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Improvement in focusing accuracy of DNA
sequencing microscope with multi-position
laser differential confocal autofocus method
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Abstract: High focusing accuracy in microscopes could improve the imaging quality to
reduce the error rate in DNA sequencing. We propose a new feedback method to improve the
focusing condition to a very high accuracy. A reference laser reflected by the sample is
detected by two or more sensors around the confocal point. After acquiring the signals from
the out-of-focus positions, online data processing is implemented to provide feedbacks for
real-time focus-plane locking on the sample surface. This method provides an accuracy better
than 1/10 of the objective depth-of-focus. To balance optical aberrations, a specific optical
feedback system should be designed, with athermal design considerations to adapt DNA
sequencing work to temperature fluctuations.
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1. Introduction

DNA sequencing is the process for determining the order of four bases (A, G, C, T), which
plays an important role in fields, such as, biological science, medical diagnosis, and
agricultural development [1-3]. In recent years, the fluorescence-based microscope imaging
method, which makes DNA sequencing easier and faster, has become the most widely used
method in DNA sequencing [4,5]. High-quality fluorescence imaging is the urgent
requirement for high-throughput DNA sequencing [6]. Imaging quality relies not only on a
high-performance microscope but also on precise focal-plane determination, as fast and
accurate focusing on the sample surface is needed. High-throughput DNA sequencing
processes large amounts of data every day, which means that the time interval for sequentially
capturing each image should be as short as possible. In a high-throughput DNA sequencing
process, after the imaging of one DNA sample area is completed, which requires an exposure
time of the order of tens of milliseconds due to weak DNA fluorescence signal, the next DNA
sample area moves to the microscope’s field of view quickly. Meanwhile, the autofocus
system detects the defocus and sends a signal to the focus motor. This is a closed-loop
iteration control process, so that a short defocus detection time is needed for rapid focusing to
improve DNA sequencing throughput; moreover, an autofocus accuracy of the order of a
quarter of the objective depth-of-focus is needed for diffractive-limited performance to
increase the probability of base identification. Therefore, the development of a fast and
precise autofocus microscope is imperative.

The commonly used autofocus method for microscopes is based on image processing [7—
9]. This method, which rapidly scans the focusing position and identifies the image sharpness,
is reliable and robust, and able to obtain a clear image on the accurate focal position.
However, each imaging attempt needs tens of milliseconds of exposure time, and image
processing is also time-consuming. The closed-loop iteration control process needs multiple-
exposure imaging, which will consume more time. Therefore, this method is not suitable for
high-throughput DNA sequencing. Fast autofocus microscopes based on photoelectric
detection have been developed and utilized [10—-12]. The astigmatic autofocus method using a
quadrant detector achieves high accuracy, but does not include any analysis of the system
aberration or translational displacement. Precise autofocus capability is achieved using a
centroid position feedback signal captured by a charge-coupled device (CCD) sensor, whose
fast tracking autofocus accuracy is approximately half of the depth-of-focus. These
photoelectric detection methods have achieved fast autofocus performances with high
accuracy for microscopes, but cannot satisfy the requirements of high-throughput DNA
sequencing.

In this paper, an extremely fast and high-accuracy autofocus method for high-throughput
DNA sequencing is proposed. By applying the laser differential confocal focusing approach
[13] to automatically lock the focal plane of the fluorescence microscope, high-accuracy and
fast autofocusing is achieved, which provides an autofocus accuracy better than 1/10 of the
objective depth-of-focus. Although ultrahigh accuracy is achieved, the intrinsically small
linear range of the laser differential confocal technology limits its applications. Considering
the actual requirements of a DNA sequencing microscope, a multi-position laser differential
confocal method is proposed in this study to extend the working range up to several times the
depth of focus. This method is based on photoelectric detection using a photodiode whose
response time is several nanoseconds. The defocusing distance is obtained through real-time
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differential subtraction of the voltage signals within a millisecond using a common processor.
Therefore, this autofocus method is suitable for high-throughput DNA sequencing.

