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Silicon is the primary substrate material in the semiconductor industry. Since surface integrity of a silicon wafer
is crucial to the performance of an IC chip made of the wafer, the subsurface damage (SSD) induced by machining
to a silicon wafer has been intensively investigated. However, detecting SSD is a challenge due to a lack of an
effective method. This study presents a novel method, the polarized laser scattering (PLS) method, for detecting
SSD in ground silicon wafers. A PLS system is established to detect the grinding-induced SSD which is also

evaluated by the destructive methods. The study shows that the PLS signal is sensitive to the SSD depth with a
detection resolution of approximately 0.1 pm. In addition, the detectability of the PLS method is demonstrated
and a relationship between the PLS signal and SSD depth is established to facilitate the practical applications of

the PLS method.

1. Introduction

Wearable and portable electronic devices, such as smart phones,
watches, and medical diagnostic devices, play important roles in our
current life. They greatly improve our work efficiency and life quality.
Most sensors and chips in the devices are manufactured based on a sil-
icon wafer which is the primary substrate material in the semiconductor
industry [1,2]. To meet the requirements of the devices, a silicon wafer
has to be thinned from several hundred microns to a few tens of microns
in thickness [3,4]. Generally, the thinning process of a silicon wafer is
realized by precision back grinding. However, the silicon wafer is hard
and brittle, it is easy to induce subsurface damage (SSD), known as
cracks [5-71, dislocations [8], amorphous layer [9], etc. in a ground
surface during grinding. Nowadays, the elevated performance of the
electronic devices pushes the machining accuracy close to nanometric
even atomic level, which requires extremely high surface integrity of the
wafer. SSD degrades the surface integrity of a wafer and correspondingly
is detrimental to the performance of a device made of the wafer.
Therefore, it is crucial to reduce and remove the grinding-induced SSD.
Detecting SSD can provide a guide to optimizing the grinding process,
which is of significance to improve the surface integrity of the silicon
wafer by grinding.
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Methods for detecting SSD in a silicon wafer are divided into two
types, namely, destructive and non-destructive, as reviewed by Yin et al.
[10]. The processes of the destructive methods are relatively reliable.
Moreover, destructive methods, such as the polishing method [11],
fracture method [12], transmission electron microscopy (TEM) [13],
etc., provide considerable detection accuracy and are thus still widely
used. However, these methods impose clear limitations in low detection
efficiency and destroying wafer. Therefore, Yin et al. [10]suggested that
the non-destructive methods should be further studied and developed
for SSD detection.

Many non-destructive methods have been developed to detecting
SSD. Scanning acoustic microscopy (SAM) is widely applied to detecting
the subsurface defects, such as voids, cracks, in the semiconductor in-
dustry [14]. The detection resolution of SAM is determined by the
acoustic frequency. Higher frequency provides higher resolution.
However, the acoustic attenuation of coupling increases with the fre-
quency squared [15], which causes a decrease in penetration depth at an
increased frequency. Generally, the frequency used in SAM is 10-400
MHz [16]. The resolution of a commercial SAM is about several microns
which are not enough for detecting SSD in the ground wafers. The
detection resolution of the acoustic methods can be improved by inte-
grating other methods. Karabutov and Podymova [17] used the
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laser-ultrasonic method to detect the SSD depth in a machined silicon
wafer and achieved the minimal reliably detectable depth of 0.15-0.2
pm. Ma and Arnold [14] claimed that the ultrasonic-based atomic force
microscopy could extend the detection to subsurface defects in the
nanoscale. Hardin et al. [18] found that the influence of the surface
damage to the detection by an acoustic method was notable. Therefore,
the influence of the surface damage on a ground silicon wafer cannot be
avoided, which impedes the identification and quantification of SSD.

Cloetens et al. [19] used X-ray radiography and tomography to
observe the subsurface damage in silicon. The micro cracks in silicon
were clearly observed. However, X-ray radiation risks the operator’s
health. Moreover, the high-resolution imaging requires a small sample
size limited to 1 mm in the three dimensions. Therefore, the
high-resolution imaging via X-ray radiography and tomography is
inapplicable to the detection of SSD in a ground wafer.

