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Abstract: Divided aperture confocal microscopy (DACM) provides an improved imaging
depth, imaging contrast, and working distance at the expense of spatial resolution. Here, we
present a new method-divided aperture -correlation-differential confocal microscopy
(DACDCM) to improve the DACM resolution and the focusing capability, without changing
the DACM configuration. DACDCM divides the DACM image spot into two round regions
symmetrical about the optical axis. Then the light intensity signals received simultaneously
from two round regions by a charge-coupled device (CCD) are processed by correlation
manipulation and differential subtraction to improve the DACM spatial resolution and axial
focusing capability, respectively. Theoretical analysis and preliminary experiments indicate
that, for the excitation wavelength of A4=632.8 nm, numerical aperture NA=0.8, and
normalized offset v}=3.2 of the two regions, the DACDCM resolution is improved by 32.5%
and 43.1% in the x and z directions, simultaneously, compared with that of the DACM. The
axial focusing resolution used for the sample surface profile imaging was also significantly
improved to 2 nm.
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1. Introduction

A confocal microscope (CM) is an important tool in various scientific disciplines including
physics, chemistry, biomedicine, and materials science due to its unique capabilities of optical
sectioning and high spatial resolution imaging [1-6]. However, a conventional CM achieves
high-resolution three-dimensional (3D) imaging through a high numerical aperture (NA)
objective, resulting in a limitation of the imaged section depth to tens of microns. Therefore,
CM can only be used for high-resolution 3D observations measurements on thin samples [7],
and has the disadvantages of short working distance and low anti-scattering capabilities.
Furthermore, the sample drift due to the long time-consuming scanning method of the point-
by-point and layer-by-layer mode has a prominent effect on the CM imaging quality. These
abovementioned problems prevent the use of the CM for samples that require a large field of
view and large working distance, and have a strong scattering property.
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In general, it is difficult to simultaneously improve the imaging resolution, sectioning
depth discrimination, and working distance of a CM. For example, increasing the NA of the
CM objective can improve the spatial resolution at the expense of the sectioning depth and
working distance of CM. Therefore, the simultaneous improvement of these three parameters
is an important issue that needs to be addressed.

To improve the field of view, optical section depth, and anti-scattering capability of a
CM, a confocal microscopy imaging method based on the symmetrical lateral offset
illumination and lateral offset detection has been proposed [8]. Using this method, divided
aperture confocal microscopy (DACM) [9-16], confocal theta microscopy (CTM) [17-20], and
dual-axis confocal microscopy (DCM) [21-26] have been developed for different
requirements.

DACM partially shields the illumination and detection paths and improves the point
spread function (PSF) of the microscope by using semicircular pupils in both the illumination
and detection paths, thus enhancing the optical sectioning and anti-scattering capabilities [9-
15]. Typical divided-aperture techniques used in DACM include D-shaped pupils [9-12], slit
divided apertures [14], stripe-shaped apertures, and fan-shaped apertures [16]. In CTM, the
illumination and detection axes are arranged at an angle @ and the PSF is optimized by
reconstructing the spatial positions of the illumination and detection PSFs, improving the axial
sectioning discrimination of CM [17]. Typical techniques include annular pupil confocal theta
microscopy [18] and confocal theta line-scanning microscopy [19,20]. Based on CTM, DCM
uses a low-NA and long working distance objective for illumination and detection to
simultaneously achieve the long working distance, large field of view, and high axial
resolution [21-26] , that makes it possible for the miniaturization of confocal microscopy
systems. Hyejun Ra integrated a two-dimensional micro-electromechanical systems (MEMS)
scanner into a long-working-distance DCM system, combined with an integrated optical
system using a reflecting parabolic mirror for illumination and detection to develop a
handheld dual-axes CM [23]. Steven Y. Leigh et al. combined the gradient index (GRIN)
technology with a DCM system to develop a multicolor miniature dual-axis confocal
microscope [24]. D. Wang et al. employed the cylindrical lens in the illumination path and
line scanning detection technique in a DCM system and further developed a line-scanned
dual-axis confocal microscope (LS-DACM) with an improved imaging speed [25]. However,
the improvements in sectioning ability and working distance of DACM, CTM, and DCM were
achieved at the expense of lateral resolution [8-11], which resulted in the decrease of the
spatial resolution. The decrease in the spatial resolution, in turn, restricts the application of
DACM, CTM, and DCM for high-spatial-resolution microscopic imaging fields. The
improvement of the spatial resolution of confocal microscope is, therefore, a current issue of
research in the field of optical microscopy imaging [6, 7, 27, 28].

