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Abstract: This paper presents an off-axis differential method for the improvement of a femtosecond
laser differential chromatic confocal probe having a dual-detector configuration. In the proposed
off-axis differential method employing a pair of single-mode fiber detectors, a major modification
is made to the conventional differential setup in such a way that the fiber detector in the reference
detector is located at the focal plane of a collecting lens but with a certain amount of off-axis detector
shift, while the fiber detector in the measurement detector is located on the rear focal plane without
the off-axis detector shift; this setup is different from the conventional one where the difference
between the two confocal detectors is provided by giving a defocus to one of the fiber detectors.
The newly proposed off-axis differential method enables the differential chromatic confocal setup to
obtain the normalized chromatic confocal output with a better signal-to-noise ratio and approaches
a Z-directional measurement range of approximately 46 um, as well as a measurement resolution of
20 nm, while simplifying the optical alignments in the differential chromatic confocal setup, as well as
the signal processing through eliminating the complicated arithmetic operations in the determination
of the peak wavelength. Numerical calculations based on a theoretical equation and experiments are
carried out to verify the feasibility of the proposed off-axis differential method for the differential
chromatic confocal probe with a mode-locked femtosecond laser source.

Keywords: chromatic confocal probe; femtosecond laser; off-axis differential method; tracking local
minimum method

1. Introduction

A confocal probe is an optical displacement sensor often employed in microscopy for form
measurement of three-dimensional microstructures for the quality control of ultra-precision machined
surfaces [1-6]. Due to a high lateral resolution and a good depth discrimination performance by
the Z-directional depth-sectioning effect, a confocal probe can also be employed in the surface
profilometry of various materials and medical applications in the observation of living cells [7-10].
Chromatic confocal microscopy [11] has been proposed for the elimination of the axial-scanning
of the conventional confocal microscopy. To obtain a better lateral resolution and an in-depth
discrimination performance while eliminating the influence of nonuniform surface reflectivity of a target
object in the three-dimensional surface topography measurement at nanometric or sub-nanometric level,
differential methods and the corresponding signal processing algorithms for a confocal probe [12-26]
have been proposed. Most of the differential methods for a confocal probe employ two confocal
outputs captured by two detectors with different apertures or focusing conditions.
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The differential methods can be categorized into two major types. The first type [25] employs
two photodetectors having apertures with different sizes. Each of the apertures is placed at the focal
plane of the corresponding collecting lens in the confocal setup, and the height information of an object
surface under inspection can be decoded from the linear relationship between the axial displacement of
the target surface and the normalized intensity ratio of the two confocal outputs. Some of the differential
probes of this type can carry out measurement without the scanning along the optical axis. However,
the in-depth measurement range is relatively small [26].

The second type employs two detectors having identical confocal apertures [17-24]. One confocal
aperture is located in front of the focal plane of a corresponding collecting lens, while the other is placed
behind the focal plane of another corresponding collecting lens to obtain two different confocal outputs.
In the case of employing two slits as the apertures for the confocal setups, the in-depth resolution could
be degraded [17]. However, this can be overcome by employing two identical pinholes as the apertures
for the confocal setup [18-24]. For this type of differential method, two corresponding signal processing
algorithms have been designed. The first signal processing algorithm [21-24] is designed in such a way
that the normalized output is defined as the ratio of intensity subtraction of the two confocal outputs.
Meanwhile, this algorithm cannot remove the influence of the nonuniform surface reflectivity of an
object under inspection, as well as the influence of the light source. To address these issues, a second
signal processing algorithm [18-20] has been designed. In the algorithm, the ratio of intensity difference
and intensity sum (or maximum intensity) of the two confocal outputs are utilized as a confocal output.
It should be noted that these two types can be combined with each other [26].

