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Abstract. We report on the light confinement effect observed in nonideally
shaped (i.e., nonspherical) nanoscale solid immersion lenses (SIL). To
investigate this effect, nanostructures of various shapes are fabricated
by electron-beam lithography. When completely melted in reflow, these
noncircular pillars become spherical, while incomplete melting results in
nonspherically shaped SILs. Optical characterization shows that nonideal
SILs exhibit a spot size reduction comparable with that of spherical SILs.
When the size of the SIL is of wavelength scale or smaller, aberrations
are negligible due to the short optical path length. This insensitivity to
minor variations in the shape implies a large tolerance in nano-SIL fabri-
cation. © 2013 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1
.JMM.12.2.023015]
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1 Introduction
The immersion technique, which improves the imaging per-
formance of a microscope, was first proposed by Hooke in
his bookMicroscopium in 1678.1 Sir Brewster later proposed
the immersion of the objective lens in 1812.2 Similarly, the
concept of homogeneous immersion and the immersion
objective preceded Ernst Abbe’s pioneering work, in
which he demonstrated the first oil-immersion lens in
developing the imaging theory of microscopy.3 Abbe also
developed the standard measure of performance of an objec-
tive lens, the numerical aperture (NA), which is defined as4

NA ¼ n · sin θ; (1)

where θ is the half angle of the focus cone and n is the refrac-
tive index of the medium through which the light passes
[see Fig. 1(a)]. The immersion technique is directly based
on Eq. (1) as a factor n larger NA for the same focus-
ing angle.

Until Mansfield et al. developed a new immersion concept
in 1990, termed the solid immersion lens (SIL),5 the main
stream of research had focused on improving the perfor-
mance of the objectives with liquid immersion and by find-
ing better immersion liquids. The concept of solid immersion
is derived from the idea that focusing in the center of a hemi-
spherical solid leads to normal incidence of the rays with
respect to the spherical interface, which is depicted in
Fig. 1(d). In this way, one can avoid the refraction at the
interface between the spherical solid and the surrounding
medium (e.g., air). It leads to an increment of the NA by
a factor of n, the refractive index of the hemispherical0091-3286/2013/$25.00 © 2013 SPIE
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solid medium [see Eq. (1)]. During the last two decades,
numerous studies on SILs and their applications have
been carried out. A majority of such studies focused on
the macroscopic-size (i.e., millimeter scale) SILs due to
the lack of fabrication technologies. Recent advances in
micro- and nano-fabrication technologies enabled the devel-
opment of different types of SILs, including diffractive
SILs,6 micrometer-size SILs,7–10 nanoscale spherical
lenses,11 and wavelength-scale SILs.12 In general, for struc-
tures smaller than the optical wavelength, design methods for
larger devices, such as ray optics, are not applicable. More
specifically, subwavelength-scale lenses cannot simply be
considered refractive optical surfaces. However, recent
experimental work has shown that subwavelength-scale
SILs are still expected to produce a reduced-size focal
spot,12 the so-called immersion effect. Recently, we reported
the first experimental demonstration of the immersion effect
in subwavelength-scale SILs.13 In fabrication, the ideal case
leads to hemispherically shaped SILs. In reality, it is difficult
to achieve the exact shape of the ideal design. In this study,
we systematically investigate the light confinement effect of
nonideally shaped SILs by using different shapes of nano-
pillars. When an over-reflow occurs, the noncircular struc-
tures, such as square and triangular pillars, are easily

transformed into spherical caps. However, in this case, the
drawback is an enlarged size in the transverse directions.
Thus, we look for the optimal reflow conditions to achieve
a minimal expansion of the original size of the nano-pillars.
The optical characterization of such small SILs has been
realized by using a high-resolution interference microscope
(HRIM). The HRIM facilitates complex alignment tasks by
the in situ monitoring of the illumination beam. The aim of
this paper is to report on the optimal reflow conditions for
such small nano-pillars and the light confinement effect of
nonspherical nano-SILs.

2 Fabrication Processes
The fabrication process consists of three main steps, which
are depicted in Fig. 2. First, electron-beam lithography
(EBL), which is shown in Fig. 2(a)–2(c), has been used for
nano-pattering and structuring. The EBL resist, polymethyl
methacrylate (PMMA), has, in general, been considered as a
liftoff layer or an etch mask for further fabrication steps
rather than a host material for direct nano-structuring. In
fact, the PMMA resist is a thermoplastic, and therefore, ther-
mal reflow structuring14,15 can be applied. This thermal
reflow is the second main fabrication step shown in
Fig. 2(d). The EBL process is optimized to work with a
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Fig. 1 Working principle of the immersion schemes: (a) focusing in air, (b) focusing through a substrate with a planar interface, where aberrations
degrade the optical performance, (c) liquid immersion in oil, and (d) solid immersion using a hemispherical solid medium. The numerical aperture
(NA) is a product of the refractive index (n) and the sine of the half-focusing angle (sin θ) [see Eq. (1)].

