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Polarization analyses of readout signals
by a solid immersion lens in phase change
recording material
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Abstract. Comprehensive analyses based on the rigorous vector dif-
fraction theory were used to simulate the polarized readout signals using
a solid immersion lens (SIL) in reading phase change (PC) disks. For an
x-polarized incident beam, the signal contrast in x and y polarization was
a different function of air gap between the bottom surface of the SIL and
recording medium. Compared with conventional nonpolarized detection
schemes for PC media, the x-polarized contrast is a factor 1.0 to 1.35
higher at different air gaps, at a small cost of total intensity loss. © 2001
Society of Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1399284]

Subject terms: solid immersion lens (SIL); near-field recording; numerical aper-
ture; polarization; vector diffraction.
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1 Introduction

The area density of optical data storage is determined
the size of the focusing spot, which is limited by diffractio
to approximately 0.5l0/numerical aperture~NA!, wherel0
is the wavelength of the laser and NA is the numeri
aperture of the focusing lens. Fortunately, the diffract
limit can be circumvented by the use of near-field optics
1984 Pohl, Denk, and Lanz1 demonstrated a near-field op
tical microscope using a glass rod tapered down to a sm
pinhole and covered with a deposited metal film. To obt
a resolution comparable to the diameter of the pinhole,
pinhole must be placed within a distance from the sam
comparable to the pinhole size. Betzig et al.2 used a taped
fiber with a pinhole at the end to demonstrate a resolu
of 60 nm with a 488-nm light source. Hosaka et al.3 utilized
near-field optics to record in phase change~PC! media, and
achieved a minimum record bit of 60 nm with a 785-n
laser. One major issue in using these near-field opt
taped fiber techniques was the high transmission loss o
light, which resulted in a low data rate. A different meth
with solid immersion lens~SIL! proposed by Kino et al.4,5

provided a real-time scanning image directly, required
mechanical scanning, had a better light budget, and co
be easily added onto an existing optical data storage
tem. Thus, the SIL-based6–8 optical system was suppose
to be more feasible than other near-field techniques in r
time optical information storage applications.

By focusing light from an objective onto the lower su
face of a high refractive index lens without another refra
tion, as shown in Fig. 1, the wavelength of light is shru
by a factorn, wheren is the refractive index of the lens

This paper is a revision of a paper presented at the SPIE conferenc
Optical Storage and Optical Information Processing, July 2000, Tai
Taiwan. The paper presented there appears~unrefereed! in SPIE Proceed-
ings Vol. 4081.
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Hence the resolution is expected to improve by a facton.
Based on a vector diffraction theory using plane-wave
pansion, the spectra within the critical angle of the SIL-
interface diffract like a focus wave with NA51.0, while the
other parts decay exponentially away from the bottom
the SIL. When the SIL is positioned closely enough to t
disk, the optical tunneling effect of the evanescent wa
results in increasing the effective NAeff above the theoreti-
cal upper limit of 1.0 in the air.9,10

For SIL systems with NAeff.1.0, the flying height of the
coupling element above the disk critically affects the rea
out performance. We investigate the dependence of the
nal contrast on gap width less than the wavelength of
incident light. Furthermore, the phase and amplitu
changes of the waves passing through the air gap depen
their polarizations. Scalar theory is, therefore, inadequ
Instead, a more rigorous vector field theory is employed
analyze numerically polarization effects on the readout s
nal with the SIL-based system in reading phase change
dia.

2 System Layout

We adopt a linearlyx-polarized Gaussian beam with a 1
amplitude radius ofr 05RA ~RA is the objective radius! for
0.6- and 0.8-NA objective lens with SIL (n52.0), resulting
in an effective NAeff51.1 and 1.48, respectively. The re
flected beam is collimated, separated into thex- and
y-polarized electric fields by a polarizing beamsplitt
~PBS! and then detected, denoted byS1 and S2 , respec-
tively, as shown in Fig. 1. The disk structure is optimiz
for maximum signal contrast of the Gaussian incide
beam.11 The thin film is assumed to be homogeneous; th
the mark patterns are not included in the analyses. Here
signal contrast is defined asVi5(SXi2SAi)/(SXi1SAi) ~i
51, 2:x, ypolarization, respectively!, whereSX andSA are

n
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the reflected intensity due to the crystalline and amorph
states, respectively.

