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(57) ABSTRACT 

Methods are disclosed for fabricating spring structures that 
minimize helical twisting by reducing or eliminating stress 
anisotropy in the thin ?lms from Which the springs are 
formed through manipulation of the fabrication process 
parameters and/or spring material compositions. In one 
embodiment, isotropic internal stress is achieved by manipu 
lating the fabrication parameters (i.e., temperature, pressure, 
and electrical bias) during spring material ?lm formation to 
generate the tensile or compressive stress at the saturation 
point of the spring material. Methods are also disclosed for 
tuning the saturation point through the use of high tempera 
ture or the incorporation of softening metals. In other 
embodiments, isotropic internal stress is generated through 
randomized deposition (e.g., pressure homogenization) or 
directed deposition techniques (e.g., biased sputtering, pulse 
sputtering, or long throW sputtering). Cluster tools are used 
to separate the deposition of release and spring materials. 
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SPUTTERED SPRING FILMS WITH LOW STRESS 
ANISOTROPY 

RELATED APPLICATION 

[0001] This application is a divisional of US. patent 
application Ser. No. 11/029,618 entitled: “Sputtered Spring 
Films With LoW Stress Anisotropy” ?led J an. 5, 2005 Which 
is a divisional of US. patent application Ser. No. 10/121,644 
entitled: “Sputtered Spring Films With LoW Stress Anisot 
ropy” ?led Apr. 12, 2002. 

FIELD OF THE INVENTION 

[0002] This invention relates generally to methods of 
fabricating photolithographically patterned spring struc 
tures, and, more particularly, to methods of controlling the 
stress anisotropy during the deposition of spring ?lms, and 
to the spring structures formed by these methods. 

BACKGROUND OF THE INVENTION 

[0003] US. Pat. No. 5,914,218 (Smith et al.) describes 
photolithographically patterned spring structures for use in 
the production of loW cost probe cards, to provide electrical 
connections betWeen integrated circuits, or to form coils that 
replace surface-mount inductors. A typical spring structure 
includes a spring ?nger having an anchor portion secured to 
a substrate, and a free portion initially formed on a pad of 
release material. The spring ?nger is etched from a thin 
spring material layer (?lm) that is fabricated such that its 
loWer portions have a higher internal compressive stress 
than its upper portions, thereby producing an internal stress 
gradient that causes the spring ?nger to bend aWay from the 
substrate When the release material is etched. The internal 
stress gradient is produced in the thin spring material ?lm 
either by layering different materials having the desired 
stress characteristics, or using a single material by altering 
the fabrication parameters. 

[0004] A problem With high-volume production of inte 
grated circuits incorporating photolithographically patterned 
spring structures is that the released “free” portions of some 
spring structures fabricated according to conventional meth 
ods undergo helical tWisting, thereby skeWing (displacing) 
the spring structure tips from their intended position. A 
spring structure is typically designed to curl or bend per 
pendicular to the underlying substrate (i.e., in a plane 
passing through the spring structure’s longitudinal axis) 
upon release such that the tip is located in a prede?ned 
position above the substrate. The tip’s position is typically 
matched to a receiving structure (e.g., a contact pad) formed 
on an integrated circuit to Which the spring structure is 
electrically connected. Helical tWisting causes the spring 
structure to bend such that the tip is positioned aWay from 
the prede?ned position, thereby preventing optimal connec 
tion betWeen the spring structure and the receiving structure. 
To make matters Worse, the amount of skeW tends to vary 
according to orientation of the spring structure, and spatially 
over the Wafer upon Which the spring structures are pro 
duced in high volume. That is, in one region of a Wafer, 
spring structures oriented in a particular direction may 
experience a relatively small amount of tWisting, While 
spring structures in that region oriented in another direction 
experience pronounced tWisting. Also, similarly oriented 
spring structures that are located in different regions may 
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experience different amounts of tWisting. The amount of 
skeW can even be zero in certain locations and orientations. 

[0005] The amount of skeW that can be tolerated in a 
spring structure depends critically on the application in 
Which the spring structure is used. For the manufacture of 
self-assembling out-of-plane inductors, for example, the 
speci?cation for the skeW is the lesser of 11% of the spring 
diameter or :5 microns. For other applications, such as 
packaging, the speci?cation may be a little less stringent, 
and Will depend on the size and spacing of the pads that the 
springs are designed to contact. 

[0006] As suggested above, one solution to problems 
facing high-volume production of integrated circuits incor 
porating photolithographically patterned spring structures is 
to design systems that take into account the expected range 
of spring structure skeW (Which Would be determined 
experimentally before high-volume production is initiated). 
HoWever, this solution generates inefficiencies (e.g., Wider 
spring structure spacing and larger contact pads) that 
increase production costs. Another possible solution Would 
be to identify the locations and orientations on the Wafers at 
Which zero skeW occurs in a given fabrication process, and 
then only fabricate spring structures in these zero skeW 
locations. HoWever, this solution Would limit the Wafer area 
utilized to fabricate spring structures, thereby making high 
volume production expensive and complicated. 

[0007] What is needed is a method for fabricating spring 
structures that minimizes or eliminates helical twisting, 
thereby facilitating high-volume production. 

SUMMARY OF THE INVENTION 

[0008] The present invention is directed to methods for 
fabricating spring structures that minimize helical tWisting 
by reducing or eliminating stress anisotropy before release, 
Which is characteristic of conventional spring material ?lms, 
through manipulation of the fabrication process parameters 
and/or spring material compositions. By reducing or elimi 
nating stress anisotropy in the spring material ?lm (i.e., 
before release), spring structures can be formed at any 
location and in any orientation on a substrate Without 
signi?cant helical tWisting. Accordingly, the complicated 
and expensive design requirements of conventional spring 
structures are eliminated, thereby greatly simplifying high 
volume production and minimizing production costs. The 
present invention is also directed to the spring structures 
fabricated using these methods. 

[0009] In accordance With the present invention, spring 
structures are fabricated such that the spring ?lm includes at 
least one layer in Which the internal stress is isotropic (i.e., 
the internal stress essentially equal in all directions). The 
present inventors have determined that skeW is primarily 
caused by stress anisotropy in the thin ?lm from Which the 
spring structure is formed (i.e., different stress magnitudes 
existing along different orthogonal directions Within the 
spring material ?lm). By causing the stress in this one or 
more layer to be isotropic, total anisotropy in the spring 
material ?lm is reduced (i.e., provided the remaining layers 
have the same or less anisotropy as that typically produced 
in conventional spring material ?lms). The resulting reduc 
tion in stress anisotropy reduces skeW (helical tWisting) by 
equalizing stress components along the principal stress axes. 
The one or more isotropic stress layers may include an 
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isotropic compressive layer, an isotropic tensile layer, an 
isotropic neutral (Zero stress) layer, or any combination 
thereof. When both isotropic compressive and isotropic 
tensile layers are formed, a capping ?lm (e.g., Nickel or 
Gold) or an intermediate, non-isotropic layer may be utilized 
to minimiZe delamination. 

