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A polymeric light delivery system with a C-shaped metallic nanoaperture is proposed for the heat-assisted
magnetic recording. This light delivery system has high optical efficiency and easy fabricability in the low temperature process that is compatible with the conventional magnetic head. The light delivery characteristics are
demonstrated analytically and experimentally. In particular, the near-field spot size of the light delivery system was measured using the virtual scanning near-field optical microscopy (VSNOM) method, in which the
probe tip geometry is not reflected. The probable spot size of the developed light delivery is under 100 nm at a
wavelength of 780 nm from a polymeric light delivery with the C-shaped metallic nanoaperture. © 2010 Optical Society of America
OCIS codes: 050.1220, 130.5460, 180.4243, 210.0210.

1. INTRODUCTION
Near-field optical technologies, which use evanescent
waves to achieve high spatial resolutions beyond the diffraction limit, have a great potential for ultrahigh density
data storage. Near-field optics has been applied to various
fields including biology and chemistry [1–3], electronics
and photonics [4,5], nanolithography, high density optical
data storage [6], and atom manipulation. Recently, an attempt has been made to realize heat-assisted magnetic
recording (HAMR) using near-field optics [7]. HAMR may
potentially provide a way to increase the recording density of magnetic storage by taking advantage of the heat
dependence of the coercive field [8]. At elevated temperatures, the coercive field is lower, allowing data to be recorded at lower magnetic field strengths; in contrast, at
room temperature, there is an increase in data stability
[9].
HAMR requires a small spot size under the diffraction
limit with suitable optical power to sufficiently heat the
recording medium, and this poses a significant challenge.
In the field of near-field optics, several methods have been
proposed to achieve these specifications. Some unconventional apertures exhibit extraordinary field enhancement
as well as high spatial resolutions beyond the diffraction
limit, such as the C-shaped aperture of Shi et al. [10] and
the Au nanoparticle array-based ridge waveguide of Kang
et al. [11], Sendur and Challener’s bow-tie slot antenna
[12], and Tanaka and Tanaka’s I-shaped aperture [13] and
triangular aperture [14]. In particular, theoretical calculations and microwave experiment of Shi et al. [10] re0740-3224/10/071309-8/$15.00

vealed that a C-shaped aperture could increase the power
throughput by a factor of 1000 compared to a conventional square aperture. Another issue in HAMR is the development of a manufacturable method of integrating a
small optical delivery system, producing a subwavelength heating spot, with the magnetic poles in the
head. High numerical aperture solid immersion lenses
have been primarily used in the past, but these lenses
limit the geometrical head design because they take up
significant space [15]. For these reasons, the light delivery system should offer not only a field enhanced nearfield spot in the exit but also be made easily and compactly while maintaining compatibility with the
conventional magnetic head.
In this paper, we present what we believe to be a novel
design of the beam path in the HAMR head. We fabricated the polymer waveguide, which was designed using
the beam propagation method and the metallic C-shaped
aperture, which was designed using the finite-difference
time-domain (FDTD) method on the waveguide end facet
via the focused ion beam (FIB) method. The light delivery
component can be fabricated in the same batch process as
the conventional magnetic head. Finally, the guiding
mode and near-field characteristics in the end facet of the
system are experimentally examined using near-field
scanning optical microscopy (NSOM).

2. PROPOSED BEAM PATH IN THE HAMR
HEAD
The proposed HAMR head is composed of a conventional
magnetic recording head combined in close proximity
© 2010 Optical Society of America
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Fig. 1. (Color online) The proposed HAMR head structure: (a)
HAMR head; (b) light delivery.

with a light delivery system for heating the magnetic recording medium as shown in Fig. 1. The magnetic recording head includes a coil for generating a magnetic field for
recording, a recording pole for applying the magnetic field
to the magnetic recording medium, and a return yoke
magnetically connected to the recording pole to form a
magnetic path. Regarding the waveguide location, we
have chosen the recess region below the main pole. By selecting this region, we can put the waveguide end facet as
close as the main pole as possible. The light delivery system includes an optical waveguide, which delivers light
emitted from the light source at a distant location from
the head, an optical fiber connecting the light source to
the optical waveguide, and a metallic nanoaperture for
enhancing the electric field from the optical waveguide.
One of the most important conditions for the field enhancement is the polarization of the incoming beam.
Since the polarization state is largely dependent on the
geometry of the waveguide structure, a channel waveguide with a rectangular core shape has been chosen.
Figure 1(b) shows the schematic of the light delivery
system in more detail. The light source is usually a semiconductor laser diode and can be located on the suspension to prevent undesirable heating of the magnetic head
by the laser diode. The laser diode can be connected to the
optical waveguide by conventional fiber coupling. The
single mode fiber (SMF) is easily embedded in the suspension arm, as is the wire, so that the positioning of the laser diode on the E-block or the suspension arm mentioned
above frees us from the bulky free space optics used in the
structure by Challener et al. [16]. In the Challener structure, the bulky optics collimates the incident beam and
then launches the incoming light into the waveguide
through the grating coupler. Since this design has an angular tolerance of only ⫾0.15°, the quality of the incident
collimated beam is quite important. Our waveguide is

