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Abstract 

Microsensors based on active polysilicon reso- 
nant microstructures are attractive because of 
their wide dynamic range, high sensitivity and 
frequency shift output. In this paper, we discuss 
processing issues for integrating electrostatically- 
driven and -sensed polysilicon microstructures 
with on-chip nMOS devices. Surface-micro- 
machining using sacrificial spacer layers is used to 
obtain released microstructures. A novel feature is 
the use of rapid thermal annealing (RTA) for 
strain relief of the ion-implanted, phosphorous- 
doped polysilicon. Resonance frequencies of 
cantilever beams indicate a lower-bound Young’s 
modulus of about 90 GPa and an upper-bound 
compressive residual strain of only 0.002%, indi- 
cating that RTA is potentially useful for strain 
relief. 

1. introduction 

Solid-state microsensors are currently being in- 
vestigated for a wide variety of applications be- 
cause of their potential for low cost and high 
performance. One promising approach uses reso- 
nant microstructures, where the resonance fre- 
quency of a mechanical element is made sensitive 
to a physical or chemical parameter of interest [ 11. 
To measure the resonance frequency of a micro- 
mechanical structure, a means for producing and 
detecting its motion is needed. Vibration has been 
produced by several different methods, including 
thermal, piezoelectric and electrostatic drives. The 
resulting motion of the structure has been de- 
tected by using piezoresistors, piezoelectric thin 
films, capacitance variation (electrostatic detec- 
tion), as well as other techniques. For conduct- 

ing microstructures, including polysilicon, electro- 
static drive and detection has several attractions 
[l]. The most important advantage of this tech- 
nique is the simple mechanical structure that 
results. Because the microstructure itself is con- 
ducting, it can be used as one plate in the capaci- 
tor. Thus, electrostatic drive and detection does 
not require a complicated microstructure incorpo- 
rating the additional thin flhns or diffusions that 
would be necessary for other drive and detection 
schemes mentioned above. This simplicity makes 
the mechanical properties of the microstructure 
much easier to control. 

To vibrate polysilicon resonant microstruc- 
tures, a sinusoidal electrostatic drive force is ex- 
erted on the microstructure by applying a signal 
COmiSthg Of an a.c. drive VOltage vd and d.c. 
polarization V, to the drive electrode; the result- 
ing microstructure motion is detected as current 
Bowing through the device (Fig. 1). When the 
microstructure is driven at its first natural fre- 
quency jr, the device current and microstructure 
motion reach their maximum amplitude [ 11. If the 
same pair of electrodes is used to drive the mi- 
crostructure and sense its motion, the device is 
referred to as a one-port resonant microstructure 
[2]; if two electrodes are used to provide the 
driving force and motion detection, then it is a 
two-port resonant microstructure [l]. While the 
devices fabricated in this work arc one-part mi- 
crostructures, our results are directly applicable to 
other conIlgurations. 

Polysilicon resonant microstructures are fabri- 
cated using a set of processes referred to as 
surface micromachining [3]. A key feature of sur- 
face-micromachining processes is a sacrificial 
spacer layer, which is used to support the micro- 
structure layer during deposition and patterning. 
The sacrificial layer is then etched away, leaving a 
free-standing microstructure (Fig. 2). 
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Fig. 1. Operation of resonant microstructum. 

In order to integrate circuits with surface- 
micromachined structures, it is desirable to add 
the microstructures to previously fabricated cir- 
cuits. A sign&ant advantage of this approach is 
that the final steps in the process can be optimized 
for the mechanical properties of the microstnw 
ture. This partitioning generally results in a sim- 
pler overall process, because the impact of the 
complex circuit fabrication sequence on the 
micromechanical structures need not be consid- 
ered. Under this scenario, it is desirable that the 
steps used to fabricate the microstructures have 

supported 
polysilicon microstructure 

(a) spacer 
substrate layer 

free-standing 

Fig. 2. Schematic represmtation of surface micromachining. 
(a) After pmeming of the polysikm microstructure; (b) after 
nmoval of the saer&A spacer layer, leaving a free-standing 
polysilicon microstructure. 

minimal impact on the electrical characteristics of 
the circuits. If this can be accomplished, the on- 
chip circuitry (except perhaps for the metalhm- 
tion) could be fabricated by an IC foundry. 