[0010] In accordance With an embodiment of the present 
invention, isotropic internal stress is generated in one or 
more layers of a spring material before release by saturating 
the internal stress of the one or more layers of the spring 
material ?lm. Stress saturation causes the one or more layers 

to become essentially isotropic (uniform) because further 
applied stress pushes the spring material beyond its yield 
point, producing relaxation of the material that relieves the 
additional stress and causes the internal stress to remain at 
the saturated level. By forming at least one layer of the 
spring material ?lm in this manner, the resulting spring 
structure exhibits less stress anisotropy than that produced 
using conventional methods, thereby reducing the magni 
tude of helical tWisting. Stress saturation of the spring 
material ?lms is achieved through various methods dis 
closed herein. In accordance With one disclosed method, 
stress saturation is achieved by manipulating the fabrication 
parameters (i.e., temperature, pressure, and electrical bias) 
formation of the spring material ?lm to generate the satu 
rated tensile or compressive stress. Methods are also dis 
closed for tuning the saturation point of the spring material 
by varying the deposition temperature, annealing after 
growth, formation on silicon and then cooling, and by 
adjusting the spring material composition to bene?cially 
modify its saturation characteristics. In one embodiment, the 
spring material ?lms are balanced (i.e., equal amounts of 
compressive and tensile stress), Which produces the thickest 
springs for a given design radius. In an alternative embodi 
ment, the spring material ?lms are unbalanced (e.g., With a 
saturated compressive layer that is thicker or thinner than the 
saturated tensile layer), Which produces thinner springs for 
a given design radius. 

[0011] In accordance With other disclosed embodiments of 
the present invention, isotropic internal stress is generated in 
one or more layers of a spring material before release 
through randomiZed or directed deposition techniques. In 
one embodiment, the compressive anisotropy is reduced 
through randomiZed deposition caused by gas scattering 
homogenization. In other disclosed embodiments, anisot 
ropy is reduced through directed deposition using biased 
sputtering, pulse sputtering, or long throW sputtering tech 
niques. By controlling the direction in Which the spring 
material is deposited using these deposition techniques, 
stress anisotropy is reduced or eliminated, thereby increas 
ing spring structure yields and facilitating high-volume 
production and minimiZing production costs. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] These and other features, aspects and advantages of 
the present invention Will become better understood With 
regard to the folloWing description, appended claims, and 
accompanying draWings, Where: 

[0013] FIGS. 1(A) and 1(B) are top and partial front 
vieWs, respectively, of a spring material stress gauge illus 
trating helical tWisting caused by anisotropic stress varia 
tions in a conventional spring material ?lm; 
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[0014] FIG. 2 is graph shoWing skeW variations relative to 
biaxial stress components measured using the stress gauge 
shoWn in FIGS. 1(A) and 1(B); 

[0015] FIG. 3 is a top vieW shoWing a spring structure 
according to the present invention; 

[0016] FIG. 4 is a cutaWay perspective vieW taken along 
line 4-4 of the spring structure shoWn in FIG. 3; 

[0017] FIGS. 5(A) and 5(B) are front section vieWs taken 
along line 5-5 of FIG. 3, and shoW alternative embodiments 
of spring structures formed in accordance With the present 
invention; 
[0018] FIG. 6 is a graph depicting the stress pro?le of a 
balanced spring structure; 

[0019] FIG. 7 is a graph depicting the stress pro?le of an 
unbalanced spring structure; 

[0020] FIGS. 8(A) through 8(1) are simpli?ed cross-sec 
tional side vieWs shoWing process steps associated With the 
fabrication of a spring structure according to several 
embodiments of the present invention; 

[0021] FIG. 9 is a graph depicting the effects of annealing 
on the internal stress of a MoCr alloy; 

[0022] FIG. 10 is a graph depicting the effects of pressure 
on internal stress of a MoCr alloy measured at various points 
in a deposition chamber; 

[0023] FIGS. 11(A) and 11(B) are simpli?ed side vieWs 
depicting the deposition of spring material using non-direc 
tional and directional deposition techniques, respectively; 

[0024] FIG. 12 is a simpli?ed side vieW shoWing a depo 
sition chamber utiliZed to produce spring structures accord 
ing to another embodiment of the present invention; 

[0025] FIG. 13 is a simpli?ed top vieW shoWing a cluster 
tool utiliZed to produce spring structures in accordance With 
yet another embodiment of the present invention; and 

[0026] FIG. 14 is a How diagram shoWing a process for 
producing spring structures using the cluster tool of FIG. 13. 

DETAILED DESCRIPTION OF THE DRAWINGS 

[0027] The present inventors have determined that the 
cause of helical tWisting during high-volume production of 
spring structures is anisotropic stress in the spring material 
?lm. Stress anisotropy is the inequality of magnitudes of the 
biaxial stress along the tWo orthogonal principal stress axes. 
The present inventors have also determined that stress 
anisotropy can occur at any point on a Wafer, it can vary 
spatially over the Wafer, and it can even be Zero at certain 
locations, thereby producing the variety of helical tWisting 
observed in high-volume spring structure production. In 
particular, helical tWisting occurs When the longitudinal axis 
of a released spring structure is not aligned With one of the 
principal stress axes. When an isotropic stress is present, the 
stresses along the principal stress axes differs, thereby 
causing the released spring ?nger to tWist, skeWing the tip 
from a point that is aligned With the longitudinal axis of the 
spring structure. 

[0028] FIGS. 1(A) and 1(B) are top and partial front 
vieWs, respectively, of a spring material stress gauge (test 
structure) 10 utiliZed by the present inventors to illustrate 
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helical twisting caused by anisotropic stress variations in a 
spring material ?lm. Stress gauge 10 includes several 
springs 11-1 through 11-8 that extend in many directions 
from a central region 12. Angular positions (in degrees) are 
indicated around stress gauge 10 for convenience. Accord 
ing to the selected origin, a base portion of spring 11-1 is 
aligned generally along the 0 degree position. 