There are some methods for detecting residual stress in a ground
silicon wafer, e.g., X-ray diffraction [20], Raman spectroscopy [21], and
photoelastic method [22]. Residual stress is the result of SSD rather than
an individual damage. If SSD is removed, residual stress is correspond-
ingly relieved. The explicitly quantitative relations between the residual
stress and SSD depth are too complicated to resolve. Therefore, these
methods for detecting residual stress cannot detect the SSD depth in
ground silicon wafers, which is, however, crucial to optimizing the
grinding process.

Optical methods, such as optical coherence microscopy [23] and
conventional confocal microscopy [24], are used to characterize SSD in
ground glasses. The resolution of these optical methods is dependent on
the used light wavelength. A shorter wavelength provides a higher res-
olution. The wavelength used in these methods is generally within the
range of 300-700 nm which is fine for detecting the SSD in the trans-
parent glasses. However, the penetration depth of the light in the range
is considerably small for a silicon wafer [25]. Besides, a rough surface, e.
g., a coarse-abrasive grinding surface, obstructs the detection of SSD
[26]. Therefore, it is hard to see the optical coherence microscopy or
conventional confocal microscopy applied to detecting SSD in silicon
wafers.

Liao et al. [27] established a total internal reflection microscopy
(TIRM) system to detect the SSD in optical components. TIRM is easy to
conduct. However, it has a high requirement on the surface finish. A
rough surface disturbs the detection of SSD [10]. Lu et al. [28] devel-
oped the cross-polarization confocal microscopy to detect the
grinding-induced SSD in silicon wafers and obtained the quantitative
evaluation of the SSD depth. The cross-polarization confocal microscopy
integrates the polarized laser scattering (PLS) and confocal microscopy.
Through this method, the influence of surface damage is greatly mini-
mized. However, in Lu et al.’s study, only the laser scattering by the
subsurface cracks was considered, the influence of other factors on the
detection was neglected.

Yin et al. [29] considered residual stress-induced photoelasticity and
proposed that the influence of the residual stress in a ground wafer could
be minimized by aligning the polarization direction of the incident laser
beam with the grinding marks in detecting SSD via the PLS method.
Based on the proposition, Yin et al. [30] further achieved
two-dimensional detection of SSD in the ground wafers by the PLS
methods. They found that the SSD depth was the main factor in the PLS
detection. However, the detection was only carried on the roughly
ground wafer surface. As stated by Pei and Strasbaugh [31], fine
grinding is important to reducing the SSD depth. The performance of the
PLS detection on a finely ground wafer is unknown. In addition, an
explicit model of the SSD depth was not provided, which obstructs the
application of the PLS detection.

To reveal the performance and detectability of the PLS detection on
the fine-ground wafers, this study uses the installed PLS system to detect
the SSD in the wafers subjected to both course-grinding and fine-
grinding processes. The sensitivity of the PLS detection to the SSD
depth is studied. A relationship between the PLS signal and the SSD
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depth is attempted to build, which is important to expanding the
application of the PLS method.

2. Experiments

The wafers used in this study were 200 mm in diameter and 575 pm
in thickness with a polished (100) plane. The wafers were ground by an
ultra-precision grinder (VG401 MKII, Okamoto, Japan), as shown in
Fig. 1. Five wheels with different abrasive grit sizes were used for
grinding the wafers. The grinding parameters are listed in Table 1. All
the wafers were thinned by 50 pm in thickness. The spark-out grinding
process has been commonly used to produce a wafer with the same SSD
depth but lower surface roughness compared with the wafers without
spark-out grinding. It is the process that the grinding wheel stops feeding
but hangs over the workpiece surface until the grinding sparks vanish.
When entering the spark-out process, the grinding system begins
springing back. The grinding wheel gradually leaves the workpiece
surface. Generally, spark-out grinding removes some high asperities on
the ground surface. The depth of cut and amount of material removal in
this process is far less than that in the conventional grinding process,
therefore, the grinding force is considerably small. It turns out that the
spark-out grinding hardly changes the SSD depth but reduces surface
roughness.