A critical issue in the fabrication and operation 
of resonant microstructures is the mechanical 
properties of the beam material. If the material is 
under compression, then the resonance frequency 
fi will be decreased, with the potential for buck- 
ling in long beams. Tensile residual strain will 
raise f, and also reduce the amplitude of vibra- 
tion. The control of residual strain in polysilicon 
by varying deposition temperature and annealing 
cycles has been studied extensively [4-q. A fur- 
nace anneal in a nitrogen ambient is commonly 
used to relieve residual stress in phosphorus- 
doped polysilicon. This approach is not attractive 
for active microstructures with on-chip circuitry, 
since it will degrade the electrical characteristics. 

In this paper, we address the fabrication of 
active polysilicon resonant microstructures, con- 
centrating on the steps used to control the me- 
chanical properties of the polysilicon and the 
interaction of these steps with on-chip circuitry. 
We describe a prototypt fabrication sequence 
used to make electrostatically driven surface- 
micromachined polysilicon beams integrated with 
an nMOS depletion-mode transistor for capacitive 
detection of the beam vibration. We then present 
initial results of measurements used to estimate 
the plate modulus and residual strain of the 
polysilicon from the resonance frequencies of 
cantilevers and bridges. 

2. Proeeau Iotegratioll 

The fabrication of polysilicon resonant micro- 
structures with on-chip circuitry involves some 
important considerations that are not encountered 
in conventional silicon IC processing, some of 
which have been previously discussed by Howe 
[4]. In this Section, we discuss similar process 
integration issues, emphasizing the important in- 
teractions between the requirements of the micro- 
mechanical structures and on&ip circuits. Four 
areas, polysilicon strain relief, sac&&l spacer 
layer, active device protection and interconnect, 
deserve special consideration and are d&ussed in 
detail. This is followed by a description of the 
entire fabrication sequence. 

2.1. Strain Relief of Polysilicon 
An important process design consideration for 

active resonant microstructures is how to achieve 
low-strain polysilicon with good mechanical prop 
erties and still incorporate onchip circuitry. Since 
the on-chip circuitry is subjected to all of the 



processing required by the polysilicon microsttuc- 
tures, including a thermal cycle that is generally 
required to relieve the high compressive stress 
of asdeposited polysilicon [4,7’J, this strain-relief 
cycle and its effect on the on-chip circuitry must 
be carefully considered. 

Many ~~sis~r and circuit parameters depend 
strongly on the location of dopants in the silicon 
substrate. For example, modem MOS processes 
have shallow source/drain diffusions to limit 
short-channel effects, and it is necessary to limit 
thermal processing following the d.ifTusion im- 
plants to keep the junctions from being driven too 
deep. The transistor threshold voltages often de- 
pend on maintaining a threshold-control implant 
close to the subs~ate~ga~ oxide interface. Also, in 
a CMOS process latch-up immunity is influenced 
by careful control of the doping profile in the 
diffused well, as in a retrograde-well process. 

Conv~tion~ furnace steps have been investi- 
gated for strain relief of polysilicon [4,8]. How- 
ever, these steps use high temperatures and large 
thermal budgets, and would certainly have a detri- 
mental effect on the on-chip circuitry. To mini- 
mixe this problem, we have investigated rapid 
thermal annealing (RTA), with its associated low 
thermal budget, as a strain-relief technique for 
polysilicon ~~ost~t~. We have found RTA, 
for three minutes at 1150 “C, to be effective as 
furnace annealing for reducing the strain in as- 
deposited polysilicon. The low thermal budget for 
this process has a minimal effect on the on-chip 
circuitry but is very elective for reducing the high 
compressive strain in the polysilicon flhn, allowing 
free-standing microstructures to be incorporated 
with high-quality circuitry. Experimental data 
supporting these conclusions will be presented 
below. 

2.2. Sacrificial Spacer Layer 
Surface ~cromac~ng relies on very high 

selectivity between the sacri5cial spacer layer and 
the polysilicon used for the microstructures. 
Etching of the sacrificial layer from under the 
~~ost~t~e must take place laterally, and dis- 
tances of many microns are common. Thus very 
long etches are required to remove the sacriiicial 
layer completely. Some form of silicon dioxide 
is commonly used as the sacrificial layer, because 
it is etched much more rapidly in hydro- 
fluoric acid (HF) than is polysilicon (which re- 
mains essentially untouched). Phosphosilicate 
glass (PSG) is often used as the sacrificial layer, 
because it is etched more rapidly in HF than is 
undoped silicon dioxide. It can also be conve 
niently deposited using chemical vapor deposition 
(CVD), and is a common material in conventional 
IC processing. 

