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High-power laser light source for near-field optics and its application
to high-density optical data storage
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Leslie Hopkins, Kirk Baldwin, William S. Hobson, James Wynn, John Lopata, Lisa Dhar,
Rob Chichester, and James H-J Yehd)

Bell Laboratories, Lucent Technologies, 600 Mountain Avenue, Murray Hill, New Jersey 07974

~Received 3 May 1999; accepted for publication 1 July 1999!

A laser light source for high-resolution near-field optics applications with an output power
exceeding 1 mW~104 times the power from previous sources! and small~300 nm square to less than
50 nm square! output beam size is demonstrated. The very-small-aperture laser~VSAL!
tremendously expands the range of applications possible with near-field optics and increases the
signal-to-noise ratios and data rates obtained in existing applications. As an example, 250-nm-diam
marks corresponding to 7.5 Gb/in.2 storage density have been recorded and read back in reflection
and transmission on a rewritable phase-change disk at 24 Mb/s with a 250-nm-square aperture
VSAL. VSALs potentially enable data storage densities of over 500 Gb/in.2 ~up to 100 times today’s
magnetic or optical storage densities!. © 1999 American Institute of Physics.
@S0003-6951~99!04734-8#

In recent years, techniques such as confocal
microscopy,1 solid immersion lens~SIL! microscopy,2 scan-
ning interferometric apertureless microscope~SIAM!,3 and
near-field scanning optical microscopy~NSOM!,4,5 have ex-
tended the spatial resolution of optical microscopy beyond
the diffraction limit of ;l/2, wherel is the wavelength of
light. Of these techniques, SIAM and NSOM have demon-
strated the highest resolution to date. While SIAM can
achieve near-atomic resolution of 1 nm,3 it is primarily an
instrument for measuring the local susceptibility of a sample
with very high spatial resolution. Many important applica-
tions in spectroscopy, photolithography, and data storage use
the contrast obtained from absorption, reflection, or Kerr and
Faraday polarization rotation of light. These applications re-
quire the interaction of a sufficiently strong light source with
the sample. In NSOM, a sub-wavelength-size light source
such as light exiting a small aperture of sized in an opaque
screen~typically, metal! is raster scanned in close proximity
(,d/2) of a sample and the light transmitted or reflected
from the sample is measured to produce a high-resolution
image. Resolution down to 12 nm~l/43! has been obtained
experimentally.4 NSOM has been used in areas as diverse as
biology, surface chemistry, material science, data storage,
and characterization of optical communication devices such
as lasers, waveguides, and fibers.6 Fabrication of a high out-
put power light source has been a critical issue in the
progress of NSOM. Tapered, metal-coated optical fibers4

provide a dramatic power improvement over earlier probes
(1053 quartz tip7 and 1043 the pipette8! making them the
predominant light source for near-field optics in the last de-

cade. Output powers of up to 50 nW out of 100 nm aperture
diameter tapered fibers atl5514.5 nm can be obtained for
;10 mW power input to the fiber. However, most of the
power is lost through heat dissipation in the taper region of
the fiber where it is operating beyond waveguide cutoff. Fur-
ther increase of the input power causes the metal coating to
melt and catastrophically destroy the light source. Thus, de-
spite intense research in the last decade, the output power
from fiber sources has not increased substantially.

Here, we report on a light source consisting of a laser
diode with a metal-coated facet where a small aperture has
been created. The very-small-aperture laser~VSAL! demon-
strates more than a 1043 increase of output power over
coated tapered fibers with comparable aperture diameters.
This advance opens up the range of applications possible
with near-field optics and increases the signal-to-noise ratios
and data rates obtained in existing applications. The small
size of the VSAL~typical size 750mm3300mm3150mm!
and its ability to generate light as well as to simultaneously
detect sample reflectivity changes allows compact NSOM
microscopes and other high-resolution optical systems to be
designed.

As an example, using a 250-nm-square aperture VSAL
at l5980 nm, we have demonstrated rewritable recording
and readback of 250-nm-diam marks at 7.5 Gb/in.2 which is
three times the density of a digital versatile disk read-only
memory~DVD-ROM! at a 24 Mb/s data rate~over 23 DVD-
ROM!. Higher densities can be achieved with the optical
near-field aperture storage technique~ONFAST! using
smaller-aperture VSALs.