[0029] Stress gauge 10 is etched from a conventional 
spring material ?lm that is fabricated as described above. 
Accordingly, stress gauge 10 is subjected to biaxial stress 
Whose principal components are aligned along tWo orthogo 
nal directions (designated 0P1 and 0P2) The effects of stress 
anisotropy are quanti?ed by measuring the skeW S of a 
released spring, such as spring 11-1 of stress gauge 10. The 
skeW S is de?ned as the displacement of the top-most part 
11-T of spring 11-1 (see FIG. 1(B)) relative to the unreleased 
material at the base 11-B of spring 11-1. The skeW S is the 
result of helical bending in spring 11-1, Which occurs When 
(1) the tWo principal components of the biaxial stresses in 
the spring material ?lm from Which spring 11-1 is formed 
are unequal, and (2) the axis X of spring 10-1 is not aligned 
to either principal component. 

[0030] FIG. 2 is a table that charts skeWs measured in the 
springs of stress gauge 10 (FIG. 1). As FIG. 2 illustrates, by 
making stress gauge 10 With springs pointing in many 
directions, the magnitude and the direction of the skeW 
varies in relation to the principal components of biaxial 
stress. In FIG. 2, the skeW is de?ned as positive When the 
helical bending is right handed. As FIG. 2 indicates, for 
non-Zero anisotropy, depending on their orientation, springs 
can assume either right or left handed helical bending, and 
at four speci?c orientations aligned With the principal stress 
components, the skeW is predicted to be Zero. In the case 
illustrated in FIG. 2, the Zero skeW angles are approximately 
20, 110, 200 and 290 degrees relative to the selected origin. 
HoWever, as mentioned above, the amount and direction of 
skeW vary Widely over a Wafer, so spring structures formed 
at different Wafer locations are subjected to a Wide variety 
(i.e., both direction and degree) of helical tWisting. This 
Wide skeW variation makes high-volume production com 
plicated because, in order to avoid helical tWisting, each 
spring structure must be designed to align With the principal 
stress axes at the Wafer location Where that spring structure 
is fabricated. To further complicate this issue, there is 
evidence that the principal stress component directions may 
vary from one layer to another Within the spring material 
?lm. At a minimum, these design considerations greatly 
increase fabrication costs, and can render high-volume pro 
duction impractical. 

[0031] FIG. 3 is a plan vieW shoWing a spring structure 
100 according to an embodiment of the present invention. 
FIG. 4 is a perspective vieW shoWing a portion of spring 
structure 100, and includes a cut-aWay section indicated by 
section line 4-4 in FIG. 3. Spring structure 100 is formed on 
a substrate 101, and includes a release material portion 110 
and a spring ?nger 120. Substrate 101 (e.g., glass) includes 
an optional conductor 105 that can take several forms. 
Release material portion 110 is formed above substrate 101 
such that it contacts conductor 105 (if present). In one 
embodiment, release material portion 110 may be formed 
using a metal selected from the group consisting of Tita 
nium, Copper, Aluminum, Nickel, Zirconium, and Cobalt, or 
formed using heavily doped silicon, to facilitate electrical 
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conduction betWeen conductor 105 and spring ?nger 120. 
Spring ?nger 120 includes an anchor portion 122 and a free 
(i.e., cantilevered) portion 125. Anchor portion 122 is 
attached to release material portion 110 (i.e., such that 
release material portion 110 is located betWeen anchor 
portion 122 and substrate 101). Free portion 125 extends 
from anchor portion 122 over substrate 101. 

[0032] Similar to prior art spring structures, spring ?nger 
120 is etched from a thin stress-engineered ?lm that is 
deposited by DC magnetron sputtering or chemical vapor 
deposition (CVD) techniques, or deposited by plating tech 
niques. In one embodiment, the stress-engineered ?lm 
includes or one or more materials suitable for forming a 

spring structure (e.g., one or more of molybdenum (Mo), a 
“moly-chrome” alloy (MoCr), tungsten (W), a titanium 
tungsten alloy (TizW), chromium (Cr), nickel (Ni), silicon 
(Si), nitride, oxide, carbide, or diamond. The deposition 
process is performed using gas pressure variations in the 
deposition environment during ?lm groWth in accordance 
With knoWn techniques (e. g., by varying Argon gas pressure 
While sputtering the spring material). Typically, this stress 
engineered ?lm includes at least one layer that has a rela 
tively compressive (or less tensile) internal stress, and at 
least one layer that has a relatively tensile (or less compres 
sive) internal stress, these different stress layers providing 
the upWard bending bias When the underlying release mate 
rial is removed, resulting in a curved, cantilever spring 
structure. The term “layer” is used herein to describe a 
cross-sectional region of the stress-engineered ?lm that is 
formed during a given time period. For example, FIG. 5 
shoWs a dashed line generally delineating a ?rst (loWer) 
layer 126 that is formed during a ?rst period of the sputtering 
process, and a second (upper) layer 127 that is formed over 
(or on) ?rst layer 126 during a subsequent period of the 
sputtering process. 

[0033] In accordance With the present invention, spring 
structure 100 is fabricated in a manner that produces at least 
one layer (i.e., ?rst layer 126 and/or second layer 127) of 
spring ?nger 120 having isotropic internal stress before 
being released from substrate 101. As utiliZed herein, the 
term “isotropic internal stress” means that the magnitude of 
internal stress measured along both principal stress axes of 
the stress-engineered ?lm, Whether compressive or tensile, is 
essentially the same (i.e., Within 1% or less). By de?nition, 
forming one or more layers of spring ?nger 120 With 
isotropic stress produces an overall stress pro?le that is less 
anisotropic than in conventional spring structures. As 
pointed out above, anisotropic stress distributions are a 
major cause of helical tWisting and spring tip skeW. By 
forming at least one of the compressive layer or the tensile 
layer With isotropic internal stress, the total stress exerted on 
spring ?nger 120 upon release is typically less than in spring 
structures having anisotropic stresses (i.e., formed using 
conventional methods), thereby reducing or eliminating 
helical tWisting. Further, the reduction of helical tWisting by 
incorporating one or more isotropic stress layers facilitates 
high-volume production When the isotropic layer is extended 
over the entire Wafer. Note that the relaxation of internal 
stress occurring in free portion 125 of spring structure 120 
after release eliminates the pre-release stress isotropy. HoW 
ever, anchor portion 122, Which is not released, retains the 
one or more layers having isotropic internal stress. 
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[0034] In accordance With an aspect of the present inven 
tion, the one or more isotropic stress layers may include an 
isotropic compressive layer, an isotropic tensile layer, or 
both isotropic compressive and tensile layers. For example, 
referring to FIG. 4, in accordance With one alternative 
embodiment, ?rst layer 126 of spring structure 100 has an 
isotropic compressive internal stress, and non-isotropic ten 
sile second layer 127 is formed on ?rst layer 126. In another 
alternative embodiment, ?rst layer 126 of spring structure 
100 is formed With non-isotropic compressive stress, and an 
isotropic tensile second layer 127 is formed thereon. In yet 
another alternative, both the compressive internal stress of 
?rst layer 126 and the tensile internal stress of second layer 
127 are isotropic. Of course, anisotropy is minimiZed When 
spring ?nger 120 is entirely formed from isotropic material. 
HoWever, as mentioned above, some applications that 
require less stringent design speci?cations, may be suitably 
produced from spring ?ngers that are only partially isotro 
pic. 

