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MICRO-ELECTROMECHANICAL STRUCTURE 
RESONATOR FREQUENCY ADJUSTMENT USING 

RADIENT ENERGY TRIMMING AND 
LASER/FOCUSED ION BEAM ASSISTED 

DEPOSITION 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates generally to micro 
electromechanical structure (MEMS) fabrication and, more 
speci?cally, the present invention relates to the fabrication of 
a high frequency beam resonator. In particular, the present 
invention relates to frequency adjustment of the high fre 
quency beam resonator. 

[0003] 2. Description of Related Art 

[0004] As microelectronic technology progresses, the 
need has arisen for smaller and higher frequency resonators 
for both signal ?ltering and signal generating purposes 
among others. The prior state of the art used discrete crystals 
or devices that generate a surface acoustical Wave (SAW) for 
their desired functions. As miniaturiZation of devices 
progresses, the discrete crystals and SAW generating 
devices become relatively larger and therefore much more 
dif?cult to package. For eXample, discrete devices limit the 
siZe of the overall system to larger con?gurations and they 
are more expensive to produce and to install. 

[0005] Once a resonator is fabricated, process variances 
may cause a given resonator to have a frequency that is not 
Within preferred range for a given application. For such 
out-of-range resonators, if another use therefor cannot be 
found, the resonator must be discarded as a yield loss. 

[0006] What is needed is a MEMS resonator that over 
comes the problems in the prior art. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] In order that the manner in Which the above-recited 
and other advantages of the invention are obtained, a more 
particular description of the invention brie?y described 
above Will be rendered by reference to speci?c embodiments 
thereof, Which are illustrated, in the appended draWings. 
Understanding that these draWings depict only typical 
embodiments of the invention that are not necessarily draWn 
to scale and are not therefore to be considered to be limiting 
of its scope, the invention Will be described and explained 
With additional speci?city and detail through the use of the 
accompanying draWings in Which: 

[0008] FIG. 1 is an elevational cross-section vieW that 
depicts preliminary fabrication of a MEMS resonator beam 
according to the present invention; 

[0009] FIG. 2 is an elevational cross-section vieW of the 
resonator beam structure depicted in FIG. 1 after further 
processing; 
[0010] FIG. 3 illustrates further processing of the struc 
ture depicted in FIG. 2; 

[0011] FIG. 4 illustrates further processing of the structure 
depicted in FIG. 3; 

[0012] FIG. 5 illustrates further processing of the struc 
ture depicted in FIG. 4; 
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[0013] FIG. 6 illustrates further processing of the struc 
ture depicted in FIG. 5; 

[0014] FIG. 7 illustrates further processing of the struc 
ture depicted in FIG. 6 after formation of a oscillator 
member layer; 

[0015] FIG. 8 illustrates a top plan vieW of the structure 
depicted in FIG. 7; 

[0016] FIG. 9 illustrates an elevational cross section vieW 
of a cantilever oscillator With patterning for forming spaced 
apart stacks; 

[0017] FIG. 10 is an elevational cross-section vieW the 
structure depicted in FIG. 9 after the patterning of the 
protective layer and an ablation layer; 

[0018] FIG. 11 is a top plan vieW of the inventive structure 
after patterning of the protective layer and an ablation layer; 

[0019] FIG. 12 is a top plan vieW of the structure depicted 
in FIG. 11 after selective removal of a number of the 
spaced-apart stacks; 
[0020] FIG. 13 is an elevational cross-section vieW of the 
structure depicted in FIG. 12, taken along the cross-section 
line 13--13 to illustrate the inventive process; 

[0021] FIG. 14 is an elevational cross-section vieW that 
depicts alternative processing; 

[0022] FIG. 15 is an elevational cross-section vieW that 
depicts alternative processing; and 

[0023] FIG. 16 is a process How chart according to the 
present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0024] The folloWing description includes terms, such as 
upper, loWer, ?rst, second, etc. that are used for descriptive 
purposes only and are not to be construed as limiting. The 
embodiments of an apparatus or article of the present 
invention described herein can be manufactured, used, or 
shipped in a number of positions and orientation. 

[0025] Reference Will noW be made to the draWings 
Wherein like structures Will be provided With like reference 
designations. In order to shoW the structures of the present 
invention most clearly, the draWings included herein are 
diagrammatic representations of integrated circuit struc 
tures. Thus, the actual appearance of the fabricated struc 
tures, for eXample in a photomicrograph, may appear dif 
ferent While still incorporating the essential structures of the 
present invention. Moreover, the draWings shoW only the 
structures necessary to understand the present invention. 
Additional structures knoWn in the art have not been 
included to maintain the clarity of the draWings. 