3 Simulation Methods

Our approach to vector diffraction is based o
Mansuripur12,13 and Kino et al.6 A wavefront is decom-
posed into a set of plane waves that propagate indep
dently through the SIL system. Then each plane wa
propagation inu andf directions is associated with its tw
orthogonal electric fields at the input pupil plane,Ep

0 and
Es

0, which are parallel and perpendicular to the plane
incidence, respectively, as shown in Fig. 1. After being
flected from the layered media, the two independent e
tric fields,Ep andEs , can be written as follows6,14:

FEp

Es
G5F r pp r ps

r sp r ss
G FEp

0

Es
0G , ~1!

u5tan21S ~Ex
21Ey

2!1/2

Ez
D , ~2!

f5tan21S Ey

Ex
D , ~3!

where the diagonal terms,r pp andr ss, are complex reflec-
tion coefficients forp- ands-polarized components, andr ps

andr sp are cross terms betweenp- ands-polarized compo-
nents, which are zero in homogeneous and isotropic me
such as PC. After coordinate transformation, the polari
tion of a refracted beam can be expressed in terms of
incident beams in Cartesian coordinates:

FEx

Ey

Ez

G5F cxxcxy

cyxcyy

czxczy

G FEx
0

Ey
0G , ~4!

Fig. 1 Schematics of an SIL-based optical system and disk struc-
ture.
2286 Optical Engineering, Vol. 40 No. 10, October 2001
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where

cxx5
1
2@~r ss1r pp cosu!2~r ss2r pp cosu!cos 2f

2~r sp1r ps cosu!sin 2f#

cxy5
1
2@~r sp2r ps cosu!2~r sp1r ps cosu!cos 2f

1~r ss2r pp cosu!sin 2f#

cyx5
1
2@~r sp2r ps cosu!1~r sp1r ps cosu!cos 2f

2~r ss2r pp cosu!sin 2f#

~5!
cyy5

1
2@~r ss1r pp cosu!1~r ss2r pp cosu!cos 2f

1~r sp1r ps cosu!sin 2f#

czx5~r pp cosf2r ps sinf!sinu

czy5~r ps cosf1r pp sinf!sinu.

At a focal length from the bottom of the SIL along thez
axis, the electric field distribution at the output pupil
obtained by superimposing each plane wave, taking i
account different propagation paths and polarization v
tors. The integral of the overall electric field can be co
puted efficiently by the fast-Fourier-transform~FFT! algo-
rithm.

4 Results and Discussions

The variation of the field distribution at the output pupil
due to the vectorial nature of interaction between the in
dent beam and multilayer stacks. In the calculation,
refractive indices of the PC media are 4.614.2i for the
crystalline state and 4.211.9i for the amorphous state a
l05650 nm. The reflection coefficientsr pp , r ss, calcu-
lated by a 232 thin-film matrix formula, are strong func
tions of the angle of incidenceu, the polarization of inci-
dent wave, and the air gapd0 , as shown in Fig. 2. Note tha
the marginal incident angle of NA50.6 objective is ap-
proximately 37 deg. At 0-nm gap width,ur ssu and ur ppu are
similar to conventional reflectance on the surface of fo
layer PC media, shown in Fig. 1. Whend05100 nm, ur ssu
and ur ppu of the rays in an evanescent mode~above critical
angleuc530 deg! are comparable with those of small inc
dent angles. As the air gap widens up to 300 nm,ur ssu and
ur ppu of the rays in evanescent mode are drastically
creased. Thus, field distributions obtained by superimp
ing each reflected plane wave with individualur ssu andur ppu
@i.e., the integration ofuExu21uEyu2 in Eq. ~5!# at the output
pupil are not only variously distributed but also varied wi
gap width. Reflected intensity distributions of crystallin
( i X) and amorphous state (i A) in x polarization at the out-
put pupil of NAeff51.1 system are shown in Figs. 3~a! and
3~b!, respectively, with gap width of 100 and 300 nm. A
100-nm gap width, the bright center region indicates
area of high reflectance with small incident angles on
four-layered sandwiched structure. The rim of the da
oval-shape region is due to the rays ins and p waves at
higher incident angles having different reflectances, th
inducing an unsymmetrical distribution in Cartesian co
erms of Use: http://spiedl.org/terms
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Fig. 2 Amplitude reflection coefficients are functions of the angle of incidence u, the incident polar-
ization (s and p wave), and the structure of the thin-film layers. (a) rpp , (b) rss for the crystalline state,
(c) rpp , and (d) rss for the amorphous state of the recording layer at different air gap widths 0, 100, and
300 nm, respectively.
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dinates. When the gap width increases up to 300 nm,
enlarged bright center region implies the reduction of int
action between incident beam and recording medi
within a given incident spectrum. There is also a gradua
bright ring around the margins, resulted from the decre
of evanescent coupling with an increase of incident an
The phenomenon is more apparent for higher NA syste
Moreover, the contrast distributions (i X2 i A)/( i X1 i A) in x
polarization are shown in Fig. 3~c!. Bipolar distribution inx
polarization displays two minimum regions along they di-
rection, around the area defined byi x, i A . In contrast, two
maximum regions along thex direction showi x. i A . Mil-
ster et al.15 used a pupil-plane filtering to block the negati
distribution to improve signal contrast.