(4 

04 
Fig. 3. Sawing electron micrographs showing efrcct of sac- 
lscial spacer layer on polyaili~n lilm. (a) FSG spacer, result- 
ing in badly distorted nxicrw (b) composite FSGISIO, 
spgcer, re!mlting in flat microstntc we. 

However, when a single-layer PSG sac&&l 
spaser is used, we observed that the polysihcon 
microstructure was severely distorted after the 
strain-relief cycle (Fig. 3(a)). Similar effects were 
observed during furnace annealing at 1100 “C of 
~ly~~n~G/Si~N, sandwiches [9]. This distor- 
tion may have occurred because the PSG spacer 
flows at 1100 “C and does not adhere well to the 
underlying S&N,; this allows the microstructure to 
assume a relaxed conftguration before the high 
compressive stress has been relieved. One way to 
avoid this problem is to use a composite sacticial 
spacer of PSG on top of an undoped CVD silicon 
dioxide layer. In this configuration, the PSG still 
flows at the anneal ~~~~ but adheres well 
to the underlying silicon dioxide layer (which does 
not flow), thereby holding the polysilicon layer in 
place during the anneal procedure. This results in 
a flat, undistorted ~~~t~e (Fig. 3(b)). 
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Although the composite sacrificial spacer does 
not etch as quickly as the single-layer PSG spacer, 
it does etch much faster than a single-layer silicon 
dioxide spacer; etch times for the composite 
spacer are adequate for microstructure fabrica- 
tion. A composite sacrificial spacer comprising 
1.6 pm of silicon dioxide and 0.4 pm of PSG with 
6 wt.% phosphorous is used in this process. 

2.2.1. Un&rat protection 
In the surface micromaohining processes, it is 

desirable to remove the sacri&ial layer at the end 
of the process because it is difficult to perform 
phototitho~aphy, devotions or further process- 
ing on free-standing microstructures. However, 
this requires that the active on-chip circuitry be 
exposed to the very aggressive HF etch that is 
used to remove the sacrificial layer. Clearly some 
means of protecting the active circuitry during the 
undercut etch is required. In our process we em- 
ploy S&N, deposited by low-pressure chemical 
vapor deposition (LPCVD) to protect the active 
devices (as in the resonant-microbridge vapor sen- 
sor process [4]); S&N4 is etched relatively slowly 
by HF. 

A problem we found in using S&N, as an etch 
protection layer was a de~tion or complete 
loss of the d.c. polarization voltage, VP, between 
the drive electrode and the microstructure, when 
the silicon nitride layer covered the drive electrode 
[ lo]. Some possible explanations for this loss of 
voltage include surf= leakage on the silicon ni- 
tride film or charge storage at the interface be- 
tween the silicon nitride and the drive electrode 
silicon dioxide. Whatever the cause, this problem 
was solved by removing the silicon nitride over 
the drive electrode. Because it must be located 
under the ~cros~ucture, it is convenient to fabri- 
cate the drive electrode from the gate polysilicon 
layer, which is resistant to attack by HF. As a 
result, the removal of the S&N4 layer does not 
affect the passivation against HF, 

2.3. Interconnect 
In our process, the ~lysi~~on ~~~~t~e 

layer was also used as the circuit interconnect 
layer (rather that the alumimun metallixation used 
in the resonant-microbridge vapor sensor [4]) 
since it had sufficient conductivity for this pur- 
pose. This interconnect apprbach was used in the 
multichannel microprobe [ 1 lf and has the advan- 
tage of not needing to he protected, as aluminum 
would, during the undercut etch. 

If more complicated circuitry requiring low- 
resistance interconnect were added to the resonant 
microstructures, there are several different options 
available. If the circuitry, including interconnect, 
is fabricated by a foundry, then the in~rconn~t 

must be able to withstand the high temperature of 
the sacri&ial spacer layer deposition and RTA 
strain-relief processes. A conventional plasma- 
CVD S&N, overglass layer can probably serve as 
the undercut protection layer. If bond pad open- 
ings are defined prior to microstructure forma- 
tion, then the exposed material must also 
withstand the HF undercut etch. Tungsten meets 
all of these ~~~~ts, and is commonly used in 
the IC industry. 

