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Abstract— Electronic parts are becoming small and thin parts are very precise and refined accordingly,
requiring measurement of part shapes. In particular, parts structures that have high aspect ratio and
dozens of millimeters high vertical resolution need to be measured in the 3D measurement area. To
measure 3D shape of high vertical resolution, the study suggested measuring technology with
synchronization of stage and chromatic confocal. It also suggested the chromatic confocal with high NA
value to measure high aspect ratio structures with high slope and technology to measure the sample by
inclining and fixing this. The suggestion would make real time 3D shape measurement possible of the
sample with high vertical resolution and high aspect ratio without surface treatment. Convergence of
measurement probe would also enable shape measurement of hano-size structure surface in various fields.
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I. INTRODUCTION

Measurement is needed to verify parts in industrial area. Electronic goods are becoming small and their parts are
very precise and refined accordingly. As the parts also rapidly become highly precise and large in the display
industry, they call for shape measurement.

Optical measurement, or two-dimensional geometric measurement, uses a microscope and CCD camera.
However, 3D shape measurement technology is emerging to measure the micro shape in the semiconductor and
display industry. Since the micro shape has very large aspect ratio, thus requiring high spatial resolution to
observe 3D shape, scanning electron microscope or scanning probe microscope is used. This method measures a
very small area after surface treatment of the sample and has its limit to measure without changing the form of
the sample. Therefore, industries use confocal and white light microscope that can measure it without sample
deformation.

Besides, the optical measurement technology we have now has its limit to observe the shape height of the high
aspect ratio. With increasing sales of IT goods in particular, there is also increasing need to measure structures
having high aspect ratio and parts requiring scope of about 20mm vertical resolution. Composite measurement
of the increasingly precise and large mold to manufacture the parts is also on the rise (1). Combining with
sensors submicron non-contact probes, a multi-purpose device that can measure highly precise shapes and
structures with high aspect ratio in the 3D measurement area, the study developed high-speed/high-precision
multi probe measurement system that has precise shape measurement function in the same location for 3D large
area measuring scope. However, measuring shape of high aspect ratio has its limit (2). The study discussed the
technology that is able to measure longitudinal and high aspect ratio of structures to overcome such limit.

1. Extending longitudinal measurement scope
Longitudinal measurement scope of the chromatic confocal developed in the high-speed/high-precision multi
probe measurement system (Z axis measurement scope) was l.Imm (2). To extend the longitudinal
measurement scope of the chromatic confocal to 20mm, the chromatic confocal was installed at the z stage as
Fig 1 showed, the z stage and the chromatic confocal were synchronized, z-stage was moved to maintain a
regular interval with the sample, which were tracked to measure its height.
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Fig. 1. Diagram of longitudinal measurement scope

The chromatic confocal used as a measuring sensor to keep a regular interval with the sample was designed to
record height with movement of z-stage and stage encoder when the interval between the two changed. The
longitudinal measurement scope of the sample was decided by stroke of z-stage while the vertical resolution was
decided by sum of resolution of z-stage and resolution of the chromatic confocal. Therefore, z-stage adopted a
stage that had good resolution and accuracy with more than stroke 20mm. Fig 2 showed the chromatic confocal
installed for z-stage and Table 1 showed the z-stage specification applied to the system.

=g

Fig. 2. chromatic confocal installed for z-stage

Table 1. Z-stage specification

Item specification
Travel Range 50 mm
Resolution 0.04 um
Accuracy 1 um

Uni-Repeatability | + 0.5 pm

Bi-Repeatability +0.5 um

Load Capacity 20 kg

The longitudinal direction of the sample was measured to verify the built system like Fig 3. The sample was
manufactured with height at 20.11mm after processing and surface polishing was done. The measurement using
z-stage and chromatic confocal indicated 22.112mm as Fig 3 showed. Synchronization of z-stage and chromatic
confocal can increase the longitudinal measurement scope of the sample.

X(mm) ¥ (mm)
Tl 1.9025 -24.74
w2 67.693 -2.631
- 65.890 [22.112]
dy/dx 0.336 ~ 18.557
Mean 1-2: -1.3381E+7

Fig. 3. Test sample and measurement result
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I11. Technology of High Aspect Ratio Measurement
The maximum tilting angle of the sample that can be measured with the chromatic confocal was determined by
NA of the chromatic confocal as Fig 4 presented. In general, NA of the chromatic confocal is 0.5 and the
maximum measurable angle here is +£30°. This means that NA has to be 0.985 to measure any sample with high
aspect ratio of 80°. It is difficult and costly to manufacture lens with NA of 0.985. The study measured the high

aspect ratio by inclining the existing chromatic confocal and measured the angle that has high aspect ratio by
correcting the inclined angle for the measure data.

