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Abstract 

The effects of a specific annealing procedure on the maximum free- 
standing lengths of cantilever and doubly supported mlcromechanlcal beams 
fabncated from polycrystallme and amorphous slllcon are mvestlgated In 
addition, its effect on the bullt-m deflection of cantilevers 1s observed By 
annealing wafers at 1100 “C for 20 minutes m nitrogen pnor to beam forma- 
tion, the maximum free-standmg length increases from 50 to 150% for 
cantilever beams and from 50 to 170% for doubly supported beams, com- 
pared with unannealed wafers The bullt-m deflectlon of cantilever beams 
found on unannealed wafers IS ehmmated by this annealmg procedure, 
except for the thmnest polycrystallme-ahcon cantilevers (230 nm thick) 
In order to investigate how annealing affects these static mechamcal prop- 
erties, two different oxide supportmg-layer composltlons are used m beam 
fabncatlon Also, gram structures m the polycrystallme- and amorphous- 
slhcon films are observed urlth a scannmg electron microscope It appears 
that the annealing procedure induces recrystalhzatlon which allows mtrmslc 
stress m the silicon films to relax 

Introduction 

A novel process for making mmlature cantilevers and doubly supported 
mlcromechamcal beams from polycrystallme &con (poly-Sl) has been 
described recently [l, 21 The fabrication process requires only two maskmg 
steps and uses conventional MOS planar technology Figure 1 illustrates 
the fabncatlon sequence Frost, as shown m Fig l(a), wmdows are opened 
m an oxide layer on the &con wafer [2] Next, poly-Sl 1s deposited by 
chemical vapor deposltlon (CVD) and plasmaetched m a second masking 
step, producing the cross section of Fig l(b) An unmasked buffered HF 
etch then removes all oxide, undercutting the poly-Sl film and fonnmg the 
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Mask i Beam base oreas Mask 2 Poly-SI patterned 

Poly-SI Contllever Beam Poly-SI Doubly Supported Beam 

(cl (d) 

Fig 1 Poly-SI (or a-&) mlcrobeam fabrlcatlon 

cantilever beam, as shown m Fig l(c) Amorphous s&on beams are made 
by the same techmque as poly-Sl beams, except that the temperature of the 
CVD reactor 1s lowered to suppress gram formation Fmally, Fig l(d) 
illustrates that a doubly supported beam, or bndge, IS made by mcfudmg 
a second oxide wmdow m the first mask 

The maximum free-standing lengths of poly-Sl cantilevers and bridges 
and the built-m deflection of poly-Sl cantilevers have been mvestlgated as 
functions of beam thickness [2] Both of these static mechanical properties 
restrict the dunenslons of useable poly-Sl mlcromechamcal beams In the 
previous study, it was found that annealmg the wafer prior to beam forma- 
tion improved these properties, for the specific case of a wafer with a 2 0 
pm-thick poly-Sl layer and a 3 5 pm-thick oxide layer The anneahng pro- 
cedure consisted of heating the wafers to 1100 “C for 20 mmutes m a nrtro- 
gen atmosphere after patterning the poly-Sl m the second masking step [ 23 
The present mvestlgatlon evaluates the general utlhty of this anneahng pro- 
cedure by determmmg its effect on the maximum free-standing lengths of 
mlcromechanlcal cantilevers and bridges made from poly-S1 and amorphous 
slhcon (a-&) In addltlon, the effect of this anneahng step on the bullt-m 
deflectlon of poly-Sl and a-& cantilevers 1s examined Fmally, the means 
by which annealing affects these static mechanical propertles IS mvestlgated 
This paper does not consider the optlmlzatlon of annealmg procedures for 
lmprovmg mechanical properties, but rather focuses on the effectiveness 
of the above furnace anneahng step 

Expenmental 

In order to evaluate the effect of annealing on maximum free-standing 
length and cantilever deflection, wafers were processed both with and 
wlthout an annealing step, using masks having cantilevers and bndges with a 
urlde range of lengths The masks included 15 pm-wide cantilevers 25 to 
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Fig 2 Sdwzon and oxide thicknesses used to fabrlcate beams 