2. Principle of laser differential confocal autofocus method

The laser differential confocal method has been extensively applied in the field of precision
measurement [14—16]. Here, it is introduced to an autofocus microscope for DNA
sequencing. Figure 1 shows the layout of the optical microscope with the proposed laser
differential confocal autofocus system. The silicon wafer with a fluorescently tagged DNA
segment is located on the focal plane of the microscope. The DNA segment is placed in a
patterned array of spots, whose diameter is less than 1 um. The surface of the silicon wafer
reflects light like a mirror, which can be used as an autofocus target. The microscope consists
of an infinity-corrected objective and a tube lens. The autofocus system consists of a
collimating lens, a single mode fiber (SMF) laser, two pieces of beam-splitters (BS), and a
pair of pinholes and photodiodes (PDs). A parallel laser beam is produced by the collimating
lens, focused with the microscopy objective, reflected back to the autofocus system by the
silicon wafer near the focal plane, split by BS 2 into two components, and finally detected by
the PD pair with pinholes before and after the focus.

Image
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| >Tube Lens
Beam Splitter
BS 1
m SMF Laser

AV

Collimating Lens

Pinhole 2

BS2 Eﬂ——»,'D PD2

+d
i Objective -d_3__ Pinhole 1
< +7z PD 1
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Fig. 1. Microscope with the laser differential confocal autofocus system. BS is the beam
splitter, PD is the photodiode, d is the offset distance of the PDs with pinhole from the focus of
the collimating lens, z is the defocus distance of the silicon wafer from the focus plane of the
microscope objective, and SMF Laser is the laser with single-mode-fiber output.

The response signals of the photodiodes are expressed as /; and [, for PD 1 and PD 2,
respectively. Based on the laser differential confocal principle [13], the differential confocal
response signal /(u, u.) obtained through the differential subtraction of /; and /, can be
derived as follows

o [sinw, 2=u /4T [sin,/2+u, /9]
I(uo,uc) 0ol [ u0/2—uc/4 } { u0/2+uc/4 } M
where,
_z D
U= Iz z @)
W=D, 3)



Research Article Vol. 26, No. 2 | 22 Jan 2018 | OPTICS EXPRESS 900 I

Optics EXPRESS SN X

where 4 (850 nm) is the wavelength of the collimated laser for probing the focus, D is the
diameter of the laser beam, f, is the focal length of the microscope objective, and f. is the
focal length of the collimating lens.

When u, = 0, the differential confocal signal /(u,, u.) = 0, and the silicon wafer is exactly
on the focal plane. When u,#0, the differential confocal signal /(u, u.)#0, and the silicon
wafer is out of focus.

From Eq. (2) and (3), we can discern that u,. depends on d, which is the offset of the PDs
from the focal plane of the collimating lens, while u, depends on z, which is the defocus
distance of the silicon wafer from the focal plane of the microscope objective.

Figure 2 shows the differential confocal autofocus sensitivity with different u.. The
autofocus system has the largest sensitivity corresponding to the maximum slope of the
differential confocal signal curve when u, = 5.21, while it has the maximum working range
corresponding to the maximum monotonic region of the differential confocal signal curve
when u, = 4mn.

Intensity / -/,

Fig. 2. Differential confocal autofocus sensitivity and monotonic region with different u..

To obtain a large sensitivity and a linear working range, u. should be around 5.21, and the
working-range parameter u, is = 2.72 according to the autofocus working range.

The pinholes are used as spatial filters to stop the airy disk before and after the focusing,
except for a small area near the central point of the airy disk. The effect of the size of the
pinholes on the focusing sensitivity is analyzed, which indicates that the normalized radius of
the pinholes should be less than 2 [14]. The actual radius of the pinholes is described as
follows

24

<— == 4
"% (D]1) @

The differential confocal position error ¢ can be described as [13]:

24
o= R
0.547-SNR-(D/ f,)
where SNR is the signal-to-noise ratio of the PDs. The SNR of the PDs is greater than 10.
For a series of microscope objectives, which can be used in DNA sequencing, the required
parameters and autofocus parameters calculated from Eq. (2) and (5) are listed in Table 1,
where the required working range depends on the repetitive positioning accuracy of the object

stage, and the required focusing accuracy depends on imaging quality, equal to a quarter of
the depth-of-focus.

)
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Table 1. Required Parameters and Autofocus Parameters for Microscope Objective

NA=05 NA=075 NA=1.0
Depth of focus +12pum  +053pum  £0.3 pm
Required working range +1 um +1 pum +1 pum

Required focusing accuracy 0.3 um 0.13 pm 0.075 pm

Autofocus working range + 1 um +046 um £ 0.37 um

Autofocus accuracy 0.1 ym 0.045 um  0.025 um
This method provides an autofocus accuracy better than 1/10 of the objective depth-of-
focus, which can satisfy the requirement of the microscope for DNA sequencing. However,
the autofocus working range cannot satisfy the requirement when the numerical aperture
(NA) is larger than 0.5. To expand the autofocus working range, a multi-position laser

differential confocal autofocus method is proposed in this study.

