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Abstract

Accurate flatness measurement of silicon wafers is affected greatly by the gravity-induced deflection (GID) of 
the wafers, especially for large and thin wafers. The three-point-support method is a preferred method for the 
measurement, in which the GID uniquely determined by the positions of the supports could be calculated and 
subtracted. The accurate calculation of GID is affected by the initial stress of the wafer and the positioning errors 
of the supports. In this paper, a finite element model (FEM) including the effect of initial stress was developed to 
calculate GID. The influence of the initial stress of the wafer on GID calculation was investigated and verified 
by experiment. A systematic study of the effects of positioning errors of the support ball and the wafer on GID 
calculation was conducted. The results showed that the effect of the initial stress could not be neglected for 
ground wafers. The wafer positioning error and the circumferential error of the support were the most influential 
factors while the effect of the vertical positioning error was negligible in GID calculation.
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1.	 Introduction

With the development of 3D packaging technology, silicon wafer processing in the 
semiconductor manufacturing industry is getting more challenging due to reduced wafer 
thickness for form factor and thermal power dissipation considerations [1–4]. Wafers with low 
deformation are required since significant deformation caused in the thinning process results 
in handling and processing issues [5, 6]. The flatness measurement plays an important role in 
production engineering to determine if the flatness of the wafer satisfies given requirements 
as wafers with large deformation tend to break. Also, the flatness measurement is used for 
monitoring thermal and mechanical effects on the wafer shape during the wafer processing 
[7,  8]. However, the accurate flatness measurement of wafer is affected greatly by gravity, 
especially for large and thin wafers. Therefore, the gravity-induced deflection (GID) has to be 
considered in the flatness measurement of large and thin wafers.

To eliminate the effect of GID in the flatness measurement, Chu et al. proposed a method 
to obtain the shape of wafers with an interferometer while the tested wafer was floated on the 
surface of the high density aqueous meta-tungstate solutions [9, 10]. The front surface of the 
wafer was above the liquid level and the flatness was measured directly by an interferometer 
while the gravity was balanced by the buoyancy force. The method works well on the wafer 
with the total flatness error being less than its thickness, but is not suitable for the wafers with 
the deformation being larger than its thickness. The Semiconductor Equipment & Materials 
International (SEMI) proposed a  shape measuring method [7], in which the wafer was 
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supported at the wafer center by a small chuck. The front surface was firstly scanned by a non-
contact sensor. The wafer was then flipped over for the measurement of the back surface. The 
true flatness of the wafer was obtained by subtracting the two results from the corresponding 
measurement points. Similar to the one-point-support method, Natsu et al. [11] proposed 
a three-point-support inverting method. The wafer was supported by three rigid balls and the 
repeatability and the anti-disturbance ability of the flatness measurement were improved greatly 
in comparison with one-point-support method [12].

Both one-point-support inverting method and three-point-support inverting method work on 
the assumption that the effects of gravity before and after the flip of the wafer are the same 
during the two measurements. However, the presence of initial stresses which are caused by 
wafer machining in silicon wafer could have a substantial effect on its GID [13]. For double-
sided polished wafers, the assumption could be valid because the damage layer is removed 
by polishing [14] and the initial stress is very small. For wafers after grinding or lapping, the 
subsurface damage is much larger and the effect of the initial stress is greater. Large errors 
could be introduced in the inverting method because the GIDs before and after the flip are no 
longer the same for silicon wafers with different initial stress states of two surfaces.

The GID of a  silicon wafer could be calculated using an FEM in the three-point-support 
method. The unconstrained wafer shape is obtained by subtracting the GID from the 
measurement result. It is time-saving, since the wafer is not required to be flipped and only 
one measurement is needed in the flatness measurement. In this case a high precision FEM is 
essential for the method since it influences the flatness of the wafer directly. In the previous 
FEMs [15], the effect of initial stress was not taken into consideration.

Besides, the difference of positions of supports and wafer between those in the measuring 
experiment and in FEM will result in measurement errors. There have been few studies on 
systematic and quantitative evaluation of the influence of the positioning errors of the support 
balls on the measurement results in the three-point-support method. The positioning accuracy 
requirements of the supports have to be acknowledged to make the method applicable to 
engineering.

