. If the written JPS is
copied on a film substrate, the optical beam reflecting
from its surface does not reconstruct satisfactorily the
correlation peaks in the first diffraction orders of the
JTC output plane due to influence of power spectrum
density of phase noise (including speckle noise) caused
by any microdeformation of a film layer and its optically
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Fig. 1. Optical arrangement for a master hologram writing on a chalcogenide glass layers AsgSeSey: L - He-Cd laser AI'-70;
CL - collimating lens; BS - beam splitter; M - mirror; FTL - Fourier transform lens; CGP - chalcogenide glass plate.

rough surface. The phase noise power spectrum density
is band limited. For example, the highest spatial
frequency of the wideband speckle noise power
spectrum density is equal to resolution limit of an
aberration-free Fourier lens’ used in the JTC first stage.
To separate the phase noise power spectrum from a JPS
of an input and a random phase mask, we propose to
record a reflecting Fourier hologram on a chalcogenide
glass AsySeo.xSex layer, where x = 0,10,20. Such
hologram can be considered as a master hologram used
for replication of film reflecting holographic marks
(RHMs). Each RHM is suitable for reconstruction of
correlation peaks, if it is illuminated by an inclined laser
beam.

2. Conditions of master hologram recording
and reconstruction

As shown in our previous paper®, procedures of a
reflecting optical mark fabrication and its identification
can be realized on the basis of a JTC architecture. The
first stage of this correlator was used to produce a
reflecting optical mark written on a solid substrate, for
example, on a chalcogenide glass AsyS4Sey layer. In
linear approximation, this mark can be considered as a
JPS of an input transformed phase mask and a reference
phase mask. The JTC second stage was used for
identification of this mark. Our approach is differed from
previous only by using the inclined reference parallel laser
beam to produce the reflecting master hologram. The
carrier frequency of this beam should exceed greatly the
upper frequency of a phase noise power spectrum. Both a
phase mask and a transformed phase mask can be used as
an input mask to produce a master hologram. The
arrangement for recording of a master hologram is shown
in Fig. 1. To identify the RHM replicated on a flexible

substrate, the parallel laser beam illuminates the RHM
surface. If the slope angle of this beam is identical to the
slope angle of the writing beam, the desired spectral
response containing Fourier spectra of an input and
reference masks is reconstructed along an optical axis
normal to the plane of the RHM placing. If a phase mask
is used as an input mask, the identification criteria are
based only on the intensity of one correlation peak.** If a
transformed phase mask is used as an input mask, the
identification criteria became considerably larger than in
the first case, because the quantity of output correlation
peaks is equal to quantity of separate fragments of the
transformed phase mask. In this case, not only peak
intensities, but also vector distances between peaks can be
regarded as identification criteria.*’ Let us consider
briefly the linear and nonlinear models of such the RHM’s
producing and identification.

2.1. Linear model.

To simplify calculations, we consider only the
deterministic model of a binary phase mask. Let the
rectangular binary phase mask consists of M xN

identical rectangular pixels axb and the mask size is
equal MaxNb. Then the complex amplitude
transmittance of each pixel can be expressed as

x—xm y_yl’l
a ’ ,

tm, " (x,y)= rect{ 5

(M
exp[j@(x—xm,y—yn)]
where x, :cm—g(M+l), yn:—dn+%(N+l) are

the coordinates of the pixel center; m=12,.,M ;
n=12,..,N; 0 is the pixel phase equal to 24 or
27+, [=0,1.2,...
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Let a reference phase mask » and an input phase
mask s are entered into an input plane (x,y) of a
conventional JTC (see Fig. 1). If these masks are
identical, they can be expressed as”®

MY X—Xx Y=Y+ ty
_ zz|:rec{ m+ , n+ 0 j_
a b

r(x,y) " )
—rect X=X ’y_yn—+y0 ,
a b
L& X=Xy V= Vp =Y
ZZ rect( m+ , n+ OJ_
m=1 n=1 a b
s(x,y)= 3)

