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(57) ABSTRACT 

Multi-layer assemblies of polysilicon thin films having 
predetermined stress characteristics and techniques for 
forming such assemblies are disclosed. In particular, a 
multi-layer assembly of polysilicon thin films may be pro- 
duced that has a stress level of zero, or substantially so. The 
multi-layer assemblies comprise at least one constituent thin 
film having a tensile stress and at least one constituent thin 
film having a compressive stress. The thin films forming the 
multi-layer assemblies may be disposed immediately adja- 
cent to one another without the use of intermediate layers 
between the thin films. Multi-layer assemblies exhibiting 
selectively determinable overall bending moments are also 
disclosed. Selective production of overall bending moments 
in microstructures enables manufacture of such structures 
with a wide array of geometrical configurations. 
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producing films having relatively smooth finishes, typically, 
additional processing steps are necessary or critical process 
control schemes must be implemented. Accordingly, a need 
remains for a technique for producing films and multi-layer 

s assemblies of such films having relatively smooth surfaces. 
Recent efforts in the field of MEMS have been directed to 

producing microdevices and microstructures that exhibit a 
particular geometrical configuration. Often, it is desirable to 
produce curved or cantilevered geometries. However, given 

10 the relative small scale of such geometries, conventional 
microdevice fabrication techniques have been found to not 
be suitable, and in many instances, exhibit significant limi- 
tations. Accordingly, it would be desirable to provide a 
technique whereby microdevices and particularly 

15 microstructures, could be produced and which would exhibit 
a specific geometrical arrangement. 

SUMMARY OF THE INVENTION 

2o The present invention achieves the foregoing objectives 
and provides in a first aspect, a method for producing a 
multi-layer assembly of polysilicon thin films, such that the 
assembly has a predetermined overall bending moment. The 
method comprises forming a plurality of polysilicon thin 

25 film layers such that each layer exhibits a specific set of 
characteristics as follows. Each layer has either a devitrified 
microstructure and an internal tensile stress, or a predomi- 
nantly columnar microstructure and an internal compressive 
stress. Each layer further exhibits a microstructure different 

3o than that of an adjacent thin film layer. Furthermore, each 
layer has a thickness and location in the multi-layer assem- 
bly such that the moments of each of the thin film layers sum 
to the predetermined overall bending moment. 

In yet another aspect, the present invention provides a 
35 method for producing a multi-layer thin film assembly 

having a desired overall bending moment. The method 
comprises defining a total thickness for the multi-layer 
assembly. The method further includes defining a total 
number of thin film layers to constitute the multi-layer 

40 assembly. The method also includes defining a neutral plane 
that extends through the multi-layer assembly. The method 
further includes steps of forming each of the thin film layers 
according to a particular set of criteria as follows. Each layer 
has either a devitrified microstructure and an internal tensile 

45 stress or a predominantly columnar microstructure and an 
internal compressive stress. Each thin film layer has a 
microstructure that is different than the microstructure of an 
adjacent layer. And, each thin film layer is disposed at a 
location in the multi-layer assembly such that the moments 

50 of each of the thin film layers sum to the desired overall 
bending moment of the multi-layer assembly. 

In yet a further aspect, the present invention provides a 
method of forming a multi-layer thin film assembly com- 
prising a plurality of polysilicon thin films, such that the 

ss multi-layer assembly exhibits a selectively determinable 
overall bending moment. The method comprises steps of 
forming at least one first type of polysilicon thin film having 
either a devitrified microstructure and an internal tensile 
stress or a predominantly columnar microstructure and an 

60 internal compressive stress. The method also comprises 
steps of forming at least one second type of polysilicon thin 
film immediately adjacent to at least one of the first type of 
polysilicon thin films, such that the second type of polysili- 
con thin film has either a predominantly columnar micro- 

65 structure and an internal compressive stress or a devitrified 
microstructure and an internal tensile stress. The microstruc- 
ture of the second type of thin film is different than the 

1 
MULTI-LAYER ASSEMBLIES WITH 

PREDETERMINED STRESS PROFILE AND 
METHOD FOR PRODUCING SAME 

CROSS REFERENCES TO RELATED 
APPLI CAT1 ON 

This application is a continuation-in-part application from 
U.S. application Ser. No. 091260,168 filed Mar. 1,1999, now 
U.S. Pat. No. 6,268,068 B1, which claims priority from U.S. 
Provisional Application Serial No. 601103,163, filed Oct. 6, 
1998. 

This invention was made with government support under 
Grant No. NASA342-9405 awarded by NASA, government 
has certain rights in this invention. 

FIELD OF THE INVENTION 

The present invention relates to multi-layer assemblies of 
thin films, such as for example, those formed from polysili- 
con. The thin films have predetermined stress characteris- 
tics. The present invention also relates to forming such thin 
films with desired stress profiles by controlling film forma- 
tion conditions. By appropriately depositing variously 
stressed thin films and forming multi-layer assemblies 
therefrom, a resulting multi-layer assembly may be pro- 
duced that exhibits a predetermined stress profile. The 
predetermined distribution of stresses in the multi-layer 
assembly may be sufficient, if desired, to induce geometrical 
effects such as curling or arcing of the assembly. A wide 
array of devices and applications are also disclosed that may 
utilize, or at least be based upon, the present invention. 

BACKGROUND OF THE INVENTION 

Polysilicon is one of the most widely used structural 
materials for microelectromechanical systems (MEMS) and 
devices. However, when deposited by low-pressure chemi- 
cal vapor deposition (LPCVD) techniques, polysilicon films 
typically display high residual stresses and often stress 
gradients as well. These stresses, particularly when 
compressive, may cause released devices to bend and 
buckle, altering their original shapes and degrading their 
performances. While tensile stresses may promote planarity 
in doubly clamped designs, such stresses also increase 
stiffness and cause deformation of asymmetric features. 
Zero-stress polysilicon thin film structures would be optimal 
for many applications. 

Prior artisans have attempted to produce thin silicon films 
with reduced stress levels. U.S. Pat. No. 5,753,134 entitled 
“Method for Producing a Layer With Reduced Mechanical 
Stresses” to Biebl, is directed to a method for producing a 
silicon layer having a reduced overall stress value, the layer 
being composed of two silicon sublayers. The first sublayer 
and the second sublayer are matched to one another such that 
the stresses in the two layers substantially compensate each 
other, and in effect, cancel each other out. However, Biebl 
requires that one or more auxiliary layers of silicon dioxide 
be provided between the sublayers. Those auxiliary layers 
require additional manufacturing or processing operations. 
Although satisfactory in some respects, a need still exists for 
an improved multi-layer polysilicon assembly and technique 
for forming, and particularly for an assembly that does not 
require the use of intermediate or auxiliary layers. 

In addition, a disadvantage often associated with poly- 
silicon films deposited by chemical vapor deposition 
techniques, pertains to the resulting relatively rough surface 
of the deposited film. Although approaches are known for 
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microstructure of the first type of thin film. The method is 
performed such that the thin films are formed at particular 
locations in the multi-layer assembly such that the sum of 
the moments of each of the thin film layers corresponds to 
the overall bending moment desired for the multi-layer 
assembly. 

In yet an additional aspect according to the present 
invention, a method for forming a smooth surface from a 
polysilicon material is provided. In this aspect, the polysili- 
con surface exhibits a RMS surface roughness value of less 
than 50 nm. The method comprises providing a substrate, 
and forming a polysilicon thin film having a devitrified 
microstructure and an internal tensile stress. The polysilicon 
thin film is deposited upon the substrate by chemical vapor 
deposition of silane at a temperature of from about 550" C. 
to about 590" C. 

