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Abstract

This study is concerned with the deformation or warping behavior of thin layered semiconductor structure compris-
ing a silicon substrate, a pattern layer and a polyimide coating layer with its thickness varying from 100um to 50 um. In
contrast with the conventional thick semiconductor structure, today’s semiconductor structure is increasingly thin and
therefore the warping is extremely conspicuous, being among the major concerns in the structural design of a chip. In
the view of thermomechanical analysis of an extremely thin layer structure considered in the present paper, a few pa-
rameters on the deformation should be taken into consideration such as the pattern layer and intrinsic stress. To account
for the effect of the pattern layer, we make a well educated guess for the mechanical properties, employing the test
results and the CBA (Composite Beam Analysis) theory. In addition, we take into consideration the effect of the intrin-
sic stress due to moisture absorption on deformation. We show that the chip warpage is accurately predicted when all
these are properly considered. Furthermore, we have found that the local instability or wrinkling, associated with the
nonuniformity or the inhomogeneity in material properties and bonding quality between any two neighboring layers,
appears as one important mode of energy relaxation in addition to the overall warpage when the chip thickness be-
comes very small.
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1. Introduction

Memory package products are becoming increas-
ingly thinner and multi-functional for the application
of mobile microelectronics. Stacking techniques of
multiple semiconductor chips inside a thin package
are now among the essential parts of today’s ad-
vanced packaging technologies. For stacking a greater
number of chips, the chip thickness has to be thinner,
but this induces adverse effects on the stiffness or the
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strength of the chip. As the chip thickness is de-
creased, chip deformation is severer, causing a non-
bonded area between the chip bottom and the PCB
(Printed Circuit Board) substrate during die attach
process, and chip delamination as well after the mold-
ing process. This leads to a drastically increasing
possibility of memory breakdown.

Warpage ¢ is a measure of the deformation re-
sulting from CTE (Coefficient of Thermal Expansion)
mismatch between different layers of a multiple lay-
ered structure as seen in Fig. 1. The CTE mismatch
stress remains in the wafer during the fabrication, thus
causing chip warpage when chips are thinned through
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Fig. 1. Configuration of the out-of-plane deformation of the
chip due to CTE mismatch.

wafer back-grinding process. To predict the warpage
and residual stress, several analytical methods have
been proposed [1-6]. However, most of them are in-
appropriate for analyzing thin silicon chips in that the
substrate is much thicker than polyimide film in these
methods: the thickness ratio of polyimide film versus
substrate should be less than 1/20 [1-3] although more
enhanced methods have been proposed to cover the
higher thickness ratios approximately [4-6]. In the
present study, we employ finite element method
(commercial software ABAQUS [7]) to predict the
deformation behavior of thin silicon semiconductor
chips.

In addition, there are a few unknown parameters
that should be clarified such as material properties of
the pattern layer, and stress-free temperatures of ma-
terials. The integrated circuit pattern structure on sili-
con wafer is fabricated through many unit processes
such as diffusion, oxidation, metallization, etching
and passivation on a silicon wafer, thus naturally con-
sisting of complex and tiny materials. It would be
impossible to model the pattern structure considering
every tiny and complex component in detail. There-
fore, we extract its equivalent material properties by
fitting the test results to the CBA (Composite Beam
Analysis) together with homogeneity assumption.

The outline of the paper is as follows. We provide a
brief review of composite beam analysis and experi-
mental arrangement of semiconductor chips in Sec-
tion 2, and this is followed by the prediction of uncer-
tain material properties in Section 3 and 4. In Section
5, we compare the analysis result with the test result
to demonstrate the performance of the proposed study.
Finally, we end with some concluding remarks.

2. Composite beam analysis and experimental
arrangement of semiconductor chips

Consider a two-layered beam structure of polyim-
ide coating on silicon substrate as depicted in Fig. 2.
The two layers are in a state of zero stress at stress-
free temperature of polyimide coating. Cooled to

I,

£

Fig. 2. Schematic view of polyimide on the Si substrate at the
stress-free state.
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Fig. 3. Schematic view of multi-layered structure.

room temperature, the polyimide coating and silicon
substrate have different thermal expansion due to the
difference in CTE between the two materials when
they are not boned. To make the deformations of two
layers matched, a certain amount of stress needs to be
imposed on the polyimide coating. Such sort of stress
is defined to be the equivalent stress (=0, ) in the
axial direction as below

