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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/~m and separated by 
550 nm to 3.5/~m 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 eantilever 
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. la, 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. lb. Immersing the wafer in 
buffered HF removes all oxide, undercutting the poly- 
Si layer and creating the cantilever beam, illustrated 
in Fig. lc. Doubly supported beams, Fig. td, 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 basea 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 etchants (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. 

K/Si02 
,4 i X:.:.'~..'.. :. ~ ~ ~ ~ ~W..::...: 

<Si> 

Mask 2. Poly-Si patterned. 

poly- Si-~ 

<Si> 

(a)  (b) 

Poly-Si Cantilever Beam Poly-Si Doubly-Supported Beam 
-Base .--Beam (Bridge) 

<Si) <Si> 

(c)  (d) 

Fig. 1. Poly-Si microbeam fabrication 
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including an MOS circui t  for  sensing the beam v ib ra -  
tions, is being developed to invest igate  the dynamic  
propert ies .  Resul ts  for  Young's modulus  and fa t igue 
character is t ics  of po ly -S i  mic romechan ica l  beams wil l  
be r epor ted  later .  

Fabricat ion 
We now descr ibe  po ly -S i  beam fabr ica t ion  in more  

detail .  In  o rder  to minimize  stress concentra t ion  du r -  
ing flexing, the s tep in the  po ly -S i  beam, shown in 
Fig. lc, should  be gradual .  This considerat ion makes  i t  
des i rable  to have  a t ape red  ox ide -window edge. Two 
process runs wi th  different  o x i d e - l a y e r  composit ions 
are  made.  F igure  2 i l lus t ra tes  the resul t ing  ox ide-  
window edges, as observed  wi th  a scanning-e lec t ron  
microscope. In  the first run,  the oxide  l aye r  is one-  
th i rd  wet  t he rma l  SiO2 and two- th i rds  CVD SIO2. The 
l a t t e r  is densified at  975~ for  20 min  af te r  deposit ion.  
In the second run,  a more  g radua l  edge profile is ob-  
ta ined  wi th  an oxide  l aye r  consist ing of 10% the rma l  
SiO2 and 90% phosphosi l icate  glass (about  8.75% phos-  
phorus  content ) .  The thin, r ap id ly  etching surface 
l aye r  needed  for a t ape red  ox ide -window edge is 
created by  a l o w - e n e r g y  argon implan t  (5). The  phos-  
phosi l icate  glass is densified at l l00~ for 20 min  pr io r  
to the argon implant .  

The po ly -S i  thin film is deposi ted  b y  pyrolys is  of 
si lane at  a t empe ra tu r e  of 640~ and a pressure  of 600 
mTorr ,  resul t ing  in a deposi t ion ra te  of a p p r o x i m a t e l y  
10 nm min -1 and a gra in  size of 30-50 nm (6). No high 
t empe ra tu r e  processing is done a f te r  po ly -S i  deposi -  
tion, except  for  one sample  having  a 3.5 #m oxide l aye r  
and a 2.0 #m po ly -S i  layer .  In  this case, the wafer  is 
annea led  a t  l l00~ in N2 for 20 rain p r io r  to immers ion  
in buffered HF. 

In  o rde r  to es tabl ish the d imensional  l imi ta t ions  on 
po ly -S i  beams,  a wide va r i e ty  of beams  have  been  
fabr ica ted  in the  two process runs. Severa l  combina-  
tions of oxide and po ly -S i  thicknesses,  l is ted in Fig. 3, 
were  used. The f i r s t - run  cant i levers  are  T-shaped  wi th  
the cross b a r  a t  the  free end (cf. Fig. 5). They  range  
in length  f rom 25 to 200 #m, wi th  var ious  widths.  Both 
s imple cant i levers  (wi thout  cross bars )  and br idges  
are  included on second- run  masks.  These cant i levers  
are  25-400 ~m long, and the br idges  range f rom 100 to 

500 ~m in length.  Severa l  ser ies  of beams are  included 
in which  length  or wid th  is va r i ed  with  the o ther  di-  
mension being he ld  constant.  Al l  cant i levers  have  
bases as long as the beams (cf. Fig. lc )  except  for  
one second- run  series  in which  the base length  has 
been progress ive ly  shortened.  