In the previous work by the authors of [27-31], the dual-detector confocal setup based on
the second type, as well as the signal processing algorithm, has been modified for the femtosecond
laser differential chromatic confocal probe, where a mode-locked femtosecond laser is employed
as the laser source. In the modified differential chromatic confocal setup, the two identical fiber
detectors are arranged in such a way that the fiber detector in the measurement detector unit is
placed at the focal plane of the collecting lens of the detector unit, as shown in Figure 1a, while
the fiber detector in the reference detector unit is placed at a position with a displacement (defocus)
d along with the axial position, as shown in Figure 1b. For acquiring the in-depth information, two
confocal outputs with these detectors in different confocal setups are utilized. For the signal processing,
the algorithm referred to as the tracking local minimum (TLM) method has been proposed [27]. In
the TLM method, the normalized confocal output is defined as the ratio of the measurement detector
output to the reference detector output. This algorithm can theoretically eliminate the influences
of the nonuniform spectrum of a mode-locked femtosecond laser source. Meanwhile, the intensity
around the first local minimum of the reference detector output spectrum is relatively small, and hence
the normalized output can easily be influenced by out-of-focus noise [25,32-34].
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Figure 1. Schematics of the relative position between the fiber core and the collecting lens in measurement
and reference detectors in the femtosecond confocal probe. (a) A setup for the measurement detector.
(b) A setup for the reference detector with a defocus d.

To address the issue, in this paper, a major modification is made to the conventional differential
chromatic confocal setup in the mode-locked femtosecond laser differential chromatic confocal probe.
Figure 2 shows a schematic of the confocal setup of the reference detector unit employed in the newly
proposed method. As can be seen in the figure, the fiber detector is placed at the focal plane of
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the collecting lens while an off-axis detector shift dp, is given to the fiber detector, instead of giving
a defocus d; this modification improves the signal-to-noise ratio of the normalized chromatic confocal
output to be obtained in the differential confocal setup. This optical configuration is also expected
to make the optical alignment of the differential confocal setup easier than the conventional setup
shown in Figure 1. Theoretical analysis and experimental examination are implemented to verify
the feasibility of the proposed off-axis differential method for the differential chromatic confocal probe
with a mode-locked femtosecond laser source. It should be noted that the work described in this paper
is mainly intended to focus on the proposal of the preliminary idea of an off-axis differential method
for the improvement of the signal-to-noise ratio (SNR), the measurement range and the measurement
resolution of the femtosecond laser chromatic confocal probe. The subsequent application of this
new method is needed in the imaging of three-dimensional (3D) microstructures in our future work.
Regarding the spectral range (from 1480 to 1640 nm) and the chromatic objective lens employed
in the experiments, a measurement range of 46 um is expected to be achieved through the above
improvements by the proposed off-axis differential method.
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Figure 2. Reference detector unit with an off-axis detector shift dy, in the newly proposed method.

2. Measurement Principle

2.1. Image Formation Principle

Figure 3 shows a schematic diagram of the differential chromatic confocal configuration [27-31].
A mode-locked femtosecond laser beam from the laser source is made to focus on a target surface
by a chromatic objective lens. The reflected laser beam from the target surface is then divided into
two sub-beams by a beam splitter, and the sub-beams are then captured by two fiber detector units
composed of two identical fibers and two identical collecting lenses, L1 and L,. One of the sub-beams
is captured by one fiber detector unit (referred to as the measurement detector unit) set at the focal
plane of L1, while the other is captured by another fiber detector unit (referred to as the reference
detector unit) with the collecting lens L.
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Figure 3. A schematic diagram of the differential chromatic confocal configuration with a mode-locked
femtosecond laser source.

The confocal output I1ye,(1) to be captured by the measurement detector unit, whose optical
configuration is shown in Figure 1a, can be expressed by the following equation [27,35-37].

1 2
Ilmea(u) - '](; exp(jupz)Pleff(P)PZeff(p)pdp (1)

where p is the normalized radius of the imaging lens, j is the imaginary unit and Pje and Ppegs stand
for the effective pupil functions of the imaging lens (L1 or L2) and illuminating lens (collimating lens),
respectively. The parameters v and u represent the optical coordinates related to the actual radial and
axial coordinates r and z, respectively, that can be given as follows [27,35-37]. It should be noted that
only the axial (Z-) response is considered and measured in the experiments. Therefore, the variable v
in Equation (1) is treated to be zero [27] and is omitted in the equation.

V= Zansinﬁ 2)
2
u= %z sin® B 3)

where sinf and A are the numerical aperture of the collecting lens and the light wavelength, respectively.

