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Abstract: Using the linear-array camera scanning technology and the vertical-scanning white-light interference
technology, the microdefects on sapphire substrate surfaces were located and their depths were assessed.
First, the full-field scanning was carried out with linear-array camera measurement equipment to obtain full-
field images of the substrate; then, the position coordinates of the microdefects were detected by extracting
their centroid coordinates; finally,the three-dimensional morphology of microdefects was reconstructed to iden-
tify the type of defects,and extract the defect depth using white-light interferometry system. It takes only a-
bout 10 seconds to scan a diameter 10. 16 cm sapphire substrate surface by the linear-array camera measure-
ment system. It takes about 76 seconds to detect one microdefect by the white-light interferometry system.
The deepest defect was with a depth of 7.09 pm, and a total of 13 defects (10 pits and 3 cracks or scratches)
were identified and localized. The experimental results show that the proposed method can accurately locate
microdefects and extract their depths on sapphire substrate surfaces.
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Sapphire substrates serve as foundations for optoelectronic product manufacturing because of

their advantages including high hardness, stable chemical properties, and excellent electrical insula-

tion'". It's used in applications of national defense, acrospace systems, solar cells'**), chip manufac-
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turing, light-emitting diodes (LED)™®, and other fields. Since the beginning of the 21st century, the
rapid developments in manufacturing technologies have increased the quality requirements for end
products. In particular, higher requirements are imposed on the quality of sapphire substrate sur-
faces. As the substrate material of the chip, sapphire substrate will inevitably produce defects in the
process of processing. Once the defects exist, there will be hidden dangers of fragments in the subse-
quent chip manufacturing process, which will cause huge waste. Therefore, the detection of surface
micro defects is particularly important. The detection of such microdefects not only facilitates the sub-
strate quality evaluation but also provides a basis for optimizing the substrate processing techniques.
The typical substrate size increased from 2 to 8 inches (1 inch=2. 54 cm), so fast and accurate detec-
tion of microdefects is very important. Microdefects can be characterized mainly by the defect depth,
because a deep defect causes disastrous substrate fracture and the depth represents a useful index for
subsequent processing.

Common types of microdefects on sapphire substrate surfaces include pits and cracks. In general,
defect measurement and detection methods can be categorized either as destructive or non-destruc-

[7-8] .L[9]

tive For destructive methods", the substrate samples are destroyed in the measurement process,

which is also complicated and expensive. Non-destructive methods include ones based on optical inter-

J[15-16]

10 linear charge-coupled device (CCD) scanners , detection

[10-12]
b

ferometry laser scattering-

technology of bright-field and dark-field"'*!, scanning electron microscopy™®”, scanning acoustic mi-

Lere2) | Jaser-acoustic method™**" and so on. The while light interferometry and confocal scat-

Croscopy
tering can detect the depth of defects, they have very high measuring accuracy, their horizontal reso-
lution is determined by the displacement stage, which is micron level, and the axial resolution is nano-
meter level. If the confocal laser microscope is used to locate and measure the surface defects in the
whole field, it is necessary to scan in axial direction and horizontally. For the larger sample, the effi-
ciency is low. The white light interferometry can identify the defect position, but it is difficult to keep
the interference fringe in the image at all times when scanning horizontally™*!. Besides, the field of
view of traditional optical microscope is very small, so it will take a lot of time to scan the substrate
surface in full field. The traditional optical microscopy methods can detect defects and extract their
depths, but the defect positions on large substrates are difficult to locate. For the linear CCD scanning
methods, the surface defects can be identified in large fields, but the defect depths cannot be accurate-
ly detected. The location of surface defects can be obtained by light and dark field illumination detec-
tion, but it is smaller sensitive to the depth of defects than while light interferomety. The resolution
of scanning electron microscopy can reach nanometer level, but it has a high requirement for measur-
ing environment, and the preparation of samples is complex, besides, it can not measure the depth in-
formation of defects. The scanning acoustic microscope can scan the surface of substrate in full field
and locate the defects, but it can only obtain one-dimensional information of the defects in the scan-
ning direction, and can’t restore the three-dimensional morphology. The field of view of laser acoustic
method is small, so it is difficult to meet the needs of large area scanning. Compared with interferom-
etry, the accuracy of laser acoustic method is low.