[0035] In accordance With another aspect, When a spring 
structure includes both an isotropic compressive layer and 
an isotropic tensile layer, one or more optional structures 
may be utiliZed to prevent delamination of the spring ?nger. 
Referring to FIG. 4, spring ?ngers 120 including bi-level 
stress (i.e., only compressive layer 126 and tensile layer 127) 
can have a larger moment than spring ?ngers that have more 
than tWo stress layers. Therefore, for a given design radius, 
bi-level spring ?nger 120 may be more likely to delaminate 
(i.e., separate from release material portion 110 or substrate 
101). 
[0036] FIGS. 5(A) and 5(B) are cross-sectional side vieWs 
shoWing spring structures 100A and 100B according to 
alternative embodiments of the present invention, and are 
taken along section line 5-5 of FIG. 3. For convenience, 
elements of alternative spring structures 100A and 100B that 
are similar to those of spring structure 100 (discussed above) 
are identi?ed With the same reference numbers. 

[0037] Referring to FIG. 5(A), spring structure 100A 
includes a spring ?nger 120A that is formed With an inter 
mediate layer 128 sandWiched betWeen a loWer isotropic 
compressive layer 126A and an upper isotropic tensile layer 
127A. Intermediate layer 128 is formed With an internal 
stress that is betWeen the isotropic compressive internal 
stress of layer 126 and the tensile internal stress of layer 127 
to reduce the stress gradient betWeen compressive layer 
126A and tensile layer 127A. In alternative embodiments, 
intermediate layer 128 may include tWo or more internal 
stress magnitudes, or may be represent a region Whose 
internal stress gradually changes from compressive to ten 
sile. Note that the intermediate stress of layer 128 may not 
be isotropic, but, When designed properly for a given appli 
cation, isotropic layers 126 and 128 can be fabricated to 
substantially overcome any tWisting forces exerted by 
anisotropy of intermediate layer 128. 

[0038] Referring to FIG. 5(B), spring structure 100B 
includes a spring ?nger 120 that is similar to that described 
above (i.e., isotropic tensile stress layer 127 formed directly 
on isotropic compressive layer 126). In addition, to prevent 
delamination, spring structure 100B includes a coating 130 
(e.g., a plated metal such as Gold or Nickel) that is formed 
on anchor portion 122 of spring ?nger 120 either before or 
after free portion 125 is released (i.e., after release material 

May 24, 2007 

located under free portion 125 is removed). When coating 
layer 130 is a plated metal formed after free portion 125 is 
released, coating 130 may be deposited on the exposed 
surface of both upper layer 127 and loWer layer 126 of free 
portion 125, thereby providing structural and electrical char 
acteristics that are superior to spring structures that are 
formed Without plated metal, or having plated metal formed 
only on one side. A plated metal coating 130 (FIG. 5(B)) 
provides several other potentially important bene?ts to 
spring structure 100B. For example, plated metal may be 
used to electroform the closure of mechanically contacted 
elements (e.g., an out-of-plane inductor formed using a 
series of spring ?ngers bent such that the free end of each 
spring ?nger contacts the anchor portion of an adjacent 
spring ?nger). Plated metal may also be used to passivate 
spring ?nger 120, Which is important because most springy 
metals, such as stress-engineered metal ?lm 220, form 
surface oxides. Plated metal may also be added to increase 
Wear resistance and lubricity. Plated metal can also provide 
a compression stop to limit spring compression. Moreover, 
plated metal may be added to strengthen spring structure 100 
by adding ductility. Finally, plated metal may be added to 
blunt the radii of process features and defects that can arise 
on spring ?nger 120. Note that adding plated metal (coating) 
130 over free portion 125 Will increase the spring constant 
of spring ?nger 120 by stiffening free portion 125. The 
above-mentioned bene?ts are not intended to be exhaustive. 

[0039] Note that optional conductor 105 is included to 
provide electrical coupling of spring structure 100 to an 
external electrical system (not shoWn). Note also that the 
electrical coupling betWeen spring ?nger 120 and conductor 
105 necessitates using an electrically conductive release 
material to form release material portion 110. HoWever, 
electrical coupling can also be provided directly to spring 
?nger 120 by other structures (e.g., Wire bonding), thereby 
alloWing the use of non-conducting release materials. 

[0040] Several methods Will noW be described for gener 
ating the isotropic spring material ?lms utiliZed in accor 
dance With the present invention. 

[0041] In accordance With an embodiment of the present 
invention, a spring structure includes at least one layer 
having an internal stress that is either at the compressive 
saturation point or the tensile saturation point of the spring 
material from Which the spring structure is made. The term 
“saturation point” in this context means a maximum value 
that the internal stress of the spring material (i.e., the spring 
material ?lm) cannot exceed. Stress saturation causes the 
spring material to become essentially isotropic (uniform) 
because further applied stress pushes the spring material 
beyond its yield point, producing relaxation of the material 
that relieves the additional stress and causes the internal 
stress to remain at the saturated level. In particular, if the 
material is stressed (i.e., pushed) beyond its yield point, then 
the material is going to How or otherWise rearrange its 
internal structure to relieve the excess stress, returning the 
material to the so-called yield point of the material. In other 
Words, no matter hoW the stress is put in, if a compressive 
stress greater than the compressive saturation point is put 
into the spring material, then the spring material is going to 
relax back to the level of stress that is Within the strength 
limit of the material that is groWn (i.e., to the compressive 
saturation point). Similarly, if a tensile stress greater than the 
tensile saturation point is put into the spring material, then 
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the spring material is going to relax back to the tensile 
saturation point. Therefore, by saturating the stress, the 
material is subjected to all the stress that the material can 
bear, and beyond the saturation point the internal structure 
no longer responds structurally to store the excess stress, and 
it undergoes plastic How to accommodate additional strain 
imposed upon it. 

[0042] The present inventors have observed that the com 
pressive stress anisotropy in a spring material ?lm tends to 
become smaller When the spring material has an internal 
stress that is at the compressive or tensile saturation point of 
the spring material. In particular, the present inventors 
formed spring gauges (similar to those described above) on 
several Wafers utiliZing the methods described beloW that 
produced saturated internal stress in at least one layer, and 
then measured the stress along X- and Y-axes on each Wafer. 
The differences in stress levels Were also measured at 
different pallet locations (each pallet of the test equipment 
held more than one Wafer; note that other deposition tools 
may hold only one Wafer, but the Wafers referred to Were not 
processed on a cluster tool). What the inventors observed 
Was that anisotropy over the entire Wafer (and pallet) Was 
substantially reduced When the spring material ?lm included 
a saturated compressive stress layer. 