Fig. 2.
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made of a polymer that can be fabricated at low temperature and it is tapered at its end to decrease the coupling
loss with the SMF or a field enhanced optical element.
But the symmetric tapered segment can be geometrically
contacted to the media. To avoid this problem the s-bend
waveguide is adopted. As shown in Fig. 1(b), in order to
send the propagated light from the waveguide to the medium a 90° bent structure must be introduced [17,18]. In
this study the tapered s-bend waveguide that is connected
to the laser diode by the SMF is fabricated without the
90° bent metallic waveguide, allowing the near-field spot
to be delivered on the recording medium. In order to accommodate a small spot size beyond the diffraction limit,
the metallic nanoaperture is directly fabricated on the
end facet of the waveguide, instead.

3. TAPERED s-BEND POLYMER WAVEGUIDE
FABRICATION
The criterion for selecting the waveguide material is process compatibility with the fabrication process of the magnetic head. One of the most important factors to be considered is the process temperature. Since polymer
waveguides can be fabricated at low temperature with
simple steps, it was selected as the best candidate material. The mode confinement, coupling efficiency, and fabrication issues should be considered when designing the
polymer waveguide. In order to satisfy these conditions,
we may need to further reduce the physical dimensions of
the waveguide. The coupling between the fiber and the
waveguide can be quite difficult because of the mode mismatch and the effective index difference. So, it is important that the waveguide be designed with as small a refractive index difference as possible. A simulation is
performed to meet the single mode operation condition at
a wavelength of 780 nm with the assumption that the refractive index of the cladding is 1.410 and the crosssectional area is 4.5 m ⫻ 1.8 m. As the index difference
decreases, the required cross-sectional area for maintaining the single mode condition increases. The controllable
minimum index difference in our polymer waveguide fabrication is 0.001, so we picked two index differences of
0.004 and 0.005. Fixing these index differences, we varied
the width of the waveguide. As shown in Fig. 2(b), the second mode appears above the width of 6.9 m when the index difference is 0.005 with a tolerance of around 2.5 m.
Based on this result, we selected an index difference of
0.0045.

Guided modes with varying width: (a) ⌬n = 0.004 and (b) ⌬n = 0.005.
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Fig. 3. (Color online) Coupling efficiency of the s-bend waveguide with and without the tapered segment.

Fig. 4. (Color online) Coupling efficiency as a function of the entrance width of the waveguide.

Fig. 5.
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We use an s-bend structure in the light delivery system
to avoid the contact problem onto the medium caused by
adopting a tapered segment to decrease the coupling loss
as mentioned above. The loss due to the bend is largely
dependent on the radius of curvature [19]. The s-bend
structure consists of two straight waveguides and two
bent segments as shown in Fig. 3. The two arcs in the
s-bend geometry have equal radii of curvature. Considering the geometry of the main pole in the magnetic head,
we can set the transverse separation at 11 m. We found
that if the radius of curvature was larger than 6000 m,
the calculated bending loss was extremely low. In order to
minimize loss, we chose the following s-bend waveguide
parameters: a 9000 m radius of curvature, a 314.16 m
bend length, and a 2° bend angle. With these design parameters, the coupling efficiency of the s-bend waveguide
is approximately 40%– 45% as shown in Fig. 3.
In order to increase the coupling efficiency between the
polymer waveguide and the SMF or field enhanced optical
element, a tapered segment structure may be used in the
entrance or the exit of the polymer waveguide. In this paper we consider a tapered segment in the entrance of the
waveguide without geometrical interference onto the medium by using the above s-bend segment. The diameter of
the optical fiber core is on the order of single micrometers,
and the optical spot size is approximately the same as the
core diameter. The coupling efficiency can be maximized
by adjusting the size of the polymer waveguide incoming
end to match the beam spot size of the optical fiber. As
shown in Fig. 4, we obtain an optimum entrance width of
6 m by calculating the coupling efficiency while varying
the entrance width of the waveguide. When the tapered
segment is applied to the incoming end of the waveguide,
the coupling efficiency can be increased to approximately
10% as shown in Fig. 3.
In comparison to conventional silica waveguides, which
require high temperature processes, polymer waveguides
can be easily fabricated. Since polymer waveguides can be
manufactured under low temperatures, the process presented in Fig. 5 is compatible with the conventional magnetic head fabrication process. Prior to the fabrication of
the polymer waveguide, refractive index tuning of the
polymer material is performed to replicate the simulated
index difference of 0.0045 between the core and cladding