The present invention further provides multi-layer assem- 
blies formed by each of the foregoing noted methods. 

Further scope of the applicability of the present invention 
will become apparent from the detailed description given 
hereinafter. It should, however, be understood that the 
detailed description and specific examples, while indicating 
preferred embodiments of the invention, are given by way of 
illustration only, since various changes and modifications 
within the spirit and scope of the invention will become 
apparent to those skilled in the art. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The following is a brief description of the drawings which 
are present for the purpose of illustrating the invention and 
not for purposes of limiting the invention. 

FIG. 1 is a schematic cross-sectional view of a preferred 
embodiment multi-layer polysilicon film in accordance with 
the present invention; 

FIG. 2 is a graph illustrating stress in multi-layer poly- 
silicon films as a function of temperature; 

FIG. 3 is a transmission electron micrograph of a cross 
section of a preferred embodiment nine layer polysilicon 
film in accordance with the present invention; 

FIG. 4 is a transmission electron micrograph of a cross 
section of a preferred embodiment single, generally devit- 
rified layer of polysilicon deposited at a temperature of 580" 
C.; 

FIG. 5 is a transmission electron micrograph of a cross 
section of a preferred embodiment single, generally pre- 
dominantly columnar layer of polysilicon deposited at a 
temperature of 615" C.; 

FIG. 6A is a stress profile for a preferred embodiment 
tensile polysilicon film deposited at 570" C.; 

FIG. 6B is a transmission electron micrograph of a cross 
section of the film illustrated in FIG. 6A, 

FIG. 7A is a stress profile for a preferred embodiment 
compressive polysilicon film deposited at 615" C.; 

FIG. 7B is a transmission electron micrograph of a cross 
section of the film illustrated in FIG. 7A, 

FIG. 8Ais a stress profile for a preferred embodiment four 
layer film, the layers having different thicknesses, with 
arrows indicating direction of bending moment; 

FIG. 8B is a stress profile for a preferred embodiment four 
layer film, each layer of equal thickness, with arrows indi- 
cating direction of bending moment; 

FIG. 8C is a stress profile for a preferred embodiment two 
layer film, each layer of equal thickness, with arrows indi- 
cating direction of bending moment; 

4 
FIG. 9 is a transmission electron micrograph of a cross 

section of a single layer film deposited at 615" C.; 
FIG. 10Ais an AFM image of a surface of the single layer 

film illustrated in FIG. 9; 
FIG. 10B is an AFM image of a surface of an outermost 

layer of a preferred embodiment multi-layer assembly; 
FIG. 11 is a graph illustrating stress distribution in a 

preferred embodiment five layer polysilicon film; and 
FIG. 12 is a graph illustrating the bending moment 

contributed by each layer of the film represented in FIG. 11, 
taken about the center of the film thickness. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

15 
In one aspect, the present invention provides a multi-layer 

assembly of two or more layers of polysilicon thin films. At 
least one of the polysilicon thin films is devitrified and 
exhibits a residual tensile stress. In addition, at least one of 

2o the polysilicon thin films is predominantly columnar and 
exhibits a residual compressive stress. The layers of the 
multi-layer assembly are preferably arranged within the 
multi-layer assembly such that the stresses of the polysilicon 
thin films alternate with respect to each other across the 

25 thickness of the assembly. The term "devitrified" as used 
herein refers to a microstructure in which the material is 
deposited in a generally amorphous, vitreous, or non- 
crystalline state. After deposition, sites within the material 
begin to form organized, non-amorphous and generally 

3o crystalline regions. However, the deposition parameters and 
system variables associated with the present invention are 
such that the material devitrifies or alters its structure after 
deposition, either before completion of that layer or during 
subsequent processing. The term "redominantly columnar" 

35 refers to material that is deposited in a generally crystalline 
state, or readily transforms to a crystalline state immediately 
upon or after deposition. 

FIG. 1 is a schematic cross-sectional view of a preferred 
embodiment multi-layer polysilicon assembly 100 in accor- 

40 dance with the present invention. This multi-layer assembly 
according to the present invention is often referred to herein 
as the MultiPoly assembly. The process employed to pro- 
duce such assembly, is generally referred to herein as the 
MultiPoly process. The multi-layer assembly 100 comprises 

45 a base or substrate 5, onto which are disposed a plurality of 
polysilicon thin films. A first polysilicon thin film 10  is 
deposited on the substrate 5 such that the thin film 10  is 
devitrified and has an inherent or residual tensile stress. A 
second polysilicon thin film 20 is deposited on the first 

50 devitrified thin film 10 such that the thin film 20 is predomi- 
nantly columnar and has an inherent or residual compressive 
stress. A third polysilicon thin film 30 is deposited on the 
second polysilicon thin film 20 such that the thin film 30 is 
devitrified and has an inherent or residual tensile stress. A 

5s fourth polysilicon thin film 40 is deposited on the thin film 
30 such that the thin film 40 is predominantly columnar and 
has an inherent or residual compressive stress. A fifth 
polysilicon thin film 50 is deposited on the fourth polysili- 
con thin film 40 such that the thin film 50 is devitrified and 

60 has an inherent or residual tensile stress. A sixth polysilicon 
thin film 60 is deposited on the thin film 50 such that the thin 
film 60 is predominantly columnar and has an inherent or 
residual compressive stress. 

The arrangement of the thin films 10,20,30, 40, 50, and 
65 60 may be reversed such that thin films 10,30, and 50 have 

internal residual stresses that are compressive instead of 
tensile in nature. Similarly, in such an alternate arrangement, 
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thin films 20, 40, and 60 have internal residual stresses that nm. Generally, surface roughness increases as the layer 
are tensile instead of compressive in nature. thickness increases. Thus, in forming a smooth face layer, it 

thin film assemblies in addition to the six layer assembly And, as described herein, layers deposited to have amor- 
depicted in FIG. 1. The present invention provides multi- 5 phous or devitrified microstructures generally produce 

The present invention provides a wide array of multi-layer is Preferred for such a layer to be relatively thin. 

layer assemblies having a number of thin films ranging from 
2 up to 20 or more layers, The number of layers or thin films 
may be even or odd, However, as explained in greater detail 

faces than layers having crysta11ine Or predomi- 
nantly low deposi- 
tion temperatures, i.e. about 5700 c. to about 5800 c., are 

microstructures~ 

below, it is preferable that the number of layers is odd in when depositing (bottom) and last (top) 
number, which offers the potential to control, and in par- 
ticular to minimize, stress gradients. 

One of the significant advantages of the present invention 
is that the various layers, e.g., 10 and 20, do not require 
intermediate or auxiliary layers disposed between them. 
That is, a first polysilicon thin film having either a residual 
inherent tensile or compressive stress, may be disposed 
immediately adjacent to another polysilicon thin film, i.e., a 
second film, having a residual inherent stress, different than 
that of the first film. This enables stacked assemblies to be 
formed with fewer processing steps and also enables stacked 2o 

layers. This aspect is described in greater detail herein. 
Table 1, set forth below, summarizes stress characteristics 

of single and multi-layer polysilicon thin films in accordance 
with the present invention, before and after annealing. This 
table summarizes a feature of the present invention, that 

1s multi-layer polysilicon films, produced in accordance with 
the present invention, are surprisingly stable in that upon 
being subjected to relatively high temperatures, their stress 
characteristics do not significantly change. 

