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A novel super-resolution near-field optical structure (super-RENS) with bismuth (Bi) mask layer is pro-
posed in this paper. Static optical recording tests with and without super-RENS are carried out using
a 650-nm semiconductor laser at recording powers of 14 and 7 mW with pulse duration of 100 ns. The
recording marks are observed by high-resolution optical microscopy with a charge-coupled device (CCD)
camera. The results show that the Bi mask layer can also concentrate energy into the center of a laser
beam at low laser power similar to the traditional Sb mask layer. The results above are further confirmed
by another Ar™ laser system. The third-order nonlinear response induced by the plasma oscillation at the
Bi/SiN interface during laser irradiation can be used to explain the phenomenon. The calculation results

are basically consistent with our experimental results.

OCIS codes: 160.4330, 210.0210, 310.0310.

Optical near-field recording (NFR) technologies have
been studied for approximately 20 years with the aim
of overcoming the diffraction limit in super-high-density
optical storagel?l. Among them, super-resolution near-
field structure (super-RENS), with a typical structure of
SiN/Sb(15 nm)/SiN, which was first proposed by Tom-
inaga et allY), is one of the most promising schemes
because it does not use any flying NFR heads or sys-
tem that maintains a nanometer spacing between the
NFR head and recording medium. Attention has been
focused on the working mechanism of TA-type super-
RENS (also called Sb-super-RENS because Sb was used
as the mask layer material). It was originally considered
to be a photothermally induced phase change between
crystalline and melted states of Sb thin film under a fo-
cused laser beam[®!. Later, direct near-field measurement
of Sb-super-RENS was reported by Tsai et al.l¥ and lo-
calized surface plasma effects of the super-RENS were
observed. Recently, a nonlinear semiconductor modell®
and thermal lens modell® had been proposed to explain
the working mechanism of the super-RENS. According
to these explanation, new near-field active mask layer
materials of super-RENS is proposed.

Bi has been the subject of many studies because it
shows special properties in the thin-film form. Such
films were reported to show superconductivity[7], large
magneto-resistancel®!, quantum size effectsl?, and non-
linear optical properties!’®. Pan et al.l'!l found that
silica glasses implanted with Bi particles have larger
nonlinear index than those implanted with Sb particles.
Recently, Liu et al. have found that thin Bi films have
unusually giant third-order optical nonlinearity at low
laser intensity, which is ~ 10° times larger than that of
composites containing Bi nanoparticlesl'?). The giant
nonlinearity of Bi thin films may be useful for the energy
concentration of the laser beam and the size reduction
of recording marks. The third-order nonlinear response
induced by the plasma oscillation at the Bi/SiN inter-
face during laser irradiation can be used to explain the
phenomenon.
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In our experiments, four specimens were prepared.
Specimen 1 was single-layer Bi films with thickness
of 10 nm sputtered on K9 glass plates (1.2 mm) for
atomic force microscopy (AFM) (AJ-III, AJ Nano
Science Co.) and grazing incident X-ray diffraction
(XRD) (D/max 2550 V, RIGAKU Co.) studies.
Specimens 2 and 3 were multi-layer with structures
of cover glass(0.13 mm)/SiN(10 nm)/Sb(10 nm)/SiN
(10 nm)/GeaSbaTes (10 nm), cover glass(0.13 mm)/SiN
(10 nm)/Bi(10 nm)/SiN(10 nm)/GesSbyTes (10 nm), re-
spectively (as shown in Fig. 1). Specimen 4 was a single-
layer GeaSbsTes film with thickness of 10 nm sputtered
on cover glass (0.13 mm). Specimens 2, 3, and 4 were
used for static recording tests, scanning electron micro-
scope (SEM) (JSM-6360LA, JEOL CO.), and optical
microscopy studies, respectively. In our experiments, all
the films were prepared by radio-frequency magnetron
sputtering on cleaned substrates at the background pres-
sure of less than 1.0x10~* Pa. A 650-nm semiconductor
laser beam after shaping and Ar™ laser through a high
numerical aperture (NA) (0.85) objective lens was used
to record marks of less than 1 pgm in diameter. The
recording marks were observed and studied by SEM or
high-resolution optical microscopy with a charge-coupled
device (CCD) camera.
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Fig. 1. Cross-sectional view of our super-RENS specimen.
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High-quality Bi film is difficult to be prepared3].

