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Polycrystalline Silicon Micromechanical Beams

R. T. Howe and R. S. Muller

Department of Electrical Engineering and Computer Sciences, and the Electronics Research Laboratory, University of
California, Berkeley, California 94720

ABSTRACT

Using the conventional MOS planar process, miniature cantilever and doubly supported mechanical beams are fabri-
cated from polycrystalline silicon. Poly-Si micromechanical beams having thicknesses of 230 nm to 2.3 um and separated by
550 nm to 3.5um from the substrate are made in a wide range of lengths and widths. Two static mechanical properties are
investigated: the dependences of maximum free-standing length and beam deflection on the thickness of the beam. By
annealing the poly-Si prior to beam formation, both of these properties are improved. Nonuniform internal stress in the

poly-Si is apparently responsible for the beam deflection.

A novel method is described for making cantilever
and doubly supported micromechanical beams from
polycrystalline silicon (poly-Si). Only two masking
steps are needed, as illustrated in Fig. 1. The first step,
Fig. 1a, opens windows in an oxide layer grown or de-
posited on the silicon wafer. Next, poly-Si is deposited
and plasma-etched in a second masking step, leaving
the cross-section of Fig. 1b. Immersing the wafer in
buffered HF removes all oxide, undercutting the poly-
Si layer and creating the cantilever beam, illustrated
in Fig. le. Doubly supported beams, Fig. 1d, are made
by including a second oxide window at the opposite
end of the beam.

For several reasons, this technique for making poly-
Si beams is a useful addition to silicon micromechanics
technology. First, poly-Si is widely used in MOS inte-
grated circuits and a well-developed technology exists
for depositing it in thin films and controlling its elec-
trical properties. Second. the piezoresistivity of poly-Si
could be utilized in integrated sensors; a monolithic
pressure transducer based on a poly-Si membrane has
already exploited this property (1). Finally, the simple
fabrication process outlined above uses only conven-
tional MOS planar technology which greatly simplifies
the integration of micromechanical beams and MOS
circuitry. This compatibility with standard processing
contrasts with beam fabrication techniques based on
anisotropic efchants (2, 3). MOS transistors have been
fabricated adjacent to miniature cantilever beams
made by anisotropic etching of the epitaxial silicon

Key words: mechanics, membrane, integrated circuits.

underlying a patterned, etch-resistant layer (4). How-
ever, the use of an epitaxial layer and anisotropic
etchants in this earlier work represents a substantial
departure from the conventional MOS process.

To assess fully the potential of this new technique,
both the static and dynamic mechanical properties of
poly-Si beams should be determined. This study in-
vestigates the static properties by fabricating poly-Si
beams having a wide range of dimensions. In particu-
lar, the dependences of maximum free-standing beam
length and cantilever beam deflection on the thickness
of the beam are determined. A more complex process,

Mask I. Beam base areas. Mask 2. Poly-Si patterned.

Si0; poly-Si

Poly-Si Cantilever Beam Poly-Si Doubly-Supported Beam

{Sid> S
(c) (d)

Fig. 1. Poly-Si microbeam fabrication
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including an MOS circuit for sensing the beam vibra-
tions, is being developed to investigate the dynamic
properties. Results for Young's modulus and fatigue
characteristics of poly-Si micromechanical beams will
be reported later.

Fabrication

We now describe poly-Si beam fabrication in more
detail. In order to minimize stress concentration dur-
ing flexing, the step in the poly-Si beam, shown in
Fig. lc, should be gradual. This consideration makes it
desirable to have a tapered oxide-window edge. Two
process runs with different oxide-layer compositions
are made. Figure 2 illustrates the resulting oxide-
window edges, as observed with a scanning-electron
microscope. In the first run, the oxide layer is one-
third wet thermal SiO; and two-thirds CVD SiOs. The
latter is densified at 975°C for 20 min after deposition.
In the second run, a more gradual edge profile is ob-
tained with an oxide layer consisting of 10% thermal
Si0, and 90% phosphosilicate glass (about 8.75% phos-
phorus content). The thin, rapidly etching surface
layer needed for a tapered oxide-window edge is
created by a low-energy argon implant (5). The phos-
phosilicate glass is densified at 1100°C for 20 min prior
to the argon implant.