[0043] By forming at least one layer of the spring material 
?lm at the saturation point, the resulting spring structure 
exhibits less stress anisotropy than that produced using 
conventional fabrication methods, thereby reducing the 
magnitude of helical tWisting. That is, conventional tech 
niques do not saturate the stress beyond the yield point of the 
material, so that the spring material ?lm captures different 
stresses in different orthogonal directions; and, because the 
spring material ?lm is beloW the yield point, these different 
stresses are captured or froZen into the molecular structure 
of the ?lm, thereby creating anisotropy. In contrast, because 
the spring material ?lms of the present embodiment are 
formed using much larger stresses that are close to the yield 
point of the spring material, then When stress is applied in 
one direction that tends to produce a larger stress in that 
direction than in another direction, the material “refuses” to 
store the additional stress and relaxes in the applied direction 
to the yield point of the material. The anisotropy reduction 
makes sense from the standpoint of there being no margin 
left for anisotropy if the material is at its yield point. Note 
that the bulk yield point and the yield point of the groWing 
?lm are not necessarily the same because the bulk and 
surface relaxation mechanisms can differ. 

[0044] Ideally, anisotropy is minimized by fabricating a 
spring structure having a stress pro?le With only tWo levels, 
one formed by a compressive stress layer, and one formed by 
a tensile stress layer, both of Which being groWn at or near 
the stress saturation points of the spring material. For 
example, referring again to FIG. 4, in such an ideal embodi 
ment, loWer layer 126 is formed With internal stress at the 
compressive saturated stress level, and upper layer 127 is 
deposited directly on loWer layer 126 and formed With 
internal stress at the tensile saturated stress level. By form 
ing both layers 126 and 127 at these saturation points and 
omitting any non-saturated layers, an ideal spring structure 
is formed in Which anisotropy is effectively eliminated. 
HoWever, some applications may not require complete 
elimination of anisotropy (i.e., in applications that can 
tolerate a limited amount of skeW), thereby facilitating the 
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fabrication of spring structures including one or more layers 
that are non-saturated. For example, referring again to FIG. 
4, in one alternative embodiment ?rst layer 126 of spring 
structure 100 is formed at the compressive saturation point, 
and an isotropic tensile second layer 127 is formed beloW the 
tensile saturation point. In yet another alternative embodi 
ment, ?rst layer 126 of spring structure 100 is formed beloW 
the compressive saturation point, and second layer 127 is 
formed at the tensile saturation point. In yet other alternative 
embodiments, a spring structure may include saturated lay 
ers 126 and 127 separated by a non-saturated layer 128, such 
as that shoWn in FIG. 5(A), or saturated layers 126 and 127 
With a non-saturated layer 130 formed thereon. 

[0045] As mentioned above, anisotropy is minimized 
When a spring ?nger is entirely formed from isotropic 
material, such as in the embodiment shoWn in FIG. 4 Where 
both ?rst layer 126 and second layer 127 are at respective 
saturation points. The unfortunate side effect of ?xing the 
endpoints of the stress pro?le at the saturation points is that 
the other variables remaining for tuning the spring radius are 
the spring layer thicknesses. This can lead to spring material 
?lm thicknesses that are not optimal. For example, FIG. 6 is 
a stress pro?le for a balanced spring structure formed from 
MoCr alloy (85/ 15 atomic-%) having a spring diameter of 
approximately 500 microns. As indicated in FIG. 6, the 
saturation point for such a spring material at room tempera 
ture is around —2 and +1 GPa. These saturation points 
require a spring material ?lm having a thickness of approxi 
mately 2.8 microns (i.e., a compressive layer of approxi 
mately 0.923 microns and a tensile layer of approximately 
1.847 microns or more) to produce balanced (i.e., substan 
tially Zero net) total internal stress, and to support the 3 GPa 
stress gradient at the interface betWeen the compressive and 
tensile layers. This is many times thicker than many appli 
cations Would require, and Would therefore make such 
springs much more expensive to produce. In addition, 
because of the large peeling moment (0.92 GPa-um) at the 
interface betWeen layer 126 and release material portion 110 
produced by this arrangement, delamination of spring ?nger 
120 can become a problem. Note that, in FIG. 6, pre-release 
stress levels are shoWn as a solid thick line, and post-release 
stress levels are indicated With the thinner, dashed line. 

[0046] One alternative to producing thick balanced spring 
material ?lms, such as those consistent With the stress pro?le 
shoWn in FIG. 6, is to produce unbalanced spring structures. 
Unbalanced springs have signi?cantly non-Zero net stress, 
and, as a result, must be more carefully designed to avoid 
failure. FIG. 7 is a stress pro?le for an unbalanced spring 
structure formed from MoCr alloy (85/15 atomic-%) and 
having a spring diameter of approximately 500 microns. In 
the spring structure represented by the stress pro?le of FIG. 
7, the compressive layer has a thickness of approximately 
0.4 microns, and the tensile layer has a thickness of approxi 
mately 1.6 microns. Notice that the unbalanced spring 
represented by FIG. 7 is about 70% as thick as the balanced 
spring in FIG. 6, even though both are formed from the same 
material, thereby reducing fabrication costs over balanced 
springs (discussed above). HoWever, unlike balanced 
springs, the net stress in the unbalanced spring structure is 
substantially non-Zero (e.g., 0.4 GPa or more, as in the 
example shoWn in FIG. 7). This substantial non-Zero net 
stress must be considered in the design of such unbalanced 
springs in that it produces diameters that are more sensitive 
to errors in stress and ?lm thickness. The peeling moment is 
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also reduced from 0.92 GPa-um (produced by the balanced 
spring shown in FIG. 6) to about 0.6 GPa-um. 

[0047] In addition to the balanced and unbalanced spring 
structures described above With reference to FIGS. 6, and 7, 
Which have distinct tensile (negative stress) and compressive 
(positive stress) layers, it is also possible to form a spring 
using only tensile stress, or only compressive stress, pro 
vided that there is a stress differential. For example, a spring 
structure can be made using a saturated (?rst) compressive 
stress layer (i.e., internal stress of —2 GPa) having a thick 
ness of 0.2 microns, and an anisotropic (second) compres 
sive stress layer having an internal stress of —1 GPa and a 
thickness of 0.57 microns, Which is formed on the isotropic 
layer. Note that in this example the anisotropic compressive 
stress layer is relatively tensile With respect to the isotropic 
compressive stress layer. The resulting spring structure 
Would have a thickness of approximately 0.77 microns, a 
diameter of approximately 413 microns, a net stress after 
release of 1.29 GPa, and a net peeling moment of 1.02 

GPa-um. 
[0048] Stress saturation of spring material ?lms is 
achieved through various methods. In accordance With one 
disclosed method, Which is described With reference to 
FIGS. 8(A) through 8(1), stress saturation is achieved by 
manipulating the fabrication parameters (i.e., temperature, 
pressure, and RF bias) under Which the spring material ?lm 
is groWn to generate the saturated tensile or compressive 
stress. Additional methods are also described beloW. 