The grinding-induced SSD in the wafers was detected by both the
destructive methods and the PLS method. The destructive methods
included the fracture method and TEM, the detail of the methods can be
found in our previous paper [10]. The PLS detection was achieved by the
self-installed PLS system, as shown in Fig. 2. The working principle of
the PLS system is illustrated as follows. A laser beam was launched and
then s-polarized after through a polarized beam splitter (PBS) with an
extinction of 1,000. The s-polarized laser beam went through another
PBS with an extinction of 3,000 and was then reflected to the object
wafer by a reflector, as shown in Fig. (b). The lens used in the PLS system
was to focus the laser beam to improve the detection resolution. The
incident laser beam was scattered by SSD in the wafer. A part of the laser
light was depolarized after scattering and then backscattered. The
backscattered light was reflected to PBS by the reflector. The light with
different polarization directions was split by PBS. A part of the back-
scattered light reserved the s-polarization that went through PBS, while
the other part of the light with altered polarization, namely p-polari-
zation, was reflected by PBS. The p-polarization light was then detected
by a detector, as shown in Fig. 1(c). The Glan polarizer in front of the
detector ensured that the light received by the detector was pure p-po-
larization. The intensity of the p-polarization was determined by SSD in
the ground wafers. Therefore, the information of SSD was resolved based
on the detected signal.

It has to be mentioned that the backscattered light from the wafer
includes both the surface scattering light and the SSD-scattered light.
The surface scattering can be regarded as a simple reflection by micro
facets on the surface. Simple reflection does not alter the polarization of
the scattered light, but multi-scattering does. If the surface roughness is
small enough, the multi-scattering on the surface can be neglected. In
this case, the surface-scattered light preserves the same polarization as
the incident light [32]. Due to the complicated microstructure of SSD,
the light is multi-scattered by SSD, which alters the polarization of the
SSD-scattered light. Since the scattering light and the SSD-scattered light
are in different polarization, they can be split, correspondingly, SSD can
be detected and evaluated by the PLS method.

The study used a continuous-wave laser (MLL-III-914, CNI, China)
with a wavelength of 914 nm. Based on the optical properties of the
silicon wafer [25], the penetration depth of the laser beam was about
200 pm which was large enough to cover the SSD depth in this study.
The output laser power was 15 mW. The detector was a silicon-based
PIN diode (S3072, Hamamatsu, Japan). The minimum detectable light
power of the detector was —41 dBm (80 nW). The maximum subsurface
damage depth that could be measured in this study was about 200 pm.
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Fig. 1. Photographic view of the grinder and the schematic diagram of grinding arrangement.

Table 1
Grinding parameters used in the study.
Grinding parameters Values
Wheel rotation speed, rpm 2,399
Worktable rotation speed, rpm 120
Feed rate, pm/min 90, 20, 10, 3
Mesh number of the wheels #400, #600, #3,000, #5,000, #20,000
Spark-out duration, s 0, 10

Coolant Deionized water

The focal length of the lens was about 5 mm. In the PLS detection, the
distance of the lens to the wafer surface was set as 5 mm, the spot size on
the wafer surface was approximately 10 pm.

Before the PLS detection, the study verified the influence of the
surface roughness and SSD depth, in case the roughly ground surface
leads to the depolarization of the surface scattering [32]. The wafer
samples were carefully selected and prepared. The samples with the
same surface roughness but different SSD depths were used to verify the
influence of SSD depth. The samples with the same SSD depth but
different surface roughness were used to verify the influence of surface
roughness. And then, the ground wafers and one polished wafer were
used for SSD detection by the PLS system. During the PLS detection, the
polarization direction of the incident laser beam was aligned to the
grinding marks. The detected PLS signals of the ground wafers were
normalized by that of the polished wafer. By comparing the detected

signals with the SSD depth, a relationship between the signal and SSD
depth was built.

3. Results

The larger abrasive size engaged in grinding, the larger depth of cut
produced the abrasives, which is common in grinding hard and brittle
materials. The main damage type in the wafers ground by the #400 and
#600 wheels is subsurface crack, as shown in Fig. 3 (a). When the mesh
number of the abrasive in the wheel was larger than #3,000, the sub-
surface was crack-free. The predominant damage types were disloca-
tions and amorphization, as shown in Fig. 3(b)-(d), which is also
reported in other places [31,33]. The SSD depth distributions in the
ground wafers are shown in Fig. 4. The SSD depths in the wafers ground
by the #400 and #600 wheels were approximately 10 pm and 5 pm,
respectively. While the SSD depths in the wafers ground by the #3,000
wheel, the #5,000 wheel, and the #20,000 wheel are lower than 1 pm.
Therefore, the scattering sources of PLS detection are different in
detecting the SSD of those ground wafers. For the wafers ground by
#400 and #600 wheels, the PLS signal results from the scattering by
both cracks and disordered crystal lattice. While for the rest wafers, the
PLS signal is mainly caused by the disordered crystal lattice rather than
cracks.