Figure 4 shows schematic diagrams of the reference fiber detector unit by the proposed off-axis
differential method and the conventional differential method for the chromatic confocal probe system.
As can be seen in Figure 4a, in the reference fiber detector unit based on the conventional differential
method [27], the single-mode fiber detector is placed with a defocus d with respect to the back focal
plane of the collecting lens L,. In this case, the confocal output Ip¢(1;114) can be represented as follows:

2

1
Dyref(u;17) = ](; explj(u + ug/2) p*|P1esi(p) Paeti(p) pdp 4)
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Figure 4. Schematic of the reference fiber detector settings by the proposed off-axis differential method
and conventional differential method. (a) Schematic diagram of the reference fiber detector setting by
the conventional differential method; (b) schematic diagram of the reference fiber detector setting by
the proposed off-axis differential method.

By using these two confocal outputs, the height of a surface under measurement can be detected
through the arithmetic operation based on the algorithm referred to as the tracking local minimum (TLM)
method [30]. Meanwhile, in the newly proposed off-axis differential method, a major modification is
made to the reference detector unit: the single-mode fiber detector is located on the rear focal plane of
the collecting lens L, by the optical axis but with an off-axis detector shift dp,, as shown in Figure 4b. In
this case, the confocal output Ipef m(u;dm) can be represented as follows [38]:

. 2
d .
Doref m (1, dm) = ‘ fo ]o(r—lrpvf) exp(jup?®)P1eetPaettpdp (5)

where r¢ and v are the radius and the normalized radius of the single-mode fiber, respectively. As
can be seen in Equations (4) and (5), the confocal output becomes different in the modified setup.
According to Equation (5), the effect of employing the proposed off-axis differential method is similar
to reducing the core diameter of a fiber detector acting as a pinhole aperture in the confocal setup;
namely, the rejection of more scattered light and out-of-focus noise in the reference fiber detector can
be realized. This effect is expected to improve the signal-to-noise (S/N) ratio of the confocal output, as
well as the resolution, in the differential chromatic confocal probe.

2.2. Signal Processing Algorithm

In the tracking local minimum (TLM) algorithm [30], the normalized chromatic output Ity is
defined as the intensity ratio of the two fiber detector outputs [27-30]. Denoting the chromatic output
to be captured by the off-axis reference detector unit as Ip.ef m, the normalized chromatic output in
the newly proposed off-axis differential method can be expressed as follows:

Ilmea (u)
I dy) = —tmeallt)
ITEM (u, m) IZreffrn (u/ dm)

(6)

Figure 5a shows a graphical diagram of the TLM algorithm [30]. The wavelength at a specific
peak position of the normalized chromatic output Ijtpn, which corresponds to the wavelength at
the first local minimum of the confocal output Ioref m, changes linearly with respect to the Z-directional
displacement of the target surface. A displacement of the target mirror can thus be acquired
by tracking the wavelength at the first local minimum of the confocal output through detecting
the peak wavelength in the normalized chromatic output Iir . Figure 5b shows a schematic of
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the wavelength-to-displacement encoding by the signal processing algorithm. In the tracking local
minimum algorithm [27], the asymmetric peak in the normalized chromatic output Ity could make it
difficult under practical conditions to precisely determine the peak wavelength due to the out-of-focus
noise [30]. To address the issue, a centroid wavelength of the peak is employed as the peak wavelength.
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Figure 5. A schematic of the tracking local minimum (TLM) algorithm. (a) The normalized
output obtained from the reference output and the measurement output [30]; (b) a schematic of
the wavelength-to-displacement encoding in the TLM method.

3. Experiments and Discussions

3.1. Experimental Confocal Configuration

To verify the feasibility of the proposed off-axis differential method, experiments were carried out
by using the developed differential chromatic confocal system, a schematic diagram of which is shown
in Figure 6. For a fair comparison, the optical components in the configuration are the same as those
adopted in the previous work by the authors of [30] based on the defocus setup, except a manual stage
for the adjustment of the off-axis detector shift dy, of the fiber detector in the reference fiber detector
unit. In this paper, d;, in the positive Y-direction was treated to be positive.
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Figure 6. A schematic diagram of the proposed off-axis differential chromatic confocal probe
configuration with a mode-locked femtosecond laser source [30].