[0049] Referring to FIG. 8(A), the fabrication method 
begins With the formation of a conductive release material 
layer 210 over a glass (silicon) substrate 101. In one 
embodiment, release material layer 210 is formed from an 
electrically conductive material, and a portion 210A of 
release material layer 210 contacts a conductor 105 that is 
exposed on the upper surface of substrate 101. In one 
embodiment, release material layer 210 is Titanium (Ti) that 
is sputter deposited onto substrate 101 to a thickness of 
approximately 0.2 microns or greater. Titanium provides 
desirable characteristics as a conductive release material 
layer due to its plasticity (i.e., its resistance to cracking) and 
its strong adhesion. Other release materials having the 
bene?cial plastic characteristics of titanium may also be 
used. In other embodiments, release material layer 210 
includes another metal, such as Copper (Cu), Aluminum 
(Al), Nickel (Ni), Zirconium (Zr), or Cobalt (Co). Release 
material layer 210 may also be formed using heavily doped 
silicon (Si). Further, tWo or more release material layers can 
be sequentially deposited to form a multi-layer structure. In 
yet another possible embodiment, any of the above-men 
tioned release materials can be sandWiched betWeen tWo 
non-release material layers (i.e., materials that are not 
removed during the spring ?nger release process, described 
beloW). Alternatively, When it is not necessary to provide 
electrical conduction betWeen the subsequently deposited 
spring material layer and a contact pad (such as conductor 
105), release material layer 210 can be a non-conducting 
material such as Silicon Nitride (SiN). 

[0050] FIGS. 8(B) through 8(D) shoW the formation and 
optional annealing of a spring material ?lm in accordance 
With various embodiments of the present invention, dis 
cussed beloW. FIG. 8(B) shoWs a loWer (?rst) stress-engi 
neered spring material layer 226 formed on release material 
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layer 210 using processing techniques selected to produce a 
compressive internal stress in loWer layer 226 that is at or 
near the compressive saturation point. In one embodiment, 
spring material layer 226 includes MoCr (85/ 15-atomic %) 
sputter deposited to a thickness of 0.1 to 2.5 microns using 
processing parameters suitable for producing saturated com 
pressive stress. For example, compressive layer 226 may be 
generated using sputter deposition performed in an Argon 
atmosphere maintained at a pressure of 0.1 mT or greater, 
and an applied radio frequency (RF) bias of 0.2 Watt/cm2 or 
greater, the deposition being performed at nominally room 
temperature (i.e., some heating of the substrate Will occur 
from the deposition process). In general, this applied bias 
Will result in additional bombardment of the groWing ?lm, 
and in turn Will drive the material toWard the compressive 
saturation point. Higher bias poWer levels can compensate 
for the effects of gas scattering, and thereby permit operation 
at higher pressures. FIG. 8(C) shoWs an upper (second) 
spring material layer 227 formed on loWer layer 226 using 
processing techniques selected to produce a tensile internal 
stress in upper layer 227. In another embodiment, the tensile 
internal stress in upper layer 227 is at or near the tensile 
saturated stress point. For example, MoCr (85/15) spring 
material is sputter deposited to a thickness of 0.1 to 2.5 
microns on loWer layer 226, depending on the design radius 
and on Whether a balanced or unbalanced spring is being 
formed. To achieve the desired tensile stress saturation, 
substrate 101 is maintained at room temperature, and sputter 
deposition is performed in an Argon atmosphere maintained 
at a pressure of 4 mT or greater, and an applied RF bias in 
the range of 0 to 0.25 Watts/cm2. If acceptable stress 
saturation is achieved in one or both of loWer layer 226 and 
upper layer 227 using the processing parameters described 
above, annealing (shoWn in FIG. 8(D)), may be omitted. 

[0051] In accordance With another embodiment of the 
present invention, the deposition process of FIGS. 8(B) and 
8(C) is carried out at an elevated temperature that is selected 
to tune the saturation point of the spring material (e. g., MoCr 
85/ 15-atomic % alloy). MoCr alloy is a very refractory 
spring material in that it melts above 2000° C. HoWever, the 
present inventors learned through experimentation that some 
of the stress in the MoCr alloy may be annealed out ex-situ 
(e.g., during the anneal process shoWn in FIG. 8(D)) at fairly 
loW temperatures (i.e., less than 350° C.). This experimental 
data is shoWn in FIG. 9, Which shoWs the effect of tempera 
ture variation on the internal stress of MoCr (85/15) alloy. In 
FIG. 9, measured data is indicated as diamonds (heating) 
and squares (cooling), and theoretical data (triangles). Theo 
retical behavior based on linear elastic response suggests 
that formation of saturated spring material ?lm at a high 
temperature (e.g., 400° C.) Would result in a net tensile shift 
of the stress upon cooling. The actual data suggests that 
annealing the spring material ?lm and/or forming the spring 
material ?lm above approximately 100° C. causes relaxation 
that results in a tensile shift of the internal stress upon 
subsequent cooling. This may be particularly relevant for 
layers of the spring material ?lm subjected to compressive 
stress, Which can easily be bombarded in order to reach very 
high stress levels, but is dif?cult to make uniform. In other 
Words, because compressive groWth is performed at loWer 
pressure, there is less gas scattering present to homogeniZe 
the deposition angle to produce uniform stress. Accordingly, 
When spring material ?lms (e.g., MoCr alloy) are maintained 
at an intermediate temperature in-situ during groWth (i.e., 



US 2007/0117234 A1 

during one or both of the processes shown in FIGS. 8(B) and 
8(C)), the saturation point of the spring material is reduced 
to something that is below its room temperature yield. 
Therefore, growth at elevated temperatures (i.e., above 1000 
C., more preferably 150° C. to 400° C., and most preferably 
at 350° C.) is believed to achieve isotropic stress character 
istics at stress magnitudes that are lower than that achieved 
during cold deposition. Tuning down the saturation point 
may have the additional advantage of making the material 
stronger since it will ensure that at room temperature, the 
stresses in the material will be far removed from the yield 
point. 
[0052] The data shown in FIG. 9 also indicates that 
annealing above 100° C. (e.g., during the process indicated 
in FIG. 8(D)) may be employed to cause stress relaxation in 
a spring material ?lm grown at room temperature. In par 
ticular, annealing in the range of 100 to approximately 400° 
C. may produce relaxation, resulting in substantially less 
internal stress upon cooling. Annealing signi?cantly above 
approximately 350 to 400° C. is not believed to further alter 
the stress appreciably. 