400 pm m length, and 15 pm-wide bridges which were 100 to 500 I.trn long 
Wafers mth several combmatlons of slhcon film and oxide supportmg-layer 
thicknesses were processed using these masks Figure 2 hsts the slhcon and 
oxide layer thicknesses that were employed m mlcromechamcal beam 
fabncatlon The utility of the annealing procedure 1s assessed by the im- 
provements m static mechanical properties of beams on annealed wafers m 
compmson to unannealed wafers 

Two different oxide composltlons were used to fabncate mlcromechan- 
lcal beams The first oxide layer consisted of a sandmch of 10% thermal 
oxide covered with 90% phosphoslbcate glass (PSG) (about 8 75% phospho- 
rous content) The PSG was denslfled at 1100 “C for 20 minutes m a mtro- 
gen atmosphere pnor to slhcon film deposltlon This oxide composition 
etches rapidly m buffered HF, which allows the beams to be quickly under- 
cut The second oxide layer was entirely thermal oxide, grown at 1100 “C 
m atmosphenc steam A tapered oxide wmdow-edge, as illustrated m Fig 
l(a), IS desirable to avoid an abrupt step m the silicon layer [2] For both 
oxide composltlons, a tapered edge was produced by creatmg a thm, rap- 
idly etching damaged layer on the oxide surface via a low energy argon 
implant 131 

These oxide composltlons were chosen to determine whether the 
underlymg oxide layer has an influence on the improvement m mechanical 
properties brought about by annealing the silicon films The annealing step 
was performed after the poly-Sl or a-S1 film had been patterned m the 
second maskmg step, but before the final unmasked oxide etch The wafers 
were heated to 1100 “C for 20 mmutes m nitrogen This annealmg procedure 
1s adequate to reflow the PSG m the first oxide layer [3], as well as to 
mduce recrystalhzatlon m the &con film Since wafers Mth thermal oxide 
supporting layers do not expenence oxide reflow durmg annealing, the 
slgmflcance of reflow of the oxide layer to annealmg-induced changes m 
the mechamcal properties of slhcon films could be ascertamed 

Poly-Sl films were deposited by low pressure CVD at 640 “C Amor- 
phous &con was deposited m the same reactor at a lower temperature, 
570 “C Gram-structure observations on the silicon film were made by 
vlewmg the film m cross section m an SEM The wafer was first cleaved 
and then etched m 5 1, H,O Wnght etch [4] for 40 seconds m order to 
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delineate the gra,m boundanes This dllutlon and etch were found to reveal 
satlsfactorlly the gram structure of the film Three samples were observed 
m cross section, mcludmg two poly-Sl films (800 nm and 1 45 t_tm m thick- 
ness) and the 1 65 pm-thick a-S1 film These samples were sufflclently thick 
to yield clear pictures of the gram structure of the films No grams were 
resolved m the unannealed a-S1 films at 45,000X magnlflcatlon Gram sizes 
of the unannealed poly-Sl films were found to be 30 to 50 nm 

Results 

All but one of the combmatlons of slhcon film and oxide-layer thick- 
nesses tabulated m Fig 2 yield some free-standing mlcromechamcal beams, 
both with and vvlthout annealing The exceptlon IS the unannealed 300 
nm-thick, a& sample 

As observed previously, both cantilevers and bridges beyond a certain 
cntlcal length are found either to deflect downward, ultimately contacting 
the substrate, or to deflect upward severely [ 21 This crltlcal length 1s called 
the maxmum free-standing length L, The dependence of L, on thickness 
1s determined by observing a series of 15 pm-wide cantilevers and bridges 
w&h mcreasmg lengths When one length 1s consistently free standing and 
the next longer beam consistently contacts the substrate, L, IS estimated as 
the average of the two lengths In the case where a particular length 1s only 
sometimes free standmg and all shorter lengths are reliably free standmg, 
L, 1s estimated as that length 