TABLE 1 
assemblies of shorter profile or height than if intermediate 
layers are included between one or more thin films. Yet 

Stress Characteristics of Single and Multi-Layer 
Polvsilicon Films. Before and After Annealing 

another advantage of the present invention relates to etching. 
Typically, etching is much easier if there are no intermediate Annealing 

Deposition temperature Stress (MPa) 
layers of composition different than the previously described 25 No, of temperature(s) (" C.) for 1 (Tensile is 
primary layers. layers (" c.1 hour in Nitrogen Positive) 

The thickness or height of the multi-layer assemblies of 1 550 as-deposited -201 
the present invention varies depending upon the end use 615 -123 
application. However, typical thicknesses for the resulting 3o 615 184 

1 570 as-deposited 189 
Similarly, the thickness of individual layers constituting the 615 265 
multi-layer assembly may span a relatively wide range. 615 264 
However, preferred thicknesses for the individual layers 

1 580 as-deposited 170 
1000 27 

800 -140 
1000 -97 
1100 -28 

800 28 
1000 -3 
1100 -19 

800 15 
1000 5 

(1 additional hour) assemblies range from about 1 micron to about 10 microns. 

(1 additional hour) 

range from about 100 nm to about 1000 nm. As will be 35 

appreciated, the thickness of the multi-layer assembly is the 1 615 as-deposited -200 

provided whereby a multi-layer assembly is provided that 6 5801610 as-deposited 25 

sum of the thicknesses of the individual thin films. 
In another aspect of the present invention, a technique is 

has a predetermined overall level and type of stress. The 40 

may be selectively obtained by controlling the stress char- 
overall level and type of stress of the multi-layer assembly 

the assembly. That is, by adjusting the thin film processing 
conditions during formation of each thin film, and by 45 1100 -10 
controlling the thickness of each thin film, desired stresses 8 5501615 as-deposited -100 

8 5801615 as-deposited 3 acteristics and thickness of each individual thin film within 

615 -46 can be imparted to each of the individual thin films that form 615 -40 
the multi-layer stacked assembly. And, therefore, the overall 
level and type of stress of the multi-layer assembly may be 9 5701615 as-deposited 14 

800 52 
1000 -11 
1100 -18 

type of stress, i.e. compressive or tensile, and the value or 9 5701615 as-deposited -17 
800 57 

1000 0 
1100 -9 

Another important and significant feature of the present 800 30 
1000 -15 
1100 -20 

(1 additional hour) 

selectively produced. This technique is described below and so 
in the examples herein. As will be appreciated, the overall 

degree of such stress of the resulting multi-layer assemblies, 
is generally the sum of the individual stresses of each of the 
constituent layers of films forming the multi-layer assembly. 55 6151570 as-deposited -21 

invention relates to a remarkable discovery that polysilicon 
stacked assemblies having relatively smooth exterior sur- 
faces can be produced. In accordance with the present 
invention, a polysilicon thin film having an exterior face 60 Table 2, set forth below, presents roughness measure- 
with a surface finish roughness less than about 25 nm is ments of layer of polysilicon deposited at 615" C., and a 
provided (all surface roughness values expressed herein are multi-layer polysilicon assembly comprising alternating lay- 
root mean square, RMS, values). Ideally, preferred surface ers of polysilicon, deposited at 580" C. and 615" C. All of 
roughness is zero or near zero. However, it will be appre- these layers were deposited by LPCVD using silane. The 
ciated that perfectly smooth surfaces are not obtainable. In 65 surface roughness of the single layer was 70.7 nm, while the 
accordance with the present invention, a multi-layer assem- surface roughness of the outermost face of the exterior layer 
bly is produced having an outer face roughness value of 16.3 deposited at 615" C. was a surprisingly low 16.3 nm. 
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TABLE 2 

Roughness Measurements 

No. of Deposition RMS Roughness 
layers temperature(s) (" C.) (nm) 

1 
8 

615 
5801615 

70.7 
16.3 

It is surprising and remarkable that the outer surface of the 
eight-layer assembly exhibited such a smooth finish, par- 
ticularly as compared to the single layer. It will be appre- 
ciated that the microstructure of the single layer, and of the 
outermost layer of the multi-layer assembly were generally 
the same-predominantly columnar, since both layers were 
deposited at the same deposition temperature, 615" C. 

Although the multi-layer thin film assembliess of the 
present invention can be formed via numerous processes, it 
is preferred that they be formed by chemical vapor deposi- 
tion techniques. 

Chemical vapor deposition (CVD) or thermal CVD is the 
deposition of atoms or molecules from a chemical vapor 
precursor, which contains the film material to be deposited. 
Chemical vapor precursors include chlorides such as tita- 
nium tetrachloride, TiC1,; fluorides such as tungsten 
hexafluoride, WF,; hydrides such as silane, SiH,; carbonyls 
such as nickel carbonyl, Ni(CO),; and many others. Besides 
silane (SiH,), polysilicon layers can be produced by CVD of 
dichlorosilane (SiCl,H,), or silicon tetrachloride (SiCl,). 
Any of these gases can be used alone or with hydrogen. 
Decomposition of the vapor is preferably by chemical 
reduction or thermal decomposition. The reduction is nor- 
mally accomplished by hydrogen at an elevated temperature. 
Some vapors, such as the carbonyls, can be thermally 
decomposed at relatively low temperatures. The deposited 
material may react with gaseous species such as oxygen, 
with a hydrocarbon gas such as methane or ammonia, or 
with a codeposited species to give compounds such as 
oxides, nitrides, carbides, and borides. 

One such CVD chemical reaction is that of silane: 

SiH,(g)-Si(s)+ZH,(g) 

which is a decomposition reaction. 
CVD reactions are most often produced at ambient pres- 

sure in a freely flowing system. The gas flow, mixing, and 
stratification in the reactor chamber can be important to the 
deposition process. CVD can also be performed at low 
pressures (LPCVD) and in ultrahigh vacuum (UHVCVD) 
where the gas flow is molecular. The gas flow in a CVD 
reactor is very sensitive to reactor design, fixturing, substrate 
geometry, and the number of substrates in the reactor, i.e., 
reactor loading. 

The CVD process is accomplished using either a hot-wall 
or a cold-wall reactor as known in the art. In the former, the 
whole chamber is heated and thus a large volume of pro- 
cessing gases is heated as well as the substrate. In the latter, 
the substrate or substrate fixture is heated, often by inductive 
heating. This heats the gas locally. 

The gas flow over the substrate surface establishes a 
boundary layer across which precursor species must diffuse 
in order to reach the surface and deposit. In the cold-wall 
reactor configuration, the boundary layer defines the tem- 
perature gradient in the vapor in the vicinity of the substrate. 
This boundary layer can vary in thickness and turbulence, 
depending on the direction of gas flow. Direct impingement 

of the gas on the surface reduces the boundary layer thick- 
ness and increases the temperature gradient, whereas stag- 
nant flow regions give much thicker boundary layers. 

Each heating technique has its advantages and 
5 disadvantages, and changing from one technique to another 

may involve significant changes in the process variables. 
The cold-wall reactor is most often used in small size 
systems. The hot-wall reactor, by contrast, is most often used 
in large volume production reactors. 

CVD processing can be accompanied by volatile hot 
reaction by-products such as HC1 or HF, which, along with 
unused precursor gases, must be removed from the exhaust 
gas stream. This is done by scrubbing the chemicals from the 
gas using water to dissolve soluble products or by burning 
the precursor gases to form oxides. 

In many cases, the deposited material can retain some of 
the original chemical constituents, such as hydrogen and 
silicon from the deposition from silane, or chlorine and 
tungsten from the deposition from WC1,. This can be 
beneficial or detrimental. For example, the retention of 

20 hydrogen and silicon allows the deposition of amorphous 
silicon, a-Si:H, which is used in solar cells. 