At first, the coarse adjustment of the off-axis fiber in the reference detector was carried out,
since too much offset d, could result in the local minimum in the reference detector output out of
the wavelength range of the optical spectrum analyzer employed in the setup. The amount of dp,
given to the fiber detector in the reference detector unit was adjusted so that the first local minimum
wavelength of the confocal output Ipef m could be captured at each Z-directional position of a target
surface. It should be noted that the single-mode fiber (SMF-28e, Corning Inc.) had a core diameter of
8.2 um and an NA of 0.14. The detector was composed of a single-mode fiber and an optical spectrum
analyzer. At each Z-position, it took about 8 s to capture the spectrum by the measurement and
reference detectors. A bandwidth of the optical spectrum analyzer was set to be 0.5 nm with a sampling
interval of 0.1 nm. Figure 7 shows the noise reduction performances in the comparison between
the conventional defocus differential method and the proposed off-axis differential method. As can be
seen in the figures, the out-of-focus noises at the ends of the measurement range (positions Al and B1)
could be found in the conventional defocus differential method. Meanwhile, the out-of-focus noises
at the ends of the measurement range (positions A2 and B2) were found to be reduced in the newly
proposed off-axis differential method; this contributes to achieving a wider measurement range. These
results mean that a better signal-to-noise ratio (SNR) of the normalized chromatic output Ijpm can
be expected by the newly proposed off-axis differential method. It should be noted that this can also
contribute to carrying out stable detection of the peak wavelength to be employed for the detection of
the displacement of a surface under inspection through the wavelength-to-displacement encoding.
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Figure 7. Noise reduction performances in the two methods. (a) Measurement range of the conventional
defocus differential method; (b) measurement range of the proposed off-axis differential method; (c)
normalized chromatic confocal output Itr g in (A1) position; (d) normalized chromatic confocal output
Irrom in (A2) position; (e) normalized chromatic confocal output Ity in (B1) position; (f) normalized
chromatic confocal output Itry in (B2) position.

Figure 8a shows the spectrum of the mode-locked femtosecond laser employed in the experiments,
and Figure 8b shows the typical spectra of the two confocal outputs, I1mea and Ipref m, captured
by the dual-fiber detector units. As can be seen in Figure 8b, due to the nonuniform spectrum of
the utilized mode-locked femtosecond laser source shown in Figure 8a, it is not so easy to figure out
peak wavelengths in the obtained spectra. Figure 8c shows the normalized chromatic confocal output
Iitim obtained from the spectra shown in Figure 8a,b. As can be seen in Figure 8¢, it is much easier to
figure out the peak in the spectrum with a much smaller full width at half maximum (FWHM) value.
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Figure 8. Schematic of the wavelength-to-displacement encoding in the proposed off-axis differential

chromatic confocal probe system. (a) A spectrum of the mode-locked femtosecond laser employed in

this paper; (b) chromatic confocal outputs obtained by the detector units; (c) the normalized chromatic

confocal output obtained through the arithmetic operation with I1yeq and Ingef m.

3.2. Optimum of the Misalignment Value

The measurement resolution of the femtosecond laser differential chromatic confocal probe based

on the TLM algorithm could be affected by the sharpness of the peak in the normalized chromatic
confocal output [30]. In this paper, the appropriate off-axis detector shift d, was investigated through
experiments by using the full width at half maximum (FWHM) of the peak in the normalized chromatic
confocal output I1rp. At first, numerical calculations [28] were carried out based on Equation (5) to
estimate the variation of the FWHM due to the change in d,. Figure 9 shows the result. As can be seen
in the figure, the FWHM was estimated to reduce as there was an increase in the off-axis displacement
dm. It should be noted that the simulation based on Equation (5) is valid under the ideal condition of

a simplified optical configuration without any aberrations.
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Figure 9. Variation of the full width at half maximum (FWHM) of the peak in the normalized chromatic

