Functional Materials 21, No.1 (2014) © 2014 — STC "Institute for Single Crystals”

Method of aberration compensation in
sapphire optical disks for the long term
data storage

V.V.Petrov, V.P.Semynozhenko*, V.M .Puzikov*, A.A.Kryuchyn,
A.S.Lapchuk, Ye.M.Morozov, Y.O.Borodin,
0.V.Shyhovets, S.M.Shanoylo

Institute for Information Recording, National Academy of Sciences of

) Ukraine, 2 Shpak Str., 03113 Kyiv, Ukraine

"STC "Institute for Single Crystals”, National Academy of Sciences of
Ukraine, 60 Lenin Ave., 61001 Kharkiv, Ukraine

Received January 22, 2014

One of the actual problems today is creation of the long term data storage systems.
This paper presents the research results that allow implementing technical solution pro-
posed by the authors of this work a few years ago to create the long term storage optical
discs based on single crystal sapphire. It is shown that the problem of data reading
through the anisotropic substrate can be solved by using the single crystal optical compen-
sating elements. The experimental results confirm an efficiency of the proposed method of
aberration compensation for the long term data storage sapphire media.

3amaua COSITAHUA CHCTEM IOJTOBPEMEHHOTO XPAaHEHHS NAHHBIX ABJISAETCA OJHOUN M3 aKTy-
aJIbHBIX ITPO0JIEM COBPEMEHHOCTH. B paboTe IIpeacTaBiieHbl PE3yJIbTATHI HCCAELOBAHNNI, KOTO-
pbI€ IIOSBOJIAIOT PEANM30BATh TEXHUYECKOE PeIlleHUe, IPeIJIOKEeHHOe ABTOPAMH HECKOJIBKO
JeT Hasajd, [I0 CO3LAHUIO ONTHYECKUX IHCKOB IJS JOJrOBPEMEHHOIO0 XPAHEHHUS NAHHBIX Ha
OCHOBE MOHOKpHcTajInyecKoro camdupa. [loxasamo, uro mpobieMa CUNUTBHIBAHWA LAHHBIX
yepes MOMJOKKY N3 AHHUSOTPOIHOIO MATEPHAJa MOMKeT OBITh DPeIleHa ¢ KCIIOJb30BAHNEM
ONTUYECKNX MOHOKPHCTAIJINUYECKNX KOMIICHCHUDPYIOIINX 3J€MEHTOB. lIpemcTaBieHBI Pe3yJib-
TAThl 9KCIEPUMEHTAIBHBIX HCCJIEIOBAHUN, IOATBEPKIAOIINE 9(DPEeKTUBHOCTE IPEIIOMKEHHO-
ro MeToga KOMIIEHCAI[UN.

Memod romnencayii abepayiii 6 cangipoeomy ducky dna doezompueanozo 3bepizanus
danux. B.B.Ilempos, B.Il.Cemunoxncenro, B.M.Ilysixos, A.A.Kprouun, A.CJlanuyx, €. M.Mopo-
308, 10.0.Bopodin, O.B.Illuxoseywv, C.M.IllaHoilro.

Bamaua CTBOPEHHS CHCTEM JOBTOTPUBAJIOTO 36epiraHHA HaHUX € OJHIEH 38 aKTyaJbHUX
npobaeM cydacHocTi. B poboTi mpejgcTaBieHO Pe3yNBTATH OCHIAKeHb, AK1 JLOBBOJATH pe-
anisyBaTy TexHiuHe pilleHHs, sAKe OyJO 3aIpPONOHOBAHE aBTOPAMH [eKiibKa POKiB TOMY
Hasal, 3a/JIs CTBOPeHHA ONTUYHHUX AUCKIB IS JOBrOoTpUBANOTO 30epiraHHsA JaHWX HA OCHOBL
MoHOKpucTandiunoro candipy. ITokasano, 10 mpobieMa 3UNTYBaHHS JaHWUX uepes MiIKIAAKY
3 aHisoTpPOMHOro MaTepiany MoyKe OYyTH BUpIIIeHA 34 JOTMOMOTOI BUKOPUCTAHHA ONTHYHUX
MOHOKPHUCTANIUHUX KOMIeHcanifiunux enxeMeHTiB. IIpefcTaBieHO pPe3yJabTaTH €KCIIEPUMEH-
TAJIBHUX AOCHIIKEHD, AKi HiJTBEPAKYIOTH eeKTUBHICTD 3aIPOIOHOBAHOIO METOLY KOMIIEH-
carrii.
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1. Introduction