The gases used in the CVD reactor may be either com- 
mercially available gases in tanks, such as Ar, N,, WF,, 
SiH,, B,H,, H,, and NH,; liquids such as chlorides and 

25 carbonyls; or solids such as Mo carbonyl, which has a vapor 
pressure of 10 Pa (75 mtorr) at 20" C. and decomposes at 
temperatures greater than about 150" C. Vapor may also 
come from reactive bed sources where a flowing halide, such 
as chlorine, reacts with a hot-bed material, such as chro- 
mium or tantalum, to give a gaseous species. 

Vapor from liquids can be put into the gas stream by 
bubbling the hydrogen or a carrier gas through the liquid or 
by using a hot surface to vaporize the liquid into the gas 
stream. Liquid precursors are generally metered onto a hot 
surface using a peristaltic pump and the gas handling system 

35 is kept hot to keep the material vaporized. In some cases, the 
vapor above a liquid may be used as the gas source. 

Reactive bed sources use heated solid materials, e.g., 
chips and shavings, over which a reactive gas flows. The 
reaction produces a volatile gaseous species that can then be 

40 used as the precursor gas. By controlling the reaction bed 
parameters, the stoichiometry of the resulting gas can be 
controlled. 

The morphology, composition, crystalline structure, 
defect concentration, and properties of CVD-deposited 

45 material depend on a number of factors. An important 
variable in the CVD reaction is the effect of vapor super- 
saturation over the substrate surface and the substrate tem- 
perature. At low supersaturations, which also give a low 
deposition rate, nuclei initiate on isolated sites and grow 

SO over the surface, giving a high density film. At high tem- 
peratures and low supersaturations of the vapor, epitaxial 
growth (oriented overgrowth) can be obtained on appropri- 
ate substrates. This vapor phase epitaxial (VPE) growth is 
used to grow doped layers of semiconductors, e.g., Si doped 

ss with B on Si. At intermediate concentrations, a nodular 
growth structure may form. 

Many materials deposited by CVD have a high elastic 
modulus and a low fracture toughness and are therefore 
affected by residual film stresses. Film stress arises owing to 

60 the manner of growth and the coefficient of expansion 
mismatch between the substrate and film material. In many 
CVD processes, high temperatures are used. This restricts 
the substrate coating material combinations to ones where 
the coefficient of thermal expansions can be matched. High 

65 temperatures often lead to significant reaction between the 
deposited material and the substrate, which can also intro- 
duce stresses. 

10 
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Processing variables that affect the properties of the parameters, it is contemplated that deposition temperatures 
thermal CVD material include the precursor vapors being from about 550" C. to about 590" C. may be utilized to form 
used, substrate temperature, precursor vapor temperature the devitrified layers described herein. Deposition at any 
gradient above substrate, gas flow pattern and velocity, gas temperature between about 600" C. and about 700" C., 
composition and pressure, vapor saturation above substrate, s preferably about 605" C. to about 650" C., and most pref- 
diffusion rate through the boundary layer, substrate material, erably about 615" C., should result in a columnar, or at least 
and impurities in the gases. predominantly columnar polysilicon film exhibiting com- 

Safety is often a primary concern in CVD processing pressive stress. 
because of the hazardous nature of some of the gases and Preferably, during the deposition of the various layers in 
vapors that are used and the hot reaction products generated. i o  forming the multi-layer assembly, temperature adjusting 

The density of CVD deposits is generally high (>99%), equilibrium time periods are employed between deposition 
but dendritic or columnar growth can decrease the density. of the individual layers. This practice ensures that the 
High purity films can be attained but incomplete decompo- substrate or partially formed multi-layer assembly is at a 
sition of the precursor gases can leave residuals in the common and uniform temperature, and that the temperature 
deposits particularly at low deposition temperatures. The is is the desired deposition temperature. For example, if the 
CVD deposition process, is overall, relatively attractive, but temperature of the substrate or stack is at 570" C., and it is 
the properties of the deposit often depend on deposition rate, desired to deposit the next layer at 615" C., the temperature 
gas flow impingement rate and direction. CVD deposition is ramped up to that temperature within a time period of 
rates can range from less than 10 to more than 300 microns/ about 25 minutes. Then, the next layer is deposited at the 
hour and generally have no restriction on thickness. The 20 desired higher temperature, i.e. 615" C. After completion of 
thickness of a CVD deposit is determined by the processing the formation of that layer, if it is then desired to deposit 
parameters and can range from very thin films to thick another layer at a lower temperature, for instance, 570" C., 
coatings to free-standing shapes. another temperature adjusting time period is allowed to pass. 

The microstructure and crystallographic texture of poly- In the case of having previously deposited a layer at 615" C. 
silicon deposited by LPCVD (usually involving the thermal zs and desiring to next deposit a layer at 570" C., the present 
decomposition of silane) is determined mainly by the depo- inventors have determined that a suitable temperature cool- 
sition temperature and the partial pressure of the reactant ing period is about 30 minutes. The optimal temperatures 
gases (e.g. silane) and to a lesser extent the presence of and adjusting time periods may vary depending on the 
hydrogen carrier gas. It is generally believed that at low LPCVD equipment used. 
deposition temperatures and high silane pressures, the 30 As described herein, films deposited in the transition 
deposited films are initially amorphous and subsequently region between the amorphous and columnar regimes con- 
crystallize, i.e. become devitrified. As the temperature is tain randomly oriented very small (-0.1 pm) crystallites. 
increased and the silane pressure decreased, the films The devitrified microstructure is believed to arise from 
become columnar or predominantly columnar with regimes crystallization (via homogeneous nucleation) of the amor- 
of preferred orientation that change from (311) to (110) to 3s phous silicon film during the later stages of the deposition, 
(100) and finally to a random orientation at the highest or during subsequent heat treatment. This explanation is 
temperatures and lowest pressures. At a typical silane pres- supported by observations that partially crystallized films 
sure of 300 mtorr, films deposited below 580" C. are are only crystallized at the bottom (substrate interface) 
devitrified. At such pressures, films deposited at tempera- region but amorphous at the external face (gas interface). 
tures from 580" C. to 600" C. are predominantly columnar 40 Furthermore, slightly coarser devitrified microstructures 
with a (311) texture. At the same pressures, films deposited result from fine-grained devitrified films which are subse- 
at temperatures from 600" C. to 700" C. exhibit a (110) quently annealed at elevated temperatures to induce grain 
texture and a columnar microstructure on top of an initial coarsening. 
equiaxed nucleation layer. And, at such pressures, films Most  important ly  for  microelectromechanical  
deposited above 700" C. are predicted to have a (100) 4s applications, these fine-grained devitrified polysilicon films 
texture and a columnar microstructure. However, these exhibit tensile residual stresses, while the coarser polycrys- 
specific deposition parameters are only approximate and will talline columnar films deposited at higher temperatures 
vary between different deposition systems. For example, exhibit compressive residual stresses. The tensile stresses in 
some researchers never encounter the (311) texture regime the fine-grained devitrified polysilicon are believed to result 
(that is the case for the preferred embodiment films depos- SO from the volume change during crystallization from the 
ited at 580" C. and described herein), while others have amorphous state. The compressive stresses in the polysilicon 
reported varying microstructures among films deposited on deposited at high temperatures are not well understood, 
different wafers within the same furnace. though hydrogen incorporation has been postulated as part 

