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Preface

Many books on confocal microscopy introduced imaging theories and experimental
techniques in the field of life science. Unfortunately, there are few books on confocal
microscopy that elaborate on aspects of industrial metrology despite confocal
microscope being an essential instrument both in life science and advanced
fabrications, and its earlier applications which were measurements on integrated
circuit.

In term of a 3D imaging tool, confocal microscope can be appropriate for either
imaging cells or the measurement of industrial artefacts. However, junior research-
ers and instrument users sometimes misuse imaging concepts and metrological
characteristics, such as position resolution in industrial metrology and scale
resolution in bio-imaging. And, metrological characteristics or influence factors in
3D measurement such as height assessment error caused by 3D coupling effect are so
far not yet identified. In this book, the authors record their practices by the working
experiences on standardization and system design.

This book assumes little previous knowledge of optics, but rich experience in
engineering of industrial measurements, in particular with profile metrology or areal
surface topography will be very helpful to understand the theoretical concerns and
value of the technological advances. It should be useful for graduate students or
researchers as extended reading material, as well as microscope users alongside their
handbook.

We thank Professor Tony Wilson at the University of Oxford, UK, for
discussions on optical theory, and Professor Richard Leach at the University of
Nottingham for discussions on metrology, and the past group members who
encouraged this research.

J Liu
Harbin, China

November, 2016
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Chapter 1

Confocal microscopy and
its application in China

1.1 A brief review of confocal microscopy
The birth of confocal microscopy (CM) can be traced back to 1957 [1]. The original
concept of confocal microscopy was first proposed by Marvin Minsky at Harvard
University. Minsky recalls the idea was first propounded in 1955 and the initial
motivation was to reduce imaging blur and enhance contrast by reducing the size of
the illuminator and detector down to a point. Certainly, the imaging field of view
gets smaller when a point mask is used, however it has been proved that this can be
compensated by mechanical scanning or optical scanning with a satisfactorily
developed galvanometer mirror, DMD and LCD etc. Scanning techniques were
again stimulated by the development of CM, after a flying spot microscope was
proposed in 1951. In 1961 patenting was authorized.

However, CM did not gain much public attention, despite the approved patent
until C J R Sheppard and A Choudhury first demonstrated a 1.4 times improvement
in CM resolution over traditional optical microscopy, and T Wilson discussed the
depth discrimination and presented the sectioning ability of CM [2–4]. Henceforth,
CM became widely appreciated and heralded a new branch of modern optical
microscopy. Currently, CM is highly focused and very active both in industrial
metrology and life science research. Compared with AFM, MFM and EFM,
scanning tunneling microscopy or near-field optical microscopy, CM has a wide
range of advantages, including: low cost, contactless on samples and excellent noise
inhibition abilities.

In China, the earliest theoretical discussion on CM began at the end of the 1980s
at the Shanghai Institute of Optics and Fine Mechanics and the Chinese Academy of
Sciences. However, during the following 20 years, the development of domestic
commercial products of CM failed to materialize as expected, although CM based
applications were well developed and widely used in the material and life science

doi:10.1088/978-1-6817-4337-0ch1 1-1 ª Morgan & Claypool Publishers 2016

http://dx.doi.org/10.1088/978-1-6817-4337-0ch1


fields. Harbin Institute of Technology (HIT) began investigations on CM theory
around 1998. The HIT group pioneered a number of CM based techniques, such as
differential confocal sensors, digital differential confocal microscopy and phase-shift
confocal interferometers as well as Sinc2 fitting algorithms, and additionally
proposed a limited energy lost (LEL) decoupling criterion for three-dimensional
(3D) groove metrology etc [5–6]. In 2015, the HIT group published the first Chinese
monograph on CM, to demonstrate how CM techniques have been developed and
applied to Chinese industry. In 2011, China’s ‘Major Scientific Instruments Plan’
was launched and thereafter research on commercial CM products has been robustly
supported. Metrological confocal microscopes and confocal profilometers were
successfully developed in HIT, and a commercial Raman-confocal microscope
was achieved at Beijing Institute of Technology. The two photon microscope
has mainly been researched at Suzhou Institute of Biomedical Engineering and
Technology, Chinese Academy of Science and additionally at Zhejiang University,
Beijing University and Xi’an Institute of Optics and Precision Mechanics. The
Chinese Academy of Sciences also pioneered a number of techniques in nonlinear
imaging and for structured illumination microscopes.