Optical discs are widely used in data
storage for storage, dissemination and ar-
chiving the digital information. In nowa-
days application of the optical disk for the
long-term archival data storage attracts a
particular special interest. However, the ex-
isting optical discs can’t provide the re-
quired level of reliability and data storage
time due to low stability of a polycarbonate
substrate [1], and insufficiently strong ad-
hesion of a metal layer with the polycarbon-
ate substrate. To solve the long-term stor-
age problem it was proposed to use a variety
of technical solutions, which are based on
using the highly stable materials for record-
ing media and media substrate.

In optical write-once discs for the long-
term storage (storage period is 150-—
160 years), so-called M-disks it was offered
to use cermets as the recording medium [2].
It is proposed to use a borosilicate glass
with the relief microstructure on the sur-
face obtained by ion-beam etching [3] and
refractory metals such as tungsten and
platinum. Silicon nitride is proposed to seal
tungsten discs [4], and information from
platinum substrates read through the sap-
phire windows [5]. To create the optical
media for the long term storage is also pro-
posed to use quartz substrates [6].

For the long-term data storage it is ap-
propriate to apply a substrate from highly
stable single crystal materials [7]. However,
the most of single crystal materials have a
significant anisotropy which manifests it-
self in optics as birefringence. The birefrin-
gence causes aberration distortion of scan-
ning beam as it passes through the optical
disc due to difference in the paths of light
rays with different polarization. Presence of
the polarization aberration makes it impos-
sible to use standard reading systems for
reproducing information from an optical
disc with the single crystal substrate.
Therefore, use of single crystal materials as
substrates of optical dises for the long-
term data storage requires optical system
modification to compensate the arising geo-
metric aberrations. Investigation of existing
highly stable uniaxial single crystal materi-
als showed that the best material for the
optical disk substrate is leucosapphire [7]
since it has high chemical stability; its wear
resistance is 8 times more than of steel, sap-
phire is thermally stable up to 1600°C and it
is optically transparent in the range from
0.17 um to 5.5 um [8]. In optical recording
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Fig. 1. Propagation of laser focused beam
through monocrystal substrate.

systems only optical uniaxial birefringent
discs can be applied, the optical axis of
which is orthogonal to the disk surface.

This paper describes aberration compen-
sations of the information reading system
from an optical disc substrate which is
made of the uniaxial optical single crystal
material, the optical axis of which is or-
thogonal to the substrate surface. The de-
veloped method of aberration compensation
was applied to the long term sapphire opti-
cal disc and the basic parameters of the
optical system for reading information and
optical disk are evaluated. Experimental
verification of the developed method was
carried out.

2. Theoretical background and
calculations

2.1. Propagation of laser focused
beam through anisotropic medium

Let us consider the propagation of a fo-
cused laser beam through the single crystal
substrate (Fig. 1). We assume that 1) the
crystal optical axis is oriented orthogonally
to the substrate surface and 2) reading and
recording processes are performed using
standard objective lens of optical device of
specified format (CD, DVD and BluRay).
These standard optical objective lenses com-
pensate spherical aberration of the sub-
strates of the standard format disk, which
do not have optical anisotropy.

Let us consider difference between the
optical paths for s- and p-polarized light
beams, the value of which characterizes the
amount of aberration caused by birefrin-
gence. The aberration is due to the fact that
at obliquely incident on the disk s- and p-
polarized beams have different phase veloc-
ity. The value of difference between the op-
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tical paths of s- and p-polarized light (po-
larization aberration) will increase with in-
creasing an angle of the beam spreading
011- Another feature of the beam focused
into birefringent plate is that the division
of light on s- and p-polarization is local.
That is the amplitudes of the s- and p-po-
larizations are functions of coordinates on
the lens surface and polarization of the
laser beam. Incident optical radiation with
fixed polarization may be either s- or p-po-
larized depending on place where it falls
onto the lens (relative to the lens surface).
In this connection arising aberrations can be
compensated only by optical elements which
are sensitive to the light polarization, that
is, by elements with the optical anisotropy.