[0026] In a ?rst embodiment, a process of forming a 
resonator is carried out by removing discrete amounts of 
material until a preferred resonant frequency is established. 
FIG. 1 is an elevational cross-section vieW that depicts 
preliminary fabrication of a micro electromechanical system 
(MEMS) resonator beam according to the present invention. 
A substrate 10 is depicted that, in one non-limiting eXample 
is a P-type silicon substrate that has a high sheet resistance 
as is knoWn in the art. Upon substrate 10 a pad oXide 12 is 
formed that may have a thickness in a range from about 
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5,000 A to about 15,000 A, and preferably about 10,000 A 
according to this embodiment. Upon pad oxide 12 a silicon 
nitride layer 14 is formed. Silicon nitride layer 14 may be 
SixNy such as Si3N4 or it may be in other stoichiometric or 
solid solution ratios. In this embodiment, silicon nitride 
layer 14 may be in a thickness range from about 500 A to 
about 1,500 A, preferably about 1,000 Silicon nitride 
layer 14 may be formed by deposition such as physical vapor 
deposition (PVD) or by chemical vapor deposition (CVD). 
Preferably, silicon nitride layer 14 is formed by loW pres 
sure. CVD (LPCVD) under conditions that are knoWn in the 
art. Upon silicon nitride layer 14 a ?rst polysilicon layer 16 
is formed. First polysilicon layer 16 may be formed by CVD, 
preferably LPCVD under conditions that are knoWn in the 
art. First polysilicon layer 16 may be in a thickness range 
from about 2,000 A to about 4,000 A, preferably about 3,000 
A according to this embodiment. Electrical conductivity in 
?rst polysilicon layer 16 may be achieved by ion implanta 
tion in order to obtain a preferred sheet resistance. Alterna 
tively, doping may be in situ during CVD or LPCVD 
formation of ?rst polysilicon layer 16. 

[0027] FIG. 2 illustrates the result of a ?rst mask process 
to de?ne a bottom electrode. First polysilicon layer 16 has 
been segmented into pedestals 18 and a bottom electrode 20, 
also referred to as the drive electrode 20. Where the ?rst 
mask process uses an organic resist, removal of the resist 
may be carried out by use of an aqueous sulfuric acid 
(H2SO4) and hydrogen peroxide (H202) solution as is 
knoWn in the art. 

[0028] FIG. 3 illustrates the formation of a sacri?cial 
oxide layer 22. Sacri?cial oxide layer 22 acts to support 
What Will be an oscillator member. A deposition process such 
as the decomposition of tetra ethyl ortho silicate (TEOS) 
may be used, or other oxide depositions knoWn in the art. In 
this embodiment the thickness of sacri?cial oxide la er 22 
may be in a range from about 50 A to about 1,000 A. 

[0029] FIG. 4 illustrates the effect of patterning With a 
second mask. This process exposes part of pedestal 18 that 
is used as anchorage to What Will become an oscillator 
member. In one variation of this embodiment, Where sacri 
?cial oxide layer is about 100 A, an oxide dry etch is carried 
out to expose an upper surface 24 of pedestal 18. In another 
variation of this embodiment, Where sacri?cial oxide layer is 
about 300 A, an oxide dry etch is carried out to expose an 
upper surface 24 of pedestal 18. Where the second mask 
process uses an organic resist, removal of the resist may be 
carried out by use of an aqueous sulfuric acid (H2SO4) and 
hydrogen peroxide (H202) solution as is knoWn in the art. 

[0030] FIG. 5 illustrates the effect of a process that forms 
a second polysilicon layer 26 that deposits conformably over 
any topology that exists upon substrate 10. Second polysili 
con layer 26 may be formed by CVD, preferably LPCVD. 
The thickness of second polysilicon layer Will be selected 
based upon a preferred target frequency of the future oscil 
lator member. In one variation of this embodiment, second 
polysilicon layer 26 may have a thickness in a range from 
about 500 A to about 1,500 A, and preferably about 1,000 
A. In another variation of this embodiment, second poly 
silicon layer 26 may have a thickness in a range from about 
1,500 A to about 4,500 A, and preferably about 3,000 In 
a manner similar to the ion implantation of ?rst polysilicon 
layer 16, second polysilicon layer may be doped to a 
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preferred sheet resistance that Will be selected according to 
a speci?c application. Alternatively, doping may in situ 
during CVD or LPCVD formation of second polysilicon 
layer 26. 

[0031] During the process ?oW, it may be preferred to 
activate any doping by a thermal treatment. In addition to 
dopant activation, stress relief may be achieved in the 
polysilicon structures. Thermal treatment may include an 
anneal as knoWn in the art for doped and undoped polysili 
con structures, or a faster, rapid thermal anneal (RTA) as 
knoWn in the art for polysilicon structures. The speci?c 
thermal treatment may be selected according to a speci?c 
oscillator quality, both as to resistivity and to stiffness. 