To realize fast scanning and positioning of all field microdefects on the substrate surface, and de-
tect the depth of microdefects, we propose a measurement way that combines a linear-array camera

2] First, full-field scanning is carried out

scanner with a vertical-scanning white-light interferometer-
with linear-array camera measurement equipment to obtain full-field images. Secondly, a horizontal-
scanning coordinate system is established by recognizing sapphire substrate boundaries, and extract
the centroid coordinates of microdefects. Finally, the coordinates in this horizontal-scanning coordi-

nate system are transformed into the coordinates of a vertical-scanning white-light interferometry sys-
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tem, the coordinates of microfects were obtained in white-light interferometry system, in which the
type of a defect is identified based on its three-dimensional morphology. A defect-free area is used as
the reference for measuring defect depths in the whole field. The experimental results show that the
combination of these two measurement and detection techniques can achieve accurate microdefect local-
ization and detection on substrate surfaces. Indeed, the proposed combined measurement method o-
vercomes the shortcomings of each of the two individual measurement systems.

The remainder of this paper is organized as follows. Section 2 presents the working principles and
the employed methods. Section 3 describes the experimental work, and the associated analysis. Sec-

tion 4 concludes the paper.

1 Principles and Methods

Schematics of thelinear-array camera scanner and the vertical-scanning white-light interferometer

are shown in figure 1(a) and figure 1(b), respectively.
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(a) Linear-array camera with substrate loss reduction (b) Schematic of vertical-scanning interferometer

based on antenna-on-chip design
Fig. 1 Schematics of linear-array camera and interferometry measurement systems
K1 LRMEARDLA T R s B
The measurement system of a linear-array scanner consists mainly of a linear-array camera, a line-
ar-array light source, a displacement table and a computer. Because of the high resolution of the line-
ar-array camera, the measurement accuracy of this system can reach the micron level. As shown in
figure 1 (b), the vertical-scanning white-light interferometry system includes mainly a white-light
source, a beam splitter, a CCD camera, a Mirau-type interference objective lens, a displacement
stage, a piezoelectric ceramic actuator made from lead zirconate titanate (PZT), and a computer.
1.1 Coordinate System Setup for Linear-Array Scanner
After processing the substrate image, the defect coordinates are obtained under the scanning
measurement system of the online array camera. Because the coordinate origin of the linear camera
measurement system and the substrate surface are not in the same focal plane. In order to facilitate the
measurement, the center of the sapphire substrate is taken as the coordinate origin of the white light
interference measurement system. Therefore, if the defect is to be detected by vertical scanning, the
defect coordinates need to be converted to the coordinates of white light interferometry system. The
establishment of the associated coordinate system are demonstrated in figure 2.
The coordinates XOY represent the coordinate system of the linear-array camera system, while
the coordinates X'O’Y’ constitute the coordinate system of the vertical-scanning white-light interfer-

ometry system. The combined measurement system works as follows. First, the linear-array camera

http: // www. hdxb. hqu. edu. cn
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scans the surface of the substrate quickly, and acquires a scanning o 7 B X

Coordinate

image. Secondly, the boundary of the substrate is extracted by the b e

Canny algorithm of vertical edge. The XOY coordinate system is

. . . . . 3¢
established with the extension line AB taken as the X-axis, and the e
tangent line perpendicular to the X-axis as the Y-axis. Moreover,
the defect is algorithmically detected, and the position of the defect
Y Y*

is extracted. Finally, the position of the defect is transformed into
the coordinate system of the vertical-scanning white-light interfer- Fig.2 Establishment of coordinate

ometry system. In this paper, a 10. 16 cm substrate is taken as an systems for linear-array
camera and interferometer

K2 RBEARBLANT #4X
A bR AR B SE

example. The diameter of the 10. 16 cm substrate is 100 mm, and
the distance between AB and the center of the circle is 48 mm. As
shown in figure 2, when the coordinate system XY is transformed
to the coordinate system X'O’Y’, the X and Y coordinates are reduced by 50 and 48 mm, respectively.
1.2 Defect Recognition Algorithm

The flow chart of the defect recognition algorithm is shown in figure 3.

