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Subsurface Damage Detection on
Ground Silicon Wafers Using
Polarized Laser Scattering

A silicon wafer is important for the electronic and computer industries. However, subsur-
face damage (SSD), which is detrimental to the performance and lifetime of a silicon chip, is
easily induced in a silicon wafer during a grinding process since silicon is typically a hard
and brittle material. Therefore, it is necessary to detect and remove SSD in the subsequent
processes. In this study, a polarized laser scattering (PLS) system is installed to detect the
SSD in a ground wafer. It is found that not only the subsurface crack but also the residual
stress leads to depolarization of an incident light. The effects of residual stress on depolar-
ization are studied. The residual stress results in the photoelasticity, which causes the depo-
larization of the incident light in the PLS system. The depolarization caused by the residual
stress is determined by the directions and the difference of the principal stresses. When the
polarization direction of the incident light is aligned with one of the principal stresses, the
effects of the residual stress can be minimized; therefore, the subsurface crack can be quan-
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1 Introduction

Single crystal silicon is widely used as a substrate material in
the semiconductor industry because of the excellent physical and
electronic properties [1-9]. A silicon wafer is hard and brittle,
which makes it hard to machine. Grinding is the most efficient
process to machine the silicon wafer [10,11]. However, subsurface
damage (SSD), including subsurface cracks (SSCs) and residual
stresses (RSs), is inevitably induced in a grinding process
[1-3,12]. SSD, especially SSC, degrades the performance and
reduces the life of the final products. Therefore, it is necessary to
detect and remove SSD by the subsequent processes.

Traditionally, many methods can be used to detect SSD. The
destructive methods, such as taper polishing [10,13,14], magnetor-
heological polishing [15], cross-sectional microscopy [6,16,17],
transmission electron microscopy [3,12,18], are reliable and easy
to operate, but they are time consuming [19]. The nondestructive
methods, including the photoelastic inspection techniques [20-
24], Raman microspectroscopy [25-28], acoustic microscopy
[29,30], and laser scattering [4,31-35], preserve the part and are
more efficient. By using the photoelastic inspection techniques to
detect SSD, many studies have been devoted to the relationship
between the measured signals and the stresses induced by the four-
point bending [20] or the three-point bending [36] methods. The
scanning infrared depolarization technique, one of the photoelastic
inspection techniques, was applied to monitor SSD induced in dif-
ferent processes [22,23]. The photoelastic inspection techniques are
generally applied to detect residual stresses, but cannot quantita-
tively detect SSC. Although Raman microspectroscopy is used to
detect the residual stresses and phase transformation in a ground
surface, it is limited to the small detection area. The acoustic
microscopy can be applied to detect the whole surface of a part
with a considerably high efficiency, but the detection signal is
easily mixed with the surface roughness-induced signal [37],
which compromises the detection accuracy. Some laser scattering
methods also suffer from the surface scattering due to surface
roughness [31,32,35]. Exceptionally, the polarized laser scattering
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(PLS) method can be used to directly detect the SSC beneath a
rough surface, since surface roughness has little effect on detection
[38]. Therefore, the PLS method is promising for the detection of
SSD in a ground silicon wafer.

In the PLS method, SSD can be estimated by the intensity of the
depolarized light in the emergent light with respect to the incident
light. RS and SSC lead to depolarization of the emergent light in
different mechanisms: RS induces photoelasticity, while SSC
induces multiscattering. Schematics of the depolarization caused
by SSC are shown in Fig. 1(a). (i) The incident light irradiates
the surface of the silicon wafer and is scattered by the surface.
The polarization of the light is the same as that of the incident
light. (ii) The light penetrates the silicon wafer. The transmission
light is multiscattered by SSC, which changes the polarization of
the light. (iii) The emergent light including the surface scattering
light exits the wafer and is partially polarized. Schematics of the
depolarization caused by the residual stress are shown in Fig. 1(b).
(1) The incident light irradiates the surface subjected to residual
stress. The two principal stresses are o; and o,. € is the angle
between the polarization plane of the incident light and the first
principal stress. (ii) The light decomposes into two linear polarized
lights along the directions of the principal stresses in the wafer due
to photoelasticity. The two lights travel in different velocities in the
wafer when the levels of the two principal stresses are different,
which results in a phase retardation when they exit the wafer
[39]. (iii) The emergent light combining the two linear polarized
lights is depolarized.