Results 
All  of the combinat ions of oxide and po ly -S i  th ick-  

nesses l is ted in Fig. 3 produce  some f ree - s t and ing  
po ly -S i  beams. No cracking is seen at  the s tep  in the 
poly-Si ,  even for f i r s t - run  cant i levers ,  in which  the 
ox ide -window edge is ve ry  ab rup t  (cf. Fig. 2). Long 
bases for po ly -S i  cant i levers  are  not  needed,  as demon-  
s t ra ted  by  the series of cant i levers  wi th  shor tened 
bases. Fo r  al l  the combinat ions  enumera ted  in Fig. 3, 
a 5 #m long base is sufficient for  a f r ee - s tand ing  cant i -  
lever  which is 45 #m long and 20 #m wide. 

Scanning-e lec t ron  micrographs  of four  r ep resen ta -  
t ive cant i levers  are  shown in Fig. 4. These beams are  
60 #m long, 800 nm thick, and are  3.5 ~m above the 
silicon substrate .  Widths  range f rom 25 ~m for the le f t -  
most  beam to 60 ~m for the r igh tmost  one. The bases 
a re  at  the lower  r ight ,  and the s teps  in the po ly -S i  a re  
c lear ly  visible.  We wil l  discuss l a te r  the u p w a r d  de-  
flection of  these beams which can be seen  in Fig. 4. 

An  ape r tu red  po ly -S i  beam is shown in Fig. 5. The 
T- shaped  cant i lever  is 100 #m long, 40 #m wide,  2.3 #m 
thick, and has a 2 #m gap be tween  beam and substrate .  
No special  care in r ins ing or  d ry ing  the wafer  af ter  
undercu t t ing  the beams is t aken  for the  first process 
run, which produced  this beam. An  ape r tu red  cant i -  
l ever  is of in teres t  for  cer ta in  sensor appl ica t ions  (7) 
and the beam shown in Fig. 5 demons t ra tes  the feasi-  
b i l i ty  of this concept. 

Very  thin po ly -S i  layers  can cover  la rge  oxide  steps 
and form f ree - s tand ing  micromechanica l  beams,  as can 
be seen in Fig. 6. The cant i lever  in Fig. 6 is 25 #m long 
and only 230 nm thick wi th  a 3.5 #m separa t ion  be -  

FIRST RUN SECOND RUN 
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CVD SiOz implant damage~/, 2 

Phosphosilicate--/~ 
,..,,,"Thermal SiO2 gloss . / /  
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Fig. 2. Oxide-window edges for both process runs 

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

E 
0 

c~ 

b5 
i 

0 tm 

"a 

c 

. . c  

I -  

Thickness of oxide supporting Idyer 

550nm 1.7H.m 2.0p.m 5.5fire 

250 nm 0 0 0 

800 nm 0 0 0 

I . 2ffm [] 

[3: First run, 
Cantilevers. 

O: Second run, 
Cantilevers 
& bridges. 

2.0ff.m 0 0 

2.Sffm []  

Fig. 5. Apertured poly-Si beam: ;00 ~m long, 2.3 ~m thick, with 
Fig. ~1. Poly-Si and oxide thicknesses used to fabricate beams a 2 #m beam-substrate gap. 



1422 4. EIectrochem. Sot.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  June I983 

Fig. 6. Thin poly-Si cantilever: 25 #m long, 230 nm thick, with a 
3.5 #m beam-substrate separation. 

tween beam and subst ra te .  Some debr is  f rom scr ib ing 
is visible on top of the beam and var ia t ions  in the  
ox ide -window edge have been reproduced  in the thin 
po ly -S i  layer .  This beam is f rom a process run  in 
which the wafers  a re  d ipped in wa te r  a f te r  e tching in 
buffered HF and dr ied  under  an in f ra red  lamp.  