confocal output estimated by the numerical calculations.
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Following the numerical calculations, experiments were carried out. In the experiments, the central
wavelength Ay was set to be approximately 1560 nm. The off-axis displacement dy, of the fiber detector
in the reference detector was changed in a step of 1 um, while obtaining the normalized chromatic
confocal output at each dp,. Figure 10 shows the results. As can be seen in the figure, the FHWM of
the peak in Iyt v was found to deviate with the change in di. Figure 11 summarizes the variation
of the FWHM observed in Figure 10. As can be seen in the figures, FWHM values can clearly be
figured out when the mismatch displacement (off-axis shift) is smaller than 3 um. Due to the effects of
the numerical aperture (mismatch) on the normalized chromatic confocal output I1pyg, it becomes
difficult to find out the FWHM value for the case having large dy,. The FWHM value was found to
be minimized around d;, =1 um. The root cause of the difference observed between the results of
numerical calculations and the experiments is not clear, and further investigation will be carried out in
future work. Regarding the experimental results, d, was set to be 1 pm in the following experiments.
It should be pointed out that the determination of the appropriate off-axis detector shift dy, is a less
time-consuming task compared with the determination of the appropriate defocus in the conventional
setup, where the defocus d needs to be changed in a wide range up to hundreds of micrometers
depending on the confocal setup; this is another advantage of the newly proposed off-axis differential
method compared with the conventional defocus method.
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Figure 10. Normalized chromatic confocal output at each off-axis displacement dp, of the fiber detector
in the reference detector. (a) dy = 0 um; (b) dy, = 1.0 um; (¢) dym = 2.0 um; (d) dpy, = 3.0 um.
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Figure 11. Variation of the FWHM of the peak in the normalized chromatic confocal output due to
the change in the off-axis displacement dy, of the fiber detector in the reference detector.

3.3. Evaluation of the Measurement Range and Resolution to Be Achieved by the Developed Setup

Experiments were extended to evaluate the measurement range of the femtosecond laser differential
chromatic confocal probe based on the off-axis differential method. In experiments, a target mirror
was moved along the Z-direction in a step of 2 um by a piezoelectric (PZT) stage equipped with
a capacitance displacement sensor (P-621.2CL, Physik Instrumente, Karlsruhe, Germany). Two confocal
outputs were obtained at each Z-position of the target mirror. Figure 12a shows the normalized
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chromatic confocal output I1rp obtained through arithmetic operations based on Equation (6) in
a wavelength range of 1550-1610 nm. Figure 12b shows the variation of the peak wavelength detected
from the obtained i1\ at each Z-position of the target mirror. The measurement sensitivity, defined
as the ratio of the change in the peak wavelength to the Z-displacement of the target mirror, was
evaluated to be —3.233 nm/um with good linearity of R? = 0.9996 over a Z-directional range of 46 um.
It should be noted that the above results contained the uncertainty that came from the PZT stage
employed in the experiments. Meanwhile, the PZT stage had a positioning resolution of 0.2 nm, which
was much smaller than that obtained by the femtosecond laser chromatic confocal probe and was
enough for the experiments. The verification experiments in this manuscript have been done as the first
step of the investigation of the proposed off-axis differential method. Analyses on the measurement
uncertainty of the femtosecond laser chromatic confocal probe with the proposed off-axis method will
be carried out in future work while considering the positioning uncertainty of the PZT stage.
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Figure 12. Experimental results of the wavelength-to-displacement encoding in the proposed off-axis
differential chromatic confocal probe system. (a) Normalized chromatic confocal outputs in the range of
1550-1610 nm obtained at each Z-position; (b) variation of the peak wavelength over a range of 46 um.

Figure 13 shows the centroid wavelength Arrpym ¢ [30] and peak wavelength Ay of Irim
encoded from the normalized chromatic confocal output obtained at each Z-position of the target
mirror. As can be seen in the figure, the deviations between the peak wavelengths A\ and centroid
wavelengths Arrpm ¢ of Iirim were found to be within + 1.0 nm, which is negligibly small compared
with the actual measurement resolution, and is much smaller than that observed in the conventional
defocus method (maximum > 40 nm) [30]. These results mean that the peak wavelength Airpm
detected in the normalized chromatic confocal output in the newly proposed off-axis differential
method can directly be adopted in the wavelength-to-displacement encoding, without the complex
and time-consuming arithmetic operations for obtaining the centroid wavelength Arrv c.
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Figure 13. Peak wavelength Ay and centroid wavelength Ay ¢ of Irrim encoded from
the normalized chromatic confocal output obtained at each Z-position of the target mirror by
the chromatic confocal probe with the proposed off-axis differential method.