During a grinding process, residual stresses are simultaneously
induced and accompanied by SSC in a wafer. In the detection of
SSD using the PLS method, the effects of residual stresses were
neglected in the previous studies [4,33,34,40]. However, the
grinding-induced residual stresses are asymmetrically distributed
in the wafer [2,12], i.e., the levels of the two principal stresses are
different. On the basis of Fig. 1(b), RS leads to photoelasticity,
which results in the depolarization of the emergent light, and thus
influences the detection results of the PLS method. Therefore, the
coupling effect between SSC and RS needs to be considered in
the application of the PLS method to a ground silicon wafer.

In this study, the PLS system is used to detect SSD in the ground
silicon wafers. The study focuses on the effect of residual stresses
on the detection of SSD in a wafer. RS influences the detection
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Fig.1 Schematics of the depolarization of light in the PLS detection. (a) Schematics of the depo-
larization caused by SSC: (i) surface scattering and the polarization reserves; (ii) transmission
light is scattered by SSC and the depolarization takes place; and (iii) emergent light is partially
polarized. (b) Schematics of the depolarization caused by RS: (i) linearly polarized light irradiating
the surface; (ii) light decomposed into two branches along the directions of the first and second
principal stresses; and (iii) emergent light is partially polarized.

regardless of the size of the abrasive grains that are used to grind the
silicon wafer.

2 Experimental Methodology

2.1 Setup of Polarized Laser Scattering System. Figure 2
shows the configuration of the PLS system. A continuous wave
solid-state laser emits an incident light of a wavelength of
914 nm. The light is linearly polarized after going through a polar-
izer with an extinction ratio of 100. Then, the light goes through a
polarized beam splitter (PBS) with an extinction ratio of 3000 and is
reflected by a reflector. Finally, the light is focused on the surface of
a wafer by the lens. A part of the light is scattered by the rough
surface, and the other part penetrates the wafer and is scattered by
SSD. The transmission light is partially cross-polarized after it

Detector
Glan polarizer !
Reflector

- f—

Laser  Polarizer PBS ar Le

Power supply
for detector

=
-
.
.

. Translation stage

Power supply for laser =

. e o s 8

Fig.2 The configuration of the PLS detection system. The inset
figure shows the schematics of the light path.
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interacts with SSD. The scattered light, including the light with
the original polarized direction and the light with the cross-
polarized direction, is captured by the lens and reflected by the
reflector. The cross-polarized light consisting of the SSD informa-
tion is reflected by PBS. As a filter, the Glan polarizer ensures
that the light going into the detector is purely cross-polarized
light. Then, the cross-polarized light is detected with a detector
that transfers the light signal into a voltage signal. The detection
signal is acquired with a data acquisition device. The wafer was
placed on a translation stage, which provided the scanning along
the radius of the wafer.

2.2 Sample Preparation. A commercial wafer-grinding
machine (Okamoto VG401 MK II), as shown in Fig. 3, was used
to grind silicon wafers. In the grinding process, a wafer was fixed
on the vacuum chuck of the worktable. A cup-type grinding
wheel was mounted to the spindle of the machine. During the grind-
ing process, the rotational direction of the worktable was the same
as that of the wheel. Material removal mainly depended on the rota-
tion and axial feed motion of the wheel. The wafer was cooled with
the deionized water and was monitored for its thickness change with
an in-process thickness measurement device. In the study, one 2-in.
polished wafer and three 8-in. ground (100) silicon wafers were
used in PLS detection. One of the 8-in. wafers was ground by a
diamond wheel of mesh size #400, the second one by a diamond
wheel of mesh size #600, and the third one by a diamond wheel
of mesh size #20,000. Grinding parameters are listed in Table 1.
The coolant used in grinding was deionized water.