The concept of the VSAL can be applied to diode lasers
of any wavelength and design. To fabricate the VSALs,
edge-emitting ridge waveguide lasers atl5980 nm were
used. The lasers used had an output beam size of about 350
nm full width at half maximum~FWHM! vertically ~in the
direction of the laser junction!. Laterally, the mode size is
dependent on the width of the ridge, which is defined by
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photolithography and etching. Our lasers have typical ridge
widths of 2.5mm. With a high reflectivity back facet coating
and a low reflectivity front facet, the laser threshold is at 21
mA. At 40 mA, an output power of 13 mW from the front
facet is obtained.

After fabrication of the ridge waveguide laser and the
back facet coating, a multilayer dielectric coating followed
by a multilayer metal coating is deposited on the front facet
of the laser. The coating is designed to maximize the power
output and readback sensitivity in reflection for the VSAL
during operation. Next, an aperture with the desired shape
and size is created in the metal coating using a focused ion-
beam~FIB! machine that allows imaging as well as etching
of samples with a Gallium beam with a 10 nm resolution.
Figure 1 shows the facet of a laser diode with a 200-nm-
square aperture created on the front facet. After processing a
laser bar consisting of 25 lasers, individual VSALs are
cleaved from the bar. We have fabricated a series of VSALs
with apertures in the range of 400–50 nm square. Figure 2
shows the far-field power from different square aperture size
VSALs at 40 mA. Far-field output powers range from 1 mW
for 250-nm-square aperture VSALs to 10mW from 50-nm-
square apertures. However, the power per unit emission area
remains around 10 mW/mm2 throughout this aperture size
range. The inset in Fig. 2 shows the far-field output power
from a 150-nm-square aperture VSAL as a function of the
current. This VSAL has a threshold current of 14 mA and a
far-field output power of 0.3 mW at 40 mA. Typical VSALs
can be operated at up to 80 mA current with proportionally

larger output powers. It must be remembered that the power
measured in the far field from a sub-wavelength-size aperture
represents only a small fraction of the near-field power
available.5 This near-field power is the power that interacts
with a sample and can be used to modify its properties in
applications such as data storage, spectroscopy, and lithog-
raphy.

The optical power throughput from an apertured metallic
screen is highly dependent on the wavelength of the light and
the size of the aperture.7 We can expect that shorter-
wavelength VSALs such as thel5650 nm red lasers or
shorter future wavelengths instead ofl5980 nm used here
would provide larger output powers for a given incident laser
intensity and aperture size.

The measured far-field powers from VSALs are over 104

times the power measured from tapered fibers of similar ap-
erture sizes. One reason for this enhancement is that in a
tapered source, much of the power is lost in the waveguide
region where the width is reduced below the waveguide cut-
off. With an apertured flat screen, this taper loss does not
exist. Another reason for the enhancement is that a VSAL is
an active source where the photons not transmitted through
the aperture can be recycled in the resonator. A similar in-
crease in transmission efficiency in microwave resonant
structures has been demonstrated recently.9

NSOM imaging has been used in the past to study the
emission profile of diode lasers with high resolution.10 We
used a tapered, metal-coated fiber to obtain an image of the
output of a 50-nm-square aperture VSAL in a NSOM micro-
scope. Figure 3 shows the NSOM image of the output beam.
The resolution of the NSOM image in this case is limited by
the 250 nm fiber aperture diameter but shows the high degree
of confinement of the output beam from the VSAL.

While the sharp tip of a tapered optical fiber allows the
light source to be brought close to a sample, using a flat facet
light source for NSOM has been demonstrated previously.11

Such techniques can be applied to using VSALs in NSOM. If
necessary, small tip size VSALs for NSOM applications can
be fabricated using etching or polishing of the VSAL sub-

FIG. 1. Focused ion-beam~FIB! image of the metallized front facet of the
VSAL. The white arrow shows a 200-nm-square aperture etched into the
metal layer by the FIB.

FIG. 2. The far-field power as a function of square aperture size for a series
of VSALs at 40 mA current measured by a collecting lens and a detector
with NA50.92. The inset shows the far-field output power from a 150-nm-
square aperture VSAL. The voltage across the VSAL as a function of the
current is also shown.

FIG. 3. NSOM image of the output beam from a 50-nm-square aperture
VSAL. The resolution of the NSOM image in this case is limited by the 250
nm NSOM fiber aperture diameter used. No light leakage is observed out-
side the aperture.
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strate. However, for many applications, the flatness of the
VSAL facet does not pose a problem.