Beyond a cer ta in  length,  both cant i levers  and  
br idges  are  observed e i ther  to deflect d o w n w a r d  and 
u l t ima te ly  contact  the subs t ra te  or to deflect u p w a r d  
severely.  This l imi t ing  length,  defined as the m a x i m u m  
f ree - s t and ing  length  Lm, is r epea tab le  f rom die to die 
wi th in  a wafer .  I t  is observed that  Lm depends  s t rongly  
on the thickness of the beam. Wid th  and b e a m - s u b -  
s t ra te  gap do not  have a r epea tab le  influence on Lr, 
in the first two process runs. However ,  the m a x i m u m  
f ree - s tand ing  length  is p robab ly  sensi t ive to process-  
ing detai ls ,  such as the po ly -S i  deposi t ion condit ions 
and the oxide etching procedure.  The resul ts  obta ined 
here  are,  nonetheless,  useful  as guidel ines  for  eva lua t -  
ing po ly -S i  beam technology.  

In  o rde r  to de te rmine  Lr, as a funct ion of thickness 
for these po ly -S i  beams,  a series of 15 ;~m wide cant i -  
levers  and  br idges  wi th  increas ing lengths were  in-  
vest igated.  The average  of the lengths  of the longest  
r epea t ab ly  f r ee - s t and ing  beam and the nex t  longer  
beam is an empi r ica l  es t imate  of Lm. This measurement  
is p lo t ted  against  beam thickness for  both  cant i levers  
and br idges  in Fig. 7. The curves in Fig. 7 are  em-  
p i r ica l  fits to the da ta  and are  given b y  

%/4500t for  cant i levers  

Lm = , [ t ]  

h/ l l ,500t  for br idges  

where  t (#m)  is the beam thickness and Lm(;~m) is the 
m a x i m u m  f ree - s t and ing  beam length.  Cant i levers  or  
br idges  located above the re levan t  curve in Fig. 7 can-  
not  be used, since they  wil l  touch the subs t ra te  or  be 
severe ly  deflected. Note that  the sample  which is an-  
nea led  before  the  beams are  undercu t  shows subs tan-  

t ia l  increases in m a x i m u m  f ree - s t and ing  lengths  for  
both  cant i levers  and  bridges,  as ind ica ted  by  the filled 
symbols  in Fig. 7. As ment ioned  above, these results  
are  p rocess :dependen t  and therefore  should be con- 
s idered  as f i r s t -order  guidelines.  

Cant i lever  po ly -S i  beams with  lengths  less than Lm 
deflect upward ,  away  from the substrate ,  as can be 
seen in Fig. 4 and 6. Scanning-e lec t ron  micrographs  
indicate  that  the deflection curve is parabol ic  for smal l  
t ip deflections (less than  one - t en th  of the beam 
length) .  In addit ion,  the t ip deflections of cant i levers  
of constant  thickness  are  p ropor t iona l  to the squares  
of the i r  lengths.  These resul ts  suggest  the presence of 
an  in t e rna l  bend ing -momen t  Mi in the po ly -S i  beams, 
since a t ip deflection y given by  

6Mi/.fl 
y = [2] 

Ev t ~ 

where  L is the cant i lever ' s  length, t its thickness,  and 
Ev its Young's  modulus,  is p red ic ted  for  this case (8). 
The physical  or igin for  the bending  moment  Mi is dis-  
cussed later .  