2.3 Stress Measurement. In order to study the stress effect on
the detection with the PLS system, a polished 2-in. silicon wafer
(001) with a thickness of 400 ym was used, eliminating the influ-
ence of the grinding-induced cracks. The process of stress measure-
ment is shown in Fig. 4. The wafer was elastically deformed on a
device by a pushing rod. Then, an area of 25x20 mm in the
deformed wafer was raster scanned by a surface measurement
probe (TALOR HOBSON PGI 840). The surface contour of the
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Fig. 3 The experimental setup for silicon wafer grinding

Table 1 Grinding parameters for the silicon wafers

Axial
Grinding Spindle Worktable feed rate Spark-out
wheel speed (rpm) speed (rpm) (um/min)  duration (s)
#400 2399 120 90 10
#600 2399 120 90 10
#20,000 2399 120 3 10
Deformation Surface profile measurement
Silicon wafer Measurement probe Surface contour
T.---""' Rebuilt in PC
m—
Strcsso_ filed
. 2
Pushing rod Scanning strategy -
1

ﬂ Photoelasticity

PLS system detection Calculated

depolarization

\ ===

Measured
depolarization

Incident
light Detector

Fig. 4 The process of the stress measurement

scanned area was rebuilt with MATLAB. On the basis of rebuilt
contour, principal stresses in the wafer were determined, and the
depolarization was thus calculated. In this study, a depolarization
coefficient was defined as the ratio of the depolarized light intensity
to the incident light intensity to reflect the level of depolarization
caused by stresses. On the other hand, the deformed wafer was
detected with the PLS system, and thus, the depolarization caused
by stress can be measured. By comparing the calculated depolariza-
tion coefficient with the measured depolarization signal, the rela-
tionship between the principal stresses and the light intensity
from the PLS system was rationalized.

A schematic view of the device for deforming a silicon wafer is
shown in Fig. 5(a). The pushing rod was driven upward to cause the
silicon wafer to deform. Different displacements of the pushing rod
caused different elastic deformation of the silicon wafer, i.e., the
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Fig. 5 The device for deforming the silicon wafer: (a) schematic
view of the device and (b) photographic view of the device

wafer was subjected to different stresses at different displacements.
Figure 5(b) shows a photographic view of the device and the crystal
orientation of the fixed silicon wafer. The x and y axes were aligned
with the (110) orientation, and the z axis was aligned with the [001]
orientation.

On the basis of the elasticity theory, the two principal curvatures
at the point of interest can be calculated [12]:

K| =Kp +Kq
K2 =Km — Kq

0 = cos™! (0 + &) M
= P
with
o = (k0 + K90)
"2 2

ka = [(K0 = k)’ + G = K45)°]'/?
where ky, k45, and kg are the curvatures in the directions of 0 deg,
45 deg, and 90 deg with respect to x axis, respectively. Stresses are
computed based on curvatures as given in Eq. (3):

c=E-t-k 3)

where E is the elastic modulus of the silicon wafer (E = 160 GPa)
and ¢ is the thickness of the wafer.

On the basis of photoelasticity theory, the depolarization coeffi-
cient is obtained as follows:

1
T=D(0) - D(Ac) = sin’ 20)  sin’ (%) “)
i

where [ is the depolarized light intensity; /; is the incident light
intensity, which is constant for a given laser power; D(0) and
D(Ao) are defined as an angle-related coefficient and a stress-related
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coefficient, respectively; 6 is the angle between the polarization
plane of the incident light and the first principal stress in the
silicon wafer; and ¢ is the phase retardation [41], which is given
as follows:

27C - d
p=k-Ao= id

(o1 —02) ()

where C is the stress-optic coefficient of silicon and varies in dif-
ferent orientations. However, different studies concluded dif-
ferent results [20,36,42], generally in a range of 1.4x 107" o
3x 107" Pa™'. In this paper, C is chosen as 1.6x 107" Pa™!; d
is the distance that light goes into the silicon wafer and equals to
two times the detected depth. For the silicon wafer, d is approxi-
mately 400 um based on the optical transmission property at the
light wavelength of 914 nm [38]. 4 is the wavelength of the incident
light and o, and o, are the first and second principal stresses,
respectively.