1.2 Resolution
The applications of CM chiefly pertain to industrial measurement or biological
imaging. There is often some confusion regarding resolution among junior users and
researchers, because CM resolution may be in nanometers or even higher levels in
some aspects of industrial measurement, while biological imaging may require
hundreds of nanometers. There may be 20 or more different definitions of resolution
in a dictionary of science and technology, however the real meaning of resolution
will depend on its specific application. It can be better understood if the full name of
the resolution (position resolution or scale resolution) is given in the description, as
position resolution describes how sensitively the system can determine the specimen
laterally or vertically, while scale resolution is defined as the minimum size of
possibly identified details.

The resolving ability of an optical instrument is relevant to three resolutions at
least: diffractive resolution, geometrical resolution and equivalent-noise resolution.
Diffractive resolution is the basic restriction for optical equipment. In free
space propagation, the resolved minimum distance is defined as the Airy spot,
δd = 1.22λF/D, λ is wavelength, F is focal length and D is pupil diameter. For
nonlinear techniques, δd determines the resolving ability of an optical instrument.
Geometrical resolution, δg = ΔxR/F, is decided by CCD pixel size, Δx is pixel
distance and R is imaging distance. For geometrical imaging, super resolving
imaging can be realized by moving the camera in Δx/N to collect N frame pictures
and reconstructing photos using sub-pixel algorithms. Equivalent-noise resolution is
a type of short quantum noise which is closely related to temperature fluctuation,
stray light, the detector’s electronic noise etc.

An optical system is a low-pass filter with diffractive resolution, determined by
the limited diffractive pupil size. However, super-resolving techniques exceed the
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limits of traditional optical systems. In 1952, Toraldo Di Francia made the first
attempt to achieve high resolution beyond the Airy spot, by modulating pupil
function and using weak coherent illumination. Henceforth scientists began to
realize the significance of source coherence. Laser technology emerged in 1960,
opening a new era of coherent optics. Pupil filtering or wave front engineering have
since been developed and have been hot topics in modern optics. However it is
important to be aware that side lobe growth and energy loss will accompany the
compression of a main lobe, when pupil function is modulated to suppress the size of
the point spread function [7–9].

Can instrument resolution be truly improved by inserting a pupil filter? Brynmor
J Davis gave an interesting answer in 2004 by saying that optical cut-off does not
extend in this case, but high frequency information will be partially enhanced at the
cost of lower transformation at low and middle frequencies. Therefore, some initial
high frequency details become visible in comparison with previous images obtained
in the case of a clear pupil. In a CM system, the point-like pinhole mask can make
the rising side lobe apodized so that cut-off is finally improved. This is an equivalent
nonlinear response in CM. Nonlinear effects might be one of the most significant
trends in today’s microscopes, such as STED, STORM and I5M, indicating that
microscopy has already turned into nanoscopy.

1.3 Standardization in China
The development of CM has stimulated the 3D imaging industry, whilst providing a
challenge to international standardization. Metrological theory needs to catch up
with instrument development, and thereafter provide valuable guidance for users
and promote applications. To the best of the authors’ knowledge, the first interna-
tional standard may be ISO 25178-607 which describes the nominal characteristics
of CM as an area non-contact instrument and is drafted by ISO/TC213 WG16;
scientists/engineers from the UK, US, Germany and China etc. are collaborating
on the formulation of standards. ISO (International Organization of Standards)
together with IEC (International Electrotechnical Commission) and ITU
(International Telecommunications Union) publish 85% of international standards.
Their member bodies comprise 98% of global GDP and 97% of the population
range.

In China, the first CM national standard, Geometrical Product Specifications
(GPS), Metrological Characteristics and Guide to Uncertainty of Measurement for
Optical Confocal Microscopes, was drafted by HIT and administrated by SAC
(Standardization Administration of the People’s Republic of China)/TC240. In this
national standard, the terms and definitions relating to confocal microscopes are
described fully, as are the basic methods regarding 3D micro-imaging uncertainty
evaluations. China’s standardization is motivated by the drive of industrial develop-
ment and modernization. This book is a concise summary of the authors’ research
into CM and its applications to industrial metrology.
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Chapter 2

Point spread function model

In comparison with the transfer function, the point spread function (PSF) is more
intuitive in demonstrating intensity change, however it is unable to indicate band-
width level and frequency distribution [1–3]. PSF engineering is of equal importance
to the Fourier theory based transfer function, and widely used in system design.
Researchers may choose either the PSF or transfer function as the tool to evaluate
imaging performance. In terms of an optical system, confocal microscopy (CM) is
basically the same as a conventional optical microscope except for the extremely
small source and detector [4, 5]. Despite differing sizes of sources and detectors, PSF
always provides an effective solution for image resolution. PSF is initially modeled
using scalar theory, in order to demonstrate how resolution can be improved in CM.