O-T:Ef(af_as)(Tf_Ta) )]

where E,o is Young’s modulus and CTE, respec-
tively, and the subscripts “f” and “s” indicate polyim-
ide film and silicon substrate; 7, and 7, are the
stress-free temperature of the film and the ambient
temperature, respectively. The effective radius of the
deformed beam R, effective bending moment
M yoeie » flexural rigidity EI,,, ., and distance 7
from the bottom to the neutral axis of the multi-
layered beam structure as seen in Fig. 3 are expressed
as follows [8]:
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Finally we obtain the warpage value & from the
following Eq. (3) [1-6].
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Where L is the chip size in the longitudinal direc-
tion (see Fig. 2). To apply the multi-layered beam
theory for laminated plates under thermal deformation,
we replace £ with the biaxial modulus £ while the
isotropy of the biaxial modulus is preserved, where
E is defined as E=E/(1-v) for isotropic material,
E=(C%+C,C,-2C%)/C, forcubic material such as a
(100) silicon wafer. Note that the use of the beam
theory for plates is valid only for isotropic plates or
for plates made of cubic materials with (100) or (111)
orientation [9].

From Eq. (3), warpage is a function of the material
properties of individual layers such as polymer coat-
ing, pattern and silicon substrate. The material proper-
ties of polymer and silicon are given in Table 1.
However, the material properties of the pattern layer
are still unknown because we have only little infor-
mation on their material components and its detailed
structure, although a few major components of pattern
have become well-known such as silicon oxide, metal
and so forth. We may be allowed to neglect the effect
of the pattern layer on the overall deformation behav-
ior of the chip for conventional thick chip structure
[1-6]. However, for today’s increasingly thin chip
structures, the pattern layer occupies a substantial part
of the chip cross-section, and it is imperative to ac-
count for the stiffness and other material properties of
the pattern layer for accurate evaluation of the chip
warpage. This may be verified through observation of
the warpage of a thin chip which is composed of the
silicon and the pattern layer with its top polyimide
layer having been removed as shown in Table 2 and
Fig. 11 (c) and 11 (d). The conventional thick chip
structure hardly undergoes a warpage when its poly-
imide layer is stripped off. To take into consideration
the presence of the pattern layer, we extract some
equivalent material properties for the pattern layer,

Table 1. Material properties of single chip device.

Materials | E (Gpa) | Poisson’s ratio a (10%°C)
polyimide
(pix-3400) 3.0 0.34 46
pattern - - -
- C11=165.7Gpa,C1,=63.9Gpa,| 3.084+0.00196T
silicon o
C44=79.6 Gpa (°C)
tCm) Curing
o Temperature (°C)
polyimide
(pix-3400) 10.0 329
pattern 45 -
silicon 35.5~85.5

¢-” Indicate unknown variable

Table 2. Measurement of warpage after drying.

Thick- Warpage (um ) Increment

Structure | ness | Priorto| 30 min | 30 min | percentage
(um) | drying | 250°C | 300°C (%)
100 | 208 | 255 | 276 32.7
polyimide/| 80 | 344 | 418 | 423 23.0
pattern/Si | 60 | 560 | 693 70.1 252
50 | 635 | 766 | 752 184
pattern/Si | 70 156 | 168 16.5 58

under the assumption of isotropy and homogeneity of
material, by fitting test results to CBA theory. For the
measurement of chip warpage and deformation pro-
file, a Twyman-Green interferometer [10-11] is used.
To measure chip warpage according to temperature,
we chose the following two types of chip samples:
intact original samples of which the cross-sectional
layout is polyimide/ pattern/silicon substrate with the
total thicknesses of 50, 60, 80 and 100 um as de-
picted in Fig. 4 (a), and polyimide-removed samples
of which the layout is pattern/silicon substrate with
thicknesses of 50, 70 and 90 um as depicted in Fig. 4
(b). The planar chip dimension is 8850 um by
4400 um for both of the samples. The thickness of
the polyimide coating layer and the pattern layer is
fixed as 10 um and 4.5 um , respectively for all the
samples as depicted Fig. 5.

