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ABSTRACT

We characterize and measure the pre-released resid-
ual stress levels in polysilicon Micro-Electro-Mechanical
Systems (MEMS) microbridges using micro-Raman spec-
troscopy. Raman spectroscopy is nondestructive, fast,
and provides the potential for in situ stress monitor-
ing during fabrication. Residual stress from the depo-
sition process can have profound affects on the func-
tionality and reliability of MEMS devices. Several post-
fabrication processes are available (ion implantation, dif-
fusion, and anneals) which can influence the residual
stress in thin films. We performed a series of phospho-
rous implants to quantify the influence of doping and
anneals on the residual stress levels in MEMS devices.
This experiment demonstrates the effective use of Ra-
man spectroscopy to monitor and provide information
to help control or influence the residual stress in MEMS
structures [1-4].
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1 INTRODUCTION

MEMS devices are used in many applications rang-
ing from air bag triggers in automotive applications to
chemical sensors in biomedical applications. However,
due to the small size of MEMS devices, residual stresses
can play a major role in the successful operation and
reliability of devices. In order to obtain robust and re-
liable micromechanical devices, it is essential to under-
stand how processing parameters affect the mechanical
properties of thin-film layers used in MEMS devices.
The mechanical properties of the structural layers, in
particular the stress and stress gradients, are very im-
portant for device performance. Residual stress often
causes device failure due to curling, buckling, or frac-
ture. There are several post-fabrication processes which
can influence the residual stress of MEMS devices prior
to release. The processes presented here include post-
fabrication annealing and ion implant doping. Through
the use of micro-Raman spectroscopy, residual and in-
duced stress profiles for MEMS structures can be ob-
tained [1-3]. Since it is an optical technique, micro-
Raman spectroscopy shows promise as a minimally inva-

sive in situ measurement technique for the manufacture
of MEMS devices.

2 Modelling

To determine the approximate post implant anneal
times for maximum dopant uniformity, a TSUPREM
model of the MUMPs fabrication process was created.
TSUPREM is a microelectronics fabrication simulation
tool used to model semiconductor fabrication processes [5].
TSUPREM simulations indicate phosphorous outgassing
occurs during the post-processing high temperature an-
neals which inhibits dopant uniformity. A simulated
50 A-thick oxide cap nearly eliminates the phosphorous
outgassing. Figure 1 is a TSUPREM representation of
the 1E16 ions/cm? phosphorous implant for a 10 pum-
wide Polyl beam. The simulation phosphorous dopant
uniformity is significantly improved by the combined
phosphorous implant, oxidation, and accompanying an-
neals.
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Figure 1: TSUPREM cross-section simulation of the
200 keV phosphorous implant (1E16 ions/cm? dose)
with associated post implant anneal times for a Polyl
10 pm-wide beam.

3 EXPERIMENTAL

Raman spectra was obtained using a Renishaw sys-
tem 2000 Raman microscope in backscattering mode.



The laser used is an Ar™ laser at 514.5 nm. The laser
power was limited to 2.4 mW to minimize sample heat-
ing. The MUMPs polysilicon structures studied here
are 100 um-long by 10 pwm wide Polyl microbridges as
fabricated using MUMPs [6]. All test structures are an-
chored at each end to a silicon nitride layer. The Poly1
beams are suspended 2 um above the substrate while
Poly2 beams are 2.75 um above the substrate. Fig-
ure 2a is a side-view of a Polyl beam and Figure 2b
is a scanning electron microscope (SEM) image of the
polysilicon beams used in our implant experiments.

In the MUMPs process, the Polyl and Poly2 struc-
tural layers are phosphorous doped by diffusion from
the surrounding phosphosilicate glass (PSG) sacrificial
layer. This doping technique results in a nonuniform
doping profile which induces stress gradients. To in-
crease the dopant uniformity and reduce stress gradi-
ents, a series of 200 keV phosphorous implants were
performed by Implant Sciences Corporation with doses
of 5E15, 1E16, 3E16, 5E16, and 1E17 ions/cm?. For a
200 keV implant, the peak dopant concentration level is
located at a depth of approximately 2670 A.
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Figure 2: Polysilicon microbridge: (a) Side-view of a
Polyl microbridge, (b) SEM image of the microbridges
of varying widths used in the implant study.

Since the foundry removes the second oxide through
a partial etch to reduce stringers, thus exposing both
Poly1 and Poly2 structures, an oxidation was performed
prior to the 1100°C' anneals to minimize the phospho-
rous outgassing predicted by TSUPREM simulations.

We performed a dry oxidation at 900°C' for 60-min on
all sample die to grow the oxide cap on the exposed
polysilicon surfaces. The oxide cap was measured us-
ing a surface profilometer to be approximately 655 A-
thick. All sample die were then simultaneously annealed
at 1100°C for 15-min. At this anneal temperature, the
phosphorous dopant will diffuse thus increasing the over-
all dopant uniformity. Also, the polysilicon grain size
will increase and aid in residual stress reduction [7-8].
Resistivity measurements performed on the implanted
samples confirm that doping densities match the levels
predicted by TSUPREM simulations.

4 RESULTS

The quantitative Raman stress profiles presented in
Figures 3 and 4 are computed using our experimen-
tally measured value of the phonon deformation po-
tentials for Polyl and Poly2 under hydrostatic pres-
sure [9]. The strain dependence values obtained and
used in creating the stress profiles for Polyl and Poly2
were 2.19 em~!/GPa and 2.61 em ™! /GPa respectively.