[0032] FIG. 6 illustrates the effect of processing With a 
third mask. The oscillator that is to be formed is patterned 
from second polysilicon layer 26. Second polysilicon layer 
26 in this non-limiting embodiment, has been formed by a 
substantial blanket deposition of polysilicon. FIG. 6 illus 
trates the patterning of second polysilicon layer 26 to 
remove all but the oscillator member portion and the ped 
estal anchorage portion of second polysilicon layer 26. 
Accordingly, What may be referred to as an oscillator 
member 28 or a top electrode 28 is formed according to a 
process that Will be further illustrated herein. Etching of 
second polysilicon layer 26 may be carried out under 
conditions knoWn in the art. One condition is a dry aniso 
tropic polysilicon etch that may be time dependent and/or 
that stops on subj acent structures such as sacri?cial layer 22. 
Where the third mask process uses an organic resist, removal 
of the resist may be carried out by use of an aqueous sulfuric 
acid (H2SO4) and hydrogen peroxide (H202) solution as is 
knoWn in the art. 

[0033] After the removal of the third mask, sacri?cial 
oxide layer 22 may be removed as depicted in FIG. 7. In one 
embodiment, sacri?cial oxide layer 22 is Wet etched in an 
aqueous hydro?uoric acid system. Accordingly, the HF 
system is selective to the polysilicon structures. Thereafter, 
the oscillator and substrate are alloWed to dry. Drying may 
be thermally assisted or it may be vacuum assisted, or both 
as is knoWn in the art. 

[0034] FIG. 8 is a top plan vieW of an oscillator bridge 30 
according to the present invention. Top electrode 28 is an 
oscillator member that spans betWeen tWo pedestals 18. It 
can be seen that drive electrode 20 may have a span beneath 
top electrode 28 that may vary in siZe Within the dashed area. 
Additionally, electrical connection 32 to drive electrode 
comprises a segment of ?rst polysilicon layer (FIG. 1). 

[0035] According to the present invention, laser tuning of 
the inventive oscillator may be accomplished by forming at 
least one structure on the oscillator. For example the at least 
one structure may be a plurality of spaced-apart stacks. FIG. 
9 is an illustration of a cantilever beam oscillator that may 
be manufactured according to the present invention. 

[0036] The structures of oscillator pedestal 18 and top 
electrode 28 may comprise an electrically conductive mate 
rial. One example of an electrically conductive material is 
polysilicon according to the embodiment set forth herein. 
The polysilicon is selected from undoped polysilicon and 
doped polysilicon, either p-doped or n-doped. Another 
example of an electrically conductive material is a metal 
such as metals that are typically used in the fabrication of 
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metalliZation layers. The metal may be selected from alu 
minum, copper, silver, gold, and the like. The metal may also 
be selected from titanium, niobium, Zirconium, hafnium, and 
the like. The metal may also be selected from tungsten, 
cobalt, nickel, scandium and others knoWn in the art. 
Another example of an electrically conductive material is 
refractory metal nitrides selected from titanium nitride, 
tantalum nitride, tungsten nitride, aluminum nitride, combi 
nations thereof, and the like. 

[0037] According to one embodiment, after the formation 
of top electrode 28, and preferably before the removal of 
sacri?cial oXide layer 22, the entire structure may be treated 
to make the resonator structure an integral unit. Where 
pedestal 18 and top electrode 28 are polysilicon, treatment 
may be a rapid thermal process (RTP) such a heating in an 
inert environment over a temperature increase range from 
about 100° C. to about 2,000° C. and for a process time from 
about 10 seconds to about 5 minutes. In order to provide a 
micro?ne-grained, substantially homogenous polysilicon 
resonator structure that Will resist disintegration during ?eld 
use, it is preferable to use a polysilicon composition that has 
a grain siZe in a range from about 0.1 micron to about 10 
micron and an aspect ratio from about 1:1 to about 4:1, 
preferably from about 1.1:1 to about 2:1. Preferably, the 
polysilicon is doped by implanting doping elements at the 
borders betWeen individual homogenous phases of the poly 
silicon. 

[0038] Where top electrode 28 and pedestal 18 are made 
of a metal, fabrication may be preferably carried out by 
sputtering. An RTP may also be carried out to anneal the 
composite structure. In any event, the resonant frequency of 
a beam, bridge or a plate/membrane is a function of both 
resonator stiffness and resonator mass. Accordingly, a pre 
ferred resonant frequency, a preferred oscillation frequency 
or the like may be achieved in part by selecting a material 
according to its knoWn stiffness. 