Chromatic Confocal

NA4A=sin8

Fig. 4. Chromatic Confocal

As Fig 5 explained, NA could be reduced as much as the inclined angle of the chromatic confocal. Under the
condition that NA of the chromatic confocal was Oy4, the inclined angle was O6c and the sample angle to be
measured was 0s like Fig 5, measured data could be obtained, satisfying 65 <Oy +6c <90°.

6,=6.-6 6, <0, +0, <90°

Gy <6, Not possible to measurement

H 6. -6 Theoretically possible measurement
N4 T ¥0  but practically no possible due to
low reflected light.
O > 6, Possible to measurement

7

Fig. 5. Theory of high aspect ratio sample measurement

Design of the chromatic confocal should consider quantity of reflected light, sample inclined angle (6s), sample
pattern height (H) and sample pattern interval (Wpp). Quantity of reflected light is the light projected to a
spectrometer (reflexibility) compared with the amount of light projected to the sample. When the reflexibility is
low, light reflected from the spectrometer is low and vice versa. Besides, higher sample should generate great
chromatic aberration occurrence scope of the chromatic confocal and the sample height should be determined by
the optical system design as the chromatic aberration occurrence scope is limited. When the sample pattern is
dense, the sample pattern interval is decided by the designed optical system as interference occurs with the
optical path. The study considered all these to design the optical system of the chromatic confocal.
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Parameter Description
Ona NA(=Sin6Ona)
0. Chromatic Confocal Head tilting
w Focal length (Working Distance)
Ryna Chromatic Confocal lens radius
M Measurement Range
T Barrel thickness

Fig. 6. Design parameter for the chromatic confocal

W

Fig. 7 Calculating reflexibility

The reflexibility of Fig 7 is as follows:
p:(total light) = n(Rya)?
p:(light refleted from the sample) = n(Rya)? — n(Ry)?

Pr _n(Rya)? —n(Re)> _  tan’(6 —6)
Pt m(Rya)? tan20y,
tan?(6; — 0
Refl = 1 — M
tanZGNA

The reflexibility is determined by the sample tilting (6s), chromatic confocal tilting (6¢) and chromatic confocal
NA (6na)- Besides, as the chromatic confocal applies raster scan to measure and high sample may conflict with
the chromatic confocal during measurement, measurable sample height can be calculated. The chromatic
aberration occurrence scope can be calculated with the sample height.
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" L 90-6 -8,
Fig. 8. Sample height calculation
h; = tsinf,
Ry W
" sinfy,  coSBya
Ryacos(0c +0ya)  Weos(6; + Ona)

hg = xsin(90—6, — Oya) = xcos(0;, + Oya) =

sinBya cosOya
Wecos(6. + 6
hg —h; = xsin(90—6, — Oy) — tsinb, = M — tsinf,
cosOya
Wcos(0. + 0
< —( c T Ona) — tsinf,
cosOya
—Wcoigesce:AeNA) — t sinf,
M > cos0, = W — Wtanf.tanfy, — tanf,

M > W — Wtan6.tanOy, — tanf,

Besides, the sample pattern interval can cause interference with the optical path of the chromatic confocal and
lead to inaccurate data. Therefore, the pattern interval is also a critical factor to take into account.

Fig. 9. Sample pattern interval calculation

H

Wer = G (90=0, — 0u)

pr = —Cot (GC n GNA) = Htan (OC + eNA)
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That is, when the sample pattern interval is smaller than the above result, interference occurs with the optical
path of the chromatic confocal, causing inaccurate data. Thus, the pattern interval should be bigger than W,

To sum up the consideration and parameters to design the chromatic confocal with high aspect ratio, measuring
it is easier when the reflexibility and sample height is high and the pattern interval (W) does not affect the
reflexibility. However, engineering limit should be considered although wider pattern interval (W) increases the
chromatic aberration occurrence scope (M). Based on the theory above, MATLAB was used to design the
chromatic confocal, which has the following specification. Fig 10 showed the MALTLAB simulation on the
measurable sample based on the design.

Table 2. Chromatic confocal specification

Item Specification
Used wave 486 ~ 656 nm
Fiber diameter 50 um
Spot size 2.5 um
Magnification 20x
NA 0.4
Working Distance 32.5 mm
B CC_Head_Design_GUI (=N =

Design of Chromatic Confocal & Sample

Reflexibility

08 : : !