After a scanned image is obtained, pre-processing steps are applied. Because the image generated

by the linear-array camera is typically very large, a region of interest ‘ Tmage preprocessing ‘

(ROI) should be identified to avoid high computational costs. In parti- .y
cular, this ROI, which is the area where the substrate is located, can ‘ Subsgfttfazggﬁdary ‘
be extracted by the Canny algorithm of vertical edge. Hence, a coordi- < &

nate system is established, then, the ROI is segmented by threshold, Defect recognition and

coordinate extraction

~ >

. Depth extraction by
crodefect are extracted. After that, the center of mass coordinate of vertical scanning

and the affected region of microdefects is extracted. So the defects

within the ROI are detected and recognized, and the centroids of mi-

the defect needs to be converted to the coordinate system of the white

light interferometry system, which is used as the basis to control the Fig. 3 Flow chart of defect

recognition algorithm

IR I R AR K7 e

displacement table of the white light interferometry system to realize
the defect location. Finally, the vertical scanning of the defect loca-
tions is carried out to extract the defect depths. Recognition of the defect types is then achieved by an-

alyzing the three-dimensional morphology of each defect.

2 Experiments and Analysis

The combined measurement system used in the experiments below is shown in figure 4. The actu-
al component models used in the linear-array camera scanning system are listed in table 1, while
theguide rails are realized by a programmable logic controller (PLC).

The resolution ofthe linear array camera measurement system is 1 px X8 192 px, the pixel size is
3.5 umX3.5 um, the field of view width of the camera is 22. 1 ¢cm, and the lens focal distance is
51.2 mm, In horizontal scanning measurement, the moving speed of displacement table is 12 mm
s ', and the scanning speed of camera is 4 444 Hz.

The components used in the vertical-scanning white-light interferometry system are listed in table
1. The resolution of the white light interferometer is 0. 45 pm, the pixel size is 5. 2 pmX5. 2 pm, the
central wavelength of the white light source is 550 nm, the field of view of the lens is 0. 27 mm X 0. 36
mm, the depth of field is 3.6 um, the horizontal displacement accuracy of the displacement table is

0.1 pm, and the velocity is 0. 01 mm « s .

The moving step distance of the piezoelectric ceramic is 40
nm when it is measured by vertical scanning.

http: // www. hdxb. hqu. edu. cn
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sample Six-degree-of-freed
‘ om-stage -

(a) Linear-array camera system (b) Vertical-scanning white-light
interferometry system
Fig. 4 Actual images of combined measurement system
K4 ARG 95 K
Tab.1 List of components used in linear-array camera scanning system

1 RFERYLEN RGP AT — Rk

System Component Manufacturer Model
Linear-array camera Basler ral.8192-12gm
Llflearfé-lrray i Lens Schneider XENON-E 2. 2/50
camera scanning system
Light source OPT L.SG246-W
CCD Microvision MV-1 300UM
Lens Nikon CF Plan 20X
Vertical-scanning white-light Light source LOTS LTS ACC1005-1
mterferometry system
Displacement stage ALIO AL-TRI-2M-2400
PZT stage THORLABS PK4HQP1

In this work, the used measurement sample is a 10. 16 cm sapphire substrate wafer, which has

some deliberately-added surface defects, where the size of each defect is about one micron. The sub-

strate thickness(d) is 0. 56 mm, the surface roughness et e E po— -
(R,) is 0. 532 nm, and the length of the corresponding Py
side AB is 30 mm. e ...::':E ) ‘
2.1 Measurement System Calibration e 2 \

The linear-array camera measurement system and the ; =/ 2,
vertical-scanning white-light interferometry system are re- o
spectively calibrated with a square standard pattern of 2- (a) Square standard (b) Single-groove
mm width and a single-groove standard pattern of 1. 2-mi- pattern standard pattern

cron depth. These patterns are shown in figure 5. Fig.5  Standard patterns for

measurement system calibration

5 I 2R e R HE B AR 1

For the square calibration pattern of the linear-array
scanner, the values of occupied pixel are calculated with
ten black-and-white squares (whose actual length is 2 cm) as a whole. Seven sets of data are collected

as shown in table 2.
Tab. 2 Experimental datasets of square calibration pattern for linear-array camera

F 2 AREEAIILTT AR E 1A 58 55 90 Kdie 4

Number 1 2 3 4 5 6 7
Pixel points occupied by 10 squares 746 739 745 740 752 739 752
Actual value of pixel/pm 26.8 27.1 26.8 27.0 26.6 27.1 26.6

http: / www, hdxb. hqu. edu. cn
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From table 3, it can be seen that the actual distance represented by a pixel in the linear-array
camera system is about 27 pm.