They-polarized quadruple symmetric distribution is si
able for high NA systems such as the SIL-based syst
Now with NAeff51.1, reflected intensity distributions o
crystalline (i X) and amorphous state (i A) in y polarization
at the output pupil are shown in Figs. 4~a! and 4~b!, respec-
tively, at gap widths 100 and 300 nm. As the gap wid
increases, the bright quadruple region is toward the ma
of aperture and becomes stronger, indicating that rays w
ed From: http://opticalengineering.spiedigitallibrary.org/ on 04/28/2014 T
.

.

large incident angles are reflected increasingly. Compa
with x polarization, the contrast distributions iny polariza-
tion are centrally symmetrical as shown in Fig. 4~c!. Simi-
larly, the contrast decreases with the increase of gap wi

In the preceding discussion, we show that the reflec
field and contrast distributions inx andy polarizations were
different. Moreover, the detected signalSX and SA , and
integration ofi x and i A over the pupil contributed from the
x andy components are also different. A numerical analy
for the case of 100-nm gap width is used to further exam
this discrepancy. The positive or negative signal contrib
tions are determined by whetherSx.SA or Sx,SA , respec-
tively. After integration ofi X and i A across the pupil, the
reflectance inx polarization of crystalline (SX1) and amor-
phous state (SA1) is 29 and 9.4%, respectively. The refle
tance iny polarization of crystalline (SX2) and amorphous
state (SA2) is 4.3 and 2.4%, respectively. The signal co
trast ofx (V1) andy polarization (V2) is 0.511 and 0.287,
respectively. Therefore, both reflected intensity and cont
from the original incident polarized light~x polarized! are
2287Optical Engineering, Vol. 40 No. 10, October 2001
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Fig. 3 Intensity distribution of the reflected field in x polarization at the output pupil of the objective
(5.235.2 mm) for (a) crystalline state (iX) at 100 nm (left) and 300 nm (right), (b) amorphous state (iA)
at 100 nm (left) and 300 nm (right), and (c) bipolar contrast distribution (iX2 iA)/(iX1 iA) with 100 nm
(left) and 300 nm (right).
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obviously higher than those from depolarized light~y po-
larized!.

Furthermore, we examine the dependence of the air
on the signal contrast inx and y polarizations. The varia-
tions of differenceSXi2SAi and sumSXi1SAi ~i 51, 2:x, y
polarization, respectively! with the gap is shown in Fig
5~a!. The sum ofx-polarized intensitySX11SA1 oscillates
as the gap width is varied, resulting in the variation
signal contrast. On the other hand,SX21SA2 and SX2