3. Multi-position laser differential confocal autofocus method

Figure 3 shows the layout of the developed multi-position laser differential confocal
autofocus method. Here, four photodiodes with pinholes are respectively placed at the —d, +
d, —3d, + 3d positions offset from the focus of the collimating lens.

PD 4

Pinhole 4 ==
+3d

Pinhole 3

|
BST 7P |PD3
BS3.3d

Pinhole 2

BS2 EHD PD 2

“4Y_Pinhole 1
PD 1

Fig. 3. Layout of the multi-position laser differential confocal autofocus method.

The normalized photodiode-detected signals are denoted as 1;, I, I3, and I, as shown in
Fig. 4. The largest and the second largest signals among /; to I, can be used as differential
confocal signals, determining the value of u,, according to different off-focal distances.
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Fig. 4. Normalized detected signals of the multi-position photodiodes.

Then the normalized differential confocal signal can be modified as follows



Research Article Vol. 26, No. 2 | 22 Jan 2018 | OPTICS EXPRESS 902 I

Optics EXPRESS SN X

{sin(u0/2—3u(,/4)}2 _{Sm(“o/z'”c“)}z -8.16<u <-2.72

u,/2-3u,/4 u,/2-u, /4
| [sin, /2=u/®T [sin@w,/2+u /9T
I(u,,u,) { w2 4 } { w254 } 2.72<u,<2.72. (6)

{Sin(uo 2+u, /4)}2 _{sin(uo /243u_/4)

2
272<u <8.16
u,/2+u, /4 u,/2+3u, /4 } ¢

Figure 5 shows the multi-position laser differential confocal signal curves that have the
maximum sensitivity and uniform monotonicity in three regions: —8.16< u, <-2.72,
—2.72<u,<2.72 and 2.72<u,<8.16. The autofocus working range is expanded to + 1.38 um for
NA =0.75 and + 1.11 pm for NA = 1.0. Referring back to Table 1, apparently, the autofocus
working range can satisfy the requirement of the microscope for DNA sequencing.

0.54---4

Intensity
o
<

-0.54

Fig. 5. Multi-position laser differential confocal signal curves.
4. Effect of optical system aberrations on the autofocus

As some aberrations exist in the actual optical system, it is necessary to analyze the effect of
the optical system aberrations on the autofocus microscope. Because the laser differential
confocal autofocus system works on the optical axis of the microscope objective,
theoretically, there is only spherical aberration. However, during the fabrication process,
astigmatism and coma are likely to be introduced. The Zernike polynomial coefficients [17]
are used to analyze the effects of spherical aberration, astigmatism, and coma. To facilitate
the use of computer program analysis, the Fringe Zernike polynomial [18] is used here, which
was originally developed at the University of Arizona, and is used in the Fringe program. It is
also used by several vendors of interferometers and interferometer software. It has a
maximum of 37 terms, which are a subset of the standard Zernike polynomials, arranged in a
different order, in which, Z9 is the primary spherical aberration, Z8 is the primary coma, Z5 is
the primary astigmatism, and Z4 is the defocus.

Figure 6 shows the rapid decrease in the differential confocal autofocus sensitivity with
the increase in spherical aberration, astigmatism, and coma. Compared to coma and
astigmatism, spherical aberration is more serious. Moreover, the differential confocal signal is
not equal to zero when the silicon wafer is on the focus plane of the microscope objective.
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Fig. 6. Rapid decrease in differential confocal autofocus sensitivity with the increase in
aberration, (a) spherical aberration (Z9), (b) coma (Z8), and (c) astigmatism (Z5).

To obtain high autofocus sensitivity, the aberrations of the microscope objective with an
autofocus system must be as small as possible, especially the spherical aberration. Spherical
aberration, as a type of axial symmetric aberration, can be compensated by the collimating
lens. In addition, the working wavelength of the microscope for DNA sequencing is from 500
nm to 700 nm, while the wavelength of the laser for probing the focus is 850 nm. Because the
autofocus laser wavelength is far away from the fluorescence waveband, there might be some
axial chromatic aberration, which means that the focal points of the microscope objective are
different between the laser and fluorescence. Therefore, axial chromatic aberration correction
is necessary, which can also be achieved by the collimating lens.