The intrinsic stress due to water absorption has a
significant effect on the chip warpage, particularly
being prominent for thin chip structures [4-6]. There-
fore, we have put all of the chip samples in a heat
chamber at 250°C and 300°C for 30minutes, respec-
tively, to remove the intrinsic stress effect due to
moisture absorption. The test results for chips with
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different thicknesses regarding this effect are summa-
rized in Table 2. It is noted that the magnitude of chip
warpage increased up to about 20 - 30% after drying
for the first type samples, which retained the polyim-
ide layer.

3. Prediction of material properties of the pat-
tern layer

The pattern layer, which is made of various materi-
als such as silicon nitride (SiN), aluminum (Al), and
oxides, consists of several tiny and complex struc-
tures including metal lines, metal pads, vias, inter-
layer dielectric (ILD), shallow trench isolation, barrier
metals and inorganic passivation layers. This kind of
multiscale structure would not be tractable to a strict
computational modeling as it is, i.e., it is too complex
to model the entire structure in detail. Accordingly,
we assume that this layer is comprised of a single
homogeneous material and find the equivalent mate-
rial properties. The equivalent material properties of
the pattern layer are then calculated by fitting meas-
ured warpage results to CBA analysis as follows.

Consider here two beams as depicted in Fig. 4 (a)
and 4 (b). One has the original cross sectional layout
of polyimide/ pattern/ Si substrate, and the other the
layout of pattern/ Si substrate with the polyimide
layer being removed. Warpage of each beam structure
isdenoted as ¢, and ¢, for Fig. 4 (a) and for Fig. 4
(b), respectively, in the following Egs. (4)-(5) from
CBA theory with the modulus having been adjusted
for the application to plates,

M Effecringsz imi i
-t olyimidepater'S) (4
E[fEL‘ﬁ\’E
2
- Mepanel” (pattern/Si) ©)

8(ED) e

Where 6, and O, are obtained through the test
results for 100 wum (polyimide/pattern/Si), and
90 wm (polyimide/pattern) specimens. Young’s
modulus, Poisson’s ratio and CTE of the pattern layer
can be obtained after solving Eqs. (4) - (5), iteratively
as they have two unknown variables, £ and o .
This procedure yields E =300GPa and o =4.0 X
10°°/°C. Then, the equivalent Young’s modulus of the
pattern layer is obtained as 210 GPa under the as-
sumption v =0.3 as summarized in Table 3. This
assumption hardly affects the warpage, as long as £
remains invariant, from the view of CBA, which ex-
presses the warpage interms of £ and o .

Table 3. Material properties of pattern layer.

. - . . o
material Poisson’s ratio
E (Gpa) | £ (Gpa) (10%°C)
attern 300 210 03 4.0
P (=assumption) )

(b)

Fig. 4. Schematic view of a single chip: (a) polyimide coat-
ing/ pattern/ Si (b) pattern/Si.
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Fig. 5. Geometry and dimension of a single chip.

4. Prediction of the stress-free temperature of
pattern and polymer coating

A composite beam-like structure covered with thin
films has residual stress at room temperature due to
CTE mismatch, thus being deformed severely when
the thickness of beam is thin. By increasing tempera-
ture, it turns to stress-free state with negligible defor-
mation at a critical temperature. It is the stress-free
temperature of material which makes interaction to be
insignificant with substrate. To obtain the stress-free
temperature of the pattern layer, we measure the war-
page in the range from room temperature 25°C to
340°C, which is the maximum limit temperature of
the test device. The stress-free temperatures of both
pattern layer and polyimide coating layer were deter-
mined by taking the linear regression on the measured
warpage versus temperature. To determine the stress-
free temperature of the pattern and the polyimide
layer, we used two kinds of specimens: one consisting
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of pattern/Si with total thickness 100 um and 60 um ,
and the other consisting of polyimide/pattern/Si with
total thickness 100 um and 80 um . The warpage of
specimens comprised of pattern/Si decreases almost
linearly as temperature is increased, and will go to
zero value around 400°C as seen in Fig. 6. Polyim-
ide/pattern/Si specimen, however, shows a variation
of slope according to temperature change as seen in
Fig. 7. The reason for this is that the polyimide layer
becomes inactive over its stress-free temperature.
Finally, we obtain the stress-free temperature of the
polyimide coating layer and the pattern layer as
280°C and 400°C in Table 4, respectively. To ob-
serve the warpage according to temperature, we have
utilized the Twymann-Green interferometer [10-11].
Fig. 8 shows the fringes representing the warpage at

Table 4. Stress-free temperatures of pattern and polyimide
coating.