We have applied our VSAL to data storage by mounting
a 250-nm-square aperture VSAL to the metallized back face
of a magnetic storage-type slider.12,13 Accurate mounting
was achieved using a reference plane to ensure that the out-
put facet of the mounted VSAL is on the same plane as the
air-bearing surface of the slider rails. The slider is in turn
attached to a magnetic-type suspension that controls the fly
height statically. We fabricated a near-field multilayer phase-
change recording disk on a magnetic storage flat glass sub-
strate. The Ge0.4Sb0.1Te0.5 recording material used is similar
to the material used in digital versatile disk random access
memory ~DVD-RAM ! disks and is rewritable. The disk is
designed to have readback contrast in transmission as well as
in reflection. To prepare for writing, we crystallized the en-
tire disk by a rapid thermal anneal~RTA! process. To write a
desired data pattern, the VSAL is switched to a high output
power for the length of a mark to write an amorphized~low-
reflectivity, high-transmission state! mark. Erasure is
achieved through recrystallization with a lower laser power
to a high-reflectivity, low-transmission state.

Recently, the optical gain of a fiber laser probe has been
used to obtain large NSOM signals in reflection.14 Use of the
reflectivity modulation for readback of optical disks with a
laser diode in the far field15 and near field16,17 has also been
previously demonstrated. Operating near laser threshold, the
reflection readback signal can be measured by monitoring
the output power from the back facet.16,17 The reflection sig-
nal can also be obtained more easily by measuring the volt-
age across the laser diode resulting from modulation of the
laser impedance.15 ONFAST readback in reflection can be
achieved by operating the VSAL near laser threshold and
detecting the voltage modulation as the amorphized~low re-
flectivity! and crystalline~high reflectivity! marks pass in
front of the aperture.

Flying a 250-nm-square aperture VSAL with a VSAL

facet/recording layer spacing of 75 nm, data tracks were
written by switching the VSAL between 0 and 55 mA to
write amorphized marks. Figure 4 shows the reflection~a!
and transmission~b! readback signal from written amor-
phized marks of varying lengths. Large, low-noise signals
were obtained in reflection as well as transmission. The
shortest period patterns in this image correspond to 400 nm
marks and 400 nm spaces and were written and read back at
an 18 Mb/s data rate. A repeated pattern of 250 nm marks
and 250 nm spaces was also written and read back at 24
Mb/s showing the subwavelength resolution possible with
VSALs. The reflection~VSAL voltage modulation! and
transmission signals had a 45 dB carrier-to-noise ratio
~CNR! with a 30 kHz measurement bandwidth for the 250
nm pattern. Such a CNR is sufficient for data storage appli-
cations. The width of the data track was 250 nm and adjacent
tracks could be written at 500 nm spacing. This demonstra-
tion corresponds to 7.5 Gb/in.2 storage density with a~2,7!
run-length limited ~RLL! coding scheme. This recording
density ~33 DVD-ROM! demonstrates the high densities
achievable with ONFAST. Using smaller-aperture VSALs
and flying closer to the media, much higher densities should
be possible.

The smallest beam size and resolution achievable from a
VSAL source as well as any other apertured near-field source
is given by the penetration depth of the electromagnetic field
into the screening metal. This penetration depth limits the
beam size to around 30 nm FWHM.18 Assuming that suffi-
cient power from the VSAL is available for writing with
these small diameter beams, densities of;540 Gb/in.2 ~i.e.,
1003 today’s magnetic storage! may be achievable.
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FIG. 4. Transmitted readback signal~a! 2 V/unit for a data pattern with
varying written amorphous mark lengths and the reflection readback signal
~b! 5 V/unit. The VSAL was operating at 25 mA and the threshold of this
laser was at 15 mA. The media velocity was 4.8 m/s. The time scale is 500
ns and the smallest marks reproduced here correspond to the 400 nm marks
at the 18 Mb/s data rate@using the RLL~2,7! code where each mark repre-
sents a 3/2 data bit#. The VSAL reflection signal was obtained by amplifying
by 10003 the ac-coupled component of the VSAL voltage. The reflection
signal ~before amplification! of 6 mV is 0.4% of the dc voltage. The trans-
mission signal was obtained by collecting the light transmitted through the
disk with a lens (NA50.4) and a detector.
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