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Abstract Silicon wafers are the most extensively used mate-
rial for integrated circuit (IC) substrates. Before taking the form
of a wafer, a single crystal silicon ingot must go through a se-
ries of machining processes, including slicing, lapping, surface
grinding, edge profiling, and polishing. A key requirement of the
processes is to produce extremely flat surfaces on work pieces
up to 350 mm in diameter. A total thickness variation (TTV)
of less than 15 µm is strictly demanded by the industry for an
0.18 µm IC process. Furthermore, the surfaces should be smooth
(Ra < 10 nm) and have minimum subsurface damage (< 10 µm)
before the final etching and polishing. The end product should
have crack-free mirror surfaces with a micro-roughness less than
1.8 Å. In this paper, experiments are conducted to investigate
the effects of various parameters on the subsurface damage of
ground silicon wafers.

Keywords Grinding · Lapping · Silicon wafer ·
Subsurface damage · Total thickness variation

1 Introduction

Silicon wafers are being used today in a variety of microelec-
tronic applications. Because single crystalline silicon is hard and
brittle, surface and subsurface damage is easily induced dur-
ing machining processes such as sawing, grinding, and lapping.
Pei [1] has investigated subsurface cracks on ground silicon
wafers and found that the depth of these cracks is approxi-
mately equal to half of the diamond grit size used in the grinding
wheel. Processes such as etching, polishing, and cleaning are
then needed to remove this layer of damage. If the depth of dam-
age can be minimized in the grinding or lapping process, time
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will be saved and cost will be substantially reduced in the subse-
quent processing.

Ductile and brittle modes of deformation can happen in the
same brittle material, like single crystal silicon, and the transi-
tion between them can be controlled by changing the machining
conditions [2]. A chip removal mechanism for brittle and duc-
tile deformation using abrasive grain is shown in Fig. 1. Brittle
and partial ductile chips occur simultaneously on the surface of
ground silicon wafer, as shown in Fig. 2. The regime in which
the deformation takes place, in the form of simple plastic flow, is
also the favoured regime for ductile mode machining [3].

Many researchers have investigated the structure of subsur-
face damage on ground single crystalline silicon wafers [4–6].

Fig. 1a,b. Chip removal mechanism a brittle b ductile
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Fig. 2. SEM picture of surface of ground silicon wafer

The subsurface layer has an amorphous layer with a thickness of
tens of nm on top of the ground surface. There is also oxygen
and carbon penetration into this layer. Surface pittings, disloca-
tions, and subsurface cracks with a thickness of a few tens of µm
can occur in the vicinity area. At the bottom is a perfect single
crystalline layer.

The subsurface cracks are measured by the depth that the
subsurface damage layer reaches. It is critical to reduce the depth
of cracks and to understand how cracks initiate and propagate
into the material. Each individual grit on the grinding wheel
creates a concentrated stress point from which cracks tend to
initiate. The concentrated stress produces a crack normal to the
surface under loading (called median cracks). Upon unloading, a
crack parallel to the surface initiates and propagates (called lat-
eral cracks). Usually, median crack formation is associated with
strength degradation in the material, while lateral crack forma-
tion is associated with a material removal processes.

This study uses various methods to examine and measure
subsurface damage. The results indicate that the grit size of the
grinding wheel, the feedrate applied in the grinding process and

the rotational speed of the wafer are the key factors. The sub-
surface damage of a lapped wafer is also investigated. Finally,
a guideline is proposed to minimize subsurface damage in the
grinding process of silicon wafers.

2 Experiments

The (100) surfaces of a single crystalline silicon wafer of
200 mm in diameter were ground with ultra-precision grinders,
including an Okamoto VG-502 MK II 8 surface grinder (of dif-
ferent feed rate, chuck rotational speed) and a Cranfield Ultra
Precision Face Grinding Machine (of different wheel rotational
speed). Resin bonded diamond grinding wheels with grit sizes of
mesh #325, #375, #800, #2000 were applied. Double side lap-
per SPEEDFAM DSM–12B and abrasive FUJIMI Fo#1200 were
used for the corresponding experiments.