In this study, a fixed point on the surface of the deformed wafer
was chosen as the detection point. The point was subjected to dif-
ferent stress conditions induced by the different deformations of
the wafer.

2.4 Subsurface Damage Detection. The wafers ground with
the #400 and #600 wheels, in which both SSC and RS co-exist,
were measured with the PLS system to study the coupling effect
of SSC and RS. Each ground wafer was measured along the
[100] and [110] orientations, as shown in Fig. 6, where dashed
lines represent the measurement trajectory, / represents one of the
grinding marks, and ¢ is the angle of the grinding mark with
respect to the measurement trajectory. SSC in the two ground
wafers was detected with the cross-sectional microscopy. The
samples for SSC detection were cut along the radial direction and
numbered A, B, C, and D.

The wafer ground with the #20,000 wheel was also measured
with the PLS system to study the effect of the RS excluding the
influence of SSC. It was measured along the radial direction with
an elevated incident laser power. The SSD in the #20,000 wheel
ground wafer was inspected with a transmission electron micro-
scope (TEM).

3 Results and Discussion

Figures 7(a)-7(e) show the contours of the deformed surface of
the polished wafer, which were rebuilt with MATLAB. The detection
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point is marked as P in the figures. As shown in Fig. 7(f), the
deflection of the deformed wafer obviously increases with the dis-
placement of the pushing rod, and the difference of the principal
stresses Ao also increases. Based on Ao, the depolarization coeffi-
cient was obtained by Egs. (4) and (5), and its variation is compared
with that of the depolarization signal measured with the PLS
system, as shown in Fig. 8. The variation tendency of the depolar-
ization coefficient is consistent with that of the depolarization
signal, which indicates that the photoelasticity occurs in the detec-
tion with the PLS system. When the deformed wafer was transferred
from the PLS system to the surface measurement device, the
stresses in the wafer might have been partially relieved. As a
result, the tendency of the depolarization coefficient is shifted to
the right compared with that of the depolarization signal.
Moreover, Fig. 8 shows a drastic increase in the depolarization
signal when the displacement of the pushing rod is larger than
0.6 mm. It can be deduced that a larger stress results in more depo-
larization, which might be due to the fact that the stresses change the
lattice spacings of the silicon wafer. In a stress-free wafer, different
crystal orientations, i.e., different lattice spacings, lead to varied
stress-optic coefficients [20]. In other words, the depolarization
signal measured with the PLS system might be related to a
change in the lattice spacing of the wafer caused by stress.
Figures 9(a) and 9(b) show the radial distribution of the depolar-
ization signal over the ground surfaces. The signal has a similar dis-
tribution along both the [110] and [100] crystal orientations. The
signal of the wafer surface ground with the #400 wheel is larger
than that of the wafer surface ground with the #600 wheel. The
main reason could be that the larger abrasive grains might have
induced larger subsurface cracks, which results in more depolariza-
tion of the incident light [34] from scattering by the walls of SSC.
Additionally, the signal is unevenly distributed along the radial
direction on the ground surfaces, as shown in Fig. 9. The reason
for the fluctuation is discussed as follows. Generally, a larger
SSC leads to a larger depolarization signal. Besides SSC, the resid-
ual stress can also affect the detected signal by leading to photoelas-
ticity. In the study, the wafers endured the spark-out grinding
process. Figure 10 shows the radial distribution of the depth of
SSC of the wafers ground with the #400 wheel and the #600
wheel. The depth of SSC is uniform along the radius of the
wafers, which coincides with the results obtained in Gao et al.’s
study [43]. Since the depth of SSC is uniformly distributed along
the radial direction in the wafer after the spark-out process, as
shown in Fig. 10, the signal caused by SSC should be uniform
along the radial direction of the watfer. Therefore, the effect of

¥ [110]