Maximum free-standing length L, for cantilever beams 1s plotted 
against beam thickness m Fig 3 Data points for cantilevers fabncated with 
an annealing step are represented by filled symbols In every case, L, 1s 
greater for annealed cantilevers than it 3s for unannealed cantilevers Without 
annealing, even the shortest cantilevers (25 pm long) are not free standmg 
for the 300 nm-thick a-S1 sample Since L, cannot be measured for this 
sample, its data pomt IS mlssmg m Fig 3 
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Fig 3 Dependence of maximum free-standmg length on beam thickness for cantilevers 
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Figure 4 presents the dependence of L, on beam thickness for doubly 
supported beams (bndges) Data points for 230 nm-thick unannealed poly- 
Sl bndges and 300 nm-thick a-S1 bndges (both annealed and unannealed) 
are missing since even the shortest (100 E.tm long) bndges contact the sub- 
strate As was the case with cantilevers, all of the annealed bndges m Fig 4 
had a larger L, than the unannealed bridges 

A second mechanical property of &con cantilevers is their deflection 
along their length The deflectlon of the tip of the cantilever y fi found to 
be proportional to the square of the beam length L Hence, deflection for 
a given sample can be characterized by the quantity (y/L*), as m an earher 
study [2] FQ-WX 5 shows the dependence of (y/L*) on beam thickness for 
annealed and unannealed poly-Sl and a-S1 cantilevers Posltlve values of y 
correspond by convention to deflection away from the substrate As m 
Fig 3, the 300 nm-thick unannealed a-& sample 1s not plotted, since none 
of the cantilevers were free standmg Several pomts about Fig 5 are worth 
noting The trend 1s towards smaller deflection with increasing beam thlck- 
ness All of the unannealed poly-S1 samples show an upward deflection, 
whereas the unannealed a-S1 sample has a downward deflection Annealing 
pnor to cantilever beam formation ehmmates the deflection, confnrnmg 
the single observation made earlier [2] The only exception 1s the annealed 
230 nm-thick poly-Sl sample, which has a small residual downward deflec- 
tron 

In view of the results presented m Figs 3 - 5, we conclude that an- 
nealing slgmflcantly nnproves the static mechanical charactenstlcs of poly- 
Sl and a-& beams Both the maxnnum free-standmg length and cantilever 
deflection are dependent on the internal stress m the &con film One 
contrlbutlon to the internal stress is due to gram nucleation and growth 
phenomena, so we expect that gram structure ml1 be related to mechanical 
properties 
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Fig 5 Canthever beam tip deflectlon as a function of beam thickness 
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(a) (b) 
Fig 6 SEM cross sections (45 000x magmflcatlon) of (a) unannealed and (b) annealed, 
800 nm-thick poly SI thm films on PSG 

The SEM gram-structure obsewatlons indicate that for all three sam- 
ples, the gram size IS larger m the annealed slhcon films The increase m 
gram size 1s greater near the interface with the underlying oxide layer Fig- 
ures 6(a) and (b) are SEM cross sectlons of unannealed and annealed 800 
nm-thick poly-Sl films Phosophoslhcate glass constitutes the layer beneath 
the poly-Sl m this sample The increase m gram size upon annealing, espe- 
crally near the interface, can be seen clearly by comparing Figs 6(a) and (b) 

Dlscusslon 

Both poly-Sl and a-S1 are suitable for making mlcromechanlcal beams 
using the new technique of etchmg away an underlying oxide layer An- 
nealing the wafers at 1100 “C m mtrogen for 20 mmutes after patternmg 
of the &con f&n, but pnor to beam formation, greatly improves two static 
mechanical properties of these beams The maximum free-standing length 
L, increases from 50 to 150% for cantilevers and from 50 to 170% for 
bndges, compared with beams on unannealed wafers The bullt-m deflection 
of cantilevers 1s generally eliminated by the annealing procedure given 
above Only m the case of very thm poly-SI cantilevers does any residual 
deflection remam Our results show that poly-Sl beams can be made longer 
than a-S1 beams, whether or not the annealing step 1s included m beam 
fabncatlon 