Dispersion of anomalous beam (p-polar-
ized) can be written as [9]:

n, (1)
nﬁ — nd
(o — ne) On2 e)sinzem
e

n.=

Sy

where n, is index of refraction of the ordi-
nary ray, n, is index of refraction of the
extraordinary ray (see Fig. 1).

Normal beam has no dispersion and
therefore:

=n,. (2)

Difference between optical paths of s- and
p-polarized beams, as it is shown in Fig. 1,
can be written as [10]:
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where k; is wave number of the extraordi-
nary ray, k9 is wave number of the ordinary
ray, H is thickness of the substrate, An is
difference in the refractive indexes of the
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Fig. 2. Laser beam intensity in the
meridional plane of anisotropy.

ordinary and extraordinary rays in the sub-
strate material (An =n, — n,), NA is numeri-
cal aperture (NA = ny-8in0y,), ny is refrac-
tive index of the substrate, x=

Formula (3) shows that the phase distor-
tion has complex dependence on angle of
incidence and represents a superposition of
astigmatism and spherical aberrations of
the different orders. The first term is the
most significant in formula (3). It deter-
mines the difference in focal length of s- and
p-polarized light beams (astigmatism) that
leads to the two focused light spots. From
Eq. (3) follows that the distance between
the centers of the light spots of s- and
p-polarized beams is:

AF = 2HAn/ n,. (4)

Fig. 2 shows the laser beam intensity dis-
tribution in the meridional plane for differ-
ent values of anisotropy [10]. From these
graphs we can see that small anisotropy
blurs light spot and its blurriness increases
with an increase of anisotropy and thickness
of the substrate. For the anisotropy large
values, when the distance between the cen-
ters of the spots is comparable to the depth
of focus (AF 2 kn2/NA2), there are two light
spots formed by the light beams with differ-
ent polarization.

To determine the anisotropy allowable
values for the sapphire substrate (An, = |ne - n0|)
at which the focused laser beam is diffrac-
tion limited (a necessary condition for the
optical system of optical information re-
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Table 1. The permissible level of anisotropy for different optical disc format

Type of A NA n, max An, 10 % max An, An, for
media sapphire

CD 780 0.45 1.78 2.5.1078 7.3107% 81073

DVD 650 0.6 1.78 2.41078 7.1-107% 81073

BD 400 0.85 1.78 2.71078 7.9.107% 81073
CD/BD 400 0.26 1.78 8.1.10°3 8.8-1074 81073

&l light beam. The amount of spherical aberra-
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Fig. 3. Dependence of spherical aberration o
on the refractive index n,.

cording device) the dependence of the light
intensity at the center of light spot on the
magnitude of An for optical disc CD, DVD
and BD formats was simulated. Strehl ratio
was chosen as a criterion of diffraction lim-
ited optical system. We also evaluate possi-
bility of using the optical system with laser
having wavelength of A =405 nm and nu-
merical aperture of NA = 0.26 for reading
data in CD format through the sapphire
substrate. Simulation results are shown in
Table 1.

In Table 1 max An, is maximum possible
deviation of the refractive index to have
diffraction limited optical system. From the
presented data it is clear that any formats
can not use sapphire substrate having an
orthogonal orientation of the optical axis to
the surface of the disc directly without ad-
ditional compensation system, because this
leads to aberrations which greatly exceed
the permissible value max An,.

Also spherical aberration occurs at the
propagation of a focused laser beam
through the optical disc due to the differ-
ence in the refractive indexes of sapphire
and polycarbonate. It is known that the
plane-parallel layer introduces spherical ab-
erration into the passing therethrough it
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tion can be calculated by the formula [9]:
2 _
O _mo—1 uH 4 (%)
A 8n3 by

From equation (5) one can see that the
magnitude of aberration depends on the re-
fractive index as a function (n,2 —1)/8n,3,
whose graph is shown in Fig. 3.