The poly-Si thin film is deposited by pyrolysis of
silane at a temperature of 640°C and a pressure of 600
mTorr, resulting in a deposition rate of approximately
10 nm min—1! and a grain size of 30-50 nm (6). No high
temperature processing is done after poly-Si deposi-
tion, except for one sample having a 3.5 um oxide layer
and a 2.0 um poly-Si layer. In this case, the wafer is
annealed at 1100°C in N» for 20 min prior to immersion
in buffered HF.

In order to establish the dimensional limitations on
poly-Si beams, a wide variety of beams have been
fabricated in the two process runs. Several combina-
tions of oxide and poly-Si thicknesses, listed in Fig. 3,
were used. The first-run cantilevers are T-shaped with
the cross bar at the free end (cf. Fig. 5). They range
in length from 25 to 200 um, with various widths, Both
simple cantilevers (without cross bars) and bridges
are included on second-run masks. These cantilevers
are 25-400 um long, and the bridges range from 100 to

FIRST RUN SECOND RUN
Argon ion
implant damage
CVD Si02 Phosphosilicate—
Thermal SiOz glass -
Thermal Si0,
s> (S

Fig. 2. Oxide-window edges for both process runs

Thickness of oxide supporting layer

g 550 nm| 1.7 gm|2.0 wm | 3.5 pm

@

2 O: First run,
»n 230mm| O © © Cantilevers.
1

2z {800nm| O o) O O: Second run,
a Canfi!evers
S| .2um O 8 bridges.
w

w

Q

% 2.0um O O

2

= 2.3um 0O

Fig. 3. Poly-Si and oxide thicknesses used to fabricate beams
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500 um in length. Several series of beams are included
in which length or width is varied with the other di-
mension being held constant. All cantilevers have
bases as long as the beams (cf, Fig. lc) except for
one second-run series in which the base length has
been progressively shortened.

Results

All of the combinations of oxide and poly-Si thick-
nesses listed in Fig. 8 produce some free-standing
poly-Si beams. No cracking is seen at the step in the
poly-Si, even for first-run cantilevers, in which the
oxide-window edge is very abrupt (cf, Fig. 2). Long
bases for poly-Si cantilevers are not needed, as demon-
strated by the series of cantilevers with shortened
bases. For all the combinations enumerated in Fig, 3,
a 5 um long base is sufficient for a free-standing canti-
lever which is 45 um long and 20 um wide.

Scanning-electron micrographs of four representa-
tive cantilevers are shown in Fig, 4. These beams are
60 um long, 800 nm thick, and are 3.5 um above the
silicon substrate. Widths range from 25 um for the left-
most beam to 60 um for the rightmost one. The bases
are at the lower right, and the steps in the poly-Sij are
clearly visible. We will discuss later the upward de-
flection of these beams which can be seen in Fig. 4.

An apertured poly-Si beam js shown in Fig. 5. The
T-shaped cantilever is 100 pm long, 40 um wide, 2.3 um
thick, and has a 2 um gap between beam and substrate.
No special care in rinsing or drying the wafer after
undercutting the beams is taken for the first process
run, which produced this beam, An apertured canti-
lever is of interest for certain sensor applications (7)
and the beam shown in Fig. 5 demonstrates the feasi-
bility of this concept.

Very thin poly-Si layers can cover large oxide steps
and form free-standing micromechanical beams, as can
be seen in Fig. 6. The cantilever in Fig. 6 is 25 um long
and only 230 nm thick with a 3.5 um separation be-

\

Fig. 4. Poly-Si cantilevers: 60 um long, 800 nm thick, with a 3.5
#m beam-substrate gap.

Fig. 5. Apertured poly-Si beam: 100 um long, 2.3 um thick, with
a 2 um beam-substrate gap.
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Fig. 6. Thin poly-Si cantilever: 25 um long, 230 nm thick, with a
3.5 um beam-substrate separation.

tween beam and substrate. Some debris from scribing
is visible on top of the beam and variations in the
oxide-window edge have been reproduced in the thin
poly-Si layer. This beam is from a process run in
which the wafers are dipped in water after etching in
buffered HF and dried under an infrared lamp.