If, on the other hand, the interconnect layer 
can be deposited and defined after the microstruc- 
ture polysilicon definition (but before the under- 
cut etch), then it need not cased the high- 
temperature steps. Tungsten can also he used 
under these circumstances+ If it is necessary that 
the i~~~nn~t have minimal resistance, then 
gold is acceptable, since it is not attacked by HF. 

2.4. ~~ric~t~on Sequence 
The process integration issues discussed above 

provide the basis for a prototype fabrication se- 
quence that builds heavily upon the msonant- 
microbridge vapor sensor process developed by 
Howe {4] and the m~ticha~el microprobe pro- 
cess developed by Najafl and Wtse [ 111. The test 
vehicle was a test chip that includes several nMOS 
transistors to characterize the on-chip circuitry, 
and several active microcantilevers and active mi- 
crobridges of different lengths to characterize the 
mechanical properties of the polysilicon. 

The active resonant ~crost~~t~ discussed 
here incorporate the one-transistor nMOS inter- 
face circuit shown in Fig. 4. The air-gap motional 
capacitance of the microstructure is buffered for 
off-chip detection by an integrated depletion- 
mode nMOS transistor, and the diode clamp is 
used to leak d.c. gate voltage of the transistor to 
ground. 

The fabrication sequence begins by diffusing 
boron to form a p+ ground plane that improves 
the isolation between the drive electrode and the 

depletion mode 
Resonant Micmbridge n-channel mosfet 

to detection circuit 
(virtual ground) 

Active Resonant Microbridge 

Fig. 4. On-chip interface circuit. 
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fe) I ‘gdd bonding pd I 
Fig. 5. Process sequence for active resonant microstructures: 
(a) after formation of ground plane and nMOS circuitry; (b) 
after patterning of the Si,N, etch stop layer; (c) after pattem- 
ing of the sacrikiaf spacer layer; (d) after patterning of the 
polysiiicon ~~ros~ctuffi layer; (e) a&r removal of the sac- 
rificial layer. 

resonant microstucture. With the p+ ground 
plane defined, the on-chip transistor and diode 
clamp are fabricated by a conventional four-mask 
LOCOS nMOS process (Fig. S(a)). As mentioned 
above, the gate polysilicon is also used as the 
drive electrode for the resonant ~~ost~ct~; an 
n+ diffusion was used for this purpose in the 
resonant-microbridae vanor sensor f41. 

Fig. 6. Scanning elaztron micrograph of active microbridge. 

implantation at an energy of 150 keV and a dose 
of 5 x 1015 cmm2. Next the RTA strain-relief pro- 
cedure is performed. For our process, this is car- 
ried out in an AG Associates Heatpulse 610 RTA 
system. The wafer was rapidly heated (approxi- 
mately two seconds) in a nitrogen ambient by 
quartz lamps to a temperature of 1150 “C, as 
measured by an optical pyrometer, and held at 
this temperature for three minutes. After the high- 
temperature soak the quartz lamps were shut off 
and the wafer rapidly cooled to temperatures be- 
low 600 “C in approximately two seconds. After 
the RTA strain-relief procedure, the polysilicon 
microstructure is patterned (Fig. 5(d)). 

Gold bonding pads are then added to the 
device. Gold was chosen for the bonding pads 
since it is compatible with the final HF undercut 
etch. Finally, the sacrificial layer is removed by 

The next step is-the deposition and patterning 
of the S&N, etch-stop layer used to protect the 
circuitry during the removal of the sacri%ial layer 
(Fig. 5(b)). It is removed from the area over the 
drive electrode (as discussed above) and from the 
regions where the polysilicon interconnect layer 
makes contact to the silicon substrate at the diode 
in the on-chip circuit. With the active devices 
protected, the composite PSG/CVD SiOz sac& 
cial spacer layer itself is deposited and patterned 
(Fig. 5(c)). 