Therefore, new imaging method-divided aperture -correlation-differential confocal
microscopy (DACDCM) is proposed to simultaneously improve the spatial resolution and
axial focusing capability of DACM. Based on our discovered property that the slight lateral
off-axis offset of the point detector in the DACM focal plane results in a shift of its axial
intensity response curve, DACDCM divides the DACM image spot into two round regions
symmetrical about the optical axis. The light intensity signals are then simultaneously
received from the two round regions by a CCD and are processed by correlation manipulation
and differential subtraction to improve the DACM spatial resolution and axial focusing
capability, respectively. Therefore the spatial resolution and sample focusing capability of
DACM was improved.

2. Principles

According to Fig. 1, the measurement principle of DACDCM is described as follows. In a
DACM imaging system shown in Fig. 1(a), two virtual round detectors are symmetrically
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placed with lateral offset M from the optical axis z,;, and the light intensity response /(x, y,
z,v)y) detected by DACM is given by [29-32]:

I(x,y,2,v, ) =|h (x,3,2)xh,(x,,2,v, )‘2
2nT o) > (1)
_ 1 .
- X {1[(VM+1{M)§+VOJ7]}d§d77
Here, J, is the first order Bessel function, v=v,> +v,y ¢ and 7 are the normalized

coordinates in the pupil plane of the objective L,, P,(é,n) is the illumination pupil function,
P(&n) is the detection pupil function, v, is the normalized optical offset of the detector lateral
off-axis offset M expressed as v)=2zMrR/(2%f.), (Vi,Vy,u;) are the normalized optical
coordinates of (x;, y;, z;), and (Ve Ve,.t.) are the normalized optical coordinates of (x, y,, z.).
The normalized optical coordinates and the coordinates (x, y, z) of DACM satisfy Egs. (2) and
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where, A is the wavelength of the light source, » is the normalized radius of the
illumination and detection pupils relative to the objective pupil, / is the normalized offset of
the illumination and detection axis relative to the optical axis of the DACM system, R is the
pupil radius of the objective L,, f; is the object focal length of the objective L,, and f; is the
image focal length of the objective L,,.

Virtual pinhole detector A® C® B®
[} ’

CCD
an

()

Focal plane S,
----------- Scan plane S;

Fig. 1. Schematic of a DACDCM. (a) The DACM image principle. (b)-(d) the respective Airy
spot pattern received by the CCD when the sample S is on the out-of- focal plane S,, focal
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plane S, and out-of- focal plane S;. (e) Three intensity curves Ia(x,y,z,-vy), Ic(x,y,z), and
Is(x,y,z,+vy). (f) The correlation intensity detection curve Ir(x,y,zvy). (g) The differential
intensity detection curve In(x,y,z,vy). Where (x, y, z) are the DACM system coordinates, (x;, y;,
z;) are the coordinates in the illumination space, and (x., )., z.) are the coordinates in the
detection space.

The DACM image principle is shown in Fig. 1(a), the beam emitted from the laser source
is focused by the converging lens Ly, and then it passes through the pinhole PH and is focused
on the test sample by the objective L,. The reflected beam containing the measured
information is focused by the objective L, on the image point O,, and the Airy spot at point O,
is magnified by the relay magnifier L,, before being detected by the CCD, and then three
virtual round detectors 4, B, and C were set by the measurement software on the Airy spot
received by CCD, as shown in Fig. 1(c). Where the pinhole PH, object point O, and detector
point O, are conjugate. As shown Fig. 1(a), when the sample S moves along axis z, Fig. 1(¢)
shows three intensity curves I,(x,y,z,-vy), Ic(x,y,z), and Ig(x,y,z,7v,,) received by the divided
spot detection shown in Fig. 1(c), and when the sample S is on the out-of- focal plane S,, focal
plane S,, and out-of- focal plane S, the respective Airy spot pattern received by the CCD are
shown in Figs. 1(b)-1(d). Figure 1(f) shows the intensity detection curve Iz(x,y,z,v,,) obtained
by the correlation product processing of two intensity signals /,(x,y,z,-vy,) and Ig(x,y,z,7vy),
and Fig. 1(g) shows the intensity detection curve In(x,,zv,) obtained by the differential
subtraction of two intensity signals /,(x,y,z,-v,,) and Iz(x,y,z,7vy).