The verifications of the influence of surface roughness and SSD depth
are illustrated as follows. Figs. 5 and 6 show surface and subsurface
morphologies of the chosen wafer samples. Fig. 7 represents the
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Fig. 2. The PLS system used in this study. (a) photographic picture of the PLS system, (b) schematics of the incident light path, (c) schematics of the backscattering

light path, (d) schematics of the laser focus on the ground surface.
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Fig. 3. TEM images of the SSD of the wafers ground by (a) the #600 wheel, (b) the #3,000 wheel, (c) the #5,000 wheel, and (d) the #20,000 wheel, respectively.
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variations of the PLS detection results with surface roughness and SSD
depth of the chosen wafer samples. As shown in Fig. 5, the SSD depths of
the two samples were nearly the same, around 5.5 pm, while the surface
roughness of the two samples presented a difference of around 30%. In
this case, the detected laser power demonstrated little difference, as
shown in Fig. 7. As shown in Fig. 6, the SSD depths of the two samples
were different, one being 11.3 pm, while the other being 5.5 pm. The
surface roughness of the two samples presented almost no difference. In
this case, the detected PLS laser power represents a notable dependence
on the SSD depth, as shown in Fig. 7. Therefore, the main influence
factor of the PLS detection in this study is the SSD depth, whereas the
influence of the surface roughness on the detection of SSD can be
neglected.

The normalized PLS detection signals of the wafers are shown in
Fig. 8. The wafer ground by the #400 wheel presented the strongest
signal. The fluctuation of the PLS signal was also the largest, which
resulted from the discontinuous distribution of SSD. The protrusion
height of the abrasives on the wheel was not uniform, which lead to
different depths of cut by the individual abrasives during grinding.
Correspondingly, the SSD depth was not constant due to the non-
uniform depth of cut. A large SSD depth results in a strong PLS detec-
tion signal. As the mesh number of the abrasives in the wheel increased,
the SSD depth signal decreased, correspondingly, the normalized PLS
signal decreased. Meanwhile, the deviation of SSD was also reduced
with increasing the mesh number of the abrasives, as shown in Fig. 3.
Therefore, the fluctuation of the normalized PLS detection signal also
decreased. It was found that the PLS detection signal was sensitive to
SSD depth. The minimum detectable SSD depth was about 0.1 pm.

There is the attenuation in the PLS detection signal with an increase
in scanning distance, as shown in Fig. 8. It shows that the attenuation
trends are the same among the PLS signals. This attenuation in the PLS
signal was mainly caused by the mechanical installation error. The
translation motion was not perfectly perpendicular to the laser beam. It
had a small angle to the direction that is perpendicular to the laser beam.
The distance between the wafer ground surface and lens increased
during the translation motion, which enlarges the focused laser spot size
on the wafer surface. Therefore, the radiation laser power density was
decreased and therefore, the corresponding PLS detection signal atten-
uated with the scanning distance.

The PLS detection signal increases with the SSD depth. The rela-
tionship between the normalized PLS detection signal and SSD depth
was fitted, as shown in Fig. 9. It shows that the normalized PLS detection
signal y has a power-law relationship with the SSD depth 6, i.e., y =
1.866%2%, The coefficient of the determination of the relationship is
R? = 0.94. The relationship is easy to use for quantifying SSD depth.
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Fig. 5. The surface and subsurface morphologies of the wafer samples with the same SSD depth but different surface roughness. (a) and (b) the sample ground by the
#600 wheel without the spark-out process. (c) and (d) the sample ground by the #600 wheel with the spark-out process.
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Fig. 6. The surface and subsurface morphologies of the samples with the same SSD depth but different surface roughness. (a) and (b) the sample ground by the wafer
ground by the #400 wheel with the spark-out process. (c) and (d) the sample ground by the wafer ground by the #600 wheel without the spark-out process.

difference between the two principal stresses and the angle of the po-
larization of the incident laser beam to the principal stress direction. In
The residual stress-induced photoelasticity is dependent on the this study, the effects of residual stress were expected to be suppressed as

4. Discussion
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much as possible based on the method proposed by Yin et al. [29]. In a
large area, the directions of the principal stresses were determined by
surface grinding marks [13,33]. However, the light was focused within a
micro-region in which the residual stress distribution is extremely un-
even. Zhang et al. [34] found that the variation of residual stress could
be over 200 MPa in a few pm on the ground silicon surface and closed to
2 GPa in a few pm into the surface. Chen et al. [35] claimed that the
variation of the residual stress even exceeded 2 GPa in a few nanometers
into the surface. Therefore, it is difficult to eliminate the effects of re-
sidual stress.