2.1 Lens imaging
A thin lens with a thickness distribution of parabolic type is the simplest ideal imaging
element in an optical system. It is assumed that the phase, rather than the transverse
coordinates of a beam of light, change immediately after it passes through a thin
lens. A concise schematic diagram of a thin lens is shown in figure 2.1, wherein d1 and
d2 are the distances from the lens to the object and the image plane, respectively.

The transmission function of the lens can be expressed as

= ⋅ +
⎡
⎣⎢

⎤
⎦⎥( )t x y P x y

k
f

x y( , ) ( , ) exp
i
2

(2.1)2 2

where f is the focal length, P (x, y) is the pupil function, k = 2π/λ is the wave number,
and a is the radius of the thin lens. The pupil function restricting the non-opaque
area can be defined as

= + ⩽⎧⎨⎩P x y x y a( , ) 1
0 else

. (2.2)
2 2 2
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The light emitting from the point object spreads as a spherical wave, and the
complex amplitude distribution prior to the lens can be given by the formula of
spherical wave propagation,

λ
= − ⋅ − +

⎡
⎣⎢

⎤
⎦⎥( )U x y

iU
d

ikd
k

d
x y( , ) exp( ) exp

i
2

. (2.3)before
0

1
1

1

2 2

The amplitude immediately after the lens can be modulated using its transmission
function and formulated as shown below in equation (2.4). For a clear pupil, pupil
function P (x, y) takes a constant value of 1,

λ

= + ⋅

= − ⋅ + ⋅ − +

⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥

( )

( ) ( )

U x y P x y
k
f

x y U x y

iU
d

kd P x y
k
f

x y
k

d
x y

( , ) ( , ) exp
i
2

( , )

exp( i ) ( , ) exp
i
2

exp
i

2
.

(2.4)
after

2 2
before

0

1
1

2 2

1

2 2

The complex amplitude distribution on the detector plane is defined as Ui (xi, yi) and
the following distribution function can be obtained through the Fresnel diffraction
integral,

∬

∬

λ
= −

× − − + −

= ⋅ − − +

× − +
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C P x y
k

f d d
x y

k x x yy x y

( , ) exp( i ) ( , )

exp
i

2
d d

( , )exp
i
2

1 1 1

exp i d d

(2.5)

i i i

i i

i i

0

2
2 after

2

2 2

1 2

2 2

According to the imaging laws,

= +
f d d
1 1 1

(2.6)
1 2

Figure 2.1. Schematic diagram of simplified thin lens imaging.
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the complex amplitude on the detector can be finally given by

∬= ⋅ ⋅ − +
⎡
⎣⎢

⎤
⎦⎥( )U x y C P x y

k
d

x x yy x y, ( , ) exp
i

( ) d d (2.7)i i i i i
2

where C is a constant factor. In terms of the rotational symmetry of the pupil, the
diffraction formula can be expressed in polar coordinates instead of Cartesian, in
order to simplify the formula and improve computational efficiency. For an
axisymmetric optical system, polar coordinates can sometimes be highly useful to
researchers in analyzing energy distribution or polarization, and so the Cartesian
coordinates of variables on the pupil and imaging planes can be rewritten as

θ
θ

ρ φ
ρ φ

=
=

=
=

x r
y r

x
y

cos
sin

and
cos
sin

(2.8)i i

i i

then

∫ ∫θ ρ φ
λ

π ρ φ θ φ ρ ρ= −
π ⎡

⎣⎢
⎤
⎦⎥U r K P

f
a r a( , ) ( , )exp

1
i2 cos( ) d d . (2.9)i i i

0

1

0

2

By substituting the following equations of Bessel functions into equation (2.9),

∫π
φ φ=

π
J x x( )

1
2

exp(i cos )d (2.10)0
0

2

∫ π π π π
π

=
⎡
⎣⎢

⎤
⎦⎥J rr r r a

J ar
ar

(2 )2 d
2 (2 )

2
(2.11)

a

i
i

i0
0

2 1

the complex amplitude on the image plane is simplified as

= ⋅
⎡
⎣⎢

⎤
⎦⎥U v C

J v
v

( )
2 ( )

. (2.12)i
1

Transverse optical coordinate v can be defined as

π
λ

=v
a
d

r
2

(2.13)i
2

where ri = (xi
2+yi

2)1/2, and ri is the radial distance on the image plane. So the
intensity response distribution of a point object on the image plane can be
simplified as

=
⎡
⎣⎢

⎤
⎦⎥I v

J v
v

( )
2 ( )

. (2.14)1
2

I(v) is the intensity point spread function (IPSF), which refers to the intensity
response of a linear optical system. In an ideal thin lens, the pattern of I(v) is usually
called an Airy disk and it is usually used to evaluate the imaging ability of an optical
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system. A high resolution system has sharp main lobe and a low-intensity side lobe.
For 3D microscopic imaging or measurement applications, specimen thickness
cannot be neglected. Optical signals from different sections of an object are aliasing,
and as a result the image will blur since a part of the section being imaged must have
spherical aberrations. The levels of aberrations can be reflected by the size of the
IPSF. A narrower IPSF is better as it is much closer to the Airy spot. Figure 2.2
shows the radial and lateral intensity distribution of I(v), respectively.