Previous reports have stated that any depositions below of the cause since the stresses in both the nucleation and 
580" C. will be amorphous. However, the present inventors ss columnar layers are similar. Relatively thick columnar films 
have found that films deposited at 570" C. and 580" C. have display a much rougher surface than fine-rained films, due to 
devitrified microstructures, while films deposited at 550" C. the semi-spherical morphology of the peaks of the individual 
are amorphous and generally remain amorphous unless columnar grains. 
heated during subsequent processing to temperatures of The present invention provides a novel technique of 
approximately 570" C. or above. It is likely that any pressure 60 utilizing multiple layers of LPCVD or CVD polysilicon 
between about 100 to about 500 mtorr, similar trends will be deposited at varying temperatures, such that a composite 
observed. The present inventors currently believe that 570" film is formed which is comprised of alternating tensile and 
C. may be the optimum temperature for forming the devit- compressive layers. Thin films of polysilicon having a 
rified layers as described herein. This temperature is high generally devitrified structure and an inherent tensile stress 
enough so that the deposition rate is acceptable, and it is low 65 may be formed by CVD of silane at a temperature of about 
enough that there should be no columnar nature to these 570" C. Thin films of polysilicon having a generally pre- 
layers. However, depending upon other process and system dominantly columnar structure and an inherent compressive 
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stress may be formed by CVD of silane at a temperature of 
about 615" C. In this manner, if the thicknesses of each of 
the individual layers are appropriately controlled, the overall 
stress of the polysilicon may range between that of a tensile 
fine-grained layer and a compressive columnar layer. The 
present inventors have demonstrated this unique and 
remarkable discovery by forming multiple layer films hav- 
ing overall residual levels of stress of zero, or substantially 

In accordance with the present invention, polysilicon 
films were deposited via LPCVD in a hot-walled furnace 
using silane at a pressure of 300 mtorr and a flow rate of 200 
sccm at temperatures from 550" C. to 615" C. Some of the 
films were studied in the as-deposited state, while other films 
were annealed in flowing nitrogen for one hour at various 
temperatures. The stresses of the newly deposited and 
annealed films were measured as shown in FIG. 2 using a 
laser-reflected wafer curvature technique. The film depos- 
ited at 580" C. was at least partially crystalline as-deposited, 
as determined by x-ray diffraction and transmission electron 
microscopy (TEM) of cross-sectional samples, and was 5 
microns thick, utilizing a deposition time of 1100 minutes. 
The film deposited at 615" C. was 5 microns thick, had a 
columnar microstructure, and utilized a deposition time of 
600 minutes. A six layer film was deposited by varying the 
temperature in the furnace between 610" C. (for the odd 
layers) and 580" C. (for the even layers). While the tem- 
perature was ramping, the silane flow was stopped. The total 
thickness was 3.6 microns, using a deposition time of 194 
minutes for each odd layer and 125 minutes for each even 
layer. An eight layer film was deposited in the same fashion 
as the six layer film, except that the even layers were 
deposited at 615" C. for 125 minutes each, and there were 2 
additional layers. The total thickness was also 3.6 microns. 

As seen in FIG. 2, the preferred embodiment polysilicon 
films deposited at 580" C. and 615" C. in accordance with 
the present invention, display tensile and compressive 
as-deposited residual stresses, respectively. The six layer 
film exhibits a low tensile stress, about 30 MPa, and the 
eight layer film exhibits a near-zero residual stress. Although 
annealing alters the stresses of the polysilicon films depos- 
ited at a single temperature, the near-zero stress state of the 
eight layer film is extremely stable up to 1000" C. Such 
stability demonstrates the immunity and resistance of the 
layered film to further process steps and enhances its value 
for microelectromechanical processing. The use of several 
(6 or 8) thin layers to create a thick film has an additional 
important advantage in that the procedure reduces the sur- 
face roughness by preventing columnar grains from devel- 
oping rounded crests. 

FIG. 3 is a cross-sectional transmission electron micro- 
graph of a preferred embodiment nine layer film in accor- 
dance with the present invention. The fine grained micro- 
structures of the odd layers and the columnar microstructure 
of the even layers are apparent. It is significant that the 
multilayer assembly shown in FIG. 3 does not require, and 
thus does not utilize, any type of intermediate layer(s) 
between the alternating layers of polysilicon. 

Similarly, FIG. 4 is a transmission electron micrograph of 
a cross section of a preferred embodiment single, generally 
devitrified layer of polysilicon formed at 580" C. A neigh- 
boring region (shown on the left hand side of FIG. 4) of 
silicon dioxide is shown. FIG. 4 demonstrates that the 
process of devitrification is slightly slower than the rate of 
film growth or deposition. 

FIG. 5 is a transmission electron micrograph of a cross 
section of a preferred embodiment single, generally colum- 
nar layer of polysilicon formed at 615" C. 

so. 

By using alternating layers of tensile and compressive 
polysilicon, films can be deposited and imparted with any 
stress value between those of the individual layers. 

While the multi-layer thin film assembly shown in FIG. 3 
s has a zero overall residual stress, the thicknesses of the 

individual polysilicon layers can be adjusted to achieve any 
overall film stress which lies between the individual 570" C. 
tensile and 615" C. compressive polysilicon film stresses, 
which film stresses are in the range of about 300 to 350 MPa. 

Actually, regardless of whether the residual stress is 
tensile (570" C. deposition) or compressive (615" C. 
deposition), the stress in any layer whose thickness is less 
than approximately 1 pm primarily depends on the layer 
thickness. The stress profile for a single tensile layer depos- 

is ited at 570" C. is shown in FIG. 6A, while the stress profile 
of a single compressive layer is shown in FIG. 7A. As can 
be seen, the tensile stress increases from approximately 275 
MPa in very thin films to a maximum stress of about 330 
MPa for 0.6 pm films. Films with thicknesses of 0.8 pm and 

20 above display tensile stresses of about 320 MPa. Very thin 
compressive layers have residual stresses as high as about 
550 MPa, which decrease to stress levels of about 300 MPa 
for layer thickness of 0.8 pm and above. 

These residual stress gradients have been of great concern 
zs in the field of microelectromechanical systems and must also 

be considered in zero residual stress MultiPoly assemblies. 
To explain this, it is best to consider single layer films first. 
The stress gradients of either the tensile or compressive 
polysilicon films shown in FIGS. 6A, 6B and 7A, 7B would 

30 cause structures comprised of these films to bend upwards 
away from their underlying substrates, when released from 
their respective substrate. This is due to a greater tensile 
stress at the top of the film in the case of the 570" C. 
polysilicon, and due to a greater compressive stress at the 

3s bottom of the film in the case of the 615" C. polysilicon. 
However, it is possible to control the residual overall stress 
gradient in MultiPoly assemblies, by careful control of the 
thickness of both types of layers or thin films. In fact, 
MultiPoly assemblies can be formed to exhibit any value of 

40 stress gradient which lies between zero and the stress 
gradient of a bi-layer consisting of one 570" C. polysilicon 
layer and one 615" C. polysilicon layer. Furthermore, the 
gradient can be either positive or negative, depending on 
which layer is on top and which is on bottom. 

At this juncture, it is instructive to consider a brief review 
of how stresses imparted or exhibited within a layer or 
region of material may distort or induce a change in the 
geometrical configuration of the layer or region of material. 
Reference is made herein to the bending moment of a 

SO particular thin layer or region of multi-layer assembly under 
review. Generally, the bending moment of a layer or thin 
film is equal to the sum of the external forces and moments 
acting upon the layer. Restated, the bending moment is equal 
to the moment of the internal stress forces at the layer. This 

ss moment may be approximated by multiplying the stress 
associated with the layer by the distance between that layer 
and what is often referred to as the neutral plane, described 
below. 

For multi-layer thin film assemblies that exhibit non-zero 
60 bending moments, a neutral plane will exist by definition, 

through the assembly along a region of zero stress. The 
neutral plane separates one region of the assembly which is 
in tension from another region of the assembly which is in 
compression. 