For the single-grove calibration pattern of the vertical-scanning interferometry system, the groove
depth is H=1.2 pm. Seven sets of data are obtained as shown in table 3.

Tab. 3 Experimental datasets of single-groove calibration pattern for interferometer

Tab. 3 T ¥ ACH 20 22 o v 1 F) 52 6 040 4

Number 1 2 3 4 5 6 7
H/pm 1.237 1.177 1.178 1.199 1. 221 1.183 1. 187
Absolute error 0.037 —0.023 —0.022 —0.001 0.021 —0.017 —0.013
Relative error/ % 3.08 —1.92 —1.83 —0.08 1.75 1.42 —1.08

From table 3, we can see that the maximum relative error of the seven datasets is 3. 08% , which
is within the acceptable range. Because the microdefect size in this paper is about one micron, the sys-
tem measurement accuracy can meet the measurement requirements.

2.2 Microdefect Localization
The surface of the substrate sample is scanned by the linear-array camera system. Afterbinariza-

tion of the image, it is shown in figure 6.
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Fig. 6 Substrate surface scanning outcome
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Fig. 7 Image preprocessing outcome for substrate area extract
Fig. 7 fo Jig DX 35 %) [ 45 T Ak 3 485 1

The binary image is pre-processed by the Canny algorithm of vertical edge to extract the substrate
area and extract ROI by rectangle box. The preprocessing outcome is shown in figure 7.

The ROI is cut from the original image, and it's segmented by threshold, the affected region of
microdefects is extracted. So the defects within the ROI are detected and recognized, and the centroids
of defect are extracted. Establish the rectangular coordinate system with the upper left corner of the
image as the origin. Finally, the centroid(s) of defect are extracted as the defect coordinates.

For the given sample, the centroids of defect are shown in figure 8, where the red dots represent

the identified microdefects locations. In the current experiment, 13 microdefects were identified. The

http: // www. hdxb. hqu. edu. cn
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number in the figure indicates the serial number of the TA B -
defect. 001 7 .
The coordinate values are then transformed into 10007 " N
the actual distance values combined with the scanning £ 15007 4;'29.6 - !
accuracy of the linear-array camera. We get the coordi- 210008 1
nates of each defect as shown in table 4. In order to fa- 25001 R
cilitate the depth detection of defects, it is necessary to 31000 ,
transform the defect coordinates into a coordinate sys- 500 1000 1500 2000 2300 3000 3 500

X/px

tem with the center of the substrate as the origin.

Then, these values are associated with the actual input

values of the displacement table for the vertical-scan-

Fig. 8 Locations of microdefects in test sample

B8 A ok B 1 37

ning white-light interferometry.

Tab. 4 Defect location coordinates

Tab. 4 G EE A7 AL AR

Number Pixel coordinates Actual coordinates of XOY/mm Actual coordinates of X’O’Y’/mm
1 (2 115,1 356) (57.11,36.61) (7.11, —11.39
2 (1 257,1519) (33.94,41.01) (—16.06, —6.99)
3 (1 093,1653) (29.51,44.63) (—20.49,—3.37)
4 (1 100,1 689) (29.70,45.60) (—20.3, —=2.4
5 (1397,1698) (37.72,45.85) (—12.28, —2.15)
6 (1686,1 704) (45.52,46.01) (—4.48, —1.99
7 (1 833,1705) (49.49,46. 04) (—0.51, —1.96)
8 (1 856,1699) (50.11,45.87) 0.11, —2.13)
9 (1106,1719) (29.86,46.41) (—20.14, —1.59)

10 (1298,1771) (35.05,47.82) (—14.95, —0.18)
11 (1 245,1 841) (33.62,49.71) (—16.38, 1.71)
12 (2 131,2 668) (57.54,72.04) (7.54, 26.04)
13 (1696,2 732) (45.79,73.76) (—4.21, 25.76)

3.3 Depth Extraction

In order to better compare the depth information of different defects, we use the defect-free por-

tion of the surface as a reference datum. This enables us to extract the defect depth information, as

shown in figure 9(a). We extract the reference data from the red-box region.