(Color online) The fabrication process of the polymeric channel waveguide.
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(Color online) (a) Top and (b) cross-sectional views of the fabricated polymer waveguide without the upper cladding layer.

Fig. 7. (Color online) Experimental setup for polymer waveguide characterization.

layer. The refractive index difference can be estimated using a prism coupler (PCA2000, Sairon Technology, Inc.).
The measured refractive index of the core is 1.4555, and
that of the cladding layer is 1.4509. Note that the index
difference, 0.0046, is similar to the calculated value. The
main fabrication process of the polymer waveguide starts
with spin coating the lower cladding material onto a substrate after the adhesion treatment. Next, the lower cladding layer is coated and cured with 15 mW cm−2 ultraviolet exposure for 2 min. Similarly, the core material is
coated and cured. A waveguide pattern is formed using
conventional photolithography and dry-etching. Finally,
the waveguide is finished by adding the upper cladding
layer. Figure 6 shows the top view of the tapered s-bend
waveguide and the side view of the core and low cladding
of the waveguide before the upper cladding layer process.
The core layer is shown in the top view because there is a
refractive index difference between the core and cladding
layer.
In order to decide whether the guided mode in the fabricated polymer waveguide is single, an experimental
setup is arranged as shown in Fig. 7. The SMF is buttcoupled to the waveguide using the V-shaped groove, and

Fig. 8.
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a 780 nm pigtailed wavelength source is applied. As
shown in Fig. 8, the light in the waveguide is guided,
which maintains the much stronger guiding mode. The
peak scanning result of the guiding mode ensures that the
waveguide has a single mode and no second mode. Moreover, a bright output spot in the end of the channel waveguide is observed. The bending loss of the s-bend polymer
waveguide is estimated at 780 nm wavelength. As shown
in Fig. 9, the bending loss decreases with the increase in
the radius of curvature. In the case of a refractive index
difference of 0.0046, the fabricated waveguide has an extremely small bending loss of less than 5 dB. It is noted
that the developed s-bend waveguide has excellent waveguide characteristics and can be easily fabricated in low
temperatures while maintaining process compatibility
with the conventional magnetic head.

4. C-SHAPED METALLIC WAVEGUIDE
FABRICATION
Since the spot size of the s-bend polymer waveguide is
very large, the waveguide cannot be directly applied to
the magnetic head, which requires a small spot size under
the diffractive limit. As mentioned above, we first tried to
make the nanoaperture on the end face of the fabricated
polymer waveguide. We analyzed the relation between
the resonant frequency and the metal layer thickness using the numerical FDTD method (commercial code
“XFDTD 6.3” from Remcom [20]) before performing the
fabrication. In order to treat real metals accurately, the
modified Debye model [21] was used to compute the complex permittivity for Au. Using the experimental refractive index data for Au [22] at a wavelength of 780 nm, the
parameters of the modified Debye model are determined
to be s = −470, ⬁ = 1.001,  = 2.1⫻ 10−15 s, and  = 1.986
⫻ 106 S m−1, where s is the static permittivity, ⬁ is the
permittivity at the infinite frequency which should not be
less than 1,  is the conductivity, and  is the relaxation
time. The total height of the aperture is 270 nm and the
total width of the aperture is 180 nm. The aperture has a

(Color online) The (a) guiding mode image, (b) peak scanning image, and (c) output spot image of the polymer waveguide.
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Measured bending loss of the polymer waveguide.
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We fabricated a C-shaped metallic nanoaperture on the
polymer waveguide using the FIB method. An Au layer of
280 nm is deposited on the output surface of the waveguide. Since it is difficult to fabricate the nanoaperture in
the middle of the core layer of the waveguide, we first applied an O2 plasma reactive ion etching process to the output surface of the waveguide. The core and cladding layers have different refractive indices and etching
properties. Using this process, the core layer can be made
to protrude relative to the cladding layer. In this way, we
can easily find the core layer and fabricate the nanoaperture in the middle of the core layer by FIB milling (FEI
Strata 235DB dual-beam machine). The FIB milling conditions that minimize the fabrication error are as follows:
a dwell time of 1 s, an ion beam current of 2 pA, an ion
column aperture of 1 pA, an overlap of 50%, and a dose
time of 6 s. The fabricated C-shaped nanoaperture on the
polymer waveguide is shown in Fig. 11.