Since sapphire and polycarbonate have
different indexes of refraction (n, ;=
1.780388, n, .. = 1.58) then the sapphire
disk should have different from polycarbon-
ate disk thickness to have the same spheri-
cal aberration (for using the standard opti-
cal system for information reading). From
the graph it can be seen that at n, = 1.7 the
spherical aberration has broad maximum
and weakly depends on the refractive index
and so one can be expected only slight dif-
ferences in the magnitudes of spherical ab-
erration for the two disks with the same
thickness.

2.2. Method for compensating
aberrations of focused laser beam

Let us consider possibility of compensa-
tion of the aberration due to anisotropic
disc medium (uniaxial ecrystal with an or-
thogonal orientation of the optical axis to
the disk surface) by an additional layer of
uniaxial material and having vertical orien-
tation of the optical axis. The resulting ab-
erration is total aberration of each layer
and therefore may be expressed from (3) as
follows:

97 19 H, H, Z[Hl H, ] ]
= kx°NA“| —An, + —An, + NAY—An, + —An, |+ ... |,
n ] n g
where H; and n; are thickness and refrac-
tive index of the additional layer respec-
tively, Hy and n, are thickness and refrac-
tive index of the disc substrate respectively.
From formula (7) you can see that in the
case of using the standard objective lens the
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Fig. 4. Schematic representation of the ordinary and extraordinary rays propagation.

substrate aberration can be considerably
compensated if the additional layer has re-
fractive index value n,, n, inverse to the
refractive indexes of sapphire. If substrate
material of the optical disc and material of
the additional layer are close in value of the
index of refraction for the ordinary ray n,,
you can actually achieve total compensation
for aberration caused by the anisotropy of
the disk substrate. Otherwise, the compen-
sation will be partial. Investigation of avail-
able transparent uniaxial optical crystals
showed that the best material for compen-
sating of the sapphire substrate aberrations
is quartz, which has the following indexes of
refraction: n, = 1.5443, n,= 1.5534. Sche-
matic representation of the compensation
method of aberrations is shown in Fig. 4.

In the case of using the standard optical
information reading system (information is
recorded in CD-format) the relative value of
spherical aberration of sapphire disc with
quartz compensator having the same thick-
ness as polycarbonate layer can be calcu-
lated by follows formula:

Slsps _ Slpic (7

A 40078
81,

A

from which is clear that difference is
small and the sum of quartz and sapphire
disk thicknesses should be equal to thick-
ness of polycarbonate disk. Table 2 shows
the permissible value of thickness of sub-
strate for different disc formats and the
maximum thickness of the sapphire optical
disc in which there will be no significant
distortion of the signal due to the high or-
ders spherical aberration of the focused
reading beam.

The data show that an increase of nu-
merical aperture NA leads to rapid increas-
ing the value of high order spherical aberra-
tions. It imposes rigorous limitations on the
possible thickness of BD format optical disec,
which can have the sufficient compensation
level of aberrations for optical recording by
quartz plate. From data above you can see
also that the difference of spherical aberra-
tions for sapphire and polycarbonate discs is

Table 2. Values of spherical aberration for sapphire and polycarbonate layers

Type of s NA +H(um) The maximum value of H for which sapphire
media can be replaced by polycarbonate

CD 780 0.45 100 10 mm

DVD 650 0.6 30 3 mm

BD 400 0.85 3 0.3 mm
CD/BD 400 0.26 900 90.0 mm
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Table 3. Thickness of sapphire and quartz layers for various formats of the optical discs

Type of media The thickness of The thickness of Uncompensated
sapphire substrate | quartz plate (mm) aberration ACD/(DO,
(mm) 100 %
CD 0.714 0.486 1%
DVD 0.357 0.243 1.6 %
CD (for reading at wavelength 0.714 0.486 0.3 %
of A = 400 nm)

negligible for layer thickness of the stand-
ard optical disk and therefore does not im-
pose the additional restrictions on the use
of sapphire as a material for the optical
disk substrates.

Thus the conditions for obtaining the
composite layer (sapphire and quartz layers)
with minimal residual aberrations can be
written as

DHy,,/Hyyp = 0.62 div 0.72, (8)
2)HkVT+HSpf:H +5%,

sum —

)N pom — Msysl < 0.8,

where Hy,. and H,, are thicknesses of the
quartz and sapphire layers, respectively,
Neom and ng,, are refraction indexes of the
compensating plate and disc substrate, re-
spectively. The first condition is condition
of the astigmatism compensation (the first
term of formula (3)), the second is condition
for compensation of spherical aberration of
the plane-parallel substrate (the second
term of formula (3)), the third is condition
for sufficient for optical recording compen-
sation of the higher-order aberrations, H,,,
is thickness of the polycarbonate substrate.