Asignificant aspect of the neutral plane is that the location 
of the plane affects the computation of the overall bending 
moment of the assembly. This is because the stress intensity 

i o  

4s 
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at any region in the assembly varies directly with the 
distance between the region of interest and the neutral axis. 

The overall bending moment of a multi-layer thin film 
assembly may be approximated by algebraically summing 
together the individual bending moments associated with 
each of the thin films in the assembly. The bending moment 
of each individual layer or thin film is approximated by 
multiplying the stress associated with that layer by the 
distance that layer is from the neutral plane. For most of the 
multi-layer assemblies described herein, the neutral plane 
corresponds to the midpoint of the thickness of the assembly. 

To understand how control of both the overall residual 
stress and residual stress gradients in MultiPoly assemblies 
is achieved, consider the simple hypothetical examples 
shown in FIG. 8. The stress in each individual layer can be 
either tensile or compressive. But, the stress profiles in both 
types of layers have the same dependence on thickness. It is 
clear that the two layer film and both four layer films in 
FIGS. S A K  have zero overall residual stress. However, by 
controlling the thickness of the outer layers, multi-layer 
assemblies can be produced with a zero bending moment 
(FIG. SA) or with a finite bending moment (FIGS. SB and 
SC). Specifically, referring to FIG. SC, the two layer assem- 
bly exhibits a relatively high total bending moment which 
results from the sum of the individual bending moments 
associated with the respective layers. The individual bend- 
ing moments are additive since they are in the same direc- 
tion. Referring to FIG. SB, the four layer film, each layer of 
equal thickness, exhibits a relatively low total bending 
moment that results from the sum of the individual bending 
moments associated with each of the respective layers. It 
will be appreciated that the bending moments in the outer 
layers (with respect to the assembly thickness midpoint) are 
slightly greater than the bending moments in the inner layers 
(even though all layers are of equal thickness) because the 
outer layers are farther from the thickness midpoint than are 
the inner layers. As previously noted, the thickness midpoint 
may be considered as the neutral axis. Concerning FIG. SA, 
the four layer assembly exhibits a zero total bending 
moment. Such zero bending moment results from summing 
each of the individual bending moments. It will be under- 
stood that the relatively thin outer layers produce a total 
bending moment that is equal to, but for its direction or sign, 
the total bending moment of the two thicker inner layers. 
Again, the reason for this is the relative location of each 
layer with respect to the neutral axis, i.e. the thickness 
midpoint of the multi-layer assembly. 

As previously noted, the MultiPoly process has yet 
another very useful attribute. FIG. 9 illustrates a relatively 
thick (about 4pm) single layer film deposited at 615" C. Due 
to the columnar microstructure, the as-deposited surface 
finish is rather poor, and an AFM determination of the 
surface roughness (FIG. 1OA) yields a RMS roughness of 
70.7 nm. In contrast, a MultiPoly assembly with the micro- 
structure of FIG. 1 has a mirror finish and a RMS surface 
roughness of 16.3 nm (FIG. lOB). Films deposited at 570" 
C. are initially amorphous and very smooth. During film 
growth, crystallization occurs, which leads to the structure 
shown in FIG. 6B but does not change the surface finish. 
Deposition of amorphous silicon is conformal. Such depo- 
sition and the fact that the development of this columnar 
microstructure of the 615" C. layers is impeded results in the 
much improved surface finish of the MultiPoly silicon. 

In accordance with the present invention, RMS surface 
finishes for the thin layer films described herein, of less than 
about 50 nm, and preferably less than about 25 nm are 
obtainable. As described herein, such smooth surface fin- 

14 
ishes are produced upon layer formation and avoid the 
requirement for post forming operations such as conven- 
tional smoothing techniques. As described herein, such 
smooth outer surfaces result from a choice of microstructure 

s (e.g. devitrified) in the outermost layer, and using relatively 
thin layers, particularly as the outermost layer. This 
improved surface finish has salutary consequences for the 
optical MEMS applications noted herein. Before discussing 
these applications, however, one other most useful aspect of 

For many applications, the advantages of the MultiPoly 
process result from the ability to produce very large and very 
flat surface micromachined structures, through control of 
both the residual stress and residual stress gradients. 

is However, residual stress gradients may be designed or 
selectively formed so that useful shaped components may be 
produced upon release of the multi-layer assembly from an 
underlying substrate. 

As an example of this technique, a 2 pm thick polysilicon 
20 film can be designed such that a 500 pm diameter circle 

etched from this film will display a semi-circular shape with 
a radius of curvature of 2 mm, when released from the 
substrate. This film can be formed by depositing the follow- 
ing five multilayers, followed by a one hour anneal at 615" 

zs C. to fully crystallize the last layer: 

i o  the MultiPoly process must be discussed. 

1) a 0.22 pm film deposited at 570" C. 
2) a 0.41 pm film deposited at 615" C. 
3) a 0.59 pm film deposited at 570" C. 
4) a 0.42 pm film deposited at 615" C. 
5) a 0.36 pm film deposited at 570" C. 
Another example illustrating aspects and features of the 

present invention is as follows. A3 pm thick polysilicon film 
can be designed such that a 500 pm diameter circle etched 

3s from this film will display a semi-circular shape when 
released from the substrate with a radius of curvature of 2 
mm. This film can be formed by depositing the following 
five multilayers, followed by a one hour anneal at 615" C. to 
fully crystallize the last layer: 

30 

40 1) a 0.32 pm film deposited at 570" C. 
2) a 0.78 pm film deposited at 615" C. 
3) a 0.57 pm film deposited at 570" C. 
4) a 0.74 pm film deposited at 615" C. 
5) a 0.59 pm film deposited at 570" C. 
This film will display an overall stress of less than 1 MPa, 

meaning that its overall dimensions will not expand or 
contract upon release. It will display a stress gradient of 107 
MPaipm, which will result in the desired radius of curvature 

SO upon release. The stress of the film through its thickness is 
shown in 10 nm increments in FIG. 11, and the bending 
moment (about the center of the film thickness) contributed 
by each 10 nm layer is shown in FIG. 12. 

When provided with a reflective coating, such as a thin 
ss sputtered film of gold, this circle can serve as a focusing 

mirror. In particular, if the circular mirror remains attached 
to the substrate at a single point, such as its center, it can be 
used as a collimating mirror in conjunction with optical 
fibers as a component in micro-optomechanical devices. 

In addition, if an electrical connection is made to the 
mirror, and a separate electrode is formed on the substrate 
beneath the mirror, a voltage applied between the two 
electrodes would create an electrostatic attraction between 
them. In this manner, it would be possible to cause the mirror 

65 to be pulled flat against the substrate, and any optical beam 
which had been focused by the mirror would become 
de-focused. This feature would allow the mirror to act as an 

4s 

60 
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active optical switch. We have calculated that a 0.7pm thick, 
500 pm diameter mirror, again with a radius of curvature of 
2 mm, would become planar at an electrostatic field corre- 
sponding to a 15 V potential difference between the film and 
the substrate. 

In yet another series of trials, various multi-layer thin film 
assemblies were prepared having from 5 to 9 thin film 
layers. In producing each stacked assembly, particular pair- 
ings of deposition temperatures were used, as set forth 
below. Upon forming each assembly, the overall residual 
stress was calculated by summing together the stress values 
from each of the layers comprising the assembly. And, for 
each assembly, the overall residual stress gradient was 
calculated by determining the bending moment for each of 
the layers, and summing together. A summary of these trials 
is set forth in Table 3. 