5. NEAR-FIELD CHARACTERISTICS
EVALUATION

Fig. 10. (Color online) Change in electric field intensity with respect to the metal layer thickness.

central waist of 90 nm and a ridge height of 70 nm. The
spot size can be controlled by changing the central waist
and the ridge height. Through the FDTD simulation, we
found gradual generation of more highly resonant transmission modes and that the 兩E兩2 intensity is decreased as
the thickness of the metal layer increases as shown in
Fig. 10. Note that at resonant thickness the field enhancement characteristics are maintained despite the large
thickness. The calculated full width at half-maximum
(FWHM) spot sizes are 91 nm in the x-direction and 96
nm in the y-direction at a distance of 20 nm after passing
through the nanoaperture. Since the C-shaped nanoaperture of 280 nm thickness has a maximum 兩E兩2 intensity,
we chose this thickness of 280 nm for the fabrication.

Fig. 11.

It is important to experimentally characterize the apertures in order to verify that they perform as expected.
This is done both in the far- and near-fields. In the nearfield, the goal is to obtain an image of the near-field distribution of the aperture using a near-field probe. However, because the C-shaped nanoaperture produces such a
small spot, it is very difficult to create a near-field transmission probe that will accurately sample the field of interest. The standard near-field scanning optical microscope transmission probe has a circular aperture that is
50–100 nm in diameter and a commensurate resolution in
this range. The size of the field from the C-shaped aperture is on the order of this size range and, therefore, the
resultant image is a convolution of the two fields. Furthermore, because the collection is performed in the nearfield, the resulting image is a complex convolution of the
electric and magnetic fields of one aperture and those of
the other. For this reason, it is impossible to perform a
standard deconvolution and we need to turn to more complex data analysis methods in order to interpret the results of the C-shaped nanoaperture NSOM images. The
method we have chosen has been termed the virtual scanning near-field optical microscopy (SNOM) or VSNOM
[23]. This method allows us to simulate the expected
NSOM image based on the C-shaped nanoaperture and
the NSOM probe aperture used in the scan. By comparing
this result with the experimental data and assuming that
the circular aperture of the NSOM probe is well modeled
with FDTD techniques, we can obtain an estimate of the
spot size of the C-shaped aperture using simple scaling.

(Color online) Fabricated C-shaped nanoaperture on a polymer waveguide.
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Fig. 12.

FIB milled probe tip: (a) tilted and (b) top views.