Table 8 shows examples of constructional
parameters (thickness) of the disc with sap-
phire substrate and quartz compensating
plate for different formats of the optical
data storage.

In the case of using the standard optical
information reading system the total thick-
ness of quartz compensating plate and the
sapphire substrate to be approximately
equals (condition 2) the thickness of poly-
carbonate substrate (due to the broad maxi-
mum of spherical aberration at ny = 1.7 and
a symmetrical arrangement relative to the
maxima of refractive index of quartz, sap-
phire, and polycarbonate — Eq. 7). This
condition is not rigorous, but it is suffi-
ciently precise for the engineering calcula-
tions of the optical system. In principle, the
equation (3) can be used to obtain more
stringent condition for the spherical aberra-
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Fig. 5. System of the data reading from the
optical medium.

tion compensation. Note that in the case of
BD-format the compensating quartz plate is
very thin, which can lead to reduced reli-
ability of the data storage on such media
and causes the difficulties during its manu-
facture.

Fig. 5 shows a schematic diagram of the
optical system of data reading from optical
medium [11]. During data reproducing the
laser light is generated by a laser diode (1)
through the diffraction grating (2), a quar-
ter-wave plate (4) and beam splitter cube (3)
is directed to focusing objective lens (5).
The focusing lens focuses the laser beam
through compensating plate (6) and medium
substrate (7) to the relief structure of infor-
mation medium. Presence of the single crys-
tal compensating plate leads to the fact that
ordinary and extraordinary beams are fo-
cused by focusing depth in the one plane.

3. Experimental resulls

Fig. 6 shows the results of the method
experimental verification. The pits of CD
format were recorded on nickel dise and
photo was taken through the sapphire plate
with thickness of 1 mm. The images were
performing by a microscope having cover
glass of 3 mm and numerical aperture NA =
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Fig. 6. Images of CD structure through: a) 3 mm glass plate, b) sapphire substrate without using
the quartz compensating plate and c¢) sapphire substrate using the quartz compensating plate.

0.5. In the first case (Fig. 6a) the image
was taken through the 8 mm glass plate. In
the second case (Fig. 6b) sapphire plate was
supplemented without compensation of
astigmatism and therefore we used a cover
glass of thickness 2 mm to have the total
thickness of all plates of 83 mm. In the third
case (Fig. 6¢) an additional quartz plate
with thickness of 0.7 mm was placed for
compensation of astigmatism of the sap-
phire substrate and therefore the cover
glass of thickness 1.8 mm was used to have
the total thickness of all plates of 8 mm.

From Fig. 6 one can see that the image
quality through the glass plate and sapphire
plate with compensation is almost the same.
However in the case of image taking
through the sapphire plate without compen-
sation we received a blurred picture with
significant distortions.

4. Conclusions

Effect of axial birefringence on the
propagation of focused laser beam through
uniaxial birefringent medium with the ver-
tical optical axis was investigated. The ex-
pression for calculating the geometrical ab-
errations of the focused laser beam in single
crystal substrate of the optical disk was ob-
tained.

It was calculated the permissible level of
anisotropy for different optical dises for-
mats, the permissible value of thickness for
different discs formats and the maximum
thickness of the sapphire optical disc in
which there will be no significant signal
distortion.

The method of aberration compensation
for information reading from uniaxial bire-
fringent media with the vertical optical axis
was developed. The basic parameters of
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reading system of sapphire disc with the
vertical optical axis were calculated. Con-
structional parameters (thickness) of the
disc with sapphire substrate and quartz
compensating plate for the optical disks of
different formats are represented.

Experimental verification of the compen-
sation method was performed. It was shown
that the image quality through glass plate
and sapphire plate with compensation is
about the same. The experimental results
showed that use of the additional compen-
sating quartz plate allows us performing
the information reading from optical sap-
phire disks.
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