The objective of this paper is to provide answers to the following questions. How does the 
initial stress on the wafer surface affect the GID of wafers? How to obtain the FEM including 
the effect of initial stress under the condition that the actual initial stress value is not known? 
How do the positioning errors of the supports and the wafer affect the GID of wafers?

In this study, an FEM including the effect of initial stress for calculating GID of silicon 
wafers with the aid of the Stoney equation was developed. The simulation result of the GID of 
a double-sided polished wafer was compared with that measured in the experiment. A silicon 
wafer of which one surface was ground and the other surface was polished was measured to 
verify the effect of the initial stress. The effects of the positioning errors of the supporting balls 
and the wafer on the measurement results were examined. The error distributions on the wafer 
surface were studied to better understand how the measurement results were affected by the 
positioning errors.

2.	 Measurement principle and numerical method

A schematic of the three-point-support method is shown in Fig. 1, in which the wafer is 
supported at three points positioned every 120 degrees on a circle concentric with the center of 
the wafer. The radius of the supporting circle is defined as Rs, while the center of the wafer is 
located at the origin of the coordinate system. 

The three-point-support method is based on the concept of superposition of multiple 
deflections. The surface shape of the wafer supported by three balls, s(x, y), can be measured 
by a displacement sensor. As the GID of the wafer, g(x, y), can be calculated using an FEM, 
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the unconstrained shape of the wafer, w(x, y), can be obtained by subtracting the GID from the 
measured surface shape. The relationship between them is expressed by (1).

	 w(x, y) = s(x, y) – g(x, y).		  (1)

Fig. 1. An illustration of a silicon wafer supported by three balls.

An FEM including the wafer and the supporting system was used to calculate the GID 
of a  wafer supported by three rigid balls. The wafer was meshed into quadrilateral-shaped 
elements for enhanced computational accuracy. The wafer-ball interface was modeled using 
contact elements to represent the contact and sliding between the supporting ball surfaces 
and the deformable wafer surface. The supporting balls were treated as rigid objects since 
the deformation of the balls was negligible compared with the wafer deformation. The wafer 
was free to move and rotate in the model. The six degrees of freedom of the supporting balls 
were constrained as the balls were fixed in the actual measurement scenario. The commercial 
software ANSYS was used in the calculations.

The wafer was supposed to consist of two layers: a bulk silicon layer and a homogeneous 
damage layer. For double-sided polished wafers the damage could be neglected [14]. For 
wafers after grinding or lapping, the residual stress on the wafer surface caused by machining 
was applied to the damage layer in the FEM (See Section 4). The wafer was assumed to have 
a uniform thickness as the thickness deviation was considerably small compared to the wafer 
deformation. Monocrystalline silicon is anisotropic and when the coordinate axis is parallel 
to the crystal orientation [100], the stiffness constants are c11 = 165.6 GPa, c12 = 63.9 GPa and 
c44 = 79.5 GPa [16]. The mass density of silicon is 2329 Kg/m3. The gravitational acceleration 
is 9.8 m/s2. The friction coefficient between the silicon wafer and the steel ball was set at 0.2. 
The GID was kept re-calculated with the mesh density being doubled until the calculated results 
were getting to be steady and the change of the GID was less than 0.1 μm.

3.	 Experimental verification of FEM 

An apparatus for flatness measurement was developed, consisting of a  precision granite 
stage with aerostatic guides and grating scales in the x and y directions, a laser displacement 
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sensor, a  supporting mechanism with three balls fixed at the bottom, and a  data acquisition 
system, as shown in Fig. 2. Beside contact sensors [17], contactless laser sensors are often 
used to measure surface profiles [18]. A contactless laser displacement sensor (LK-H022K, 
Keyence, Japan) was adopted and mounted on the granite guide, which could move along the 
aerostatic guides driven by AC servo motors in the directions of x and y axes. The straightness 
of each guide is 1 μm over the full length of 500 mm. The servo motors are controlled by 
a  Ressaix motion control system (DMC2410B, Leadshine, China). The grating scale for 
positioning the laser sensor has a resolution of 0.1 μm. The sensor could be manually moved 
along the z-axis, which enables adjustment of the measuring height. During measurement, the 
sensor moves along the x and y axes to scan a maximum area of 500 × 500 mm2. An application 
software (developed using Visual C++) is used to control the sensor’s scanning path. During 
measurement, the positions of the sensor in the x−y plane and their corresponding value along 
the z-axis are recorded for calculating the wafer shape.