— rect X=X V= Vu=—"Jo
a b ’

where x,,+, y,+ are the coordinates of the pixel with the
complex transmittance [ — +1; X,, V. are the

coordinates of the pixel with the complex transmittance

tm.n =—1; 2y is the distance between two masks. Let us

the inclined parallel laser beam illuminating the
chalcogenide glass plate disposed in the JTC frequency
domain is expressed by next equation:
H(v)= 4yexp(- j2v,v), )
where v is the spatial frequency along the axis 77 in the
Fourier plane, y, = f -tg@, ¢ is the angle of the parallel
laser beam inclination to the optical axis of the JTC first
stage, fis the focal length of a Fourier transform lens
(see Fig. 1). If a reflecting photosensitive material
disposed in the JTC Fourier plane is linear and the
complex amplitude transmittances of input and reference
phase masks are identical, i.e. r(x, y— y0)=s(x, v+ yo) s
reconstructed
material is

the intensity distribution of the
interference pattern recorded on this
proportional to

|T(u, v)z = |R(u, v)+ S(u, v)+ A, exp(— j27zyhv)2 =
RR*+5S*+|d|* + RS *+R*S +

|y explj2m ) + 545 explj2m)|+

[R* 4y exp(- j2mpv)+ S * dyexpl=j2mpv)l. (5)
where * is the complex conjugation symbol,

R(u, v) = F[r(x, y)] =

= (ab)sin c(au)sin c(bv)exp( j2ﬂyov)Wm’n (,v),

S(u,v)= F[s(x, y)] = (ab)sin c(au)sin c(bv)x

X exp(— jZﬂyOV)Wm,n (u’ V),

3 S ool m el )

m=1 n=1
—exp(— j27zxm_u)exp(— j27zyn_v)],
F is the symbol of 2D Fourier transform.

Wm,n(u7v)

>

If the same parallel laser beam expressed by Eq. (4)
illuminates a master hologram recorded on a
photosensitive material, the signal reconstructed along the
optical axis of the JTC second stage can be expressed as

U(u,v) =4 exp(— j27zyhv)

* . * . 2
[RAO exp(j27y;v)+ 47 CXP(JZ”J’hV)]:|A0| (R+5).(6)

This signal is produced by reconstruction of the
sixth term [RAS exp(j27v,v) + S4q exp( j27zyhv)] of the
intensity distribution |T(u,v)2 expressed by Eq. (5).
Signal U (u,v) is projected on an optically addressed
SLM or a digital camera by using the telecentric imaging
system containing two lenses. In this imaging system,
the front focal plane of the first lens should coincide
with the disposition plane of a sensitive material surface
and the back focal plane of the second lens should
coincide with the plane of a SLM or a sensor array
disposition. The output correlation field can be obtained

by Fourier transform of the recorded by a linear optically
addressed SLM or a digital camera intensity distribution

proportional to |U (u,v)2 , which is expressed as

U(u,v) =|do|* (RR*+SS * +RS * +R *S). (7)

The desired output correlation field is produced
after optical Fourier transform of intensity distribution

|U (u,vl]zw recorded on a SLM or after digital Fourier

2
D
a digital camera. If the image sampling is not taken in
account, the linear approximation of complex amplitude

spatial distribution of both |U (u,vﬁ/[ and |U (u,vﬁ)

transform of intensity distribution |U (u,v] recorded by

Fourier transforms can be written as
C(x,ay') = CO(x'ay,)'f_ C+ (x"y,)+ C—(x’ay') =

=(MN )ab) [2A(i,1j + A(imj +
a b a b

_ ! _ 14 2 12 - -
A(_X%ﬂ 27y () ST +
a

n(=x'=y"), ®)
where Cy(x',y') is the signal located in the dc;
C,(x,y'), C_(x",y') are the correlation signals located
in the +first and —first diffraction orders respectively;

2 (MN Yab) A[%’,%J is the autocorrelation peak
amplitude distribution in the dc;
(MN Yab) A(%x,,iy,biybj is the correlation peak
amplitude distribution in the *first order; ny(x',)"),

n(x',y") and n(-x',—y") are the cross-talk noise
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Fig. 2. Arrangement of a master hologram or a replicated RHM reconstruction: MH - master hologram; TIS - telecentric imaging
system; M - mirror; SLM - optically addressed spatial light modulator; L - laser; CL - collimating lens; BS - beamsplitter; FTL-
Fourier transform lens; DC1, DC2 - digital cameras; DFT - digital Fourier transform; TC - threshold comparison; ID -
identification device; n,v, axes of planes (§,1) and (u,v); n',V', axes of planes (§',n’) and (u',V").

amplitude distributions in the dc, +first and —first orders
respectively. The arrangement of reconstruction of a
master hologram or a replicated RHM is shown in Fig. 2.

