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a b s t r a c t

A new method, high precision radially-polarized light pupil-filtering differential confocal measurement
(RPDCM), is proposed to improve the 3D measurement resolution of confocal system. SPDCM uses the
property that the radially-polarized-light can produce a strong longitudinal field component after being
focused by a high numerical aperture objective to reduce the lateral size of the focus spot, and relies on
the pupil-filtering technique to optimize the pupil function of the optical system by the designed pupil
filter, which therefore improves the lateral resolution of confocal system, and it uses the differential
confocal technology to improve the axial measurement resolution of the confocal system, thereby im-
proves the 3D measurement resolution of the confocal system. Based on RPDCM, we developed a high
precision radially-polarized light pupil-filtering differential confocal setup, and use it to verify the ef-
fectiveness of RPDCM by experiments. The theoretical analysis and experimental results show that the
RPDCM can reach the lateral and axial measurement resolutions of 150 nm and 1 nm, respectively, which
are an improvement of 20–32% and 3.7 times compared with a confocal system.

& 2016 Published by Elsevier Ltd.

1. Introduction

In semiconductor processing, precise manufacturing and other
industries, the surface profile and microstructure of the sample
must be measured precisely. Scanning Tunneling Microscope
(STM), Atomic Force Microscope (AFM), near-field scanning optical
microscope (NSOM) and other techniques can perform 3D surface
measurement with high accuracy, and their precision can reach
0.1 nm [1–4], but they have such disadvantages as the complex
operation process and strict requirements for the sample and
environment, so their applications in the field of surface profile
measurement are greatly limited.

Because of its unique axial response capability, confocal mi-
croscopy (CM) is widely used to characterize very small 3D
structures and perform surface profile measurement [5–7], and it
has the following advantages over STM, AFM and NSOM. (1) It has
a long working distance to make the operation easy; (2) there is no
need for sample pre-processing or a vacuum operation process,
and there is no strict requirement for the sample or the environ-
ment; and (3) it causes no damage to the sample due to the
noncontact with the sample during the process. However with the

development of semiconductor processing and precise manu-
facturing industries, confocal microscopy system cannot meet the
requirements of high precision in a 3D measurement. Therefore,
overcoming the diffraction limit to improve the 3D measurement
precision of the system has become an important research aspect
in the surface profile measurement field.

To improve the axial measurement ability, Evangelos et al.
proposed a method to improve focusing accuracy by combining
interference technology with the confocal optical path [8], but its
optical path was complicated and vulnerable to disturbance.
Matthew S. Muller proposed a method that combines structured
light illumination and synchronized Complementary Metal Oxide
Semiconductor (CMOS) rolling shutter detection [9], to improve
the CM axial measurement ability by 2.75 times, but it used dual-
line illumination and caused the reduction of the lateral resolu-
tion. Wei Gong and Sheppard improved the axial precision of
confocal systems by using the apertures to modulate the illumi-
nation light shape [10,11], but this method may cause the loss of
light intensity and a decrease in the lateral resolution.

For non-fluorescent labeled industrial sample, the radially-po-
larized light tightly focusing technology combined with pupil fil-
tering technology is an important research aspect to improve the
lateral resolution in international. The optical pupil filtering
technique allows the transverse dimensions of the focal spot to be
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compressed by the radially-polarized beam under high numerical
aperture illumination [12]. In 2008, Haifeng Wang et al. originally
proposed a feasible way to improve the lateral resolution of an
optical system by combining a radially-polarized beam with pupil
filtering technology [13], which compressed the lateral size of the
focal spot to 0.43λ. In 2011, Kozawa et al. modulated a confocal
system illuminating beam by a radially polarized plate and a six-
area pupil filter [14], which was combined with an oil immersed
high numerical aperture objective lens to compress the focal spot
lateral size to 0.5λ. In 2013, Hanming Guo et al. used the phase
pupil filter technology and radially polarized light to successfully
compress the lateral size of the focal spot to 0.41λ [15]. In 2014,
Wangzi Ma achieved a needle of 0.27λ in lateral size by focusing
an azimuthally polarized and phase modulated beam [16]. How-
ever, all of the above-mentioned methods expanded the axial size
of the focal spot and reduced the axial resolution of the system
while the lateral size of the focal spot is compressed.