Assuming that the excitation wavelength of the DACM system is /=632.8 nm, object focal
length of L, is f,=1.8 mm, numerical aperture of L, is NA = 0.8, pupil radius of L, is R =2.4
mm, [ = r = 0.5, and M=0, the 3D PSF of the DACM can then be obtained by Egs. (1)-(3),
and the normalized full width at half maximum (FWHM) of the 3D PSF is FWHM = 6.4.

In the Airy spot pattern shown in Fig. 1(c), three virtual round detectors A, B, and C were
set at the positions in the half of maximum intensity and the center of the spot, i.e. v4~=-3.2,
3.2, and 0, respectively. Then, the intensity responses in the x-z plane received from the three
virtual round detectors were simulated by Egs.(1)-(3), as shown in Fig. 1(e).

It can be seen from Fig. 1(e) that when the virtual round detectors were placed with an
offset M, from the optical axis z,, of the DACM system in the Airy spot shown in Fig. 1(c),
the two intensity response curves I5(x,),z,-v),) and Ig(x,y,z,+vy,) received by the two virtual
round detectors A and B were shifted from the intensity response curves Ic(x,),z) received by
the virtual round detector C, and the shift was determined by the offset M, between the virtual
detector and system optical axis. Moreover, Figs. 1(b)-1(d) showed that when the sample had
a slight offset from the focal plane of the objective L,, the light spot on the CCD detection
plane had an off-axis movement along the x, axis in the detection focal plane, as shown in
Figs. 1(b)-1(d).

To improve the spatial resolution and axial focusing capability of the DACM, we
processed two intensity response signals /,(x,y,z,-v),) and Ig(x,y,z,%v,,) received from the two
virtual detectors A and B by correlation product and differential subtraction respectively, and
the correlated intensity signal Ix(x,y,z,v)) and differential intensity signal In(x,y,z,v;,) were
obtained, as follows.

Iy (x,y,z, VM) =1, (x,y,z,—vM )XIB (x,y,z,+vM) (4)
I, (xy.zv, ) =1 (x, 2,4y, ) =1, (%, y,2,-v,,) ©)

where (x,y,z) is the coordinates of the DADCM system shown in Fig. 1

Figures 1(f) and 1(g) show the correlation product and differential response curves of
DACDCM in the x-z plane for vy~ 3.2. As can be seen from Fig. 1(f), the width of the main
lobe of the DACDCM intensity response curve Ir(x,y,z,v)) in the x-z plane decreased as a
result of the multiplication. As can be seen from Fig. 1(g), the differential confocal response
curve In(x,y,z,vy) had a positive and negative bipolar response.
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Figure 2 shows the simulation curves of the DACDCM and DACM intensity response
properties for the x- and z-axes, respectively. Figures 2(a) and 2(b) show the simulated lateral
intensity response curves of DACDCM and DACM for the x-axis, Figs. 2(c) and 2(d) show
the simulated axial intensity response curves of DACDCM and DACM for the z-axis, and
Figs. 2 (e) and 2(f) show the simulated axial focusing response curves of DACDCM in the
differential subtraction mode and DACM for the z-axis.

It can be seen from Fig. 2(b) that the FWHMs of the DACDCM and DACM lateral
response curves for the x-axis are Axg=0.253 um and Ax=0.455 um, respectively, implying
that the DACDCM lateral resolution along the x-axis was improved by 44% compared with
the DACM lateral resolution.

Similarly, it can be seen from Fig. 2(d) that the FWHMs of the DACDCM and DACM
axial response curves were Azg=0.612 um and Azc=1.095 um, respectively, implying that the
DACDCM axial resolution in the z-axis was also improved by 44% compared with the
DACM axial resolution.