Fig. 2. A schematic illustration of the flatness measurement apparatus.

A double-sided polished single crystal (100) silicon wafer with thickness of 330 μm and 
diameter of 200 mm, provided by GRINM Advanced Materials Co. Ltd of China, was used in 
the verifying experiments. The surface roughness of both sides of the “as received” wafer is Ra 
0.41 nm measured by a white light interferometer (NewView 5022, Zygo, USA).

To verify the FEM, the simulation result of the GID of the wafer was compared with that 
obtained using the three-point-support inverting method in the developed apparatus shown in 
Fig. 2. The shape of the wafer which was supported by three balls was firstly measured along 
specified paths. The wafer was then turned upside down and supported by three balls at the 
same positions on the back side of the wafer, and the shape of the wafer was measured again 
[11]. The sensor moved in the x and y directions along aerostatic guides to scan the wafer while 
the wafer was kept static on the supporting balls during the measurement to prevent vibration. 
The wafer shape and the GID were obtained by processing the two measurement results at the 
corresponding points. The GID of the wafer under the same conditions was calculated using the 
developed FEM, and compared with the measured results in the experiment.

The unconstrained shape of the wafer obtained using the three-point-support inverting 
method is shown in Fig. 3a. The wafer has a  shape showing the central symmetry and the 
deformation range (difference between maximum and minimum values) is about 10 μm. 
The  GID distribution obtained using the three-point-support inverting method shown in 
Fig. 3b presents the threefold rotational symmetry which is correlated with the locations of 
the supporting balls. The deformation range is about 45 μm. The GID distribution calculated 
using the FEM is shown in Fig. 4, which is almost the same as the measured topography 
shown in Fig. 3b. The difference between the calculated and measured GIDs is presented 
in Fig. 5. The  difference distribution does not present the threefold rotational symmetry 
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any more, indicating that the difference is independent from the positions of the supporting 
balls. The maximum difference value is about 1.3 μm. This difference includes the thickness 
variation of the wafer, since the wafer was assumed to have uniform thickness in the three-
point-support inverting method [15]. The difference also includes the sensor error and the error 
of guide straightness. Comparing the maximum difference with the total deformation, the FEM 
is reliable and the error is less than 3%. The experimental results match very well the simulated 
values, which confirms the validity of the developed FEM.

           a) 					              b)

Fig. 3. a) Deformation of a double-sided polished silicon wafer; b) the GID of a silicon wafer  
obtained using the three-point-support inverting method.

Fig. 4. The GID of a silicon wafer obtained using the FEM.

Fig. 5. The difference of GIDs presented in Fig. 4 and Fig. 3b.
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4.	 Effect of initial stress of wafer

A subsurface damage layer will be formed on the top of a  crystalline silicon wafer by 
lapping or grinding [19−23]. For double-sided polished silicon wafers, the effect of initial 
stress of wafer is negligible since the subsurface damage is removed by polishing [14] and the 
deformation caused by the residual stress is very small, as shown in Fig. 3a. For wafers after 
grinding, the subsurface damage is too large to be negligible, and the wafers usually deform 
into a spherical cap shape due to the residual stress induced by the subsurface damage. In this 
study, the subsurface damage layer induced by machining is assumed to be uniform on the 
whole wafer surface, which has been proven to be reasonable for the wafers ground with spark-
out processes [24].

A wafer of which the two surfaces were under different initial stress states was used to 
examine the effect of initial stress using FEMs. One surface was under a large initial stress state 
to mimic the ground surface whereas the other surface was stress-free to mimic the polished 
surface. The wafer had a diameter of 300 mm and thickness of 400 μm. The PV value caused 
by the initial stress was set to be 300 μm, which was close to that in the experiment. The GID 
without considering the effect of initial stress (Model A) and the GIDs considering the effect of 
initial stress when the ground surface was upward (Model B) and downward (Model C) were 
all calculated. The GID ranges, which are defined as the differences between the maximum and 
the minimum values, of the three models and their difference distributions are shown in Fig. 6.

   a) 					                  b)

   c) 					                  d)

Fig. 6. Comparison of GIDs obtained by different models: a) the GID ranges of different models; 
b) the difference distribution between GIDs in Model A and Model B; c) the difference distribution between 