2SA2 in y polarization are less affected by the gap widt
In general, the signal detection for phase change m

rial does not consider polarization; thus no polarized e
ments such as PBS are used. For comparison, we als
vestigated a conventional readout scheme for PC media
use a single beamsplitter and detector to extract reflecta
~crystalline and amorphous state! by replacing PBS and in
dividual detectorsS1 andS2 . The signal contrast as a func
tion of gap width is between that ofx-andy-polarized de-
tections, and is very closed tox-polarized detection, as
shown in Fig. 5~b!. The intensity distribution is contribute
from bothx andy polarizations, and thez component of the
neering, Vol. 40 No. 10, October 2001
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collimated beam is insignificant and can be omitted.
100-nm gap width, for example, the intensity ratio ofx to y
polarizationS1 /S2 is 6.7 for the crystalline state and 3.9 fo
the amorphous state, respectively. It is evident that thx
components dominate; therefore, signal contrast degra
tion due toy polarization can be neglected for an NAeff

51.1 full aperture system. In addition, the gap is cons
ered to be one of the thin-film layers. As the gap wid
changes, the reflective properties are modified, resultin
the shift of the peak inx polarized from 0-to 50-nm gap
width and signal reverse in ay-polarized detection around
gap width of 0 nm.

Then we use an annular aperture to block the rays be
the critical total internal reflection~TIR! angle uc

5sin21(1/nSIL) to concentrate on the impacts of evanesc
coupling. With increase of air gap, sum of bothx polarized
SX11SA1 andy polarizedSX21SA2 increase. On the othe
hand, the signalSX12SA1 is drastically reduced, as show
in Fig. 6~a!. In a view of incident plane-wave spectrum, th
field amplitude in an air gap without any recording mediu
erms of Use: http://spiedl.org/terms
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Fig. 4 Intensity distribution of the reflected field in y polarization at the output pupil of the objective
(5.235.2 mm) for: (a) crystalline state (iX) at 100 nm (left) and 300 nm (right), (b) amorphous state
(iA) at 100 nm (left) and 300 nm (right), and (c) centrally symmetrical contrast distribution (iX
2 iA)/(iX1 iA) with 100 nm (left) and 300 nm (right).
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decays withz ~distance from the bottom of the SIL! as
exp(2zz), where decay term

z5
2p

l0
nSIL~sX

21sy
221/nSIL

2 !1/2

~sX5sinu cosf, sy5cosu cosf!.

As the gap width increases, there is less evanescent w
coupling through to the recording medium for a given an
of the marginal ray@NAeff5nSIL(sX)MAX 5nSIL(sy)MAX #.
Thus, a substantial reduction in evanescent coupling ca
increase of total reflectance8,10 and reduction of interaction
between the incident beam and recording medium. Co
pared with full aperture, the signal contrast shown in F
6~b! drops more sharply. At 100-nm gap width, for e
ample, the signal contrast is down to about 75% from
peak in thex-polarized detection. If the gap width is large
than 350 nm, the signal contrasts in both polarizations
proach zero because incident rays are all reflected and
interacted with multilayer stacks anymore.
pticalengineering.spiedigitallibrary.org/ on 04/28/2014 T
e

s
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A similar analysis was carried out for a higher numeric
aperture of NAeff51.48. Compared with the case of NAeff

51.1, there is a more apparent discrepancy betweenx and
nonpolarized detections in signal contrast versus gap w
for the NAeff51.48 system, as shown in Fig. 7. In a co
ventional detection scheme for PC media, the signal c
trast of reflection difference between crystalline and am
phous states is from contributions of bothx and y
polarizations. For anx-polarized incident beam, the bend
ing of the polarization vectors by a higher NA lens induce
in addition to original polarization along thex direction,
more sizable components along they direction. Thus the
signal degradation due to they polarization is more signifi-
cant. At a gap width of 100 nm, for example, the reflect
intensity ratio ofx to y polarizationS1 /S2 is 4.17 for the
crystalline state~S1 /S256.7 at NAeff51.1!, and 2.47 for
the amorphous state~S1 /S253.9 at NAeff51.1!, respec-
tively.

In contrast, we also consider typical magnetic optic
~MO! media under the SIL readout. For anx-polarized in-
2289Optical Engineering, Vol. 40 No. 10, October 2001
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cident beam, the component ofy polarization contributed
by an MO Kerr effect is added on quadrants of nonma
netic effect. When a balanced differential detector system
used, the nonmagnetic effect is cancelled,9 thus there is no
need to consider the discrepancy betweenx- and
y-polarized detection in MO. Moreover, for a circularly po
larized incident beam on PC media, all the signals fro
both x and y polarizations are symmetric, thus there is n
discrepancy betweenx- andy-polarized detections.