2.2. Nonlinear model.

We have proposed one of possible approaches for
evaluation of output response in a nonlinear JTC with
photosensitive materials in the frequency domain, if the
reference and input phase masks are entered into the JTC
input plane.*'® This approach is based on fulfillment of
two basic conditions: i) definition of the diffraction
efficiency 7 versus exposure E  experimental

dependence  (exposure  characteristic) for a
photosensitive medium or a SLM; ii) mathematical
representation of the interference pattern, which should
be written on a photosensitive medium or a SLM. If the
exposure characteristic and the function describing or
approximating the written interference pattern are
known, one can find the optimum writing exposure E,,,
the reading round aperture’s A, normalized radius

P4 = \/ [a(u —Uy )]2 + [b(v -Vvy )]2 and the normalized

distance w4 = 4/(au 4 )2+(bv 4 )2 from the frequency

plane (u,v) origin to the aperture center, where u, v, are
the coordinates of the aperture center. First condition for
realization of the proposed approach can be satisfied
experimentally. For this purpose, we can measure the
exposure characteristic n=n(£) of a chalcogenide glass
layer AsgSsoSejp by using the conventional optical
scheme for writing of reflecting holographic gratings. To
satisfy second condition, it is necessary to provide the
computer simulation of Eq. (5). But both the computer
simulations of Eq. (5) and further procedures of its
transformation demand the program design and the large

amount of computations. Therefore, we have decided to
determine E,,, p, and w, during experimental recording
of RHMs and their reconstruction.

3. Experimental results

The application of a chalcogenide glass as an inorganic
photoresist with high resolution (~5-10° mm™) is based
on the effect of photostimulated change of chalcogenide
glass film solubility in its selective solvent."" Such films
are produced by thermal vacuum film deposition. The
mentioned above effect is exhibited in increase or
decrease of the dissolution rate of irradiated sections in
comparison with the dissolution rate of a non-irradiated
layer depends upon the solvent type. In these cases, the
positive or negative selective etching of a chalcogenide
glass layer is occurred. Such photoresists are
successfully used for making of holographic diffraction
elements, synthesized holograms, konoforms, master
mirror disks (CD, DVD) etc."

In order to produce the master holograms, we have
used chalcogenide glass layers As;oSgoxSex, Where x = 0;
10. To fabricate the plates containing such layers, firstly a
chromium (Cr) layer with thickness equal to 30 nm was
coated on a glass substrate, secondly a chalcogenide glass
layer As4SeoxSex with thickness equal to ~500 nm was
coated on a Cr layer. The coating was realized by step-by-
step thermal spraying in vacuum with the residual
pressure <10 The etching of an exposed chalcogenide
glass layer was realized in an anhydrous organic selective
etchant of negative type." The plate can contain only a
chalcogenide glass layer. But if the Cr layer is evaporated
previously on a glass substrate, the diffraction efficiency
of such hologram can be increased greatly. Besides, the
hologram wear resistance is increased significantly.
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3.1. Measurement of diffraction efficiency of a
chalcogenide glass layer

For approximate estimation of optimum exposure E,,,
we have measured the exposure characteristic n=n(£) of
a chalcogenide glass layer AssSsoSejo. This
characteristic was measured by using the conventional
optical arrangement for writing of reflecting holographic
gratings. A He-Cd laser (A,,= 442 nm) was used for their
writing with different exposures. The reference beam
angle was equal to 30 deg concerning the optical axis of
this arrangement. The diffraction efficiency of each
written grating was measured by using the usual
arrangement of a reflecting grating reading by a laser
diode module MLRZ-650-005 (A, = 650 nm). The
received dependence m=n(E£) is depicted in Fig. 3.
Calculations of the optimum exposure represented in our
previous paper® have shown that one is disposed on the
dip of curve n=n(FE) after reaching its peak value, if 0.1
<p 4£0.4 and wy <0.66. So, we chose the exposures in
the range from 100 mJ/cm® up to 200 mJ/cm® and the
normalized radius p 4 = 0.1 disposed on the normalized
distance w4 = 0.5 from the frequency plane (u,v) origin.