%6 57 58 59 60 61 62 63 64 65 66

Measurement Range & Sample Height

Measurement Range
Sample Height

| theta_NA fix [] theta_c fix |

Sample's slope angle (theta_s) [deg] 80 - i T -deee-

Tilting angle of C_C (theta_c) [deg] [564218 - 654318

Half-angle of the max. cone of light (theta_NA) [deg] 2357818

Working distance (W) [mm] 323 -455 5‘7 5‘8 5I9 EIU 5‘1 5I2 Eil3 5‘4 5‘5 66

C.C head tube thickness {t) [mm] 2 Peakltﬂ Pefk Distlance
Measurement range (M) [mm] 6.578 : : :
Sample Height {(H) [mm] 34837
Peak to peak distance (W_pp) [mm] 44.5459
Reflexibility [%] 14 4883
Plotting Plot Clear
tehta_c [deg] 58

Calculation

corclon G ] || gl L i1 |

56 57 58 59 60 61 62 63 64 65 66

Fig. 10. Design of chromatic confocal optical part

Since NA was 0.4, Oy, was about 23.578°. The simulation explained that the tilting angle range of the chromatic
confocal was 56.4° ~ 65.4° with reflexibility at max. 62%, measurable sample height at max. 4.5mm and
chromatic aberration range at 8mm. Reflexibility and sample height was inversely proportionate and this was
determined by the tilting angle of the chromatic confocal. Therefore, the tilting angle should be 58° or greater.
When the angle was 58°, the maximum measurable sample height was 3.48mm and the confocal aberration
occurrence range was 6.58mm. However, actual specification was 1.81mm and the measurable sample height
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was 959.2um because the optical system could not be designed. The chromatic confocal was manufactured
based on this. In consideration of little reflected light and loss in the optical fiber, two types were manufactured
like Fig 12. One applied the beam splitter to make optical fiber for light incidence and optical fiber for detecting
reflected light different so that loss in the optical fiber could be reduced even when the sample reflexibility was
low. The other, meanwhile, was designed to use one optical fiber for light incidence and light reflection with the
optical circulator.

Fig. 11. Manufactured chromatic confocal(BS type, Straight type)

IV. Verification of Chromatic Confocal for High Aspect Ratio
A. Calibration of chromatic confocal
The study calibrated the manufactured chromatic confocal. After installing the chromatic confocal for high
aspect ratio vertically on a flat plate, the study measured line CCD pixel location by moving 200um step z stage.
It analyzed the data measured and found out optical resolution and measurement range. Fig 12 displayed the
measured data.
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Fig. 12. E;f;bration measurement data of the chromatic confocal for high aspect ratio
It was found from the calibration that pixel position was nonlinear though the height was 200pum and changed
linearly. Therefore, the scale value to convert the pixel position to height data was materialized not as a constant
but as a function having the pixel position as a parameter. Based on the measurement, the scale function went
through data fitting like the following 3D function and was corrected as below.

H=2x10"8xp3—4x1078 x p2 + 0.0359P — 10.948
H: height, P: pixel.
B. Sample measurement with the chromatic confocal

Reference sample was measured with the chromatic confocal for high aspect ratio to compare the measured
value and sample value and the measuring performance of the chromatic confocal was compared. Fig 14 showed
the measurement method using multi chromatic confocal.
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Fig. 13. Sample measurement for high aspect ratio

The existing chromatic confocal could not measure the sample with large inclined angle or indicated inaccurate
data. However, the chromatic confocal for high aspect ratio measured the height data for large inclined angle
and corrected line CCD calibration, its tilting and measured data. Fig 14 presented how to correct sample height
data with the chromatic confocal for high aspect ratio.

Cromatic Confocal
(High Aspect Ration) #1

Ax

Fig. 14. How to correct sample height data for high aspect ratio

The data coming from the chromatic confocal for high aspect ratio were AL and Ax while 8¢ was tilting angle.
That is, AL measured at each step (longitudinal resolution, Ax) multiplying with Sinfc can produce the high
aspect ratio sample height data. To measure the produced high aspect ratio sample, the sample was fixed to the
plate and moved longitudinally as Fig 15 described.
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Fig. 15. High aspect ratio sample measurement

The existing chromatic confocal and designed chromatic confocal for high aspect ratio were measured the
sample shape.

The sample with height of 800um and inclined angle of 80° was measured with the chromatic confocal and the
profile was as below.

