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Effects of Drive-in Process Parameters on the Residual Stress Profile of the p+ Silicon Film

Ok Chan Jeong, Sang Sik Yang
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Abstract - The paper represents the effects of the drive-in
process parameters on the residual stress profile of the p+
silicon film. For the quantitative determination of the residual
stress profiles, the test samples are doped via the fixed boron
diffusion process and four types of the thermal oxidation
processes and consecutively etched by the improved process.
The residual stress measurement structures with the different
thickness are simultaneously fabricated on the same silicon
wafer. Since the residual stress profile is not uniform along
the direction normal to the surface, the residual stress is
assumed to be a polynomial function of the depth. All of the
coefficienis of the polynomial are determined from the
deflections of cantilevers and the displacement of a rotating
beam structure. As the drive-in temperature or the drive-in
time increases, the boron concentration decreases and the
magnitude of the average residual tensile stress decreases.
Also, near the surface of the p+ film the residual tensile stress
is transformed into the residual compressive stress and its
magnitude increases.

Quantitative Analysis Method

The quantitative measurement method of the residual
stress in p+ silicon film were suggested by Yang et alfl, 2].
Several cantilever structures and a rotating beam structure are
used to find the relative stress profile and the average stress,
respectively. Figure 1 illustrates two profiles obtained for two
cases of different drive-in processes. Type A has a larger
stress in the tensile region and a steeper gradient near the
surface than Type B. Because the boron diffusion process
conditions and the drive-in process conditions of two examples
are different from each other, it is impossible to investigate
that the effect of two-step diffusion process parameters on the
residual stress profile. In addition, the possibility of the error
occurrence in the determination of the residual stress is very
large since the test structures for the residual stress analysis
are designed and fabricated on different silicon wafers.
Therefore, an improved study on the effect of the drive-in
process parameters is need.

For the systematic research on the quantitative
determination of the residual stress profile for the analysis of
the effect of the drive-in process parameters, the polynomial
function in Ref. [1] is revised, and the modified method to
fabricate test structures is suggested. Also, the lattice constant
variations of the boron-doped silicon wafer with the various
dopant levels are measured by HRXRD as the nondestructive
method. Moreover, the correlation coefficients between the
boron concentration and the residual stress are calculated and
discussed.

Revision of Quantitative Analysis Method

For the calculation of the relative residual stress,

equations of Ref. [1] are used. Especially, the second term in
the brackets of Eq. (3) in Ref. [4] is corrected to Sa; and the
revised residual stress profiles in Ref. [1-2] are illustrated in
Figure 1. The revised residual stress profiles were estimated

by using the second-order polynomial and shifted by the
thermal oxide thickness for the residual stress calculation under
the original film depth. Compared with Ref. [1], the region
of the compressive residual stress at the front side does not
exist when the second-order polynomial is applied to Type A.
In the case of Type B, the revised stress profile is quite
different from the previous work.

Test Structures Fabrication Process

Figure 2 illustrates the improved etch process for the
fabrication of the cantilevers with different thickness. The
dashed-line and the solid-line represents the initial silicon state
before the etch process and the silicon state after the
step-by-step etch process, respectively. If each of the thermal
oxide of the cantilevers, A, B, C, D, E on the same specimen
are subsequently removed and etched, the cantilevers with
various thicknesses can be simply fabricated. Hence, the front
side of the cantilever, A is etched for (A + B + C + (D)
and in the case of the cantilever, C, the etch time is (¢C +
D).

For the fabrication of test structures, n-type, (100)
double-side polished silicon wafers are used.  The boron
predeposition with a solid source at 1100 C in N2 ambient
gas is performed for 10 hours. The silicon wafers of the
drive-in temperature are 1000 °C and 1100 °C, respectively.
And, those of thermal oxidation time are 60 minutes and 90
minutes, respectively. And, the backside of the silicon wafer
is etched with EPW etchant for 230 minutes. By means of
the sequential oxide etch process of Fig. 3, the backsides of
cantilevers are exposed to the anisotropic etchant for the
various etch times. The frontside of the rotating beam and
the cantilever E are protected with the thermal oxide until all
processes are finished.  The fabricated the rotating beam
structure and the cantilevers are shown in Figure 3.
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Figure 1. The revised residual stress profiles in Ref. [5].
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Determination of Residual Stress

The vertical deflections of cantilevers and the
displacement of a rotating beam are measured with a surface
profiler meter and by means of focusing a calibrated
microscope. The displacements of the rotating beam for the
average stress are compared with the FEM simulation results
in Ref. [2].

Figure 4 illustrates the determined residual stress
profile after the drive-in process. The front side of the boron
doped silicon layer is oxidized by the drive-in process using
the thermal oxidation process and this oxidized layer is
removed after the final structure etch. As the drive-in time
and temperature increase, the residual stress are reduced at the
whole film depth and the status of the residual stress are
changed from tensile to compressive and the magnitude of the
residual stress increases at the region near the surface of the
p+ silicon film. Table 1 illustrates the sensitivity of the
average and maximum stress to film thickness, which is
calculated from the difference between film thickness and the
stress variation. Either when the drive-in process time
increases at the low temperature, or when the drive-in
temperature increases at the short process time, the average
and the maximum stress are reduced much larger than the
other cases. i

Figure 5 shows the estimation errors in terms of
each measurement errors with respect to the maximum residual
stress of Type 1. The determination error of the calculated
residual stress profile is attributed to the inaccuracy in the
measurement errors such as the vertical deflections, the
thickness of the cantilevers, and the rotating measurement
error. The estimation errors are defined as each errors caused
by the measurement errors is divided by the maximum residual
stress. The estimation errors have the different values along
the film depth, and the maximum error are occurred at both
ends of the film thickness. The total error in the
determination of the residual stress is estimated to be about +
3 % of the maximum residual stress.
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Figure 2. The etch process of the structures with the various film
thickness.