TABLE 3 

Stress (Mpa) 
(+ is tensile) 

No. of Temperatures (Includes 1-2 hr. Gradient (MPajpm) 
Trial Layers (" C.) anneal at 615" C.) (+ is bending down) 

1 6  
2 8  
3 8  
4 9  
5 9  
6 5  
7 s  
8 8  

5801610 
5801615 
5501615 
5701615 
6151570 
5701615 
5701615 
5701615 

2s 
3 

40 
7 -18 

-21 -40 
-100 40 

-4 -100 
-30 -3s 

As will be noted, multi-layer assemblies having a wide 
range of overall stresses were produced, i.e. from -100 to 25 
MPa. And, a wide range of overall stress gradients were 
produced, i.e. -100 to 40 MPaipm. 

Another phenomenon related to the present invention 
relates to deposition of polysilicon at a specific temperature 
at the transition between the as-deposited amorphous and 
as-deposited crystalline regions. Such deposition leads to a 
polysilicon layer which is crystalline or columnar 
(compressive) at the bottom and amorphous (tensile) at the 
top. If performed properly, this could lead to an overall 
zero-stress film. However, this technique is extremely dif- 
ficult to control. Other drawbacks of this technique are that 
it precludes any further processing at higher temperatures, 
and it can never produce a zero-stress gradient film. 
Therefore, this is an inferior strategy to the preferred 
embodiment of the present invention method described 
herein. 

EXAMPLES 

The following examples are provided to further illustrate 
various aspects of the present invention. 

Example 1 

Formation of a 3 Micron Thick Film With an 
Overall Stress of Zero and a Stress Gradient of 

Zero, Using 5 Layers 

After heating a suitable substrate, a 430 nm thick amor- 
phous or partially devitrified polysilicon layer is deposited at 
570" C. The tensile stress of that layer, upon final formation, 
would be about 265 MPa. A heating period of about 25 
minutes is then applied to raise the temperature of the 
substrate and layer to 615" C. Next, a 855 nm thick pre- 
dominantly columnar polysilicon layer is deposited at 615" 
C. That layer exhibits a compressive stress of about 200 

16 
MPa. The resulting assembly is then cooled over the course 
of about 30 minutes. Then, a 430 nm thick amorphous or 
partially devitrified polysilicon layer is deposited at 570" C. 
with a tensile stress of approximately 265 MPa. After a 25 

s minute heating period, a 855 nm thick predominantly 
columnar polysilicon layer is deposited at 615" C. with a 
compressive stress of about 200 MPa. After a cooling 
period, a 430 nm thick amorphous or partially devitrified 
polysilicon layer is deposited at 570" C. with a tensile stress 

i o  of about 265 MPa. The resulting multi-layer film is then 
preferably annealed at 615" C. for one hour to fully crys- 
tallize the last amorphous or partially devitrified layer. It 
may in some applications be desirable to anneal for a longer 
time period such as 2 or more hours. 

15 
Example 2 

Formation of a 4 Micron Thick Film With an 
Overall Stress of 100 MPa Tensile and a Stress 

Gradient of Zero, Using 7 Layers. 

As previously described, after heating a substrate, a 484 
nm thick amorphous or partially devitrified polysilicon layer 
is deposited at 570" C. The tensile stress of that layer would 
be about 265 MPa. After an additional heating period, a 688 

25 nm thick predominantly columnar polysilicon layer is 
deposited at 615" C. with a compressive stress of approxi- 
mately 200 MPa. Then a 484 nm thick amorphous or 
partially devitrified polysilicon layer is deposited at 570" C. 
with a tensile stress of about 265 MPa. Next, after a 

30 sufficient heating period, a 688 nm thick predominantly 
columnar polysilicon layer is deposited at 615" C. with a 
compressive stress of about 200 MPa. Next, after sufficient 
cooling, a 484 nm thick amorphous or partially devitrified 
polysilicon layer at 570" C. with a tensile stress of 265 MPa. 

35 Then, a 688 nm thick predominantly columnar polysilicon 
layer is deposited at 615" C. with a compressive stress of 
about 200 MPa. Next, a 484 nm thick amorphous or partially 
devitrified polysilicon layer is deposited at 570" C. with a 
tensile stress of 265 MPa. The resulting multi-layer film is 

40 annealed at 615" C. for one hour to fully crystallize the last 
amorphous or partially devitrified layer. 

20 

Example 3 

Formation of a 3.0 Micron Thick Film With an 
Overall Stress of 7 MPa Tensile, Using 9 Layers. 

A first devitrified polysilicon layer is formed by silane 
deposition at 570" C., deposition occurring for 59 minutes. 
A 25 minute heating period is used to allow the substrate to 

SO reach a temperature of 615" C. Then, a 54 minute deposition 
period is used to form the second layer, a predominantly 
columnar layer. A 30 minute cooling period is used to allow 
the substrate and layers to cool to 570" C. Then, the third 
layer is formed by silane deposition for a period of 118 

ss minutes at 570" C. The foregoing process is repeated to form 
layers 4 (54 minutes deposition at 615" C.), 5 (118 minutes 
deposition at 570" C.), 6 (54 minutes deposition at 615" C.), 
7 (118 minutes deposition at 570" C.), and 8(54 minutes 
deposition at 615" C.). The top and last layer, layer 9, is 

60 formed in a similar fashion as the first layer, layer 1. Layer 
9 is preferably formed by using a deposition time period of 
59 minutes at 570" C. It is instructive that the time period for 
deposition of the first and last layers is each about 59 
minutes, which is one-half the deposition time for each of 

65 layers 3 ,5 ,  and 7. This provides for selectively producing an 
overall desired stress characteristic while also providing a 
relatively smooth outer finish. 

4s  
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Example 4 

Formation of a 2.8 Micron Thick Film With an 
Overall Stress of 17 MPa Tensile, Using 9 Layers. 

The same procedure may be utilized as previously 
described with regard to Example 3 with the exception that 
instead of utilizing a deposition time of 54 minutes for layers 
2, 4, 6, and 8, a shorter time period of 51 minutes is 
employed. 

Example 5 

Formation of a 0.4 Micron Thick Film With an 
Overall Stress of 2 MPa Tensile, Using 3 Layers. 

Afirst polysilicon layer is formed by silane deposition for 
46 minutes at 550" C. Prior to this a 25 minutes heating 
period is utilized to ensure that the receiving substrate is at 
a uniform temperature of 550" C. After deposition of the first 
layer, another 25 minute heating period is employed to 
ensure that the assembly is at a temperature of 615" C. The 
second layer is then formed by silane deposition for 24 
minutes at 615" C. Afterwards, a 30 minute cooling period 
is used to bring the assembly to a temperature of 550" C. The 
third layer is then formed by silane deposition for 46 minutes 
at 550" C. The resulting assembly is annealed for 2 hours at 
615" C. 

The preferred embodiment multi-layer polysilicon assem- 
bly may be used in a wide array of applications. Generally, 
any application that utilizes polysilicon as a mechanical 
material could benefit from the present invention. For 
examples, devices such as accelerometers, pressure sensors, 
and gyroscopes could utilize the present invention polysili- 
con multi-layer assemblies. For instance, improved acceler- 
ometers could be produced since accuracy of such devices 
stems from their signal to noise ratio, which ratio could be 
improved by constructing larger sensor structures. Addi- 
tional applications and uses are contemplated for the present 
invention such as optical uses and RF wireless communi- 
cation uses. Generally, the present invention provides 
improved stability, more predictable behavior and enables 
more precise design and engineering. 

