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Aberrations and allowances for errors in a hemisphere solid immersion
lens for submicron-resolution photoluminescence microscopy
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We have analyzed the aberrations and allowances for an aspheric error, a thickness error, and an air
gap in a hemisphere solid immersion lens for photoluminescence microscopy with submicron
resolution beyond the diffraction limit, where light with large ray angle and the effect of an
evanescent field play important roles. 99 American Institute of Physics.
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Various applications of a solid immersion lefBIL)}?  PSF integral as the relative pha®é 6) =27W(6)/\ from
have recently been developed, for example, in high-densitihat of =0, where\ is the wavelength of light in vacuum.
optical storagé* near-field-scanning-optical-microscope Then, the PSF is expressed as,
probes’ photoluminescencéPL) microscopy of semicon-
ductor with high-collection efficiency, in vacuum, and at low I(x)oc
temperature88 Its basic principle is the same as that of

oil-immersion microscope and hence is well known, while\,hare sing, and J, show the numerical aperture of the ob-
all-solid oil-free operation enables such advantages as N@ctive lens and the Bessel function of order zero, respec-
contamination of specimen and usefulness in vacuum, and glely.
low temperature. The light transmission properties through @  Figure 1 shows the three typical errors of a hemisphere
solid-air-solid surface has particularly been studied bysiL, an aspheric errds, a thickness errod, and an air gap,
Guerra, who realized high-resolution three-dimensional miwhich we examine in this article.
croscopy of various solid surfaces as photon-tunneling Since a hemisphere SIL is typically fabricated by grind-
microscopy’'1° ing a ball lens with refractive indexand radiusa into hemi-

When one prepares and uses a SIL in practice, deviatiosphere, the first possible error is the deviated shape of the
from the ideal design degrades microscopic images. Thus, friginal ball lens from the perfect sphere. If we model this
is important to know aberrations in an imperfect SIL and itsaspheric error as the variation afagainsté, which is as
allowances, though their analytic expressions or similarlyj@rge asb, it causes the optical path length variationbgh
useful data have so far been reported only partly, for ex-— 1), thatis the aberration
ample, qnder_ the para-axial approximatf’pn. W=b(n—1). )

In this article, we present the aberrations and allowances
of hemisphere SILs with typical possible errors in from con- ~ One of the easiest convenient conditions on allowances
venient and useful for the practical design, fabrication, andor aberrations is the “quarter-wavelength” conditiow/
application of SILs. An aspheric error, a thickness error, and<M4 or ®<m/2, so that the allowances for the aspheric
an air gap are examined on the basis of point-spread functioffTr b is given by,
(PSH for PL microscopy without the para-axial approxima- A
tion, which is important in submicron-resolution microscopy b<m.
beyond the vacuum diffraction limit. In numerical examples,
we mainly discuss a SIL with refractive index=2 and the The allowedb is smaller for largen or for smaller\. For a
radiusa=1 mm, setting the refractive index of air to be 1. SIL with n=2, the spheric surface accuracy of an original
Other choice ofh anda will be mentioned in the end of this ball lens should be within/4, which is achieved in some
article. commercial ball lenses.

For the ideal hemisphere SIL, there exists no aberration ~ The second possible error is the thickness error of a SIL,
for light focused into the sphere center, since all light raysvhere the excess thickness(d<0 for insufficient thick-

incident normally to the hemisphere surface converge at thB&S$ from a for hemisphere introduces the spherical aberra-

center. The magnification and resolution improvement faclion at the bottom surface in the SIL. Fdfa<1, the ana-

tors are botm. In practice, however, aberratioNg( ) are lytic expression oM is obtained as,

incorporated for each plane wave with incident angie the d? 1
W= —n(n—1)| 1-cosf— Esin2 6| (for all sing),
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FIG. 1. The schematic of the typical errors in a hemisphere SIL, an aspheric h=2 “\ N
error b, a thickness errod, and an air gaf. ~04 R R . .
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The second equation, E¢5), under the para-axial approxi- g 04 F h=02r— \
mation is identical with the result by MansfieldThe < \ \
guarter-wavelength condition for the maximwhi at sing 021 h= 0.57L\‘\ \
~1 gives the allowances for the thickness emas, 0 . o .
2an |Y2 0 0.25 05 0.75 1
<|— .
|d| n(n—1) () sin®