The operation of silicon wafer grinding is illustrated in
Fig. 3. A silicon wafer is held on a rotary table and the grinding
wheel is fed downwards. The wheel contacts with only half of the
silicon wafer, to achieve better total thickness variation. While
grinding, the wheel and the silicon wafer rotate in the same di-
rection so that the wheel cuts the silicon wafer from centre to
periphery. This arrangement, commonly used today, is called sil-
icon wafer rotary grinding.

An example of silicon wafer lapping is demonstrated in
Fig. 4. A silicon wafer is held on a carrier, driven by sun gear,
between an upper and lower plate. An appropriate slurry with an
abrasive is added and pressure is applied to lap the silicon wafer.

Two types of specimen were prepared to investigate subsur-
face cracks: a cross-sectional view specimen, which revealed the

Fig. 3. Illustration of silicon wafer grinding
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Fig. 4a,b. Illustration of silicon wafer lapping

structure of material perpendicular to the ground surface; and a
plane view specimen, with its surface parallel to the ground.

The cross-sectional view specimen revealed the structure of
subsurface cracks. To prepare the specimen, a rectangular sam-
ple with an area of 10 mm by 20 mm is cleaved from the ground
wafer. The cleaved sample should always be taken from the same
position of the wafer, as the sample position has a pronounced
effect on subsurface cracks. The cross-section of interest is then
angle polished and etched with Yang solution to make the subsur-
face cracks discernable (as shown in Fig. 5). The real crack depth
creal is then calculated as creal = t ×c/d, where c is the measured
crack depth, d is the width of the cross-section, and t is thickness
of the sample.

The plane view specimen was used to show the distribution
of subsurface cracks and surface pittings. The preparation pro-
cess is similar to that used for the cross-section view specimen,
but the interested plane is the ground surface.

3 Results and discussion

3.1 Microscopy observation

A photograph of a ground silicon wafer viewed by a magic mir-
ror is shown in Fig. 6. The regular pattern on the surface of

Fig. 5. Cross-sectional view of specimen preparation

silicon wafer is called the grinding mark. The density of the
grinding mark is related to the ratio of the chuck rotational speed
and the wheel rotational speed. When the value of that ratio ap-
proaches 1, the highest density grinding mark is obtained.

The cross-sectional observations of the subsurface structure
on ground and lapped wafers are shown in Fig. 7. It is obvious
that the cracks propagate in the same direction. In fact, cracks
are separation planes of the material and have particular frac-
ture modes in single crystalline silicon [7]. According to fracture
mechanics, it is easier for cracks to propagate along the crys-
tal planes of lowest fracture toughness. There is little difference
between subsurface cracks on the ground wafer and the lapped
wafer, though some cracks formed a few µm under the lapped
surface, as shown in Fig. 7b.

The plane view observation of the subsurface cracks and pit-
tings on ground and lapped wafers are shown in Fig. 8. The
cracks on the ground wafer were distributed along the scratching
path of grits but the cracks of lapped wafer, shown in Fig. 8c and
d, were not. There are two types of cracks observed in the ground
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Fig. 6. Photo of ground silicon wafer viewed by magic mirror

Fig. 7a,b. Cross-sectional observations of subsurface cracks. a ground wafer
(#375) b lapped wafer. (Fo#1200)

wafer, shown in Fig. 8b: chevron cracks and partial cone cracks.
From the scratching test on silicon wafers [8], it is concluded that
the chevron cracks came from a sharp grit while the partial cone
cracks came from a blunt grit.

The surface of silicon wafers machined by grinding with
mesh grit sizes of #2000 and #4000 are shown in Figs. 9 and 10,
respectively. The thickness of the subsurface damage layer on the
ground silicon wafer with mesh #2000 is approximate 1.2 µm,
while for mesh #4000 the thickness is approximately 0.6 µm.
Grinding of silicon wafers produces some partial ductile streaks
on the ground surfaces. However, under optimal grinding condi-
tions, more partial ductile mode surfaces could be obtained. This
resulted in significantly shortened polishing time for producing
an acceptable surface finish.