Table 1. The sensitivity of residual stress to film thickness
(a : average, m : maximum, unit: MPa/um)

Time effect Temp. effect

1000 C| 1100 €| 60 min| 90 min
Sa 100 35 50 28
Sm 1056 49 51 31
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(a) rotating beam  structure (b} cantilever structures

Figure 3. The residual stress profile before the drive-in process.
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Figure 4. The residual stress profile before the drive-in process.
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Figure 5. The estimation errors due to the measurement errors of
the cantilever structure.
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Figure 6. The rocking curves of the test wafers.



Table 2. The calculation results of the lattice contraction.
Type || Type | Type lll] Type IV

&ip 5.3977,| 5.4016/; 5.4026/| 5.4036/
Aaa (%) | -0.657¢ -0.485¢ -0.467¢| ~0.449¢

Table 3. The calculated correlation coefficients.

Caalx) < 0" (x) | Calx) ol
Type | 0.753 0.641
Type Il 0.804 0.762
Type It 0.939 0.871
Type N\ 0.968 0.919

» Cpus(x) : the boron concentration difference
+ 0'(x) : the first order derivative of stress profile
= Cs(x) : the boron concentration profile after drive-in

10 T T
.
)
‘?g sl . g
=
— §
5l g
3 A
Lo
S 4 X
E —
g ] E
2
o e
0 2 4 6
Film Depth{um)
Figure 7. The estimated etch rate of Type IIL
7z e s g
E 'I‘VIIIII/.II//II.’///III
b : C_1Typel
772 Type Il
K - ez Type Il fF——
] |
2 B %
V2 ez
A Z/IIIII//I//II
-10 -5 0 5 10

Estimation Errors (%)

Figure 8. The estimation errors of the p+ silicon film thickness.

Lattice constant measurement

Figure 6 illustrates the example of the rocking curve
for the boron doped test wafer measured with HRXRD (D8
Discover, Bruker AXS Inc). The rocking curve indicates that
the peak patterns are divided into three regions such as the
silicon substrate, the graded lattice constant layer, the effective
Si:B peak. The drive-in process time and temperature increase,
the amount of decreases. Generally, the silicon substrate
peak is only observed on the pattern of the undoped silicon.
However, the grade layer and the effective Si:B peak are
measured because of the heavily boron diffusion process{6].
Moreover, the p+ layer fabricated by the long time drive-in
process shows the flat graded lattice layer and the insignificant
effective Si:B peak.

The lattice contraction of the p+ silicon have been
calculated by Bragg’s law[7], the results of those are shown in

Table 2. The contraction ratio of Type I is the largest among
the four cases. The boron atoms contract the lattice constant
of the boron-doped silicon. The lattice contraction of the
boron-doped silicon results in the average tensile stress of test
sample.  Table 2 confirms that the average stress of the
measurement results and the residual stress profiles of Figure 4
are reasonable.

Correlation Coefficients

For the analysis of the effect of the drive-in process
on the residual stress, the correlation coefficients between the
boron concentration profiles and the residual stress profiles of
Figure 8 are calculated. Table 4 illustrates the correlation
coefficients between the boron concentration profile and the
residual stress profile for each type. As the drive-in time or
temperature increases, the correlation coefficient becomes close
to I The correlation between the boron concentration
variation by the drive-in process and the derivative of the
stress  profile is larger than that between the boron
concentration after the drive-in process and the stress profile.

Estimation of Film Thickness

Figure 7 shows an example of the calculated etch
rate of Type III by using Seidels empirical formula {8]. The
boron concentration profiles simulated by T-SUPREM are used
for the etch rate calculation. The critical concentration and a
are set to 2.7 x 10° em™ and 1, respectively. The etch rate
of the moderately doped silicon, R is 125 m/min.
Figure 8 shows the estimation errors compared with the film
thickness in the measurement results. The errors of the
estimation are less than + 9 %.

Conclusions

In this paper, the rotating beam and the cantilevers
with the different thickness were fabricated by an improved
etch process method, and the residual stress profile was
determined in the second order polynomial from the
deformation of these structures. As the drive-in temperature
andfor time increases, the boron concentration, the film
thickness, and the average residual stress decrease. Moreover,
the status of the residual stress changes from tensile to
compressive mnear the surface of the p+ silicon layer. From
the calculation results of the correlation coefficients, the
residual stress profile has a close relation with the simulated
boron concentration. Also, The lattice contraction of the
boron-doped silicon wafer was measured with HRXRD. The
residual strain caused by the boron doping process was
calculated and the effect of the drive-in process was
confirmed.
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