Beyond a certain length, both cantilevers and
bridges are observed either to deflect downward and
ultimately contact the substrate or to deflect upward
severely. This limiting length, defined as the maximum
free-standing length Lp, is repeatable from die to die
within a wafer. It is observed that L, depends strongly
on the thickness of the beam. Width and beam-sub-
strate gap do not have a repeatable influence on Ly
in the first two process runs. However, the maximum
free-standing length is probably sensitive to process-
ing details, such as the poly-Si deposition conditions
and the oxide etching procedure. The results obtained
here are, nonetheless, useful as guidelines for evaluat-
ing poly-Si beam technology.

In order to determine L as a function of thickness
for these poly-Si beams, a series of 15 um wide canti-
levers and bridges with increasing lengths were in-
vestigated. The average of the lengths of the longest
repeatably free-standing beam and the next longer
beam is an empirical estimate of Ly, This measurement
is plotted against beam thickness for both cantilevers
and bridges in Fig. 7. The curves in Fig. 7 are em-
pirical fits to the data and are given by

/4500t for cantilevers
La= . 13
\/11,500t for bridges

where t(um) is the beam thickness and Lm(um) is the
maximum free-standing beam length. Cantilevers or
bridges located above the relevant curve in Fig. 7 can~
not be used, since they will touch the substrate or be
severely deflected. Note that the sample which is an-
nealed before the beams are undercut shows substan-

200

T T
Iy
2 A (400 um)
%gnso
e
© =
w =
w
W 100
W
=2
sS4
5—" 50 FILLED SYMBOLS:
< ANNEALED BEFORE BEAMS
= ARE UNDERCUT
O . 1. 1 I —J
0 ) 2 3

BEAM THICKNESS {um}

Fig. 7. Dependence of maximum free-standing length on beam
thickness.
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tial increases in maximum free-standing lengths for
both cantilevers and bridges, as indicated by the filled
symbols in Fig. 7. As mentioned above, these results
are process-dependent and therefore should be con-
sidered as first-order guidelines.

Cantilever poly-Si beams with lengths less than Ly
deflect upward, away from the substrate, as can be
seen in Fig. 4 and 6. Scanning-electron micrographs
indicate that the deflection curve is parabolic for small
tip deflections (less than one-tenth of the beam
length). In addition, the tip deflections of cantilevers
of constant thickness are proportional to the squares
of their lengths. These results suggest the presence of
an internal bending-moment M; in the poly-Si beams,
since a tip deflection y given by

6M; L2
T Eyt3

where L is the cantilever’s length, t its thickness, and
Ey its Young’s modulus, is predicted for this case (8).
The physical origin for the bending moment M; is dis-
cussed later,

It is convenient to use the quantity (y/L?) to charac-
terize beam deflection, since it is independent of beam
length. The inset in Fig. 8 defines the tip deflection
measurement, and the plot shows the variations of
(y/L2) with beam thickness for both first- and second-
run cantilevers. According to Fig. 8, thicker beams de-
flect less at a given length, as one would expect, As
before, annealing the sample affects the static me-
chanical properties of poly-Si beams. This is indicated
by the filled circle in Fig. 8. In contrast to the unan-
nealed sample of the same thickness no measurable
deflection is observed for cantilevers shorter than Ly
on the annealed wafer. These cantilever deflection re-
sults also are sensitive to processing details and should
be interpreted accordingly.

(2]

Discussion

Micromechanical cantilever and doubly supported
beams can be fabricated from poly-Si using a process
that is compatible with MOS planar technology. This
compatibility, the simple beam-fabrication process,
and the piezoresistivity of poly-Si make these struc-
tures attractive for silicon micromechanics. In particu-
lar, an integrated sensor for organic vapors is being
fabricated which incorporates a resonant poly-Si canti-
lever (7).