Both the #400 wheel grinding and #600 wheel grinding induce
cracks into the wafers. The PLS detection mainly attributes to both the
multi-scattering by the subsurface crack walls and residual stress-
induced photoelasticity. For a wafer ground by the wheel with the
mesh number larger than #3,000, SSD consists of dislocations and
amorphization instead of cracks. Therefore, the PLS signals of the wafers
ground by the #3,000, #5,000, and #20,000 wheels attribute to the
residual stress-induced photoelasticity. Therefore, the wafers ground by
the #400 wheel and the #600 wheel represent stronger PLS signals than
the rest wafers.

The PLS signal distributions of the wafers ground by the #3,000,
#5,000, and #20,000 wheels are analyzed as follows. According to the
theory of photoelasticity, the residual stress-induced PLS signal can be
calculated by Eq. (1) [29].

I, =1I;-sin *(26)-sin(¢ / 2) (@)

where I and [; are the scattered light intensity, respectively; 6 is the
angle between the polarization plane of the incident light and the first
principal stress; ¢ is the phase retardation, expressed as Eq. (2).

@ =2r-C-d-(6, —02) /2 )

where C is the stress-optic coefficient of silicon. In this paper, C is chosen
as 1.6 x 107! Pa~! d represents the thickness of the stressed layer,
which is dependent on the SSD depth §. A is the wavelength of the
incident light, i.e., 914 nm 67 and o> are the first and second principal
stresses, respectively. The scanning distance by the PLS detection is 100
pm. The directions of the principal stresses can be averaged over the
scanning distance. Therefore, the angle between the polarization plane
of the incident light and the first principal stress can be regarded as the
same in these wafers. The main difference in the PLS signal of these
wafers should come from the difference in the phase retardation. Based
on the previous studies [33-35], the difference between the two prin-
cipal stresses varies from hundreds of MPa to several GPa. Based on Eq.
(2), by substituting the values of the determined parameters, the phase
retardation can be estimated. It is found that the phase retardation is
mainly dependent on the thickness of the stressed layer d. Therefore, the
residual stress-induced PLS signal is dependent on the SSD depth 6.

Although the depolarization mechanisms of the PLS detection in
those wafers are different, the PLS signal is correlated with the SSD
depth. The larger the SSD depth, the more light the depolarization. The
relationship is obvious between the PLS signal and SSD depth, which is
in favor of the quantitative evaluation of SSD depth by the PLS method.

The sensitivity of the PLS detection is determined as the derivation
with respect to the SSD depth &, as shown as Eq. (3).

o

Se= i 0.465.570% 3)

Based on Eq. (3), the sensitivity of the PLS detection of the ground
wafers are 0.08, 0.14, 0.92, 1.55, 2.61 for the wafers ground by the
#400, #600, #3,000, #5,000, and #20,000 wheels, respectively. It can
be found that the sensitivity of the PLS detection increases with
decreasing the SSD depth. Namely, the PLS detection is more sensitive to
the SSD depth in a fine grinding wafer, which is greatly promising for
detecting the SSD in the wafers by ultraprecision grinding. However, the
subsurface condition of the wafer by ultrafine grinding is complicated.
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The stress distribution and the contributions of the amorphization and
dislocations to the PLS detection are still unclear. Therefore, the PLS
detection of the specific damages requires further investigations in the
future.

5. Conclusions

The silicon wafers were ground by different wheels, which resulted
in SSD with their depth ranging from submicron to about 10 pm. The
SSD depth of the wafers was detected by the PLS method. The main
findings in this study are listed as follows.

(1) The influence of surface roughness can be neglected in the PLS
detection. SSD depth is the main factor.

(2) The PLS detection signal is sensitive to SSD depth. The minimum
detectable SSD depth by the constructed PLS system is 0.1 pm.

(3) The PLS detection signal monotonically increases with SSD depth
in a power-law relationship.
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