Figure 3 shows the Polyl residual stress profiles ob-
tained from micro-Raman spectroscopy for unreleased
10 pm-wide by 100 pm-long microbridges following the
phosphorous implants and the 15-min 1100°C' anneal.
Fach residual stress profile depicts a different implant
dose and is the average of three repeated micro-Raman
scans on the same beam. As illustrated in Figure 3,
the compressive residual stress has been reduced in the
low dose implants (5E15 and 1E16 ions/cm?) where
the stress level approaches 0 MPa. In the higher im-
plant doses (3E16, 5E16, and 1E17 ions/cm?), the resid-
ual stress shifts from a compressive (less than 0 MPa)
to a tensile stress (greater than 0 MPa) and steadily
increases as the implant dose is increased. Since the
polysilicon grain size is similar in all die due to the iden-
tical anneal times, the variation in measured stress pro-
files is due solely to foundry process variations between
MEMS die and the increased dopant concentration in
the beams.

Figure 4 shows the residual stress profiles obtained
from unreleased 10 pm-wide by 100 pum-long Poly2 mi-
crobridges following the phosphorous implants and the
15-min 1100°C anneal. Like the Polyl structural layer
illustrated in Figure 3, the low dose implants exhibit a
compressive residual stress reduction in the Poly2 layer.
Likewise, as the phosphorous implant dose increases, the
compressive residual stress shifts to a tensile stress and
steadily increases with higher implant doses.

On each MUMPs die, a set of test structures (Polyl
and Poly2 buckling beam arrays [10] and comb drive
resonators [11]) are used to enable material properties
characterization for each mechanical layer. The comb
resonators are used to determine Young’s modulus for
each polysilicon layer. The resonant frequency measured
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Figure 3: Polyl residual stress profiles measured using
micro-Raman spectroscopy for 100 gm-long by 10 pm-
wide unreleased beams following the phosphorous im-
plants and a 15-min 1100°C anneal.

for Polyl resonators was 22.59 kHz which corresponds
to a Young’s modulus of 129.38 GPa. The Poly2 reso-
nance measured 18.94 kHz which gives a Young’s mod-
ulus of approximately 163 GPa. The buckling beam
arrays and comb-resonators allow for the quantitative
measurements of residual stress following each implant
and anneal once the die are released. We release the
structures in HF, rinse in methanol, and then perform
supercritical CO4 drying.

The interferometric microscope (IFM) buckling beam
arrays shown in Figure 5 demonstrate residual stress
reduction is achieved by performing a phosphorous im-
plant and a 15-min 1100°C" anneal. Figure ba illustrates
the critical buckling lengths of the MUMPs foundry fab-
rication for both Polyl (top) and Poly2 (bottom) struc-
tural layers. From the critical buckling lengths and the
measured Young’s modulus for each layer, the residual
stress level can be determined.

From Figure 5a, the Polyl and Poly2 critical buck-
ling lengths of 510 pwm and 290 um correspond to resid-
ual stress values of -6.927 MPa and -14.325 MPa respec-
tively. In Figure 5b, after a 200 keV, 5E15 ions/cm?
phosphorous implant and 15-min 1100°C' anneal. the
Poly1 and Poly?2 critical buckling lengths are both 860 pm.
These buckling lengths correlate to residual stress values
of -2.436 MPa and -1.629 MPa respectively. In Figure 5¢
after a 200 keV, 1E16 ions/cm? phosphorous implant
with a 15-min 1100°C' anneal, the Polyl and Poly?2 crit-
ical buckling lengths are both > 900 pm corresponding
to residual stress values of > -2.224 MPa for Polyl and
> -1.487 MPa for Poly2. The Raman measurements
suggest that residual stresses for this implant/anneal
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Figure 4: Poly2 residual stress profiles measured using
micro-Raman spectroscopy for 100 pm-long by 10 pm-
wide unreleased beams following the phosphorous im-
plants and a 15-min 1100°C anneal.

case are very near zero but still compressive. Other test
structures on the die confirm that the polysilicon layers
are not yet tensile.
Through IFM images and Raman spectra, the

1E16 ions/cm? phosphorous implant provides the min-
imal residual stress levels. The observed IFM images of
the buckling beam arrays correlate well with the residual
stress profiles obtained using micro-Raman spectroscopy
for unreleased MEMS microbridges in low dose implant
cases. For higher implant doses, the maximum buckling
beam array lengths become significantly shorter. In the
Raman stress profiles shown in Figures 3 and 4, higher
implant doses result in tensile stress. Buckling beams
should not buckle if they exhibit a true tensile stress.
A possible reason for this result is the MUMPs polysil-
icon is changed to a porous silicon in high dose phos-
phorous implants. Porous silicon will weaken the test
array resulting in shorter buckling lengths. Additional
experimentation is necessary to accurately correlate be-
tween the residual stress values from micro-Raman spec-
troscopy and the stress values obtained from buckling
beam arrays for highly doped samples.

5 CONCLUSION

Through phosphorous implants and accompanying
anneals, the inherent residual stress in MEMS structures
can be reduced or altered. More importantly, through
the use of micro-Raman spectroscopy, the residual stress
of unreleased MEMS structures can be monitored. This
monitoring tool coupled with straight forward processes
to adjust residual stress values could be exploited to



vastly improve the yield, reliability, and functionality of
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Figure 5: (a) Interferometric microscope (IFM) im-
ages of (a) Foundry fabricated Polyl (top) and
Poly2 (bottom) buckling beam arrays following release.
(b) Polyl (top) and Poly2 (bottom) buckling beam ar-
rays following a 5E15 ions/cm? phosphorous implant,
15-min 1100°C anneal, and HF release. (c) Polyl (top)
and Poly2 (bottom) buckling beam arrays following a
1E16 ions/cm? phosphorous implant, 15-min 1100°C
anneal, and HF release.