After the sacrificial layer is defined, the poly- 
silicon for the resonant microstructures is de- 
posited to a thickness of 1 pm by LPCVD at a 
tem~rature of 600 “C. Fine grain ~l~i~~n was 
chosen for the microstructure because of its re- 
ported highly-reproducible characteristics and su- 
perior mechanical properties [8]. The polysilicon 
is then heavily doped with pho~ho~s using ion 

Fig. 7. photomicrograph of test chip. Test transistors are in 
the middle, with active microstructurea and interfkc circuits 
around the perimeter 
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etching in concentrated HF and the devices are 
ready for packaging and testing (Fig. S(e)). A 
scant&g electron micrograph of an active micro- 
bridge fabricated by this process is shown in Fig. 
6, and a photomicrograph of the entire test chip is 
shown in Fig, 7. 

3. Ex@munml ResuIta 

In this Section we discuss some experimental 
results obtained from these test devices. The per- 
formance of the electrical devices (diodes and 
nMOS transistors) is discussed. Data on Young’s 
modulus (8) and residual strain (E) for polysilicon 
that has been strain relieved by RTA are then 
presented. 

3.1. Electrical Devices 
To measure the properties of the diode clamp 

in the on-chip interface circuit, the test chip in- 
cludes a large-area diode. The measured charac- 
teristics of this device show that it is well behaved, 
with a clean breakdown (BY = -39 V). The 
minority carrier lifetime is 90 ps, obtained from 
measurements of the small-signal junction resis- 
tance [lo]. 

Figure 8 shows the drain characteristics (1, 
versus V,, with Voa as a parameter) for transis- 
tors of widely varying dimensions. These transis- 
tors show normal behavior. Extracted transistor 
parameters are summarized in Table 1, and are 
close to design vaiues. The conduction parameter 
k’ for both transistors is slightly lower than ex- 
pected for a surface-channel device with a 100 mn 
gate oxide, but this result is consistent with the 
buried-channel nature of the depletion transistor 
[lOI* 
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Fig. 8. Drain characteristics of test transistors. 

3.2. Mechanical Properties of RTA Strain-relieved 
Polysilicon 

The mechanical properties (plate modulus and 
residual strain) of polysilicon can be directly ex- 
tracted from measurements of the resonance fre- 
quencies of microcantilevers and microbridges 
[ 121. Our test chip included several micro- 
cantilevers and microbridges of different lengths 
for this purpose. The resonance frequencies of 
these devices were measured with a HP 4195A 
network analyzer and the measurement circuit 
shown in Fig. 9, or with a phase-locked-loop 
oscillator circuit that continuously vibrated the 
resonant microstructure at its natural frequency 
[lo]. For these meas urements the drive voltage 
was adjusted such that the amplitude of the 
microstructure motion was about f 100 rim as 
measured by the device capacitance. Table 2 
details the dimensions and typical measured 
resonance frequencies of the devices on the test 
chip. 

The plate modulus E/( 1 - v2), where v is Pois- 
son’s ratio, can be found by measuring the reso- 
nance frequencies of microcantilevers of varying 
length. We actually measure the plate modulus 
rather than Young’s modulus because the fab- 
ricated microcantilevers had dimensions more 
like plates than beams; in our devices W/t g 1, 
but L/W-I (W=width, t=thickness and 
L = length). Since microcantilevers are released 
structures with one free end, their resonance fre- 
quency is not affected by the average residual 
strain in the film. Assuming clamped boundary 
conditions at the iixed end, the first resonance 

HP 4195A network analyzer 

vacuum chamber 

Fig. 9. Circuit for measurement of msonance ftqueney. 
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TABLE 1. Extracted transistor parameters 

Parameter Drawn transistor dimensions 

W=75pm, L = 10pm W= lOpti, L =75gm 

I’,: threshold voltage 
g,: transaxnductance 
(in saturation, V,, = 0 V) 