GIDs in Model A and Model C; d) The difference distribution between GIDs in Model B and Model C.
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The GID range considering an initial stress increased by about 10% compared with that 
considering no initial stress, indicating the significant effect of the initial stress, as shown in 
Fig. 6a. Figs. 6b and 6c detail the effects of initial stress when the ground surface is upward or 
downward. The maximum difference values are all over 10 μm while the GID range without 
considering an initial stress is 147.1 μm. The GID obtained when the ground surface was 
upward also differed from that when the ground surface was downward. As shown in Fig. 6d, 
the maximum difference value on the wafer surface reaches 9.8 μm, although the GID range 
difference is only about 6 μm. It demonstrates the application limitation of the three-point-
support inverting method which works on the assumption that the effects of gravity in two 
directions before and after flipping are equal.

Fig. 7. The effect of an initial stress on GID. 

The effect of different initial stresses on GID calculation was examined. The maximum 
difference value on the whole wafer surface Δdmax increases from 0 to 22.4 μm as the initial 
stress induced deformation increases from 0 to 400 μm when the ground surface was upward 
(Fig. 7). The slope increases with the increase of initial stress induced deformation, indicating 
that the effect becomes greater. In our study, the wafer was ground with #5000 diamond 
grinding wheel of which the grit size was about 2 μm and the deformation was near 300 μm. 
Therefore, the effect of the initial stress would be greater on wafers ground by grinding wheels 
with larger grit sizes, e.g. #600 or #2000 diamond grinding wheels.

In the FEM, the initial stress of the wafer is applied as a load in the wafer model when the 
value and the depth of the initial stress are known. However, both the value and the depth of the 
actual initial stress layer are not known for a certain wafer to be tested. To solve this problem, 
the Stoney equation was used to determine the relations between the curvature of the silicon 
wafer and the stress of the damage layer as the depth of the damage layer is considerably small 
compared with the thickness of the wafer in this study. The curvature of the machined wafer 
is determined by the damage induced force per unit width which bends the bulk wafer. The 
force per unit width along the radial direction is the integral of the stress in the film over the 
thickness of the film [25]. The width direction corresponds to the circumferential direction 
which is perpendicular to the radial direction. Therefore, the effect of the initial stress on the 
wafer GID could be included in the FEM after the force per unit width is calculated. The actual 
depth of the subsurface damage does not need to be known.

In the experiment, a silicon wafer of 300 mm diameter and 400 μm thickness, ground by 
#5000 diamond grinding wheel, provided by Jing Ji Electronic Tech Co. Ltd of China, was 
used. The procedures of including the effect of the initial stress in the FEM are as follows:
a)	Measure the shape of the silicon wafer supported by three balls.
b)	Compute the GID of wafer using the FEM without considering the effect of initial stress.
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c)	Subtract the GID from the measured result to obtain the unconstrained shape of the wafer. 
The calculated unconstrained shape of the wafer includes the errors caused by the initial 
stress of the wafer.

d)	Calculate the force per unit width of the wafer using the Stoney equation from the fitted 
curvature of the shape of the wafer.

e)	Compute the GID of the silicon wafer using the FEM in which the force per unit width of the 
wafer is applied as a load.

f)	 Subtract the GID from the measured result to obtain a more accurate shape of the wafer.
In the procedure (d), the force per unit width calculation of the wafer contains errors resulted 

from the erroneous shape of the wafer. Besides, the procedure requires the use of a correction 
factor for the force per unit width calculation in the FEM under large deformation cases because 
the Stoney equation is based on the assumption that the strains and rotations of the wafer are 
infinitesimal [26]. Iterative calculation is needed to obtain the accurate shape of the wafer in the 
FEM. The convergence of the iterative calculation could be achieved very easily since the error 
of the shape is a second order small quantity in the FEM. An error of 10 μm of 300 μm initial 
stress induced deformation causes less than 1 μm error for the GID calculation. 

To verify the validity of the models, the results were compared with those obtained using the 
three-point-support inverting method proposed by Natsu et al. [11]. The GID obtained using the 
three-point-support inverting method was compared with the GID averaged over two directions 
in the FEMs as the effects of gravity in two directions were not equal. 

Figures 8a and 8b detail the shape and the GID of the wafer obtained using the three-point-
support inverting method. The shape of the silicon wafer is obviously a spherical one with the 
peak-to-valley value of about 285 μm. 

         a) 					               b) 

Fig. 8. a) Deformation of the ground silicon wafer; b) the GID of the wafer obtained using
the three-point-support inverting method.