3.2. Writing of reflecting master holograms and
replication of RHMs

The binary reference and transformed masks were used
for master hologram writing on a chalcogenide glass
layers AssSeoxSex. Each the mask contains 256x256
adjacent square pixels with complex transmittances
equal to +1 or —1 for wavelength A = 442 nm. In these
masks, the dimensions of pixels are equal to 20x20 um
and the pixel pitch is equal to 20 pm. The transformed
phase masks consisting of two, three and nine fragments
of a reference phase mask were used together with a
reference phase mask to produce a JPS. The
configuration of the two-fragment transformed mask
made from the reference phase mask is shown in Fig. 4.

40

n,%

30

20

70 Ey 140 210 280 310
E, mJ/cm?

Fig. 3. Dependence n =
As40Ss0Seio.

N(E) for a chalcogenide glass

a) b)

¢)
Fig. 4. Procedure of the first stage of the two-fragment
transformed phase mask fabrication: reference phase mask (a);
separation of reference mask on two fragments: replication of
quadrant 4 and replacement of quadrant 2 by quadrant 4 (b);
transformed phase mask (c).

The optical arrangement for the master hologram
writing on a chalcogenide glass layers AsgSeoSey is
represented in Fig. 1. This arrangement containing a
Fourier lens with focal length /= 700 mm is based on a
JTC first stage. The binary reference and transformed
masks were entered and the distance between two masks
was equal to 8.0 mm. The collimated parallel He-Cd
laser (AI'-70, A, = 442 nm) beam was used for
illumination of phase masks and shaping of a reference
parallel laser beam illuminated the chalcogenide glass
layer at angle ¢ =30 deg concerning the optical axis of
the arrangement. To adjust the intensities of a JPS and a
reference beam and estimate the desired range of
exposures, first we entered the calibrated photodiode
OD-7K in the frequency plane (u,v) and disposed its

center on the distance 7, = %w AvAwS =24.3 mm from

the frequency plane origin. The distance 1, corresponds
to normalized distance w,,, =bv=0.5 along the axis v,

which evaluates the position of a center of a round
aperture A, with normalized radius p,= 0.1. Because the

radius of this aperture is equal to :%pA/lwf =4.86

mm, we have mounted the round aperture with diameter
2r,= 9.7 mm directly in front of the photodiode along
the direction opposite to the direction of the reference
beam propagation (see Fig. 1). The measured mean
intensity 7, (u,v) of the JPS part selected by the round

aperture was equal to 0.8 mW/cm®. To ensure maximum
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modulation of a selected JPS area, we have chosen the
same intensity of the reference beam measured by this
photodiode at the same place. So, the exposure time
range for writing of reflecting master holograms on a
chalcogenide glass layer was calculated by using the
justified above exposure range and measured mean
intensities of the JPS and the reference light beam. This
time was defined over the range from 62s up to 125s.
Because the area for writing of a master hologram is
restricted by a round aperture, we have recorded several
master holograms on the same chalcogenide glass layer.

To fabricate RHMs, we have wused the
photopolymer “Yantar’-3” developed in the Institute of
Macromolecular chemistry of the NAS of Ukraine. All
master holograms written on chalcogenide glass layers
As4SsoSerg and  AsgSg were replicated on this
photopolymer. The photopolymer was deposited on a
lavsan carrier. After replication of a master hologram on
a photopolymer, the photopolymer surface was coated
by a thin Al layer.