[0053] Referring again to FIG. 9, note that as the ?lm is 
cooled, the MoCr becomes more tensile due to the relative 
thermal expansion rate with respect to silicon. According to 
another embodiment of the present invention, this expan 
sivity difference is exploited to reduce the stress level of the 
compressive layer. In one example, compressive layer 226 
(FIG. 8(B)) is deposited at elevated temperature (e.g., 
greater than 200° C., preferably 350° C.), and then tensile 
layer 227 (FIG. 8(C)) is deposited at a lower deposition 
temperature (e.g., less than 200° C., preferably 50° C.). The 
tensile stress of layer 227 is optionally kept uniform by 
non-saturating methods, if needed, such as using high 
pressure gas scattering (discussed below). During the cool 
ing to the lower temperature the compressive stress would 
be reduced by an amount given by the equation 

Ac=y(aMocr-asi)(T2-Ti) 
where (XMOC and (Xsi are the expansivities of the MoCr ?lm 
and silicon substrate, respectively, and T 1 and T2 are the two 
temperatures. Y' is the biaxial elastic modulus of MoCr. 

[0054] Referring to FIG. 8(E), after the spring material 
?lm is produced using one or more of the methods described 
above, elongated spring material (?rst) masks 230 (e.g., 
photoresist) are then patterned over a selected portion of the 
exposed upper layer 227. Next, as indicated in FIG. 8(F), 
exposed portions of stress-engineered material ?lm 220 
surrounding the spring material mask 230 are etched using 
one or more etchants 240 to form a spring material island 
220-1. Note that this etching process is performed such that 
limited etching is performed in portions 210B of release 
layer 210 that surround spring material island 220-1 such 
that at least a partial thickness of release layer portion 210B 
remains on substrate 101 after this etching step. In one 
embodiment, the etching step may be performed using, for 
example, a wet etching process to remove exposed portions 
of stress-engineered material ?lm 220. This embodiment 
was successfully performed using cerric ammonium nitrate 
solution to remove a MoCr spring metal layer. Many addi 
tional etching process variations and material selections may 
be used in place of the examples given, which are not 
intended to be limiting. 

[0055] FIG. 8(G) shows spring material island 220-1 and 
release material 210 after spring material mask 230 (FIG. 
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8(F)) is removed. Note again that electrical connection 
between conductor 105 and spring material island 220-1 is 
provided through portion 210A of release material layer 210. 

[0056] Referring to FIG. 8(H), release (second) mask 250 
(e.g., photoresist) is then formed on a ?rst portion 220-1A of 
spring material island 220-1. Release mask 250 de?nes a 
release window RW, which exposes a second portion 220 
1B of spring material island 220-1 and surrounding portions 
210B of release material layer 210. 

[0057] Referring to FIG. 8(I), a release etchant 260 (e.g., 
a buffered oxide etch) is then use to selectively remove a 
portion of the release material layer from beneath the 
exposed portion of the spring material island to form spring 
?nger 120 (discussed above with reference to FIGS. 1-3). 
Speci?cally, removal of the exposed release material causes 
free portion 125 to bend away from substrate 101 due to the 
internal stress variations established during the formation of 
the spring material ?lm (discussed above). Note that anchor 
portion 122 remains secured to substrate 101 by release 
material portion 110, which is protected by release mask 
250. Note also that when release material portion 110 is 
formed from a conductive release material, the resulting 
spring structure is electrically coupled to conductor 105. 

[0058] Finally, FIG. 8(1) shows spring structure 100 dur 
ing the removal of release mask 250. Referring brie?y to 
FIG. 8(I), note that the negative-sloped sidewall of release 
mask 250 produces an exposed edge 250-E under an 
optional post-release coating (e.g., coating 130 in FIG. 
5(A)). This exposed edge allows access of a solvent that 
dissolves release mask using known techniques. For 
example, when the release mask is image-reversed photo 
resist, acetone can be used as the solvent. As the release 
mask is dissolved, residual coating portions formed thereon 
are lifted o?‘. If necessary, agitation may be used to accel 
erate the lift-off process. 

[0059] The example described above is particularly 
directed to a MoCr (85-15 atomic %) alloy spring material. 
In accordance with yet another aspect of the present inven 
tion, the saturation point of the spring material may also 
tuned by adjusting the spring material composition to ben 
e?cially modify its yield point. Some metals are softer and 
have lower yield points than Mo and Cr, and therefore the 
stress of a composition including these softer metals is 
typically saturated at lower stress values. Preferably, mate 
rials with a ratio of elastic modulus to yield point that 
produces spring radii in the range desired are selected. For 
example, NiZr alloys have saturated stress at lower stress 
values than those of MoCr alloys. Other possibilities include 
the use of other Ni alloys, NiCu alloys (e.g., Monel®), 
BeCu, Phosphor Bronze, or alloys of refractory materials 
such as Mo, Cr, Ta, W, Nb. In yet another example, the yield 
point of a MoCr alloy may be tuned (reduced) by including 
one or more “soft” metals (e.g., In, Ag, Au, Cu). 