Columnar growth, usually observed in films prepared
by thermal evaporation or magnetron sputtering, leads
to surface roughness. We optimized the experimental
parameters according to the AFM results to obtain high-
quality Bi films with small roughness and appropriate
film thickness. The mean roughness is less than 1.9 nm
for a 10-nm-thick film in our experiments (as shown in
Fig. 2). Thicker films have a noticeably rougher surface

nm

Fig. 2. AFM image of Bi film with thickness of 10 nm.
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Fig. 3. XRD pattern of as-deposited Bi film with thickness

of 10 nm. \\\§§&
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Fig. 4. CCD images of the recording marks on single GeSbTe (a), Sb-super-RENS (b), and Bi-super-RENS (c) with power of
14 mW and laser pulse width of 100 ns using 650-nm semiconductor laser.
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Fig. 5. CCD images of the recording marks on single GeSbTe (a), Sb-super-RENS (b), and Bi-super-RENS (c) with power of 7
mW and laser pulse width of 100 ns using 650-nm semiconductor laser.
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texture. This result is consistent with Ref. [14]. As-
deposited Bi films are also studied by high-resolution
grazing incident XRD (as shown in Fig. 3). It is found
that when the film is very thin (10 nm), most of the
diffraction peaks are very weak, which indicates that it
was partly crystalline. The results are consistent with
the AFM images shown in Fig. 2. When the film is very
thin, it is in the form of discontinuous isolated island.
The Sb film of 10-nm thickness in our experiments is
amorphous.

Figure 4 shows the optical microscope images marks
on single-layered GeaSboTes film (specimen 4) (a), Sb-
super-RENS (specimen 2) (b), and Bi-super-RENS (spec-
imen 3) (c) with power of 14 mW and laser pulse width
of 100 ns using a 650-nm semiconductor laser. The diam-
eters of the recording marks on single-layered GesShoTey
film as shown in Fig. 4(a) are slightly larger than 1
pm. The marks are mostly in dispersive ablated state,
only the ambient parts are in crystalline state and the
whole marks are not very circular. Figure 4(b) shows the
recording marks on GeSbsTes film with the Sb mask
layer. As shown in the optical microscopy images, the
diameters of the whole marks are about 1 um and a
much more ablated and smaller aperture, as small as
350—400 nm in diameter, are created in the center of the
marks. The relative white part around the aperture is
crystalline. The above images show that the Sb mask
layer can concentrate the energy into the center of the
laser beam and this may be the reason why it can retrieve
signals below the diffraction limit. The diameter of the
recording marks through the Bi mask layer as shown in
Fig. 4(c) are about 1 pm and marks are entirely ablated
in this recording condition. Bi film is burned at such
high recording power because the melting point of Bi is
much lower than that of Sb.

Figure 5 shows the optical microscopy images of the
recording marks on single-layered Ge,SbeTes film (spec-
imen 4) (a), Sb-super-RENS (specimen 2) (b), and
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Bi-super-RENS (SiN as protection layer, specimen 3) (c)
with recording power of 7 mW and laser pulse width of
100 ns using a 650-nm semiconductor laser. As can be
seen from Fig. 5(a), the diameters of recording marks on
the single-layered GeaSbyTes film are about 0.9 pm and
the central ablated part is about 0.5—0.6 gm in diame-
ter. The ambient part is crystalline. The diameters of
recording marks through the Sb mask layer shown in Fig.
5(b) are about 0.5 um, and the marks are entirely crys-
talline, and no ablated part is formed. Figure 5(c) shows
the marks through the Bi mask layer and the SiN protec-
tion layer. The diameters of the whole marks are slightly
smaller than 0.5 pym and the central part, which is as
small as 200 nm and cannot be very clearly distinguished
by our optical microscopy system, is more ablated, while
parts around the center are less ablated. In conclusion,
the Bi mask layer can also concentrate energy into the
center of the laser beam at low laser power similar to the
Sb mask layer. The transmittance of a 10-nm-thick Bi
film is only about 20% at 650 nm. Considering the ab-
sorption and reflection of cover glass and two protective
layers, the power reaching the Ge;SbyTey recording layer
is only about 1 mW for a recording power of 7 mW. At
such low recording power, the GesSbsTes film could not
be ablated normally. However, the GesSbsTes film was
ablated in our experiments. It is maybe because Bi films
could enhance the intensity of the incident laser in the
near-field just like Sb films and the reduction of record-
ing marks should not be mainly due to the absorption of
the multi-layer.