Fig. 2 Schematics of fabrication processes: (a) PMMA resist coting, (b) e-beam lithography exposure, (c) development, (d) thermal reflow, and
(e)–(h) soft lithography.
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silicon (Si) substrate to enhance the resolution by avoiding
electric charging phenomenon caused by nonconductive sub-
strates. For optical characterization in transmission, such
nano-structures fabricated on a Si substrate should be repli-
cated on a substrate that is transparent in the visible spec-
trum. Thus, the final step is the replication process by
using soft lithography.16 In this section, we discuss the
detailed fabrication processes of nano-SILs.

2.1 Electron-Beam Lithography

The polymer nano-pillars are fabricated using EBL on Si
substrates with a thin PMMA resist layer (MicroChem
Corp., 950k molecular weight). The Si substrates are used
to improve sample conductivity and thereby reduce charging
effects. Various sizes of PMMA nano-pillars are fabricated:
heights of 200, 250, and 300 nm and widths or diameters of
400 to 600 nm. Example results of the fabricated pillars are
shown in the scanning electron microscope (SEM) images of
Fig. 3. An area of approximately 4 μm square has been
exposed to pattern a pillar in the center. Since PMMA is
a positive resist, during the development process the exposed
area is removed, leaving a free-standing pillar of PMMA.

2.2 Thermal Reflow

A reference temperature for thermal reflow is the glass tran-
sition temperature (Tg) of polymers, which is between
approximately 110°C and 120°C for PMMA.17 Note that

the Tg of PMMA varies depending on the molecular weight
Mw, which also varies depending on the exposure dose of the
electron beam.17 Several studies report that reflow below
120°C led only to smoothing, the reduction of surface
roughness, partial reflow, or partial deformation of the struc-
tures.17–19 Therefore, we start with 120°C. The reflow time is
as well a governing parameter for proper reflow.

Above 130°C, over-reflow starts to significantly influence
the size of the nanostructures not only in the transverse direc-
tions but also in the vertical direction (i.e., height). For exam-
ple, reflow at 140°C for 20 min led to a diameter expansion
of approximately 100 nm and a height reduction of approx-
imately 100 nm. A higher temperature, e.g., over 130°C, in
general leads to a very rapid reflow and melting process.
Therefore, a lower temperature is preferred for slow reflow.
Among various conditions, we obtained minimal size varia-
tion in width and height when the nano-pillars are reflowed
at 120°C for 30 min on a hot plate. The results are shown in
the SEM images of Fig. 4.

2.3 Replication on a Transparent Substrate

Silicon is opaque in the visible spectrum, which is the
designed operating wavelength range of this study.
Therefore, the reflowed structures must be replicated on
transparent substrates for optical characterization in trans-
mission. To do so, we employ soft lithography, which is a
well-established and proven method for the replication of
nano-scale structures.16 A UV-curable polymer (Norland,

(a) (b) (c)

Fig. 3 SEM images of PMMA nano-pillars fabricated on silicon substrates: (a) a cylinder of diameter ¼ 450 nm and height ¼ 250 nm, (b) a square
pillar of width ¼ 500 nm and height ¼ 300 nm, and (c) an equilateral-triangular pillar of side length ¼ 520 nm and height ¼ 250 nm. The scale bars
indicate 200 nm.

(a) (b) (c)

Fig. 4 SEM images of polymer nano-pillars after reflow: (a) a cylinder of diameter ¼ 450 nm and height ¼ 200 nm, (b) a square pillar of width ¼
400 nm and height ¼ 200 nm, and (c) an equilateral-triangular pillar of side length ¼ 600 nm and height ¼ 200 nm. The scale bars indicate
200 nm.
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NOA 65, n ¼ 1.52) is used to fill the replication mold, which
is made of PDMS (see the schematic of fabrication processes
in Fig. 2). The final spherical structures are formed on boro-
silicate glass cover slips (thickness ¼ 150 μm, n ¼ 1.52) by
using this PDMS mold.