-1.64v -1sOv 
140 pmho 1.5~mhO 

k’: conduction parameter 

i: channel-length modulation 
parameter 

11.8 pA/V2 7.5 J~A/V= 

0.018 V-’ o.O02v-’ 

frequency f, of the microcantilever is given by 

where p is the mass density. Unfortunately, an 
exact value for Young’s modulus could not be 
obtained from the test structures due to uncertain 
boundary conditions at the fixed end of the micro- 
cantilever. For an ideal clamped boundary condi- 
tion at the fixed end, the resonance frequency of 
two microcantilevers of different lengths should 
scale as L -‘. This scaling is not observed in the 
test devices, indicating a deviation from the per- 
fectly clamped boundary conditions [2]. The 
microcantilever flares at the anchor, as shown in 
Fig. 6, which is one source of deviation from 
clamped boundary conditions. As the length of 
the microcantilever becomes shorter, this overlap 
area causes a larger reduction of the resonance 
frequency of the microcantilever relative to that 
for ideal boundary conditions. In spite of these 
difficulties, a lower-bounds estimate of !Xl’GPa 
can be obtained for Young’s modulus from the 
longest microcantilever on the test chip by using 
the equation for clamped boundary conditions 
and assuming v = 0.25 [5]. This value for Young’s 
modulus is 50% less than that reported by Guckel 
et al. [5] for fine-grained undoped polysilicon, but 
within 10% of that reported by Murarka and 
Retajczyk [ 131 for coarse-grained heavily phos- 
phorus-doped polysilicon. 

TABLE 2. Microstructure dimensions and measured reso- 
nance frequencies 

Device Length Width Thickness Resonance 
type tim) elm) Olm) fresuew (Hz) 

Cantilever 75 50 1.0 165 827 
Cantilever 100 50 1.0 101502 
Bridge 175 50 1.0 210 487 
Bridge 200 50 1.0 182 635 

The residual strain L in the polysilicon &I can 
be found by measuring the resonance frequency of 
microbridge structures. Since microbridges are 
clamped-clamped structures, the residual strain in 
the microstructure 6Im causes a shift in the reso- 
nance frequency of the microbridge in much the 
same way as increased tension causes a change in 
pitch of a guitar string. For the compressive strain 
that is typically found in polysilicon microstruc- 
tures, the resonance frequency of microbridges is 
lower than the zero strain case and is given by 

1; = 1.02793(1 -0.147f;)(p(lEv2)~ (2) 

Again, the uncertain boundary conditions at the 
fixed ends of the microstructure make an accurate 
determination of residual strain in the polysilicon 
film problematic. Nevertheless, an upper-bounds 
estimate of 0.002% can be obtained by substitut- 
ing the estimated plate modulus for polysilicon 
and using eqn. (2), which assumes clamped 
boundary conditions. This approach probably 
overestimates the residual strain, since the entire 
shift in resonance frequency of the microbridge is 
attributed to residual strain, when in actual fact a 
large part of this frequency shift is due to relaxed 
boundary conditions and a lower value of E. This 
value of residual strain is as low as any reported 
results [5,6], indicating that RTA is a useful 
strain-relief technique. 

4. concltions 

Microsensors based on resonant sensing ele- 
ments are a promising area of research. In this 
paper we have discussed integration for active 
polysilicon resonant microstructures, emphasizing 
the important considerations needed to fabricate 
free-standing polysilicon microstructures @h 
previously-fabricated on-chip nMOS circuitry. In 
particular, RTA was employed to reduce the high 
intrinsic compressive strain of the as-deposited 
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polysilicon and our initial measurements suggest 
that this technique is a viable alternative to fur- 
nace annealing. RTA produces polysilicon fihns 
with very low strain (0.0020/,), at a reduced ther- 
mal budget, preserving the high quality of the 
nMOS circuitry. A composite PSG/C?D SiO, 
sacrificial layer was also developed to permit the 
fabrication of flat microstructures. 

Although these results are very encouraging, 
further work is clearly needed. In particular, the 
RTA strain-relief technique was not studied sys- 
tematically; no effort was made to optimize the 
anneal times, temperatures or polysilicon deposi- 
tion parameters. However, our results were quite 
repeatable in that the extracted mechanical prop- 
erties of the polysilicon films did not vary signifi- 
cantly through several process cycles. A careful 
study of RTA on various kinds of polysilicon (i.e., 
course fine grained, boron/phosphorus doped) is 
needed before the merits of this process can be 
fully evaluated. Also, additional circuitry, such as 
a complete on-chip sustaining amplifier, could be 
added to the resonant microstructures in cases 
where this would provide lower cost or improved 
performance. This additional circuitry could be 
implemented in a higher-performance circuit tech- 
nology such as CMOS. Some of the results pre- 
sented here may be useful for achieving these 
goals. 
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