Fig. 6 The silicon wafer ground by #400 wheel (left) and #600 wheel (right). The inset
shows the variation of the angle of the grinding mark with respect to the measurement

trajectory.
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Fig.7 Contours of the deformed wafer at various displacements. (a)-(e) Contours at the displacements of
0.3 mm, 0.5 mm, 0.7 mm, 0.9 mm, and 1.1 mm, respectively. (f) Deflection and principal stresses at point P

varying with the displacement of the pushing rod.
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Fig. 8 The depolarization coefficient and the depolarization
signal at different displacements of the pushing rod
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SSC on the fluctuation of the detection signal is excluded. The cause
of the fluctuation should be the residual stress. In the ground wafers,
the residual stress varies along the radial direction, which causes a
fluctuation in the detection signal.

The deviation of the depolarization signal in the radial intervals
along the measurement trajectory is shown in Fig. 11. At the
range of 10-20 mm, the deviation is smaller than that within the
adjacent intervals. As shown in Eq. (4), the depolarization caused
by the photoelasticity depends not only on the difference of the prin-
cipal stresses but also on the angle between the direction of the prin-
cipal stresses and the polarization direction of the incident light.
The directions of the principal stresses have been found to align
with the grinding marks. As shown in Fig. 6, from the center to
the edge, the angle of the grinding marks with respect to the mea-
surement trajectory increases from negative to positive. At the
range of 10-20 mm, the directions of the grinding marks are
nearly parallel to the measurement trajectory, i.e., 6 is close to
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Fig. 11 Deviation of the depolarization signal along the radial
direction of the wafers ground with the #400 wheel and the
#600 wheel

zero, which minimizes the effect of the residual stresses. Therefore,
the depolarization mainly results from the SSC scattering, and cor-
respondingly, the deviation of the depolarization signal at the range
of 10-20 mm is smaller than that within the adjacent intervals.

The deviation of the depolarization signal obtained with the #400
wheel was larger than with the #600 wheel at approximately the
same position of the wafers. It can be inferred that the variation
in the principal stresses is larger in the wafer ground with the
#400 wheel than that with the #600 wheel.

Figure 12 shows the distribution of the depolarization signal of
the wafer surface ground with the #20,000 wheel. The signal

101012-6 / Vol. 141, OCTOBER 2019
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Fig. 12 Distribution of the depolarization signal of the wafer
ground with the #20,000 wheel

distribution is fairly nonuniform. Generally, the grinding-induced
SSC is mainly determined by the abrasive grain size [16], and it
vanishes when the mesh size of the grinding wheel is over 3000
[2,44]. The TEM image of the SSD in the wafer ground with the
#20,000 wheel is shown in Fig. 13. At the top of the grinding
surface is an amorphous layer due to the high pressure and temper-
ature during the grinding. Beneath the amorphous layer, several dis-
locations appear, which are indicated with the arrows in Fig. 13(b).
No visible subsurface cracks exist in the wafer ground with the
#20,000 wheel. Thus, the influence of SSC could be excluded in
the #20,000 wheel ground wafer in this study. Therefore, the non-
uniformly distributed depolarization signal of the #20,000 wheel
ground wafer in Fig. 12 is considered as a result of the residual
stresses due to the phase transformation at the top surface, i.e.,
the amorphous and dislocation layers.

4 Conclusions

The effects of residual stress are taken into consideration to detect
subsurface damage in a ground silicon wafer using the polarized
laser scattering method. Both the direction and the variation in
the principal stresses contribute to the depolarization of the incident
light. When the polarization direction of the incident light is aligned
with one of the directions of the principal stresses, the effects of
residual stress on the detection of SSD could be eliminated. Coinci-
dentally, the principal stresses are aligned with the grinding marks.
Therefore, it is feasible to realize the quantitative detection of the
subsurface cracks by aligning the polarization direction of the
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Glue layer

Amorphous layer

Crystal silicon

Fig. 13 TEM images of the wafer ground with the #20,000 wheel: (a) TEM image of the
cross section of the wafer and (b) a high-resolution image of the selected area in (a). Dis-

locations are indicated with white arrows.

incident light with the grinding marks, which will be a topic for the
future study.
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