Two static properties of these beams have been in-
vestigated, the maximum length for a reliably free-
standing beam, and the built-in deflection of canti-
levers. The observed deflection is consistent with the
presence of an internal bending moment which is
plausible as the result of nonuniform internal stress
across the poly-Si layer. Internal stress in a thin film
arises from mismatches in thermal-expansion coeffi-
cients and from nucleation and growth phenomena (9).
Annealing at 1100°C for 20 min before undercutting

T T T T
1 frst run, W= I8um

o © O second run, W=15um

o @ annealed before beams

x 2+ are undercut _

'e

i I__f/ JyL

ok 0] T 4

~

= o
' o

— 1 1 . J
OO | 2 3

BEAM THICKNESS (um)

Fig. 8. Cantilever-tip deflection as a function of beam thickness
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the beams with buffered HF increases the maximum
free-standing length and eliminates the built-in de-
flection for beams shorter than Ly,. This annealing pro-
cedure is sufficient to reflow the phosphosilicate glass
layer underneath the poly-Si layer and cause recrys-
tallization of the poly-Si, both of which may help to
relax the nonuniform internal stress. Diffusion of phos-
phorus from the glass into the poly-Si will occur dur-
ing this relatively severe anneal, which may be un-
desirable for certain applications. Additional research
is needed to determine the minimum temperature and
time required for stress relaxation in the poly-Si film.
However, beams of useful sizes can be made without
any post-deposition treatment of the poly-Si, as is
demonstrated in Fig. 4-6. The dynamic properties of
poly-Si micromechanical beams are currently being
investigated, and the results will be reported later,
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ABSTRACT

The diffusion coefficient of oxygen in e~titanium was measured in the range 460°-700°C, by means of nuclear microanal-
ysis from the reaction °0(d,p)'"O*. A new application of this method allows the determination of a complete diffusion
profile, along about 2 um, from a single proton spectrum. The results provide a value of diffusion coefficient consistent
with a bulk diffusion process, with an activation energy of 48 kecal/mol, over the temperature range from 200° to 950°C.

The high temperature oxidation of a-titanium, with high
current crystalline structure, gives a multilayered oxide
film comprising several oxide species (1, 6). Moreover, a
diffusion and dissolution of oxygen into the metal occurs
under the oxide film, the oxygen atoms occupying the in-
terstitial sites of the metal lattices. Thus, the oxygen con-
centration decreases continuously from the metal-oxide in-
terface to the metal center. In order to understand the
oxidation mechanism of titanium, it is necessary to analyze
the two elementary mechanisms: growth of external oxides
on one hand and formation of the oxygen-metal solid solu-
tion on the other hand.

Several investigations have been previously carried out
on the oxygen diffusion phenomenon (2, 7-16). The values
of the diffusion coefficient D published by other authors
shows a considerable scatter and hence in those for the acti-
vation energy, but this dispersion is perhaps related to the
corresponding diversity in the experimental methods. The
value previously mentioned were all obtained for tempera-
tures higher than 650°C. For temperatures ranging between
250° and 400°C, other values of the oxygen diffusion
coefficient were calculated from stress strain aging experi-
ments (17, 18). It can be noted that the corresponding plots
fit quite well with those of Ref. (16), which were obtained

Key words: oxidation, diffusion, nuclear reactions, titanium.

on the same material from experimental diffusion profiles.
These values were directly measured, point by point, thus
increasing their accuracy. Between 400°-650°C, there re-
mains a temperature range where the diffusion coefficient
values are unknown. However, two D values for the temper-
atures of 420° and 490°C, have been obtained by Bertin (19)
from calculations based upon internal friction measure-
ments. Our results, and some others, are plotted in Fig. 1.

Thus, our purpose was to perform experiments in an in-
termediate temperature range, by means of a special appli-
cation of nuclear microanalysis. The results obtained in this
way cover the range from 460° to 700°C.

Experimental

Specimens of rolled Kroll titanium, containing 930 ppm
of oxygen, were supplied by Cezus (Pechiney-Ugine-
Kuhlmann) under the trademark UT 40. In order to deter-
mine the diffusion profiles, they were previously
anodically oxidized, then heated under vacuum to permit
oxygen diffusion. In this case, the oxide layer acts as an in-
exhaustible oxygen source and the concentrations on each
side of the metal-oxide interface remain constant.

In the temperature range studied here (460°-700°C), the
diffusion treatment times were selected in such a manner
that the oxygen diffusion profiles into the metallic matrix
should not exceed 2 um in depth. The nuclear microanaly-