The GID distribution obtained by the FEM simulation without considering an initial stress, 
and its difference from Fig. 8b are shown in Fig. 9a and Fig. 9b. The difference distribution 
presents obvious correlation with the positions of the supporting balls. The maximum positive 
and negative difference values are over 10 μm. 

The GID distribution obtained by the FEM simulation considering an initial stress, and its 
difference from Fig. 8b are shown in Fig. 9c and Fig. 9d. The difference distribution indicates 
its independence from the positions of the supporting balls. The difference range is about half 
of that of Fig. 9b and the maximum difference value is about 7 μm. Most of the difference 
values are less than 3 μm. It proved that the effect of the initial stress could not be neglected. 

The thickness variation of the wafer was included in the difference between the calculated 
and the measured topographies since the wafer was assumed to have uniform thickness 
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in the  three-point-support inverting method [15]. The difference also included the sensor 
error and the error of guide straightness. When the diameter was larger, the total thickness 
variation increased and the sensor error and the guide straightness error both deteriorated with 
the increase of the scanning area. 

       a) 					                 b)

       c) 					                d)

Fig. 9. a) The GID of the wafer obtained using the FEM without considering the effect of initial stress;
b) difference of GIDs between those in Fig. 9a and Fig. 8b; c) the GID of the wafer obtained using 

the FEM considering the effect of initial stress; d) difference of GIDs between those in Fig. 9c and Fig. 8b.

5.	 Effects of positioning errors of support and wafer on GID

The positions of the supports and the wafer in the actual measuring scenario different from 
those in the FEM result in GID calculation errors. The GIDs of a wafer with 300 mm diameter 
and 400 μm thickness under different positioning errors were calculated to investigate the 
positioning accuracy requirements. The radius of the supporting circle Rs was set to 98 mm to 
minimize the GID range of the wafer. 

The positioning errors of a  supporting ball along the radial, circumferential and vertical 
directions are defined as erd, ecd and evd, respectively. The positioning error of the wafer relative 
to the center of the supporting circle determined by three balls is defined as ewd. The difference 
between the GIDs with and without positioning error is defined as Δd, and the maximum value 
of Δd on the whole wafer surface is defined as Δdmax, as shown in Fig. 10. The effects of erd, 
ecd, evd and ewd on GID were evaluated. The error distributions on the wafer surface were also 
plotted to help understand the way how the positioning errors affect the measurement results.
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Fig. 10. The def﻿initions of erd, Δd, and Δdmax.

5.1. Effect of erd on GID

There is a good linear relationship between Δdmax and erd of one supporting ball, as shown 
in Fig. 11, in which the positive and negative erd values mean the outward and inward shifts of 
the positioning ball, respectively. Δdmax changes about 3 μm/mm for erd (11.7 μm in the positive 
direction and 13.5 μm in the negative direction versus 4 mm erd). To obtain the measurement 
accuracy of 1 micrometer or less on a wafer with diameter of 300 mm and thickness of 400 μm 
with Rs being 98 mm, erd should be less than 296 μm. 

The distribution of Δd on the wafer surface caused by 1 mm erd remains axially symmetric, 
which is shown in Fig. 12. Δdmax occurs at the edge of the wafer near the deviated supporting 
ball. Δd is negative in the center, and positive at the edge of the wafer.

     Fig. 11. The relation between Δdmax and erd.                     Fig. 12. The Δd distribution on the wafer
                                                                                                   surface caused by erd (erd=1 mm).

5.2. Effect of ecd on GID

Figure 13 demonstrates the effect of ecd of one supporting ball on Δdmax. Δdmax changes about 
9 μm/mm for ecd (34.4 μm versus 4 mm ecd). The effect of ecd is much larger compared with that 
of erd. To obtain the measurement accuracy of 1 micrometer or less on a wafer with diameter of 
300 mm and thickness of 400 μm with Rs being 98 mm, ecd should be less than 116 μm. 