As can be seen from Fig. 2(f), the zero point O of the DACDCM differential confocal
curve Ip(0,0,z,vy,) corresponded exactly to the focus point (z=0) of the DACDCM system, and
the zero point was in the middle of the most sensitive linear segment of the differential
confocal curves, so the zero point O and its linear segment near point O in the DACDCM
system could be used for the high precise focusing and measurement on the sample surface. In
comparison to the focusing process of the DACM using the peak of the “bell”-shaped axial
intensity response curve [g(0,0,z,v,,~=0), the DACDCM axial focusing and measurement
capabilities were significantly improved due to the best sensitivity and linearity of the axial
response curve Ip(0,0,z,v;,) near the zero point.

1
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Fig. 2. Simulations of the DACDCM and DACM intensity response properties. (a) Simulated
intensity response of DACDCM and DACM in the x-direction. (b) Simulated normalized
intensity response of DACDCM and DACM in the x-direction. (¢) Simulated axial intensity
response of DACDCM and DACM in the z-direction obtained through the simulation. (d)
Simulated normalized axial intensity response of DACDCM and DACM in the z-direction. (e)
Simulated axial focusing curves of DACDCM in the differential subtraction mode and DACM
in the z-direction. (f) Simulated normalized axial focusing curves of DACDCM in the
differential subtraction mode and DACM in the z-direction.

Therefore, it can be seen from Fig.2 that the theoretical resolution enhancement obtained
through simulation are listed in Table 1, and DADCM can significantly enhance the DACM

resolutions in the x- and z- directions.
Table 1. Theoretical resolution enhancement.

x direction z direction

FWHM of the DACM curve 0.455um 1.095um

FWHM of the DACDCM curve 0.253um 0.612um
Resolution enhancement 44% 44%

3. Experimental system and analysis

The above theory and simulation analysis showed that the DACDCM significantly improved
the spatial resolution and axial focusing capability of DACM. To verify the effectiveness of
DACDCM in improving the spatial resolution and axial focusing capability, we built an
experimental setup based on the schematic shown in Fig. 1(a). In the experimental setup, a
semiconductor laser (Thorlabs Inc. CPS180) with wavelength 4=632.8 nm was used as the
light source, a CCD camera (WATEC 902H2 Ultimate) with 752 (H) x 582 (V) pixels and a
unit cell size of 8.6 um (H) x 8.3 um (V) was used as the detector, a two-dimensional (2D)
piezoelectric (PZT) ceramic nano-positioning system (PI Inc. P542) with a scanning feed
resolution of 1 nm was used as the 2D lateral sample scanning stage, a piezoelectric ceramic
nano-focusing z-driver (PI Inc. P725) with a driving resolution of 1.25 nm was used as the
objective scanning system to scan the test sample along the z-axis; and a 100x long working
distance flat field achromatic objective lens (OLYMPUS) with a focal length of £,=1.8 mm, a
numerical aperture of NA = 0.8, and a working distance of ~3.4 mm was used as the system
objective L,. The normalized offset / and the normalized radius r of the illumination and
detection pupils were /=r=0.5, the image focal length of the objective L, was /=150 mm, the
magnification of the magnifier L, was 10 times, and the diameter of the magnified image spot
on the CCD was ~1608.4 um. The diameters of the two virtual round detectors A and B set in
the CCD image plane were 545 um, the normalized lateral offset of the pinholes was v,;~3.2,
and the corresponding actual offset was M=805 pum. In addition, to compare with the DACM
system, a virtual round detector C without offset, representing the intensity response of the
DACM system, was set in the CCD image plane.

To test the lateral resolution property of the DACDCM, we used the DACDCM and
DACM systems to scan the straight edge of the glass substrate coated with a cobalt reflecting
film along x-axis, and the measured step response curves of DACDCM and DACM are shown
in Fig. 3(a), where the curves I,(x,0,0,-v)), Ic(x,0,0), and I(x,0,0,+v),) were the measured
lateral response curves when the virtual round detectors A, C, and B were placed according to
the positions in Fig. 1(c). The curve of I(x,0,0,v;,) shown in Fig. 3(b) was obtained by
correlation product of the measured curves /,(x,0,0,-v;,) and /3(x,0,0,+v,,). Here, we define the
lateral interval corresponding to the normalized intensity from 0.2 to 0.8 as the rising edge
widths of the step response curves, and the lateral resolution is better, the rising edge width is
narrower. It can be seen from the measured normalized step response curves /x(x,0,0,v,,) and
1c(x,0,0) shown in Fig. 3(b) that the rising edge widths of the step response curves for the
DACDCM and DACM were W(xz) = 0.27 um and W(xc) = 0.40 um, respectively, and the
lateral resolution of the DACDCM was improved by 32.5%, better than that of the DACM,
which was in agreement with the simulation results shown in Fig. 2(b).
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Fig. 3. Measured intensity response and axial focusing curves of the DACDCM and DACM. (a)
Measured intensity response of DACDCM and DACM in the x-direction. (b) Measured
normalized intensity response of DACDCM and DACM in the x-direction. (c) Measured axial
intensity response of DACDCM and DACM in the z-direction. (d) Measured normalized axial
intensity response of DACDCM and DACM in the z-direction. (¢) Measured axial focusing
curves of DACDCM in the differential subtraction mode and DACM in the z-direction. (f)
Measured axial resolution curve of DACDCM in the differential subtraction mode.