Besides, the defocus (Z4), as a special aberration, needs to be considered carefully. The
defocus of the microscope objective is precisely what the autofocus system should detect and
correct, while the defocus of the collimating lens is the system error decreasing the autofocus
working range or even disabling the system. The defocus can be divided into position defocus
and temperature defocus. The former can be removed by assembly adjustment, while the
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latter is decided by the influence of the temperature of the working environment. Therefore, it
is necessary to analyze the temperature adaptation.

5. Temperature adaptation analysis

The working environment of DNA sequencing might have a small-range temperature
fluctuation, usually between 19 °C and 25 °C. Therefore, the microscope with an autofocus
system needs to have a certain degree of temperature adaptability. Figure 7 shows the
autofocus-microscope operation block diagram. The motor-driven objective moves along the
z-axis to compensate for the defocus.

Image
Sensor

Tube Lens

Beam Splitter

Autofocus System

A

Objective

feedbacklcomrol

Motor —_——_——

i

Silicon Wafer

Fig. 7. Block diagram of the autofocus microscope operation.

For the microscope with an autofocus system shown in Fig. 7, a temperature variation can
change the focal plane of the objective and the collimating lens. Because the objective
focuses the laser for probing the focus and the fluorescence at the same time, temperature
affects them in the same manner. On the other hand, the collimating lens of the autofocus
system only collimates the laser that might affect the temperature adaptability. Figure 8 shows
the change in the focal point position of the collimating lens with temperature. When the
temperature deviates from the designated value, PD 1 and PD 2 might lose the symmetry of
the position before and after the focus of the collimating lens, which leads to an error in the
autofocus.

_________%:E__ ...... —
-d +d
-dt Hdt

Focal Focal
plane t plane

Fig. 8. Variation in the focal point position of the collimating lens with temperature.

Figure 9 shows a doublet collimating lens composed of BK7 glass and F2 glass with a
focal length of 60 mm and an aperture of F/4 (SMF NA = 0.12) designed for the autofocus
system. The offset of the PDs with pinholes is + 45 pm calculated from Eq. (3), and the radius
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of the pinholes should be less than 2.16 pm calculated from Eq. (4). When the silicon wafer is
in the focal plane of the objective, the normalized differential confocal signal between PD 1

and PD 2 should be zero.

N
.

Fig. 9. Layout of the collimating lens.

The lens and the PDs are supported by a tube structure. Temperature adaptation analysis
of the collimating tube by ZEMAX software considering optomechanical structure and
material properties in a thermal immersion condition shows obvious temperature defocus
differences for different tube materials due to the significant difference in the expansion
coefficient between aluminum and Invar. Temperature defocus will cause the offset of PD 1
and PD 2 to change, as shown in Fig. 8. Figure 10 shows the offset change with temperature
variation.

49+ —=—PD | Aluminum Tube
8 " —— PD 2 Aluminum Tube
\I ——PD 1 Invar Tube
47 8| —v—PD 2 Invar Tube
= 46
= 45 Yy o 4
: A— - | Y—v
Q
w)
&c:; 44
43 -
42
N
41
19 20 21 22 23 24 25

Temperature / °C

Fig. 10. Offset change with temperature variation.

Then the normalized differential confocal signal in the focal point can be calculated from
Eq. (1). Figure 11 shows the differential confocal signal departure from zero with temperature
variation. The collimating lens with the aluminum tube induces a departure of + 0.1 from zero
with a temperature variation of + 3 °C, which represents 0.05 um autofocus error for an
objective with NA = 0.75, which is too large to be acceptable. Using an Invar tube can
significantly decrease the temperature sensitivity, which induces a departure of + 0.01 from
zero with the same temperature variation. The corresponding autofocus error is 0.01 pm,
which is much better than the required autofocus accuracy.
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Fig. 11. Departure of the differential confocal signal from zero with temperature variation.

For achieving high autofocus accuracy, the collimating lens needs an athermal design.
Here, a collimating lens with an Invar tube is used. For higher accuracy, more sophisticated
methods should be applied.

6. Conclusion

This paper presents an autofocus method for a DNA sequencing microscope. High focusing
accuracy is achieved using the laser differential confocal technology. Moreover, a new multi-
position laser differential confocal method is proposed to expand the autofocus working
range. The analysis of degrading effects of optical system aberrations on the autofocus shows
that aberration compensation and athermalization are needed to reduce spherical aberration,
coma, astigmatism, and defocus. An athermal collimating lens has been designed to cater for
the temperature variation between 19 °C and 25 °C for the DNA sequencing environment.
Future work will focus on the development of the optical instrument.