material Stress-free temperature (°C)
pattern 400
Polyimide (pix-3400) 280
154 W Si{95 Sum)/Pattern(4, Sum)
144 % & 555 Sum)/Pattern(4. Sum)
134 2!
124
14 -
104 L
£ "a E
3 8] e
§ 74 " "
g g " y
£ S, .
44 " -
3] T,
2] X
1]
0 T

T T
o 50 100 150 200 220 W0 380

et
400
Temperature{"C}) |

Stress free temperature of pattern kayer

Fig. 6. Stress-free temperature estimation of the pattern layer
using linear regression.
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Fig. 7. Stress-free temperature estimation of the polyimide
coating using linear regression.

different temperatures: 94 °C in Fig. 8 (a), 202°C in
Fig. 8 (b) and 336 °C in Fig. 8 (c). Note that the num-
ber of the fringes decreases as temperature goes up.

5. Thermomechanical analysis

The warpage results for both test and finite element
simulation through ABAQUS [7] are plotted versus
the total chip thickness in Fig. 9. We model a quarter
of the chip by imposing proper symmetric boundary
condition as seen in Fig. 10 with 21,600 number of
C3D20 three-dimensional quadratic brick elements
consisting of 102,052 nodes, which represent bending
deformation of the chip well despite high aspect ratio
of elements. To calculate the warpage value, we sub-
tract the displacement at the ‘B’ from the ‘A’ in the Z
direction as shown in Fig. 10.

The FEM results of 100, 80 wm thickness of poly-
imide/pattern/Si samples and pattern/Si samples (50,
70 and 90 um) are in a good agreement with test
results. However, the FEM simulation result of 50,
60 um of polyimide/pattern/Si sample deviates from
the test results with an error of about 5~30%. To clar-
ify this, we have made a close observation of the pro-
file for all specimens, as illustrated in Fig. 11 (a)~ (d).
Fig. 11 shows the warpage shape in terms of the

94°C

Fig. 8. The profiles of out-of-plane deformation of single chip
at various temperatures for polyimide/pattern/Si sample of
100 wm thickness using Twyman-Green interferometer.
(0.317 um per fringe): (a) 94°C (b) 202°C (c) 336°C.
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Fig. 9. Comparison of warpage between FEM results and test
results.
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Fig. 11. Warpage profiles of polyimide/pattern/Si samples
with the thickness of (a) 100 um (b) 50 um ; pattern/Si
samples with the thickness of (c) 90 um (d) 40 um .

moiré fringe at various thicknesses for both polyim-
ide/pattern/Si and pattern/Si samples. For 50 um
thickness of polyimide/pattern/Si sample, Fig. 11 (b)
shows moiré fringe shapes representing irregular and
nonuniform wrinkling, while all pattern/Si samples
(Fig. 11 (c¢) and (d)) and 100 um thick polyim-
ide/pattern/Si sample (Fig. 11 (a)) undergo relatively
uniform deflection. The nonuniform wrinkling origi-
nates from local instability or buckling occurrence
when chip thickness becomes very small. This kind of
local nonuniform wrinkling may be well compared
with the wrinkling observed in fabrics or clothes.
Once this kind of critical state is reached, for accurate
evaluation of the deformation profiles we should ac-
count for the imperfection of the structure, i.e., the
inhomogeneities due to nonuniform bonding between
the polyimide layer and the pattern layer, and material
properties. However, they may belong to a higher
order than considered in first order thermoelastic
analysis of the present study, and this is why the pre-
sent FEM analysis cannot provide a proper prediction
of deformations for thin chip structures.

6. Conclusions

In this paper, we have studied the thermomechani-
cal behavior of single chip based on thin silicon sub-
strate with the thickness varying from 100um to 50
um. We have found that the pattern layer plays an
important role in the deformation behavior of thin
silicon semiconductor chip in contrast to conventional
thick chips. We obtained the equivalent material
properties of pattern layer by fitting test results to
CBA model. For relatively thick chips of 80 and
100 um , the FEM results are consistent with the ex-
perimental results. For the thin chip of 50 um and 60
um in thickness, there is about 30% and 5% dis-
crepancy between FEM predictions and the test re-
sults, respectively. This has been confirmed, through
Twyman-Green interferometer, to be due to the local
wrinkling or buckling modes, which is the preferred
deformation state or the preferred mode of strain en-
ergy relaxation for thin structures.
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