The Δd distribution of the wafer caused by ecd is not symmetric along the x axis, as shown in 
Fig. 14. However, its absolute value distribution exhibits an axial symmetry along the y axis. 
Larger difference values are on the half of the wafer where the supporting ball is deviated from 
the ideal position. The maximum positive difference value is located at the wafer edge where 
the circumferential position is at q = 45° and the maximum negative difference is at q = –45°. 
The difference value on the other half of the wafer is much smaller.
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5.3. Effect of evd on GID

A cosine type relationship between Δdmax and evd is found, as shown in Fig. 15. The effect 
of the positive evd is a  little larger than that of the negative one. Δdmax changes less than 0.2 
μm when evd is equal to 4 mm. It is easy to achieve the positioning accuracy of the supports 
along the vertical direction. To obtain the measurement accuracy of 0.1 micrometer or less the 
effect of vertical positioning error evd is insignificant. It should be noted that the measurement 
range would increase if the supporting ball have an evd error, often leading to the decrease of 
measurement accuracy.

The Δd distribution on the wafer surface is shown in Fig. 16 when evd equals to 1 mm. Its 
topography caused by evd is quite similar to that caused by erd (Fig. 12). The reason is that the 
distance between the deviated supporting ball and the other two fixed balls increases when  
the supporting ball is incorrectly positioned in the vertical direction, leading to an error along 
the radial direction. It is also the reason of the relationship between Δdmax and evd being a cosine 
type.

Fig. 14. The Δd distribution on the wafer
surface caused by ecd (ecd = 1 mm).

Fig. 13. The relation between Δdmax and ecd. 

Fig. 16. The Δd distribution on the wafer
surface caused by evd (evd=1 mm). 

Fig. 15. The relation between Δdmax and evd. 
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5.4. Effect of ewd on GID

It is extremely difficult or even impossible to have the wafer exactly concentric with the 
circle determined by three balls in the supporting mechanism. The effect of ewd was investigated 
to provide a guideline in designing a centering device. 

Δdmax changes about 8 μm/mm for ewd (29.0 μm in the positive direction and 33.1 μm in the 
negative direction versus 4 mm ewd), as shown in Fig. 17. There exist negative errors on the 
two sides where the supporting ball is deviated from the ideal position. As shown in Fig. 18, 
the maximum positive error is at the wafer edge at q = 180° which is opposite to the deviated 
supporting ball. The maximum negative error is on the right or left wafer edge where the 
circumferential positions are at q = 90° or at q = –90°.

Figure 19 shows the effect of ewd on Δdmax in three different angular directions. Δdmax is about 
35.1 μm along three different directions when the wafer center is burdened with a positioning 
error of 4 mm. The Δdmax differences of three directions are small compared with the maximum 
value. The effect of angular direction of ewd is negligible. To obtain the measurement accuracy 
of 1 micrometer or less, the positioning error should be less than 114  μm for the center 
positioning accuracy of the wafer. 

Fig. 19. The effect of ewd in different directions on Δdmax.

Fig. 18. The Δd distribution on the wafer
surface caused by ewd (ewd = 1 mm).

Fig. 17. The relation between Δdmax and ewd. 
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6.	 Discussion

The GID is uniquely determined by the positions of the supports for a silicon wafer in the 
three-point-support method, which is a desired feature compared with other methods in which 
the wafer is placed on a work plane directly or supported at its peripheries during measurement. 

The GID of the wafer could be subtracted from the measurement results to obtain the 
accurate unconstrained shape of the wafer. Compared with the inverting method, the proposed 
method is time-saving, since only one surface needs to be scanned, and the wafer is not 
required to be flipped during measurement. The wafer has to be flipped during measurement 
using the inverting method as both surfaces have to be measured. An accurate FEM of the 
wafer is essential because it influences the final result directly in the three-point-support 
method.

The difference between the GIDs considering initial stress and without considering 
initial stress is over 10 μm, indicating that the effect of the initial stress has to be taken into 
consideration for wafers after grinding or lapping. Theoretically, the effect of the initial 
stress on GID calculation could be considered in the FEM. The results of this study show 
that for wafers with a uniform subsurface damage layer, i.e. initial stress distribution, the 
true shape and the GID of wafer could be obtained through iterative calculations with the 
aid of the Stoney equation, even though the actual depth of the subsurface damage and the 
initial stress value are unknown. For wafers with non-uniform initial stress distribution, the 
initial stress could also be applied according to the stress distribution on the wafer surface 
[24] as the applying of the initial stress is element-based in the FEM. It can be seen from 
Fig. 6 that the difference of GIDs between the wafer surface under the initial stress being 
in upward and downward positions could be identified by our FEM. Although it is difficult 
to directly verify the FEM at this moment, the proposed method provides a potential way 
for the flatness measurement of large and thin wafers considering the effect of the initial 
stress.