3 Optical Characterization

3.1 Measurement Setup

For optical characterization, we employ a high-resolution
interference microscope, which is a proven tool to character-
ize micro- and nano-optical elements.20,21 The HRIM oper-
ates in transmission with in-line geometry by employing a
Mach–Zehnder interferometer as shown in Fig. 5. Note
that, in this study, the interferometric function is not utilized.
However, the HRIM facilitates the active alignment and the
measurements of the three-dimensional (3-D) intensity dis-
tributions of highly focused beams. A single mode polarized
laser diode (CrystaLaser, 642 nm: DL640-050-3) is
employed as a light source, which is expanded and colli-
mated by a spatial filter. This illumination plane wave, which
is normally incident upon the illumination element, in our
case, the NA ¼ 0.9 focusing objective, propagates along
the positive z-axis and is polarized in the x-direction. In
the classical interferometric arrangement, a polarizing
beam splitter divides intensities among a reference and an
object arm with adjustable energy ratio. Half wave plates
and Glan–Taylor (G–T) polarizers are used to adjust the
intensities and to optimize the contrast of the interference
fringes. The sample and the illumination element are
mounted on a precision piezo stage with a z-scan range of
500 μm and a nominal accuracy of 1 nm (Mad City Labs,
NANO Z500). This z-axis piezo stage is used to precisely
define the plane of interest at the highest resolution and mea-
sure 3-D light fields through the nano-SIL by scanning the
SIL and the focusing lens along the axial direction, as shown
in Fig. 5.

3.2 Verification of Tighter Light Confinement Effect
by Nonspherical Nano-SILs

The fundamental function of the SIL is to reduce the focal
spot due to the immersion effect, which improves the
resolution in microscopy and lithography applications.
Here, we verify the spot-size reduction by applying a highly
focused, linearly-polarized beam to the nano-SIL. We
compare the spot size created by a spherical-shape SIL
[see Fig. 4(a)] with that of the nonspherical-shape SILs
[see Fig. 4(b) and 4(c)]. The incident plane wave is focused
by anNA ¼ 0.9 objective lens, which is the illumination lens
shown in Fig. 5. In the SIL, when this illumination focal spot
is off [see Fig. 6], it represents the nonimmersion case; and
we set it as a reference for the spot size reduction and the
peak intensity enhancement. When this reference focal
spot is moved onto the fabricated nano-SILs, the tighter
light confinement effect leads to a smaller focal spot and
an enhancement of the peak intensity. The nonimmersion
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Fig. 5 Schematic of the measurement setup, a high-resolution interference microscope, with the nano-SIL and an NA ¼ 0.9 focusing lens inserted
on the sample stage (z-axis piezo actuator). A plane wave emerges to the focusing lens at normal incidence. Scanning the nano-SIL together with
the focusing lens allows the 3-D intensity measurements.
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Fig. 6 (a) Schematic of the nonimmersion spot characterization and
(b) corresponding CCD image (x − y plane) at the bottom of the SIL.
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spot, which is shown in Fig. 7(a), shows the full width at half
maximum spot size of approximately 400 nm when it is
focused through the 250-nm-thick planar polymer layer.

Next, the reference focal spot is moved onto the nano-
SILs, and the resulting immersed focal spots measured on
the bottom of each SIL are shown in Fig. 7(b)–7(d).
Compared with the reference spot in Fig. 7(a), the immersed
spots show a higher peak intensity and smaller FWHM spot
size due to the tighter confinement. The FWHM spot sizes
are measured to be 302 nm, 321 nm, and 317 nm for the SILs
shown in Fig. 4(a)–4(c), respectively. Although there are
small differences in the spot size reduction ratio, the SILs
exhibit an overall spot size reduction of approximately
1.3. Nonspherical nano-SILs show a comparable optical per-
formance with that of the spherical SIL.

4 Conclusions
We have experimentally realized nanometer-scale SILs of
different shapes in order to investigate the influence of the
shape on the optical performance of the SIL. For reference,
the ideal structure, i.e., a cylinder, was designed on the same
chip with square and triangular pillars. Over-reflow leads to
complete melting of the PMMA pillars, and ultimately the
pillars of different shapes are converted to spherical SILs
with a reduced height. We found the optimal reflow condi-
tions to achieve the desired SIL height and to maintain the
original shape of the pillar base. Using the HRIM, we mea-
sured the 3-D intensity distributions of immersed spots from
the fabricated nano-SILs to show the reduction of the
FWHM spot size. The overall reduction ratio for the
FWHM spot size was found to be approximately 1.3,
which is consistent with our previous findings.13 The non-
spherical SILs exhibit a comparable spot-size reduction to
the spherical SIL. In this way, we experimentally verified
the insensitivity to subtle variation of the base shape of
the nano-SIL. We assume that when the SIL size falls in
the wavelength scale or smaller, aberrations are negligible
due to the short optical path length. This insensitivity to
minor variations in shape implies a large tolerance in
nano-SIL fabrication. Such nano-SILs find practical applica-
tions of near-field focusing and magnification combined
with a conventional microscope.11 The advantage of our
technique is that we can precisely locate such nano-SILs
on the target using e-beam lithography or vortex beam
lithography.22
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Fig. 7 (a) Reference spot, (b) the immersion spot of a circular nano-SIL [Fig. 4(a)], (c) the immersion spot of a square nano-SIL [Fig. 4(b)], and
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