Some researchers proposed an annular pupil to compress the
lateral and axial sizes of the focal spot at the same time. Jun
Miyazaki et al introduced the annular pupil technology for laser
diode pump probe microscope [17] to compress the lateral and
axial sizes of the focal spot simultaneously, but it caused an in-
crease in the side lobe of the focal spot and a loss in the light
intensity of more than 60%. Liangxin Yang et al. used a radially
polarized beam and a narrow-band annular pupil to compress the
focal spot [18], and obtained a focal spot of 0.00711λ2 in size by a
large numerical aperture objective lens, but more than 80% of the
light intensity was lost. These methods can improve the lateral and
axial measurement ability at the same time, but may cause the
serious loss of light intensity, so they are greatly limited in prac-
tical application.

To improve the 3D measurement ability of CM, we propose a
new radially-polarized light pupil-filtering differential confocal
technology, which combines the idea of compressing the focal spot
size and improving the sensitivity of detection. It relies on the
tight focusing of radially-polarized light and the beam modulation
effects of pupil filtering technology to improve the lateral resolu-
tion of CM, uses the differential confocal technology to improve
the axial response sensitivity of CM [19,20] and consequently
improves the CM axial measurement precision even if the axial
size of the focal spot is expanded, and thereby improving the 3D
measurement resolution of CM. The method can improve the lat-
eral resolution and axial measurement precision at the same time
without loss of light intensity, so it provides a feasible method to
improve the 3D measurement ability of CM. It could have wide
application in the field of micromachining, semiconductor and
microelectronics manufacturing.

2. Measurement principle

By combining the differential confocal axial focusing principle
and radially-polarized light tightly focusing technology with the
pupil-filtering technique, we propose the high-precision radially-
polarized pupil-filtering laser differential confocal measurement
(RPDCM), and its principle is shown in Fig. 1.

A short wavelength laser beam emitted from the laser diode
travels through the beam expander and the S-P wave plate to be
shaped into a uniformly distributed radially-polarized-beam. Then
it travels through BS1 and is modulated into a radially polarized
structured beam by the pupil filter F. The beam is focused by ob-
jective Lo, and the focal spot used to illuminate the sample is
smaller than the Airy disk. The laser beam reflected back from the

test sample is reflected by BS1 and then focused by the collecting
lens Lc. The convergence beam is divided into two beams by BS2
and they are received by the detectors D1 and D2. Pinholes PH1
and PH2 next to the detectors are placed before and behind the
focus of Lc with the same offset dM, and the differential signal can
be got by the subtraction of signals received by D1 and D2, and be
used to calculate the sample height information to produce a 3D
image of the sample surface.

RPDCM uses the differential optical structure to increase the
slope of confocal axial response curve at the focus to improve the
axial response sensitivity and axial measurement precision. It uses
the S-P wave-plate and pupil-filter to form the radially polarized
structured light and improve the lateral resolution. Therefore,
combining differential technology and radially-polarized light
pupil-filtering technology can improve the 3D measurement
ability of CM and achieve high spatial resolution testing.

2.1. Performance of radical polarized light in DCS

When a radially polarized beam is used in a differential con-
focal system, the electric fields near the focus for the illumination
of the high-aperture lens can be described as follows[12]:
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where Er and Ez are the lateral and axial component of the radially
polarized light, ρ is the normalized pupil radius, and α is the nu-
merical aperture angle of objective Lo. u and v are normalized
optical coordinates, and can be written as:
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The object space illumination light intensity distribution is:

Fig. 1. RPDCM system and its axial response curve S-P is the S plate used to gen-
erate the radially polarized beam, BS1 and BS2 are beam splitters, F is a pupil filter,
Lo is the objective lens, LC is the collimating lens, PH1 and PH2 are pinholes, D1 and
D2 are detectors.
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