These results can be applied immediately to the fabrication of poly-Sl 
or a-S1 mlcromechanlcal beams For example, annealing enables the reliable 
fabncatlon of deflection-free, 150 pm-long cantilevers and 250 pm-long 
bndges from 1 45 pm-thick poly-Sl, using a 1 1 pm-thick thermal oxide 
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supportmg layer Without the annealing step, the maximum free-standing 
lengths of cantilevers and bndges made of 1 45 pm-thick poly-Sl are only 
6 0 pm and 120 pm, respectively 

A tentative explanation can be gven for the way m which annealing 
affects the static mechanical properties of poly-Sl and a-S1 mlcromechanlcal 
beams The SEM observations mdlcate that recrystalhzatlon occurs m the 
&con thm film even with thermal &O, as the underlying oxide layer Prevl- 
ously, it had been thought that reflow of a PSG underlayer might contrlbute 
to altenng the mechanical properties [2] However, these gram-structure 
observations and the evidence of Figs 3 - 5 that the changes m L, and 
(y/L’) are similar for films wth thermal oxide or PSG supportmg layers 
invalidate this suggestion As the thm film recrystalhzes, the vanatlon m 
internal stress through the film 1s relaxed and so annealed cantilevers have 
no internal bending moment [ 21 and consequently show no built-m deflec- 
tion The non-uniform internal stress 1s most likely due to the mtrmslc 
stress m the film, which IS a result of gram nucleation and growth phenom- 
ena [ 51 The first 100 nm of the slhcon would be the most highly stressed 
from these causes and so it 1s expected that gram restructurmg and growth 
should be greatest m this mterfaclal reDon In fact, the cross sections m 
Fig 6 indicate that gram growth m the annealed films 1s largest at the 
interface mth the underlying oxide For the thinnest poly-S1 sample, 230 
nm m thickness, the highly stressed mterfaclal rep;lon 1s a relatively large 
fraction of film thickness Therefore, the mcomplete relaxation of the 
internal stress indicated by the residual cantrlever beam deflectlon 1s not 
surprrsing 

In addition to ehmmatmg internal stress vanatlon through the silicon 
film, the annealing procedure used m this study also largely ehmmates the 
average compressive internal stress m the film [6] This expenmental result 
1s consistent with the observation that L, 1s greater for annealed poly-S1 or 
a-S1 bndges than It 1s for unannealed bridges Unannealed films have a large 
average internal stress which 1s compressive An unannealed bndge conse- 
quently tends to buckle when the underlying oxide layer 1s etched away 
Since this compressive stress IS greatly reduced m all but the thinnest an- 
nealed silicon films [6], bndges fabncated from annealed poly-S1 or a-S1 
have much less tendency to buckle Therefore, they can be made longer 
than un&nnealed bndges 

Acknowledgements 

We wish to thank Prof D Hess, Mrs D. McDaniel and Mr D Rogers 
for valuable laboratory assistance and the IBM Corporation for fellowship 
support of R T Howe while this work was carned out This research was 
supported by the National Science Foundation under grant ECS-81-20562 



454 

References 

1 R T Howe and R S Muller, Polycrystallme slhcon mlcromechanlcal beams, Electro- 
chemzcal Socrety Extended Abstracts, Montreal, Canada, May 1982, Vol 82 I, 
pp 184 -185 

2 R T Howe and R S Muller, Polycrystallme slhcon mxromechamcal beams, sub- 
mltted to J Electrochem. Sot 

3 J C North, T E McGahan, D W Rice and A C Adams, Tapered wmdows rn 
phophorus doped SlOz by Ion lmplantatlon, IEEE Trans Electron Devices, ED-25 
(1978) 809 - 812 

4 M W Jenkms, A new preferential etch for defects In slhcon crystals, J Electrochem 
Sot, 124 (1977) 757 - 762 

5 D S Campbell, rn L I Malssel and R Glang (eds ), Handbooh of Thrn Film Tech- 
nology, McGraw-Hill, New York, 1970, p 12 22 

6 R T Howe and R S Muller, Stress m polycrystalhne and amorphous sillcon thm 
films, submitted to J Appl Phys, (Aug ) (1983) 