3.2 The grain depth of cut of ground silicon wafer

A great deal of research has been done to predict median crack-
ing in static indentation and scribing test. All of the results show
that bigger forces of indentation cause deeper median cracks. It’s
also been suggested that if the force of each grit is reduced, the
subsurface cracking will be reduced. It is difficult, however, to
grind a wafer to the desired geometry if the force is used as the
control variable. The other, more practical approach is to control
the grain depth of cut dg. It is an indirect way to control the force
and easily implemented as a control variable by regulating grind-
ing variables such as feed rate, grain size, wheel rotational speed,
and chuck rotational speed. Furthermore, ductile grinding of sili-
con wafers will be achieved by controlling the condition dg < dc,
where dc is the critical cutting depth of single crystalline silicon.

Sharp et al. have analyzed the grain depth of cut in plunge
grinding, using computer simulation and an analytic model [9].
The relation between grain depth of cut and grinding parameters
can be rewritten for wafer grinding as follows:

dg = 7.37R

(
f

′
r1ω1

Lw2 Fvω
2
2

)0.4

(1)

where R is half the grain size, f ′ is the feed rate in µm/min,
r1 is the distance from wafer center to the sample location, ω1

is the chuck rotational speed in rpm, w2 is the thickness of the
diamond cup wheel, and ω2 is the wheel rotational speed in
rpm. Fv = 0.18 is the grain volume fraction in the binder and
L = 300 mm is the mean circumference of the grinding wheel
used in the experiments.

3.3 Results of grinding

The results of grinding are shown in Fig. 11. The maximum
depth of subsurface cracks is related to the grain depth of cut
and can be minimized by controlling it, i.e., using finer grain
size, lower feedrate, lower chuck rotational speed, and higher
wheel rotational speed. However, the maximum depth of subsur-
face cracks and wheel rotational speed ω2 are not as related as
we expected. From Eq. 1, dg is proportional to (1/ω2)

0.8 and thus
the curve should be more abrupt than it appears in Fig. 11e.
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Fig. 8a–d. Plane view observations of subsurface cracks. a ground wafer with a thickness of 10 µm removed (#375) b ground wafer with a thickness of 15
µm removed (#375) c lapped wafer with a thickness of 3 µm removed (Fo#1200) d lapped wafer with a thickness of 5 µm removed (Fo#1200)

Fig. 9. SEM picture of subsurface damage layer of ground silicon wafer with
grit size of mesh #2000

There are two possible explanations for this phenomenon.
The first is resonance. Because the grinding machine will be
at resonance while working at a wheel rotational speed of

Fig. 10. SEM picture of subsurface damage layer of ground silicon wafer
with grit size of mesh #4000

1200 rpm, it could cause deeper depth of subsurface cracks. The
second explanation is thermal expansion. The thermal expan-
sion could be several µm during grinding, and could be even
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Fig. 11a–e. Effect of grinding
parameters on the maximum
depth of subsurface cracks

Fig. 12. Effect of evaluated grain depth on the maximum depth of subsurface
cracks

worse at higher wheel rotational speeds [10]. For this reason,
we may have underestimated the real value of dg at higher wheel
rotational speeds and, hence, the result is not as we expected.

It should also be noted that the depth of subsurface cracks
should be approximately equal to half of the diamond grit size
used in the grinding wheel ([1]). The experimental results, how-
ever, show the depth of subsurface cracks to be equal to one-third
of the diamond grit size used in the grinding wheel. It is sug-
gested that the results will vary with different grinding machines
or grinding conditions. The effect on the maximum depth of sub-
surface cracks of evaluated grain depth of cut is shown in Fig. 12.

4 Conclusion

The subsurface cracks of ground and lapped silicon wafers were
investigated and compared. There were chevron and partial cone
cracks observed from plane-view specimens of ground silicon
wafers. It was found that larger grit sizes resulted in deeper
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cracks. The grinding wheel grit size was the dominant fac-
tor in crack formation observed in the present investigation.
The deeper crack could also result from a faster feed rate or a
higher chuck rotational speed. A higher wheel rotational speed,
however, would lead to shallower cracks. The grain depth of
cut on ground silicon wafers was derived in this study and
used as the control variable to reduce subsurface cracks. Duc-
tile regime grinding can be achieved by setting the condition

7.37R
(

f
′
r1ω1

Lw2 Fvω
2
2

)0.4
< dc, as an appropriate set of grinding pa-

rameters. Reduced polishing time and improved surface quality
can be realized with the presence of ductile streaks.
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