Experiments were then carried out to investigate the measurement resolution. In the following
experiments, the target mirror was made to move along the Z-direction in a small step by the PZT stage.
Figure 14a—c show the variation of the detected peak wavelength in the normalized chromatic output
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with a Z-directional step of 40, 30 and 20 nm, respectively. For each moving interval, five repetitive
measurements were made, and the mean value from the repeated measurements at each period is
plotted in Figure 14. As can be seen in the figures, the change in the peak wavelength with respect
to the step Z-displacement given to the target mirror was clearly distinguished in each of the cases.
Figure 14d shows a standard deviation of the five repetitive measurements at each step observed in
the case of Figure 14c. The standard deviation was evaluated to be smaller than 0.14 nm. It should
be noted that the above results contained the uncertainty that came from the PZT stage employed in
the experiments. Meanwhile, the PZT stage had a positioning resolution of 0.4 nm and a linearity
error of 0.02% (corresponding to 1.2 nm regarding a travel range of 6 um in Figure 14c), which were
much smaller than those obtained by the femtosecond laser chromatic confocal probe and were enough
for the experiments. The verification experiments in this manuscript have been done as the first
step of the investigation of the proposed off-axis differential method. Analyses on the measurement
uncertainty of the femtosecond laser chromatic confocal probe with the proposed off-axis method will
be carried out in future work while considering the positioning uncertainty of the PZT stage.
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Figure 14. Evaluation of the measurement resolution of the mode-locked femtosecond laser differential
chromatic confocal probe with the off-axis differential method. (a) Measured variation of the stage
position moved in a step of 40 nm; (b) measured variation of the stage position moved in a step of 30
nm; (c) measured variation of the stage position moved in a step of 20 nm; (d) standard deviation of
the repeated measurements in (c).
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4. Conclusions

In this paper, an off-axis differential method for a femtosecond laser differential chromatic
confocal probe has been proposed to improve the measurement performance, as well as to simplify
the optical alignments and the data processing in the peak wavelength-Z position encoding. A major
modification has been made to the conventional differential chromatic confocal setup in such a way
that the fiber detector in the reference detector unit has been placed to have an offset with respect
to the optical axis of the collecting lens in the detector unit, rather than giving a defocus to the fiber
detector. This modification enables the newly proposed off-axis setup to obtain a narrower peak having
a profile in the normalized chromatic confocal output, as well as to simplify the optical alignment
of the differential confocal setup. With the enhancement of the tracking local minimum method, an
improved Z-directional measurement range of 46 um has been achieved by the newly proposed off-axis
differential method. The possibility of achieving a resolution of 20 nm has also been verified.

In this paper, attention has been paid to the verification of the feasibility of the newly proposed
off-axis method in the femtosecond chromatic confocal probe compared with the conventional setup
with the defocus method [27-30]. Further work contains the investigation on the Z-directional
measurement resolution with another signal processing algorithm such as the tracking intersection
method [30]. It should also be noted that this paper has focused on the proposal of a preliminary idea of
an off-axis differential method for the improvement of the signal-to-noise ratio (SNR), the measurement
range and measurement resolution of the chromatic confocal probe. A more detailed investigation
of the novelty of the displaced probe, as well as the corresponding application in three-dimensional
microstructure imaging, will be carried out in future work. Further optimization and simplification
of the established differential chromatic confocal probe system for a higher measurement resolution
and investigation on the difference between the results of numerical calculations and experimental
results described in this paper, as well as the extension of the measurement range by the optimization
of the chromatic objective lens, will also be carried out. The application of the developed mode-locked
femtosecond chromatic differential confocal probe to the three-dimensional surface profile measurement
also remains as a challenge to be addressed and will be carried out in future work.
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