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Estimation of the Stress Profile of p+ Silicon
Films Using Stress Measurement Structures
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Abstract - In this paper, a new technique for
quantitative estimation of the stress profile along the
depth of p+ silicon films is presented. The p+ silicon
cantilevers with various beam thickness and a rotating
beam supported by two cantilevers are used for
estimating the stress profile of the films. The average
of the residual stress distribution is estimated to be 50
MPa. Most of p+ silicon films are subjected to the
tensile stress, except the region near the frontside.

I . INTRODUCTION

Recently, the measurement of residual stress
distribution of thin films has been of interest in many areas
of micromachining. The p+ silicon films have been widely
used as elements of microsensors and rmicroactuators.
When they are used for mechanical devices, residual stress
of the films degrade the performance significantly. The
analyses of the residual stress have been performed by
some researchers.[1~4] However, those studies are
imperfect, that is, the resuits provide only either the average
of the stress distribution or the gualitative estimation of the
relative stress profile. It is needed to develope the
quantitative method to estimate the stress profile along the
depth of the flms,

A new method of the quantitative estimation of the
relative stress profile using p+ silicon cantilevers has been
suggested previously.[5] For the estimation of the absolute
profile of the stress, the average of the stress distribution
must be determined. This paper presents the method to
quantitatively estimate the absolute stress profile along the
depth of p+ silicon films and the experimental results.

II. AnaALysis or Striss ProriLe

The residual stress, o. is assumed to be a
polynomial function of y which is the coordinate
perpendicular to the neutral surface of the cantilever,
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where a;’s are coefficients to be estimated.

1. Relative Stress Profile

There exists a relationship between the stress
distribution and the deflection of the cantilever. So, the
deflection can be expressed as a function of y, which
includes ai’s except @ If the frontside of the p+ silicon
cantilever is etched, the amount of the deflection is
changed. ‘The deflection of the end of the cantilever and
its thickness are measured as the frontside of the
cantilever is being etched away. Then, the coefficients of
the polynomial in Eq. (1) except a are calculated using the
measured data.

2. Average Stress Prdfile

For the estimation of the coefficient of the polynomial,
a, the average stress of the p+ silicon film is measured.
Rotating beam structures which enable to determine the
average of the stress of the film is designed, calculated and
fabricated. The rotating beam supported by two
cantilevers converts the lateral average stress to the
rotating angle of the beam[6] Fig. 1 shows three kinds of
rotating beam structures. Using the rotating beam
structure both the tensile stress and the compressive stress
can be measured.

L

(a) (b) (c)
Lo = 500 g, L = 100 jm, Ls = 20 /m

Fig. 1. The rotating beam structures.
(a) The Structure I (b) The Structure 1
(¢) The Structure M
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Fig. 2. The displacements of rotating beams vs. average
stress.
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Fig. 3. The displacement of the rotating beam Structure 1
vs. average stress.

The numerical analysis on the displacement of the tip
of the rotating beam structures is performed by using FEM
package, ABAQUS. The Young's modulus E is 122
GPal4] and Poisson’s ratio is 025, The results of the
numerical analysis for three Structures are shown in Fig. 2.
It is noticed that the Structure I is adapt to the
measurement  structure. The result of the numerical
calculation for Structure 1 with the structural parameters
optimized as Ly = 100 gm, L; = 100 sm, and L = 20 m is
illustrated in Fig. 3.

II. FABRICATION OF TEST STRUCTURES

The etch rate of the silicon in EPW depends on the
boron dopant concentration in the silicon. The time, ¢
needed to etch the boron doped silicon of the proper depth,
d is as follows.[5]

’WL‘:{ 1+ (Colcy* ™ o)

(b)

Fig. 4. The SEM photograph of measurement structures.
(a) The cantilever (b} The rotating beam

where C, is the boron concentration when the etch rate is
abruptly changed, and Cp is the boron concentration, R; is
the etch rate of pure silicon, and a is a constant
determined from experiment. In this study, a is set to 1.2,
and G, to 3 x 10° cm™ TSUPREM IV simulation is
performed to get the boron doping profile. Eq. (2) and the
data obtained from the simulation are used to determine the
etch time for the fabrication of p+ silicon cantilevers with
different thickness,

For the f{abrication of the stress measurement
structures, n - type, 10 ~ 20 Rcm, (100), 330 = 10 m in
thickness, double side polished silicon wafers are used.
The boron predeposition from a solid source at 1100 T for
9 br in a gas of Nz is performed. After predeposition 20
min of LTO process at 900 T is performed to ease the
removal of the BSG. Wafers are subsequently oxidized in
wet O; ambient at 1100 T for 40 min. The
photolithography and the EPW etching process are
performed for the fabrication of p+ silicon cantilevers, The
frontside of the rotating beam structure is protected with
Si0; not to be etched. The SEM photograph of the
fabricated p+ silicon cantilevers and the rotating beam
structure are shown in Fig. 4,

IV. MEASUREMENTS AND RESULTS
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Fig. 5. The estimated stress profile along the depth of p+
silicon films,

The etch depth of the frontside of cantilevers after
EPW etch are measured by a-step. The SEM is used for
the cross-sectional measurement of p+ silicon films before
the EPW etch and after EPW etch. The deflection of p+
silicon cantilevers are measured by means of focusing a
calibrated microscope. The measured vertical displacements
of cantilevers for various film thickness are shown in
Table 1. The plus sign of v, means that the cantilevers
are bent downward, By inspecting the SEM of the
rotating beam and comparing it with the result of
ABAQUS simulation, the average of the residual stress
distribution is estimated to be 50 MPa, Fig. 5 illustrates
the calculated stress profile along the depth of the p+
silicon film. The figure shows that the film is subjected to
tensile residual stress except the region near the
surface(about 0.1 m), where the stress gradient is steep.

TSUPREM IV simulation of the p+ diffusion profile at
very high concentration is not as accurate as that at low
concentration. The inaccuracy of the simulation causes
errors in estimating C, and g, which generate the error in
calculating the etch time. This error does not have a
critical effect on the caleulation of the stress profile. The
etch depth and the thickness of the films are measured by
the a-step and the SEM f{or the calculation of the stress
profile.

TABLE 1. The vertical displacements for various [ilm

thickness.
samples ) 8 py{gm) vy (gm)
1 2.1 0 280
2 1.7 0.2 180
3 1.47 0315 176
4 144 0.33 130
5 115 0475 120
6 111 0.455 95
7 207 0515 8z
8 1.0 0.55 80
9 2.1 0 T —

The accuracy of the  vertical  displacement
measurement is £ 2 g, The estimation error for the
relative stress profile is attributed to the vertical
displacement, the etch time and the curve fitting. The
estimation error of the average stress is about X 4 9%,
which is caused by the measurement error of & 0.2 sm for
the rotating beam structure.

V. CONCLUSIONS

In this paper, a method to quantitatively estimate the
absolute stress profile along the depth.of p+ silicon films.
The experimental results for the films fabricated by a
special process shows that most of the p+ sificon film is
subjected to the tensile stress, except the region near the
frontside, where the stress gradient is steep. This method
of a quantitative stress profile estimation is expected to be
useful to analyze the relationship between the residual
stress  and process parameters such as  time and
temperature.
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