An object’s defocusing quantity in Cartesian coordinates can be denoted as Δz.
The complex amplitude distribution on the image plane of a defocusing system is [7]

∫

λ
π

λ

π
λ

π

=
+ Δ

− + Δ −
+ Δ

× −
+ Δ + Δ
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2
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The axial optical coordinates can be defined as

π
λ

= Δu
a
d

z
2

. (2.16)
2

2
2

So we can obtain the complex amplitude distribution near the focal plane as given
by

∫ ρ ρ ρ=
⎛
⎝⎜

⎞
⎠⎟U v u C

u
J v( , ) exp

i
2

( )d (2.17)i
0

1 2

0

where C is a constant factor. Furthermore, the 3D intensity distribution can be
expressed as

Figure 2.2. Intensity distribution of a point-like object.
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∫ ρ ρ ρ ρ=
⎛
⎝⎜

⎞
⎠⎟I v u

u
J v( , ) exp

i
2

( ) d . (2.18)
0

1 2

0

2

Figure 2.3(a) describes the system’s three-dimensional (3D) diffraction intensity
distribution and figure 2.3(b) reveals the intensity distribution along the optical axis.

Considering the defocusing amount u, the 3D PSF h(v, u) of a thin lens is defined as

∫ ρ ρ ρ ρ=
⎛
⎝⎜

⎞
⎠⎟h v u

u
J v( , ) exp

i
2

( ) d (2.19)
0

1 2

0

and the 3D IPSF is expressed as

=I v u h v u( , ) ( , ) . (2.20)2

In a general microscopic imaging system, the point object’s axial response curve can
be obtained by integrating equation (2.20) with respect to v. Integral calculations
show that an infinitely large detector can receive all diffractive signals. Although a
CCD has a finite size physically, its size is much larger than an Airy disk, so the
detector response with limited size and infinite integration response approximately
coincides. However for CM imaging, not only the detector is required to have point-
like size but also the illumination must be highly restricted to a scanning point. Prior
to confocal imaging, flying spot imaging provided successful results in stray light
control. However, the most interesting advance of CM was not to suppress cross
talk, but open an era of 3D imaging [4, 5].

2.2 PSF in confocal imaging
The imaging models of CM are related to samples and they can be divided into
transmissive and reflective types. Figure 2.4(a) and (b) are schematic diagrams of
CM imaging systems working with transmissive and reflective samples, respectively.

In principle, transmissive and reflective confocal systems are not entirely
equivalent. In industrial microscopic measurement, the sample itself is reflective,
and so its imaging principle can be represented by figure 2.4(b). For biological
fluorescence imaging, since the transparent sample is labelled with fluorescent

Figure 2.3. Three-dimensional and axial diffraction intensity distributions of a thin lens system. (a) 3D
diffraction intensity distribution. (b) Axial intensity distribution.
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material, the system’s measurement signal is the fluorescence signal rather than the
transmitted optical field. In this case the imaging model can also be represented by
the reflective system shown in figure 2.4(b). In this book we only discuss the reflective
confocal imaging system.

As shown in figure 2.4, the light coming from a point source passes through the
lens P1 and converges on the measured surface, and the reflective light from the
surface is then collected by the point detector with the help of a dichromic mirror
and an additional lens P2. In this system, the point source and the point detector are
in conjugate positions. If δ(ro) denotes a point source, the amplitude distribution of
the light field on the measured surface can be expressed as

∫ δ= +_
−∞

∞
U r r h r Mr r( ) ( ) ( )d (2.21)1 ill 1 0 1 0 1 1 0

and

r0 = (x0, y0, z0), r1 = (x1, y1, z1), =
−

⎡

⎣
⎢⎢⎢

⎤

⎦
⎥⎥⎥

M
M

M
M

0 0
0 0

0 0
1

1

1

1
2

and M1 = d1/d2.

Figure 2.4. Schematic diagrams of CM imaging with transmissive and reflective samples. (a) Transmissive
confocal microscopy. (b) Reflective confocal microscopy.
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