The three-point-support method is based on the concept of superposition of multiple 
deflections. The bifurcation will occur if the wafer thickness is too small for the proposed 
method to be used. Therefore, the minimum wafer thickness that can be tolerated should be 
the critical thickness, at which the bifurcation does not occur on the wafer. The criterion for 
checking whether the bifurcation occurs has been discussed in the previous work [25]. It can be 
expressed as a function of the diameter, the thickness and the initial stress:

	
2

3( ) ,
D

A t
h

σ= 		  (2)

where: A is the criterion value: if A >Ac, the bifurcation will occur; (σt) is the force per unit width, 
which is related to the wafer surface quality, and can be derived from the surface deformation; D 
is the wafer diameter; and h – the wafer thickness. The minimal thickness can then be obtained 
by substituting Ac, D and (σt) into the equation. The critical value is Ac = 680 GPa for silicon. For 
wafers after grinding with #5000 diamond wheel, (σt) is about 0.15 GPa • μm. The minimum 
thicknesses of wafers with diameters of 200 mm and 300 mm were calculated to be 207 μm and 
271 μm, respectively. For wafers after polishing or etching, the surface quality is much better 
than for those after grinding, of which the force per unit width is much smaller, resulting in 
smaller minimum wafer thickness values.

Positioning errors of the supporting mechanism are introduced during the manufacturing 
and assembling processes, leading to measurement errors. In this paper the effects of 
positioning errors of supports were studied to determine the accuracy requirements for 
a  supporting mechanism. The effect of the positioning error of the wafer was also studied 
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and it is used to determine the accuracy requirement of a centering device for the wafer. To 
obtain the measurement accuracy of 1 micrometer on wafers with 300 mm diameter and 
400 μm thickness, the positioning errors should be less than 296 μm in the radial direction, 
116 μm in the circumferential direction for the supporting balls, and 114 μm for the center 
positioning accuracy of the wafer. It should be noted that the required positioning accuracy and 
the centering accuracy are both over 100 μm, which is not difficult to achieve in the production 
environment.

On the other hand, the positions of supporting balls could be obtained by measuring their 
profiles. The supporting points are the highest points of the balls. The position of the wafer 
could also be obtained by measuring its edges. The center of the silicon wafer could be 
calculated after knowing the positions of over three its edge points. Then, the positions of the 
supporting balls and the wafer are the feedback to the FEM and the agreement of positions of 
supports and wafer in both the measuring experiment and the FEM could be attained. In this 
way, it is not necessary to require a high positioning accuracy any more.

The three-point-support method is feasible as a  verification method for a  single wafer. 
However, its use in a production environment may be limited because both the FEM calculation 
and the profile scanning by laser sensor need time.

7.	 Conclusions

An FEM which included the effect of initial stress was developed to calculate the GID of 
silicon wafers. The simulated GID of a double-sided polished wafer agreed well with that  
of the measured one. For wafers with 300 mm diameter and 400 μm thickness of which the PV 
value caused by the initial stress was 300 μm, the maximum difference value between GIDs 
with and without considering the initial stress was over 10 μm while the GID range without 
considering the initial stress was 147.1 μm. The maximum difference value between GIDs 
of a silicon wafer before and after the flip of the wafer reached 9.8 μm. The measurement 
result of a silicon wafer ground with #5000 diamond grinding wheel was consistent with the 
simulation result, both demonstrating that the effect of initial stress could not be neglected in 
the FEM.

The effects of the positioning errors of the supporting balls and the wafer were investigated. 
Different patterns of error distributions were found for different types of errors. The effect of the 
vertical positioning error was negligible. To obtain the measurement accuracy of 1 micrometer 
on 300 mm diameter, 400 μm thickness wafers, the positioning errors should not exceed 296 
μm in the radial direction, 116 μm in the circumferential direction for the supporting balls, 
and 114 μm for the center positioning accuracy of the wafer. The study results show that the 
wafer positioning error and the circumferential error are the most influential factors affecting 
the measurement accuracy. For 300 mm diameter wafers with thickness larger than 400 μm the 
accuracy requirement becomes less strict. Similarly, for 400 μm thickness wafers with diameter 
smaller than 300 mm the effect of the errors of the supports is smaller.
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