Again we used an NAeff51.48 annular aperture to bloc
the rays below the TIR angle to examine the signal contr
uted from the evanescent mode. Compared with the Neff

51.1 annular aperture, besides the steeper decrease o
signal contrast, there is no improvement for signal contr
even in small gap width, as shown in Fig. 8, due to t
variations of both positivei x. i A and negativei x, i A re-
flected intensity within the evanescent ring region, caus
the cancellation of signal contributions.

The calculated results show that the detection of S
systems is from individual contributions of propagating a
evanescent modes, respectively. For the case of an
coupled to a recording medium through the air gap, sta
ing waves in propagating mode and decay waves in e

Fig. 5 (a) Reflectance difference between crystalline and amor-
phous state SXi2SAi and sum SXi1SAi (i51, 2: x, y polarization,
respectively) signal level with the gap width for optimized disk struc-
ture shown in Fig. 1, with NAeff51.1 full aperture. (b) Signal contrast
(SXi2SAi)/(SXi1SAi) dependence on gap width in x, y polarized
and conventional detection for PC media.
2290 Optical Engineering, Vol. 40 No. 10, October 2001
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nescent mode inx andy polarizations are different. More-
over, signal contrast ofx-polarized detection is always
higher than nonpolarized detection for PC media. Tak
the NAeff51.48 full aperture objective for example, the in

Fig. 6 (a) Reflectance differences between the crystalline and
amorphous states SXi2SAi and sum SXi1SAi (i51, 2: x, y polariza-
tion, respectively) signal level vary with gap width, with NAeff51.1
annular aperture blocking the rays below the TIR critical angle. (b)
Signal contrast (SXi2SAi)/(SXi1SAi) dependence on gap width in
x, y polarized and conventional detection for PC media.

Fig. 7 Signal contrast dependence on gap width for NAeff51.48 full
aperture in x, y polarized and conventional detection for PC media.
erms of Use: http://spiedl.org/terms
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tensity and contrast ratio ofx-polarized/nonpolarized detec
tion reveal a trade-off between signal improvement and
tensity from the detector, as shown in Fig. 9. T
x-polarized contrastV1 is a factor 1.0 to 1.35 higher tha
nonpolarized detection for conventional PC detection w
different gap width, at a cost of less than 25% intens
reduction. Thus, filteringy-polarized light and using only
x-polarized detection are feasible schemes to increase
nal contrast, yet at a cost of less than 25% total inten
reduction.

5 Conclusion

The impacts of polarization on the readout signal in
SIL-based system for applications of phase change
structure were studied. For anx-polarized incident beam
the bending of the polarization vectors by a high NA le
results in sizabley components as well as original polariz
tion along thex direction. Because the reflection coef
cients of the thin-film structure are both angle and polari
tion dependent, the signal contrast was a different func
of air gap width forx andy polarizations. Evanescent cou
pling in both polarizations drastically affects the reado

Fig. 8 Signal contrast dependence on gap width for NAeff51.48 an-
nular aperture in x, y polarized and conventional detection for PC
media.

Fig. 9 Intensity and signal contrast ratio of x-polarized/nonpolarized
detection with NAeff51.48 full aperture system. The x-polarized con-
trast is a factor of 1.0 to 1.35 improvement when the gap width
increased, at less than 25% total intensity reduction.
oaded From: http://opticalengineering.spiedigitallibrary.org/ on 04/28/2014 T
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signal contrast, which sharply reduces with increasing g
width, thus limiting the spacing between SIL and the r
cording media. For a conventional PC detection sche
the reflected field is contributed from bothx and y polar-
izations and the signal contrast is reduced by the depo
ized components~y-polarized from x-polarized incident
beam!, which becomes more seriously for higher NA sy
tems. A method of filteringy polarization and using only
x-polarized detection results in a factor 1.0 to 1.35 tim
higher than nonpolarized detection for conventional PC
tection at different air gap widths, yet at a small intens
reduction.
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