To test the axial resolution property of the DACDCM, we used the DACDCM and DACM
systems to scan a flat glass sample coated with silver reflecting film along the optical axis,
and the measured axial response curves of DACDCM and DACM are shown in Fig. 3(c),
where curves 1,(0,0,z,-vy), 1-(0,0,z), and 75(0,0,z,+v;,) are the measured axial response curves
when the virtual round detectors A, C and B were placed according to the positions in Fig.
1(c). The curves of I5(0,0,z,-v,,) shown in Fig. 3(d) was obtained by correlation product of the
measured curves 7,(0,0,z,-vy,) and [(0,0,z,+v,,), and it can be seen from the measured
normalized step response curves I(x,0,0,v),) and I-(x,0,0) that the respective FWHMSs of the
axial response curves Ix(x,0,0,v)) and /c(x,0,0) were Azzg=0.48 um and Az=0.79 um. The
axial resolution of DACDCM was improved by 43.1%, better than that of DACM, which was
in agreement with the simulation results shown in Fig. 2(d).

To demonstrate the axial focusing capability of DACDCM, we used the DACDCM and
DACM to scan a flat glass sample coated with silver reflecting film along the optical axis. The
measured axial response curves are shown in Fig. 3(e), where the curves 7,(0,0,z,-vy),
1:(0,0,z), and 75(0,0,z,+vy,) are the measured axial intensity curves when the virtual round
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detectors A, C, and B were placed according to the positions in Fig. 1(c). The curve
15(0,0,z,v,,) was obtained by the subtraction of curves 1,(0,0,z,-v,,) and I5(0,0,z,+v;,), and it
can be seen from Fig. 3(e) that the measured curves Ip(0,0,z,vy,) and 1-(0,0,z) were in
agreement with the theoretical simulation results shown in Fig. 2(f). Figure 3(f) shows the
actual axial resolution curve measured by the differential confocal curve I;(0,0,z,v,,) when the
nanometer-precision objective scanning system moved with 2 nm axial feed steps. And as can
be seen from this, the DACDCM could clearly discriminate the sample with a 2-nm axial
feed, so the axial resolution for differential confocal modes was better than 2 nm.

Therefore, it can be seen from Fig. 3 that the measured resolution enhancement are listed
in Table 2, and DADCM significantly enhance the DACM resolutions in the x- and z-
directions.

Table 2. Measured resolution enhancement.

x direction z direction
Axial FWHM and lateral edge rising width
of the DACM curve 0.40um 116pm
Axial FWHM and lateral edge rising width
of the DACDCM curve 0.27pm 0.66ym
Resolution enhancement 32.5% 43.1%

To further verify the 3D image capability of DACDCM, we used atomic force microscopy
(AFM), DACDCM, and DACM to measure the 3D profiles of the standard step samples with
nominal heights of 20 nm and 100 nm, respectively. Since the lateral and axial resolutions of
AFM were both better than 1 nm, the step profile measured by AFM can be used as the
standard value, and the differences between the profile values measured by DACDCM and
DACM, and the standard profile measured by AFM were used to verify the effects of
DACDCM on improving 3D imaging capability of DACM.