Figure 6 shows the SEM images of the recording marks
on single GeSbTe (specimen 4) (a) and Bi-super-RENS
(specimen 3) (b) with recording power of 7 mW and laser
pulse width of 100 ns using a 514-nm Ar™ laser. Ascan be
seen from Fig. 5(a), the diameters of the ablated record-
ing marks on the single-layered GeaSbyTes film is about
800 nm while the size with Bi-super-RENS is only 300
nm. The experimental results in this recording system
further prove that Bi mask layer can also concentrate en-
ergy into the center of a laser.

Bi is a kind of material with large third-order nonlinear
susceptibility x(®). Its dominant nonlinear mechanism is
regarded as electron-hole plasma during optical heating,
which leads to a modulation of the free carrier contribut-
ing to the dielectric constant('®11). Bi is a semimetal
with nearly zero (0.038 eV) energy gap which favors a
large x® since it minimizes the optical energy required
to generate each additional electron-hole pair. The elec-
trons and holes in Bi will be easily generated in pairs
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under laser irradiation. Surface plasma oscillation at the
Bi/SiN interface is stimulated by the laser, and then an
enhanced field may result from the surface plasma oscil-
lation.

The Bi layer in our super-RENS is about 10 nm thick,
which is formed in the isolated island and only partly
crystalline. The diffusion of light-generated carriers can
be regarded to be slow and can be ignored as in amor-
phous Sb thin film. The incident field (Ey) and the light
field through Bi-super-RENS (E) can be regarded asl%

Eo(r) = Emax exp[—(r/r0)?]
= sqrt[2P/ (ceoerry )] exp[—(r/r0)?], 1)
E5(r) = y(w)[noEo(r) + a(w)B(w)Eo(r)’], (2)
in which
Y(w) = € /(oerme|w® — wi)), 3)
B(w) = [ceoernTn/ (2fw)], (4)

where P is the power of incident laser, ro is the Gauss
radius, ¢ is the velocity of light, £y is the permittivity of
vacuum, &, is the relative permittivity, ng is the concen-
tration of equilibrium carriers before laser irradiating,
a(w) is the absorption coefficient at frequency of w, 7 is
the dimensionless quantum yield, and 7, is the lifetime
of the light-generated carrier.

We set typical values of Art laser system, ng = 3 x 1023
m2 np=1,7,=1x10"s,& =10, a(w) =7x10" m™!,
A= 514 nm, NA = 0.85, and ry =~ 0.6 ym. Calculated in-
cident field (Fp) and light field through Bi-super-RENS
(Es) are show in Fig. 7. It reveals that the third-order
nonlinear response of surface plasmas in Bi super-RENS
can enhanced the light intensity and reduce the full-width
at half-maximum (FWHM) of the beam. The results are
in agreement with the experimental results.
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Fig. 6. SEM images of the recording marks on single GeSbTe
(a) and Bi-super-RENS (b) with recording power of 7 mW
and laser pulse width of 100 ns using Ar™ laser.
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Fig. 7. Calculated results of incident field (Eo) and enhanced field (Es) through Bi-super-RENS at laser power of 7 mW.
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Static recording properties of super-RENS with Bi and
Sb as the mask layers were studied and compared using
high-resolution optical microscopy with a CCD camera
and SEM. The results showed that the Bi mask layer can
also concentrate energy into the center of the laser beam
at low laser power similar to the Sb mask layer. The
third-order nonlinear response induced by the plasma os-
cillation at the Bi/SiN interface during laser irradiation
can be used to explain the phenomenon. The calculation
results were basically consistent with our experimental
results. Because Bi showed significant optical nonlinear-
ity at low laser power intensity, it could be used in other
low-power nonlinear switch applications, except in super-
RENS optical storage.
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