The present invention has been described with reference 
to the preferred embodiments and noted applications. 
Obviously, modifications and alterations will occur to others 
upon a reading and understanding of the preceding detailed 
description. It is intended that the invention be construed as 
including all such alterations and modifications in so far as 
they are within the scope of the claims or the equivalents 
thereof. For example, it is contemplated by the present 
inventors that the techniques and strategies associated with 
the invention may be utilized when depositing nearly any 
type of material, and particularly in forming multi-layer 
stacked assemblies of thin films. 

Having thus described the invention, we claim: 
1. A method for producing a multi-layer assembly of 

polysilicon thin films, said assembly having a predetermined 
overall bending moment, said method comprising: 

providing a substrate; 
forming a first polysilicon thin film layer on said substrate 

such that said first layer has a devitrified microstructure 
and an internal tensile stress, a first thickness and a first 
location within said assembly to result in a first 
moment, said first layer formed by chemical vapor 
deposition of silane at a temperature of from about 550" 
C. to about 590" C.; 

forming a second polysilicon thin film layer on said first 
layer such that said second layer has a predominantly 

18 
columnar microstructure and an internal compressive 
stress, a second thickness and a second location within 
said assembly to result in a second moment, said 
second layer formed by chemical vapor deposition of 
silane at a temperature of from about 600" C. to about 
700" C.; and 

forming successive polysilicon thin film layers on said 
first and second layers such that each successive layer 
(i) has either a devitrified microstructure and an internal 
tensile stress formed by chemical vapor deposition of 
silane at a temperature of from about 550" C. to about 
590" C., or a predominantly columnar microstructure 
and an internal compressive stress formed by chemical 
vapor deposition of silane at a temperature of from 
about 600" C. to about 700" C., (ii) has a microstructure 
that is different than the microstructure of an adjacent 
layer, and (iii) has a thickness and is disposed at a 
location in said multi-layer assembly such that said 
successive layer has a moment that when summed with 
said first moment, said second moment, and any other 
moments from said successive layers, results in said 
predetermined overall bending moment of said multi- 
layer assembly. 

2. The method of claim 1 wherein at least one of said 
25 polysilicon thin films having a devitrified microstructure is 

formed by chemical vapor deposition of silane at a tempera- 
ture of from about 570" C. to about 580" C. 

3. The method of claim 1 wherein at least one of said 
polysilicon thin films having a predominantly columnar 

30 microstructure is formed by chemical vapor deposition of 
silane at a temperature of about 605" C. to about 650" C. 

4. The method of claim 1 wherein said assembly has a 
total thickness of from about 1 micron to about 10 microns. 

5 .  The method of claim 1 wherein each of said polysilicon 
35 thin films has a thickness from about 100 nm to about 1000 

nm. 
6. The method of claim 1 wherein said polysilicon thin 

film layer constituting an exterior face has a surface finish 
roughness less than about 50 nm. 
7. The method of claim 6 wherein said surface finish 

roughness is less than about 25 nm. 
8. A method for producing a multi-layer assembly of 

polysilicon thin films, said assembly having a predetermined 
overall bending moment, said method comprising: 

s 

10 

15 

20 

40 

45 providing a substrate; 
forming a first polysilicon thin film layer on said substrate 

such that said first layer has a predominantly columnar 
microstructure and an internal compressive stress, a 
first thickness and a first location within said assembly 
to result in a first moment, said first layer formed by 
chemical vapor deposition of silane at a temperature of 
from about 600" C. to about 700" C.; 

forming a second polysilicon thin film layer on said first 
layer such that said second layer has a devitrified 
microstructure and an internal tensile stress, a second 
thickness and a second location within said assembly to 
result in a second moment, said second layer formed by 
chemical vapor deposition of silane at a temperature of 
from about 550" C. to about 590" C.; and 

forming successive polysilicon thin film layers on said 
first and second layers such that each successive layer 
(i) has either a devitrified microstructure and an internal 
tensile stress formed by chemical vapor deposition of 
silane at a temperature of from about 550" C. to about 
590" C., or a predominantly columnar microstructure 
and an internal compressive stress formed by chemical 

55 
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vapor deposition of silane at a temperature of from 
about 600" C. to bout 700" C., (ii) has a microstructure 
that is different than the microstructure of an adjacent 
layer, and (iii) has a thickness and is disposed at a 
location in said multi-layer assembly such that said 
successive layer has a moment that when summed with 
said first moment, said second moment, and any other 
moments from said successive layers, results in said 
predetermined overall bending moment of said multi- 
layer assembly. 

9. The method of claim 8 wherein at least one of said 
polysilicon thin films having a devitrified microstructure is 
formed by chemical vapor deposition of silane at a tempera- 
ture of from about 570" C. to about 580" C. 

10. The method of claim 8 wherein at least one of said 
polysilicon thin films having a predominantly columnar 
microstructure is formed by chemical vapor deposition of 
silane at a temperature of about 605" C. to about 650" C. 

11. The method of claim 8 wherein said assembly has a 
total thickness of from about 1 micron to about 10 microns. 

12. The method of claim 8 wherein each of said polysili- 
con thin films has a thickness from about 100 nm to about 
1000 nm. 

13. The method of claim 8 wherein said polysilicon thin 
film layer constituting an exterior face has a surface finish 
roughness less than about 50 nm. 

14. The method of claim 13 wherein said surface finish 
roughness is less than about 25 nm. 

15. Amethod of forming a multi-layer thin film assembly 
comprising a plurality of polysilicon thin films, said multi- 
layer assembly having a selectively determinable overall 
bending moment, said method comprising: 

forming on a substrate at least one of a first polysilicon 
thin film having either (i) a devitrified microstructure 
and an internal tensile stress by chemical vapor depo- 
sition of silane at a temperature of from about 550" C. 
to about 590" C. and a thickness of from about 100 nm 
to about 1000 nm, or (ii) a predominantly columnar 
microstructure and an internal compressive stress by 
chemical vapor deposition of silane at a temperature of 
from about 600" C. to about 700" C. and a thickness of 
from about 100 nm to about 1000 nm; 

20 
forming at least one of a second polysilicon thin film 

immediately adjacent to said first polysilicon thin film, 
said second polysilicon thin film having either: (i) a 
devitrified microstructure and an internal tensile stress 
by chemical vapor deposition of silane at a temperature 
of from about 550" C. to about 590" C. and a thickness 
of from about 100 nm to about 1000 nm, or (ii) a 
predominantly columnar microstructure and an internal 
compressive stress by chemical vapor deposition of 
silane at a temperature of from about 600" C. to about 
700" C. and a thickness of from about 100 nm to about 
1000 nm, whereby the microstructure of said second 
film is different than the microstructure of said first 

whereby each of said films is formed at a location in said 
multi-layer assembly such that the sum of the moments 
of each of said thin film layers corresponds to said 
overall bending moment. 

16. The method of claim 15 wherein said thin film having 
a devitrified microstructure is formed by chemical vapor 
deposition of silane at a temperature of from about 570" C. 
to about 580" C. 

17. The method of claim 16 wherein said thin film layer 
25 having a devitrified microstructure is formed by chemical 

vapor deposition at a temperature of about 570" C. 
18. The method of claim 15 wherein said thin film having 

a predominantly columnar microstructure is formed by 
3o chemical vapor deposition of silane at a temperature of from 

about 605" C. to about 650" C. 
19. The method of claim 18 wherein said thin film having 

a predominantly columnar microstructure is formed by 
chemical vapor deposition of silane at a temperature of 

20. The method of claim 15 wherein said polysilicon thin 
film layer constituting an exterior face has a surface finish 
roughness less than about 50 nm. 

21. The method of claim 20 wherein said surface finish 
40 roughness is less than about 25 nm. 

10 

15 film; 
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35 about 615" C. 
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