Note that the dependence W on d has no linear term FIG. 2. (a) Calculated wave aberratioW/\ as a function of light incident

but starts f th t of that th . ' angle 6 plotted by thick solid and broken curves fprand s polarization

ut starts _rom € square _erm IS0 a € processing light, respectivelylh=\, n=2). Also shown by a thin curve is the calcu-
error of thickness for a hemisphere SIL is tolerated proporiated resul{Eq. (9)] with single-path approximation fa# below the critical
tionally to the square root of the radias This is different  angle 6,=sin"(1/m). (b) Amplitude factor|t(6)| as a function of light
from the other type of SIL with the shape of Superhemi_incident angled for p and s polarizations(solid and broken curveswith
sphere, or Weierstrass sphere, which we discuss in a separdfged parameter di<i (n=2).
article!! If we use a SIL witha=1 mm andn=2 for \
=600nm, we can tolerate the thickness emler =24 um

from a perfect hemisphere. This is far larger than the fabri- h
cation accuracy of the order of Am. W= —/1-nZsir? §—nh(cosf—1)
. . . . . n
The third possible error is an air gap, or the distahce
between a SIL and an object. Here, we discuss the simplest (single-path approx., for sig<1/n) 9
case that the object is a point light source on a surface of a
substrate with the same refractive indexas the SIL. Then, n(n>-1) P
to be added in the PSF integral is the electric-field transmis- ~———g hsin' g (if sinf<1). (10

sion coefficientt(#) =|t|expis through an air gap of thick-

nessh between solid with refractive indem, which is de-  Thjs js exactly the same as that calculated with geometrical
scribed in the textbook by Born and Wdff The aberration optics, and Eq(10) is identical to the previously reported

Wis given by, result® However, we should note in Fig.(@ that Eq.(9)
20 20 obtained with single-path approximation underestimatés
d(6)= TW( 0)=[56(0)—5(0)]— Tnh(cose— 1). In addition,W is proportional tch in the single-path approxi-

) mation, while it is not the case with the effect of multiple
reflection. When an incident angle is larger than the critical

Sincet, and hence, are different forp ands polariza-  angle, it is essential to estimate the aberration by means of

tions due to multiple reflection at the air—solid and solid—airwave optics.

interfacesW is also polarization dependent. We numerically ~ Note thatW/\ for h=\ is as small as 1/4. Fdr<\, W

calculated aberration#/ for p ands polarizations in particu- is within the quarter-wavelength condition, and hence to be

lar case oth=\ andn=2, which are shown by thick solid neglected in the evaluation of resolution.

and broken curves in Fig.(@. On the other hand, the amplitude facttf)| is impor-
Also shown by a thin curve is the calculated result withtant inh<\, becausét(#)| is sensitive toh for > 6., as

single-path approximation for incident angles below the criti-shown in Fig. 2b). The factor|t(8)| essentially reduces the

cal angle §.=sin Y(1/n), for which we have the analytic integrated region ob in the PSF integral and hence limits

expression as, the effective numerical aperture instead of &n
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3 - wherer is the field-of-view radius, or the transverse distance
___:;25 of the observed point from the optical axis, of the SIL. The
N —_—r2 guarter-wavelength condition for the maximuwi at siné
~N . . . .
2 r ---n=18 ~1 gives the field-of-view diameterr2as,
I — - =15 112
s [T == or<| 22 (12)
=, 1 B n(in-1)|
sin, = which is similar to the criterion fod. Using the same param-
0 ‘ . ‘ . eter ofa=1 mm,n=2, and\ =600 nm as before, we obtain

the field-of-view diameter 2 of about 24um, which is large
enough for various applications. Note that the field of view is
Air gap h/A proportional to the square root afof a SIL.

FIG. 3. Effective numerical apertuféA.=0.5I\/FWHM as a function of To Summanze’_ we have shown expreSS|ops and numen_

h/\ for several values oh, where FWHM is the full-width of hait- Cal data of aberrations and allowances for typical errors in a

maximum of the PSF (sifp=1). hemisphere SIL, which is important to make and use the SIL.

Though a SIL with highen can make better resolution, al-

lowances for aspheric errby thickness errod, air gaph and

L field of view r become narrower to keep the high resolution.
ApprQX|mat|ng|t(_0)| as th.FT‘ average of those p_fands . On the other hand, a SIL with largarhas wider allowances

polarizations, which is not _cr|t|ca! in the present dlscus§|on,f0r thickness errod and the field of view proportionally to

we have calgulated PSF with yarled par.am(.aters of an ar ggiq square-root of, while those for aspheric errdrand air

h andn for sin 6,=1. The sp{:\tlal resolution is characterized gaph are unchanged. To use a SIL with largerattention

by the full-width of half-maximum(FWHM) of the PSF. In should also be paid to the heat capacity, the bottom-surface

Fig. 3, we plot the effective numerical apertiNé\ defined flatness, and the group-velocity dispersion of the SIL, and to
as NAgs=0.5I\/FWHM as a function ofh/\ for several worl1<ing distagce gf an obj)éctivz lens ’

values ofn. Noteh is always scaled by in t, and hence imb
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