Using the Lorentz reciprocity theorem [24], one can relate
these fields and derive an expression for the detected electric field as a function of the interaction between the reciprocal and experimental fields. It is then possible to
simulate both the tip and sample separately and directly
calculate the detected quantity. The advantages of this
method are that the two simulations are done independently and that simulation at every point in the scan is
not necessary [25,26]. It is also possible to displace the reciprocal and experimental fields with respect to each
other and calculate the signal generated at any other
point. Using this formalism, one can use FDTD simulations of both the tip and of the sample to calculate the final image.
For the power budget, we consider that the power of
around 1 mW is available on the HAMR medium which
can be heated up to 235° C and can be easily recorded by
the magnetic head [27]. The coupling efficiency between
the embedded angled gradient index (GRIN) SMF and the
polymer waveguide is approximately 30%. The propagation efficiency of the polymer waveguide with the 90° bent
metallic waveguide is around 10%, and the transmission
efficiency of the aperture is calculated by about 50%.
Therefore, the total efficiency of the light delivery is 1.5%.
Considering this power budget the required power of the
laser source will be over 67 mW. Since the conventional
distance between the magnetic head and the medium is
under 10 nm, the design and the measurement for the
nanoaperture for the HAMR have to be performed at the
mentioned distance.
The real probe tip has the ellipsoidal probe aperture
which is created by the FIB milling process as shown in
Fig. 12. To calculate the VSNOM image, the real probe tip
is chosen with an asymmetric ellipsoidal aperture of
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width 144 nm⫻ 77 nm. As mentioned above, the C-shaped
aperture has a FWHM spot size of 96 nm⫻ 91 nm. Considering a probe tip with a 40 nm distance between the
probe tip and the C-shaped aperture, the VSNOM image
can be obtained as shown in Fig. 13. Figure 13(a) shows
the VSNOM image with the probe aperture horizontally
oriented with respect to the central waist of the C-shaped
aperture. The FWHM spot size is 891 nm⫻ 293 nm and is
much larger than the case in which we consider only the
electric field intensity. When the probe aperture is vertically oriented with respect to the C-shaped aperture, the
FWHM spot size is so large as 450 nm⫻ 240 nm. Nevertheless, this size is still smaller than that of the horizontal orientation. Note that the orientation and the shape of
the probe tip have an effect on the FWHM spot size of the
C-shaped aperture. Therefore, we have to perform angular alignment between the tip and the sample to minimize
the spot size.
To characterize the near-field spot size of the C-shaped
aperture on the polymer waveguide module as shown in
Fig. 14(a), the NSOM experimental system is set up as
shown in Fig. 14(b). By adjusting the polarization controller in the system, we can maximize the near-field scattering image. Figures 15(a) and 15(b) show the minimum
and the maximum scattering images, respectively. After
maximizing the near-field scattering image, the probe tip
approaches the waveguide module, and the NSOM image
is obtained by finely scanning the probe tip in the nearfield region. Since we cannot know whether the orientation of the sample matches well with the aperture, the
NSOM test is performed while changing the orientation of
the probe tip. Figure 16 shows the NSOM images with
different orientations of the C-shaped aperture. In the
case of a 45° orientation, the NSOM spot size is 375 nm
⫻ 133 nm, which is the smallest value in our test. As mentioned above, in the 45° sample orientation the probe tip
is vertically oriented to the central waist of the C-shaped
aperture. The behavior of the measured spots matches
quite well with the theoretical expectations from the VSNOM method. Specifically, the spot is elongated with
roughly the same ratio and the spot size increases substantially when the probe tip is rotated with respect to
the C-shaped aperture. Moreover, the observed spot size
is not the real spot size from the aperture. The NSOM signal information includes the asymmetrical geometry of
the probe tip as well as the real spot size from the aper-

Fig. 13. (Color online) Calculated spot image using the VSNOM method oriented (a) horizontally and (b) vertically with respect to the
central waist of the C-shaped aperture.
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Fig. 14. (Color online) (a) The waveguide module with the
C-shaped aperture and (b) the experimental setup for the NSOM
test.
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head and to increase the coupling efficiency with the
single mode fiber (SMF). The characteristics of the waveguide were estimated analytically and experimentally.
In order to obtain the small spot size that permits high
density recording in HAMR, the C-shaped metallic aperture was fabricated on the output surface of the waveguide using the FIB method. To characterize the nearfield performance of the fabricated light delivery, NSOM
was performed. The measured NSOM spot size has a remarkable dependence on the orientation and the geometry of the probe tip. To separate the real spot size from
the NSOM image, the VSNOM method was applied. The
probable spot size of the developed light delivery is under
100 nm at a wavelength of 780 nm from a polymeric light
delivery with the C-shaped metallic nanoaperture. The
proposed polymeric light delivery is a promising candidate for HAMR.

ACKNOWLEDGMENT
Fig. 15. Near-field scattering images from the C-shaped aperture on the polymer waveguide: (a) mismatched and (b) matched
polarizations.

ture as mentioned in the VSNOM simulation. We need to
detangle the real spot size of the C-shaped aperture from
this measured spot size. By using the calculated spot sizes
in the above VSNOM simulation and scaling the simulated spot size of the C-shaped aperture by the ratio of the
measured and VSNOM spot sizes, including the geometry
of the probe tip, the expected spot size is found to be about
100 nm at a wavelength of 780 nm. The discrepancy in
the probable spot size may be due to a different separation (i.e., scanning height) between the probe and the
C-shaped aperture. A VSNOM simulation at a distance of
10 or 20 nm may show spot sizes that more closely match
the expected value.

6. CONCLUSIONS
The polymeric light delivery with a C-shaped metallic aperture was developed in the low temperature process,
maintaining process compatibility with the conventional
magnetic head. The polymer waveguide has an s-bend
and tapered structure to allow easy application to the
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