Y/px

600

500

400

300

200

100

0
0 100 200 300 400 500 600 700 800 +; 600 800 O
X/px s

(a) Extraction of defect-free areas (b) Fitting of reference data

Fig. 9 Defect-free region extraction

B9 Jok i DX 4

For the given substrate sample, the 13 defects were scanned vertically, and the acquired topogra-

phies were reconstructed. The three-dimensional morphology surface of the tenth pit-type defect is

shown in figure 10(a), while a cross-sectional view corresponding to the deepest pit position is shown

http: / www, hdxb. hqu. edu. cn
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in figure 10(b). The depth of the pit relative to the reference datum is 4. 92 pm.

\g_ 1k ——Section data
= g. ——Reference datum
T -2r d
-3
600 4t
800
400 600 Y R S
S 20 L 0 100 200 300 400 500 600 700 800
00 Xlo* X/px
(a) Three-dimensional reconstructed pit (b) Cross-sectional pit view

Fig. 10 Reconstruction of 10th pit-type defect
10 55 10 AN M B Sk &=
The three-dimensional morphology of the eighth crack-type defect is shown in figure 11(a), and a
cross-sectional crack view corresponding to X =300 is shown in figure 11(b). In figure 11,D is ex-

pressed as the depth value.

151 — Section data 1.5 — Section data
— Reference datum 0 r = Reference datum
1.0+
051
g
i 7 E
S IS
-0.5
d
-1.0 +
600 2 | " 2 S L L bl L ) —45 1 1 1 1 1 1 I ]
R7 800 0 e 0 100 200 300 400 500 600 0100 200 300 400500 600 700 800
X/px X/px
(a) Three-dimensional (b) Crack profiles (¢) Trend diagram of
reconstruction of crack parallel to Y-axis crack depth projected on

X-axis (along crack valley)
Fig. 11 Reconstruction of 8th crack-type defect
Bl 5 8 B IE RS T SR AL
Taking the X-axis as the sampling di- Tab.5  Depths of microdefects on

surface of sapphire substrate

Tab. 5 1 5 40 48 ¥ 3 1 ik o ) TR 2

rection, we obtain the lowest point of each

section relative to the reference datum. As

s n fi ; s Actual dinates
shown in flgul.re 9(b) . the coordinates of the  Number Type (;F;/()C?;;/gfneg A/ pm? H/pm
800 lowest points are projected on the X-ax- -
T ' 1 pit  (7.11. —11.39) 32558  2.83
is direction, and the crack depth trend is 9 crack  (—16.06. —6.99) 38 209 548
Obtained, as shown in figure 9 (c). The 3 pit (—20.49,-3.37) 55 376 3.71
crack depth relative to the reference datum 4 pit (—20.3, —2.4) 49 272 4.17
was 4. 04 pm. 5 pit (—12.28., —2.15) 22 608 5.79
The defect coordinates are transformed 6 crack  (—4.48, —1.99) 59 940 7.09
_ , , 7 pit  (—0.51, —1.96) 47 223 5. 70
and detected by the vertical-scanning white-
8 crack (0.11, —2.13) 127 170 4,04
light interferometer. The results for the 13 9 pit (—20.14, —1.59) 35 294 596
sample defects are shown in table 5. In ta- 10 pit  (—14.95, —0.18) 63 845 4.92
ble 5,A is expressed as area. 11 pit (—16.38, 1.7 33 552 2.50
Table 5 shows that the sixth defect is 12 pit (7.54. 26.04) 40 886 3. 84
13 pit (—4.21, 25.76) 45 052 4. 08

the deepest (with a depth of 7. 09 pm),

http: / www, hdxb. hqu. edu. cn
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while the eleventh defect is the shallowest (with a depth of 2. 50 pm).

4 Conclusions

Combining the linear-array camera scanning technology with the vertical-scanning white-light in-
terference technology, we can locate and detect surface defects of sapphire substrates, reconstruct the
three-dimensional defect morphology, identify the type of defects, and extract the defect depth infor-
mation.

In this paper, a 10. 16 cm sapphire substrate is used as the detection object. It only takes about
10 s for a 10. 16 cm substrate surface to be scanned and localized by the linear-array camera measure-
ment system. A total of 13 defects (including 10 pits and 3 scratches or cracks) were detected and i-
dentified on the substrate surface, with the deepest defect of a depth that is equal to 7. 09 pm. It takes
about 76s for the white-light interferometry system to detect one microdefect. Combining the two

measurement methods effectively overcomes the shortcomings of a single measurement system.
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