I t  is convenient  to use the quan t i ty  ( y / L  ~) to charac-  
terize beam deflection, since it is independen t  of beam 
length.  The inset  in Fig. 8 defines the t ip deflection 
measurement ,  and the plot  shows the var ia t ions  of 
(u/L e) with  beam thickness for both  first- and second- 
run cant i levers .  According to Fig. 8, th icker  beams de-  
flect less at  a given length, as one would  expect.  As 
before,  annea l ing  the sample  affects the stat ic me-  
chanical  p roper t ies  of po ly -S i  beams. This is indica ted  
by  the filled circle in Fig. 8. In contras t  to the unan-  
nea led  sample  of the same thickness no measurab le  
deflection is observed for  cant i levers  shor te r  than  Lm 
on the annealed  wafer.  These cant i lever  deflection re -  
sults also are  sensi t ive to processing detai ls  and should 
be in t e rp re t ed  accordingly.  

Discussion 
Micromechanical  can t i lever  and doubly  suppor ted  

beams can be fabr ica ted  f rom po ly -S i  using a process 
that  is compat ib le  wi th  MOS p l ana r  technology. This 
compat ibi l i ty ,  the s imple  beam-fab r i ca t ion  process, 
and the p iezores is t iv i ty  of po ly -S i  make  these s t ruc-  
tures  a t t rac t ive  for si l icon micromechanics .  In  par t i cu-  
lar, an in tegra ted  sensor  for  organic  vapors  is being 
fabr ica ted  which incorpora tes  a resonant  po ly -S i  cant i -  
lever  (7). 

Two stat ic p roper t ies  of these beams have been  in-  
vest igated,  the m a x i m u m  length  for  a r e l i ab ly  f ree-  
s tanding  beam, and the bu i l t - in  deflection of cant i -  
levers.  The observed deflection is consistent  wi th  the 
presence of an in te rna l  bending  moment  which is 
p lausible  as the resul t  of nonuni form in te rna l  stress 
across the po ly -S i  layer .  In t e rna l  stress in a thin film 
arises f rom mismatches  in t he rma l - expans ion  coeffi- 
cients and f rom nucleat ion and  growth  phenomena  (9). 
Annea l ing  at  l l00~ for 20 min  before  undercu t t ing  
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the beams wi th  buffered HF  increases the m a x i m u m  
f ree-s tanding  length  and el iminates  the bu i l t - in  de- 
flection for beams shor te r  than Lm. This anneal ing pro-  
cedure is sufficient to reflow the phosphosil icate glass 
layer  undernea th  the poly-Si  layer  and cause recrys-  
tal l ization of the poly-Si ,  both of which may help to 
re lax the nonuni form internal  stress. Diffusion of phos- 
phorus f rom the glass into the poly-Si  will  occur dur-  
ing this re la t ive ly  severe  anneal, which may  be un-  
desirable for certain applications. Addi t ional  research 
is needed to de termine  the min imum tempera tu re  and 
t ime requi red  for stress re laxat ion in the poly-Si  film. 
However ,  beams of useful  sizes can be made wi thout  
any post-deposi t ion t rea tment  of the poly-Si ,  as is 
demonst ra ted  in Fig. 4-6. The dynamic propert ies  of 
poly-Si  micromechanica l  beams are cur ren t ly  being 
investigated,  and the results wil l  be reported later. 
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ABSTRACT 

The diffusion coefficient of oxygen in ~-titanium was measured in the range 460~176 by means of nuclear microanal- 
ysis from the reaction ~O(d,p)l~O *. A new application of this method allows the determination of a comPlete diffusion 
profile, along about 2 ~m, 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 kcaYmol, over the temperature range from 200 ~ to 950~ 

The high temperature oxidation of a-titanium, with high 
current crystalline structure, gives a multi layered 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~ For temperatures ranging between 
250 ~ and 400~ 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 400~176 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~ 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~ 

Experimental 
Specimens of rolled Kroll titanium, containing 930 ppm 

of oxygen ,  were  supp l i ed  by Cezus (Pech iney-Ugine -  
Kuhlmann) under the trademark UT 40. In order to deter- 
mine  the d i f fus ion  profi les,  they  were  p rev ious ly  
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 (460~176 the 
diffusion t reatment  times were selected in such a manner 
that the oxygen diffusion profiles into the metallic matrix 
should not exceed 2 ]~m in depth. The nuclear microanaly- 