Here, DADCM has two axial scanning modes of sectioning and sensing. When the
thickness of the measured sample is larger than the linear range of DADCM axial response
curve, DADCM measures the sample using the sectioning scanning mode, and otherwise it
measures the sample using the sensing mode. For the 100-nm height sample, the scanning
parameters are the lateral scanning step of 80 nm, the frame images of 128x32 in a lateral
section, the axial scanning interval of 100 nm, and the axial scanning layer of 40. So, CCD
frames of 163840 are measured to obtain the surface topography of 100-nm height sample,
shown in Fig. 4. For the 20-nm height sample, the scanning parameters are the lateral
scanning step of 100 nm, the frame images of 128%32 in a lateral section, and the lateral
profile is obtained by DADCM axial differential curve in a section. So, CCD frames of 4096
are measured to obtain the surface topography of 20-nm height sample, as shown in Fig. 4.

When DACM measures the height samples of 20-nm and 100-nm, it used the fitted
maximum to measure the surface topography, so it needs the scanning in the both lateral (x
and y) and axial directions. Here, the scanning parameters are the lateral scanning step of 100
nm and the frame images of 128x32 in a lateral section. The axial scanning intervals are 50
nm for the 100-nm height sample and 10 nm for the 20-nm height sample, and the axial
scanning layers are 40 layers for the 100-nm height sample and 100 layers for the 20-nm
height sample, as shown in Fig. 4.
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Fig. 4. 3D profile of the step measured by AFM, DACM, and DACDCM. (a) Profile of the step
with 100-nm height measured by AFM. (b) Profile of the step with 20-nm height measured by
AFM. (c) Profile of the step with 100-nm height measured by DACM. (d) Profile of the step
with 20-nm height measured by DACM. (e) Profile of the step with 100-nm height measured
by DACDCM. (f) Profile of the step with 20-nm height measured by DACDCM. In which, the
color bar represents the measured height and it is able to adaptive height change.

Figure 4 shows the 3D profiles, 2D profiles, and step height of the standard step sample,
which were measured by AFM, DACDCM, and DACM. Figs. 4(c) and 4(d) show the profiles
of the step sample with heights of 100nm and 20 nm, measured by a point-by-point and layer-
by layer scan with the extreme point of the DACM intensity curve /c(x,),z). Figures 4(e) and
4(f) show the profiles of the step sample with heights of 100 nm and 20 nm, which were
measured by a point-by-point and layer-by layer scan with the extreme point of correlation
property curve Ir(x,),z,vy) of DACDCM. As can be seen from Figs. 4(a), 4(c) and 4(e), the
step heights measured by AFM, DACM, and DACDCM were Hx=98 nm, H-=80 nm, and
Hg= 96 nm, respectively. The difference in the step height measured by DACDCM and AFM
was only 2 nm, but the difference in the step height measured by DACM and AFM was 18 nm.
Therefore, the DACDCM significantly improved the axial resolution of the DACM. Moreover,
the shape of the step profile measured by DACDCM was close to that measured by AFM, but
the shape of the step profile measured by DACM had obvious differences from that measured
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by AFM, and there was a strong distortion in the cross section of the step. Therefore,
DACDCM significantly improved the lateral resolution of DACM.

As can be seen from Figs. 4(b), 4(d) and 4(f), the step height measured by AFM, DACM,
and DACDCM were Hx=20 nm, Hc=62 nm, and Hgx=18 nm, respectively, and the difference
in step height measured by DACDCM and AFM was only 2 nm, but the difference of the step
height measured by DACM and AFM was 40 nm, which was a measurement mistake.
Therefore the differential subtraction mode of DACDCM significantly improved the axial
resolution and axial focusing capability of the DACM. Moreover, DACDCM also
significantly improved the speed of the measurement when the DACDCM was in the
differential subtraction mode using the linear segment of the differential curve Ip(x,y,z,vy) to
measure the 3D profile of the height step sample by direct single layer scanning.

4. Conclusions

We found that the lateral offset of the detector caused a shift of the axial intensity response
curve in DACM. Based on this feature, we proposed a 3D high-resolution DACDCM method
with an axial focusing capability at the nanometer scale. Theoretical analysis and experiments
indicated that the DACDCM improved the lateral and axial resolutions of the DACM by
32.5% and 43.1%, respectively, when DACDCM and DACM had the same configuration, and
the axial focusing resolution was significantly improved to 2 nm. Moreover, the differential
confocal measurement mode of DACDCM was used to directly achieve the 3D profile
measurement with nanometer precision by single layer fast scanning. Therefore, DACDCM
provides a novel approach in the improvement of the DACM spatial resolution and axial
focusing capability.
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