Xpem] YRR
37217 60,3

i (mm]  YIER)
M1 372.17 168.3%
M2 639.26 167.0
uz-u1 [267.09]-1.8892
dy/dx -7.07E-6 ~ -0.0004
Mean 1-2: 433641
Phys Image Coord:
-261.6,-24.00,1.67E+5

00
Peakion [mm]

Fig. 16. Measuring sample with height of 800um and inclined angle of 80° - existing chromatic confocal

It was expected that the high aspect ratio sample could not be measured as NA of the chromatic confocal was
small but the height data were obtained. However, accurate height was not measured with difference of 772.7um
of reference sample and 632.6pum. The width was 267.1um as the same with the reference sample. Therefore,
the sample width from the existing chromatic confocal was used while the height data from the chromatic
confocal for high aspect ratio was applied for correction. Fig 17 showed the height data using the chromatic
confocal for high aspect ratio.
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Xlmm] Y¥[Pixals)
M1 0.00000 1.9Es5
ez 18272 3_34E+S
pz-a  1.8272 144017
dy/dx 0.0TE8 -~  4.5077

Ximm] ¥[Pixels]
M1 0.00000 1.SE+5
M2 1.8272 3_34E+5
w2 1.s272[183017]
dy/dx 0.0788 ~ 4.5077
Mean 1-2: 240030

Fig. 17. Measuring sample with height of 800um and inclined angle of 80° - chromatic confocal for high aspect ratio

As a result, the height was found 144 pixels. After the measured pixel value was applied to the scale function
and the tilting angle of the chromatic confocal was corrected, the height data were calculated at 786.5um.
Adding the data from the two chromatic confocal showed the sample width of 267.1um, height of 786.5pum and
tilting angle of 80.36°.

The sample with height of 500pum and inclined angle of 80° was measured with the existing chromatic confocal
and the profile was presented at Fig 18.

xpmm) v
17411 1487
00,2 1638
e 159,06 <4900

Ximm] Y(E]
M1 1241.1 168.7
= 12 1400.2 163.8
W 1z —4.9096
dy/dx -3.09E-5 ~ -0.0017
Mean 1-2: 328330
Phys Image Coord:
254.3,-134.7,1.638E+5

Xmm] ¥R
131,10 1487
1313.5 831.2

<ML 7@ 409 38248
043 ~ 0.23767
1433

Kimm] YIE)
L 1241.1 168.7
M2 1315.5 521.2
Bl 1e2-11 Ts.msmmﬂ
dy/dx 0.0045 ~ B.25787
Mean 1-2: 332683

Phys Image Coord:
173.6,-134.7,5.212E+5

Fig. 18. Measuring sample with height of 800um and inclined angle of 80° - chromatic confocal for high aspect ratio

While the reference sample was 452.9um, 352.5um came out, resulting in inaccurate height value. The
measured sample width was 159.1um and the reference sample had width of 157.3um, showing close value. Fig
19 showed the height data measured with the chromatic confocal for high aspect ratio.

Xim] YiPixels)
M1 0.00000 I.034Xe5
1™ 1.0290 2.91Ke8
MZ-ML 10290 87587

0.

X[m] Y[Pixels]
0.00000 2.034E+5
M2 1.023%0 2.31E+5

m2-u1 1.0290[87557 |
dy/dx 8.51E-5 ~ 0.004875

Mean 1-2: 234552

Fig. 19. Measuring sample with height of 500um and tilting angle of 80° - chromatic confocal for high aspect ratio

As a result, the height was found 87 pixels. After 87 pixels value was applied to the scale function and the tilting
angle of the chromatic confocal was corrected, the height data were calculated 452.1pm. Adding the data from
the two chromatic confocal showed the sample width of 159.1um, height of 452.1um and inclined angle of
80.02°. The measured result of the reference sample was listed at Table 3.
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Table 3. Measurement result

Sample Measured item | Reference sample Result Error
height [pm] 452.9 452.1 0.8
height: 500pm .
h 157. 159.1 -1.
filting angle: oo | dth [wml] 373 > 8
angle [°] 80.14 80.02 0.12
height [pm] 772.7 786.5 -13.8
height: 800pum .
th 267.1 267.1
tilting angle: 80° width [um] 67 67 0
angle [°] 80.19 80.36 -0.17

It was found from the measurement that the angle of high aspect ratio sample had error of about 0.1°. The
sample width measured with the existing chromatic confocal did not produce great error. However, the height
data measured with the chromatic confocal for high aspect ratio showed error of 13.8um. It was believed that
this was attributed to the approximation process of the scale function that calibrated pixel data of Line CCD into
height data.

V. CONCLUSION

The study suggested the multi probe measurement system for 3D measurement range of a specific measurement
subject by integrating the chromatic confocal that could measure structures with large area, high precision and
high aspect ratio in the 3D measurement area. It developed two types of chromatic confocal for high aspect ratio
in consideration of little light reflection and loss in the optical fiber. The study could reduce loss in the optical
fiber in spite of low reflexibility by using the beam splitter that differentiated optical fiber for light incidence
and optical fiber for detecting light reflection. Development of the chromatic confocal for high aspect ratio
allowed real time measurement of the sample without surface treatment.
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