[0039] After the formation of top electrode 28, a protective 
layer 30 and an ablative layer 32 are formed over oscillator 
member 28 as depicted in FIG. 9. A fourth mask 34 is 
patterned over ablative layer 32 in preparation for the 
formation of spaced-apart stacks that may be selectively 
removed for oscillator tuning. Protective layer 30 may act as 
a diffusion barrier that may be made from materials such as 
titanium (Ti), chromium (Cr), silicon (Si), thorium (Th), 
cerium (Ce), alloys thereof, combination thereof, and the 
like. Metal oXide compounds may be also used such as 
titania, chromia, silica, thoria, and ceria. Metal nitride com 
pounds may also be used such as TiXNy, CrXNy, SiXNy, 
ThXNy, CeXN and the like. Metal silicide compounds may 
also be used such as TiXSiy, CrXSiy, ThXSiy, CeXSiy, and the 
like. In any event the metal oxide, the metal nitride, and the 
metal silicide compounds may be provided in both stoichio 
metric and solid solution ratios. 

[0040] FIG. 10 illustrates cantilever beam oscillator 100 
after further processing. Other oscillator structures may be 
used such as microbridge resonators and the like as illus 
trated in FIG. 8 or the like, membrane resonators and the 
like, and other resonators. In the present invention a canti 
lever beam oscillator 100 is used to illustrate the inventive 
method. FIG. 10 illustrates cantilever beam oscillator 100 
after further processing in Which sacri?cial oXide layer 22 
has been removed. The removal process may be done by 
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isotropic etching, preferably by Wet etching. Etch selectivity 
in the preferable isotropic Wet etch is con?gured to make the 
etch recipe less selective to sacri?cial oXide layer 22, than to 
any and all of substrate 10, drive electrode 20, oscillator 
pedestal 18, and top electrode 28. The etch recipe selectivity 
is above about 20:1, preferably beloW about 100:1, more 
preferably beloW about 1000:1 and most preferably beloW 
about 5000:1. After the removal process, it is observed that 
top electrode 28 is disposed spaced apart from drive elec 
trode 20. Optionally, the removal of sacri?cial oXide layer 22 
may precede formation of protective layer 30 and ablative 
layer 32, or folloWing removal of ablative structure 40. 

[0041] A plurality of spaced-apart stacks 36 include a 
protective pad 38 that is formed from protective layer 30, 
and ablative structure 40 that is formed from ablative layer 
32. The spaced-apart stacks 36 are patterned upon a ?rst 
surface 42 of oscillator 100. As illustrated in FIG. 10, 
protective pad 38 Was simultaneously patterned out of 
protective layer 30, While ablative structure 40 Was patterned 
out of ablative layer 32. Ablative structure 40 is preferably 
made from a material that Will vaporiZe at the intensities of 
a focused ion beam (FIB) or a laser. Protective pad 38 acts 
to resist damage to upper surface 42 of oscillator member 28 
during removal the ablative structure 40 of selected spaced 
apart stacks 36. The material of protective pad 38 may be 
selected from a refractory metal, a refractory metal silicide, 
a refractory metal nitride, and combinations thereof. For 
eXample a refractory metal silicide may be TiXSiy, Wherein 
X and y are con?gure for both stoichiometric and other solid 
solution combinations. Alternatively, protective pad 38 may 
be selected from a silicon-based composition such as poly 
silicon and the like for both doped and undoped polysilicon. 
Other silicon-based compositions may include silicon oXide 
such as SiXOy such as stoichiometric silica and the like in 
both stoichiometric and other solid solution combinations. 
Other silicon-based compositions may include silicon 
nitride such as SiXNy for eXample Si3N4 and the like in both 
stoichiometric and other solid solution combinations. 

[0042] Optionally, protective pad 38 may be patterned 
through a negative mask by patterning the mask With a 
plurality of recesses, and by successively lining the recesses 
With protective pad 38, folloWed by second ?lling the 
recesses With ablative material 40. Thereafter, a planariZa 
tion such as chemical mechanical planariZation (CMP) or 
the like, or a plasma etchback or the like may be carried out. 
In order to achieve a structure similar to that depicted in 
FIG. 10, the formation of protective pad 38 is preferably 
carried out by collimated physical vapor deposition (PVD). 
Alternatively, protective layer 30 may be unpatterned such 
that the mass thereof is ?gured into the ultimate frequency 
of oscillator 100. 

[0043] Removal of selected spaced-apart stacks 36 is 
carried out by determining a ?rst resonant frequency of top 
electrode 28 and removing at least one of the spaced-apart 
stacks 36 With a radiant energy source. The radiant energy 
source is selected from a laser and the like, an ion beam and 
the like, and combinations thereof. Preferably, the radiant 
energy source is a laser that may be used for laser ablation. 
By removal of the spaced-apart stack 36, it is meant that 
ablative structure 40 is removed according to the present 
invention, and that protective pad 38 may or may not be 
removed in Whole or in part. 