3.3. Reconstruction and analysis of RHMs and
refelecting master holograms

The experimental setup arrangement for reconstruction of
RHMs and reflecting master holograms is shown in Fig.
5. The optical part of this setup contains a laser diode
module MLRZ-650-005 to produce an expanded parallel
laser beam (A= 650 nm) illuminating a RHM or a master
hologram at the same angle of 30 deg. The reconstructed
response U (u,v) evaluated by Eq. (6) in linear

approximation is projected by a telecentric imaging
system containing two lenses with focal lengths f; and £,
on a CCD camera “FINE” T-392C. The telecentric
imaging system is placed along the optical axis normal to
the plane of a reflecting hologram disposition. The
horizontal camera resolution is equal to 81.6 lp/mm and
the vertical camera resolution is equal to 58 Ip/mm, the
sensor array’s active (image) area is equal to 4.9 mm by
3.7 mm. To ensure the reliable reconstruction of a JPS
recorded by the CCD camera and evaluated by Eq. (7), we
selected the lenses in the telecentric imaging system,
which focal lengths f; and f; are related as 2:1. In this case,
the JPS carrier spatial frequency that is equal to 26 mm
is translated to 52 mm™ and the carrier spatial frequency
of a recorded JPS does not exceed the vertical camera
resolution. Such demagnification of the telecentric system
allows recording all area of an interference pattern
projected on the sensor array from a chalcogenide glass
layer in horizontal direction and only three fourth of this
area in vertical direction. The JPS recorded by the CCD
camera is captured by a frame grabber and entered into a
PC. Due to the Digital Fourier transform of the digitized
JPS, the output correlation response containing several
correlation peaks in the =first diffraction order is
produced. The part of correlation response covering the
first diffraction order area is used for creation of an
identification feature vector and its comparison with a
reference feature vector.*’

MH or RHM
0 TIS PC
z<=-=-7=— CCD
® : DFT

I |~ |1

2rAI P £ i S O [ FG
A 1
N T (]

Fig. 5. Experimental setup arrangement for reconstruction of
RHMs and refelecting master holograms: MH, master
hologram; RHM, reflecting holographic mark; TIS, telecentric
imaging system; M, mirror; CCD, CCD camera; PC, personal
computer; FG, frame grabber; DFT, digital Fourier transform;
I, identification.

The results of reconstruction of master holograms
and RHMs are represented in Fig. 6 and Fig. 7
respectively. In this case, the two-fragment transformed
phase mask represented in Fig. 4, was used together with
the reference phase mask for writing the master
hologram. These Figures show that two peaks in *first
diffraction order are very sharp and narrow. In Fig. 6,
the peak at the center of the *first diffraction order is
produced as a result of autocorrelation of the
transformed mask larger fragment with the
corresponding fragment of the reference mask, and the
second peak is the product of autocorrelation of the
transformed mask smaller fragment with fourth quadrant
of the reference mask. In Fig. 7, the correlation peaks are
dissymmetrical to the correlation peaks reperesented in
Fig. 6. Such behavior of the correlation peaks is clear,
because all studied RHMs are mirror reflections of
corresponding master holograms. The produced peaks
can be identified easily by automatic means.

Fig. 6. Correlation peaks in +first and —first diffraction orders
as a result of reconstruction of the master hologram. Two-
fragment transformed phase mask (see Fig. 4) was used to
record the master hologram.

Fig. 7. Correlation peaks in +first and —first diffraction orders
as a result of reconstruction of the RHM. Two-fragment
transformed phase mask (see Fig. 4) was used to record the
master hologram.
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5. Conclusions

The proposed approach for fabrication and identification
of RHMs on a flexible substrate has some advantages in
comparison with the previous similar approach for
fabrication and identification of ROMs on a solid
substrate.® The main advantage consists in removal of
the phase and speckle noise caused by any
microdeformation of a film layer and its optically rough
surface. This noise does not allow reconstructing the
correlation response from ROM’s replicas written on a
flexible substrate. The fulfilled experiments with
identification of RHMs have shown the high
performance of photopolymer RHMs on a lavsan carrier.
Such RHMs can be used successfully for identification
and security verification of different products and things.

Because the proposed approach can be combined
with technologies for fabrication of rainbow holograms,
the unique possibility of quantitative identification and
security verification of rainbow holograms fabricated by
using our approach became realizable. Indeed, such
rainbow holograms can be treated simultaneously as
RHMs. Therefore they can be verified not only visually,
but also by means of automatic identification. The
created setup for reconstruction of RHMs can be used as
a prototype of an automatic system for identification and
security verification of rainbow holograms..
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