[0060] Even with signi?cant relaxation and/or saturation 
point tuning, spring material ?lms utiliZing compressive and 
tensile saturated stress layers produce signi?cant stress 
moments, which can result in delamination of the spring 
structure along spring release layer or release layer/ substrate 
interface. It is therefore desirable to deposit spring material 
with isotropic stress at levels continuously (gradually) rang 
ing within the most compressive to the most tensile values 
sustainable in the spring material. Continuous variation of 
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the stress is desirable because it reduces the amount of 
residual stored elastic energy in the spring after release. In 
FIG. 6, for example, the residual stress (dashed line) of a 
saturated stress spring is shown to be substantial, Whereas 
had the initial stress consisted of a linear rather than a 
stepWise pro?le, the residual stress (in the bending direction) 
Would be approximately Zero. StepWise pro?les With more 
than tWo levels approximate a linear pro?le better, and have 
less residual stress. Such pro?les also have less abrupt stress 
transitions. Each transition produces internal shear Within 
the spring. The present inventors have observed that under 
some conditions, spring breakage is correlated With the 
abruptness of the stress level transitions. One solution to the 
abrupt stress level transitions associated With saturated stress 
springs, similar to that shoWn in FIG. 5(B), is to include an 
additional metal layer (e.g. gold) that is usually sputtered, 
not plated, on the top and/or bottom of the spring material 
to suppress breakage. HoWever, including this solution 
increases production costs. It is therefore desirable to have 
a process for creating isotropic stress over a continuous 
range of stress (i.e., gradually changing from compressive to 
tensile). 
[0061] In accordance With another embodiment of the 
present invention, anisotropy is reduced in spring material 
?lms through variation in pressure during the deposition 
process. In particular, by increasing the pressure inside the 
deposition chamber, the arriving species are scattered by the 
sputtering gas (typically Ar gas). Experiments using a 
Wilder MV40 modular vertical magnetron deposition tool (a 
vertical cathode sputter system) shoWed the anisotropy of a 
MoCr alloy (85/15) ?lm to fall almost to Zero at around 20 
mT. FIG. 10 shoWs stress vs. pressure calibration data for the 
Wilder tool With a 1-inch substrate to target spacing. This 
?gure shoWs that there is a convergence of the stresses 
measured at three separate pallet positions at the highest 
pressure (20 mT). In contrast, the stress differences are 
greatest at 10 mT. Suitable anisotropy reduction is achieved 
above approximately 15 mT. At pressures that are too high 
(e.g., greater than 20 mT), ?lms groWn at loW temperature 
and/or Zero bias may tend to become mechanically Weak, 
and as a result, the tensile stress decreases. The cause of 
mechanical Weakness is likely to be large voids in the 
material. The pressure at Which this Weakness occurs is very 
dependent on the sputter con?guration and other parameters, 
such as distance and poWer. Suitable ?lms are formed When 
the pressure-distance product is in the range of 10 to 350 
mT-cm. An applied RF bias (e.g., 0.05 Watts/cm2 or more) 
tends to increase the bombardment of the substrate, thereby 
increasing the density. An elevated substrate temperature 
(e.g., 150° C. or more) Will increase the surface diffusion of 
material incorporated into the groWing ?lm, also tending to 
increase the density. Heating and/or biasing the substrate 
Will help avoid mechanical Weakness. Properly balancing 
pressure, temperature and bias is believed to produce tensile 
stress homogeneity through gas scattering While avoiding 
the mechanical degradation of the ?lm due to porosity. 
HomogeniZing the stress via gas scattering has tWo distinct 
advantages over material saturation in that the effect can 
potentially operate at any stress setpoint required for the 
spring design, and the stress can potentially be varied 
continuously. Although FIG. 10 might make it appear that 
pressure homogeniZation can only Work for creating uniform 
tensile stress, With suf?cient applied bias to the substrate, the 
inventors believe that the spring material may be bombarded 
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into a compressive state at high pressure as Well. In accor 
dance With the present embodiment, therefore, a spring 
structure including both compressive (loWer) and tensile 
(upper) layers and having a continuously varying internal 
stress pro?le therebetWeen is produced by depositing at a 
high pressure While gradually decreasing the applied RF bias 
during the deposition run in order to make the stress trend 
from compressive to tensile. 

[0062] In accordance With another embodiment of the 
present invention, an isotropic spring material ?lm is formed 
using directed deposition techniques. That is, the present 
inventors have determined that another Way to make the 
internal stress of the spring material ?lm uniform in is to 
utiliZe a directional deposition process in Which every atom 
or ion that hits the groWing ?lm is moving, at least on 
average, normal to the substrate. 

[0063] FIG. 11(A) is a simpli?ed side vieW shoWing a 
typical sputter deposition process used to form a spring 
material ?lm 1120 on a Wafer (substrate) 1101, upon Which 
is formed a release material layer 1110. According to knoWn 
methods, a voltage is applied to a target 1130, Which is made 
of spring material (e.g., MoCr), such that particulate mate 
rial 1135 is separated (sputtered) from target 1130 and 
travels toWard Wafer 1101. As indicated in FIG. 11(A), the 
typical sputter deposition process causes deposition material 
1135 to assume a broad angular distribution that forms 
spring material ?lm 1120. Accordingly, separate points on 
Wafer 1101 are subjected to differing angular distributions of 
material, and therefore the principal axes of stress formed in 
spring material ?lm 1120 are aligned in various directions 
throughout Wafer 1101. In a planetary system that mounts 
Wafers on a double-rotation mechanism for example, the 
principal axes of the stress tend to align With the radial and 
tangential directions of the Wafer. One Would expect a 
similar effect in most cluster tools that utiliZe rotating 
magnets behind the sputter source. 

[0064] In accordance With the method depicted in FIG. 
11(B), one or more directional deposition methods are 
utiliZed to in?uence the path taken by material 1135 leaving 
target 1130 such that a majority of the atoms or ions that hit 
the groWing ?lm 1120 are moving normal to substrate 1101. 
The present inventors have experimentally determined that 
the use of directional deposition greatly reduces stress 
anisotropy in spring material ?lm 1120 because material 
1135 strikes all points on Wafer 1101 in only one direction, 
thereby eliminating the differing angular distributions asso 
ciated With conventional deposition methods. Note that 
release material layer 1110 is formed in the manner 
described above With reference to FIG. 8(A), and further 
processing of the isotropic spring material ?lm 1120 is 
performed as described above With reference to FIGS. 8(E) 
through 8(1). 

[0065] According to the present invention, various direc 
tional deposition methods that have been previously used to 
produce, for example, via structures in conventional inte 
grated circuit devices are utiliZed to produce isotropic spring 
material ?lms. Such methods include the use of biased 
ioniZed deposition, long throW sputtering, and collimated 
sputtering, each of Which is described in more detail beloW. 
These directional deposition methods have been used to ?ll 
high aspect ratio vias, Which is important for IC (integrated 
circuit) manufacturing in order to reduce capacitance, loWer 
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resistance and pack more circuits onto a chip. However, the 
present inventors do not believe these methods have been 
previously considered for producing spring material ?lms, in 
part, because the problems addressed in spring material ?lm 
formation are quite different from those of via formation. 
That is, in contrast to via formation in Which atoms are 
directed into a hole, directed deposition is utiliZed to mini 
miZe internal stress anisotropy during the formation of 
spring material ?lm. Directed deposition has tWo distinct 
advantages over material saturation in that the effect can 
potentially operate at any stress setpoint required for the 
spring design, and the stress can potentially be varied 
continuously to produce the compressive-to-tensile stress 
pro?le associated With the spring material ?lms of the 
present invention. 

[0066] In biased ion deposition, the directionality of 
atoms/ions is in?uenced using an applied RF bias. Sputter 
deposition is usually performed by generating a plasma in a 
deposition chamber containing an Argon gas atmosphere. 
The Argon gas and the sputtered spring material (e.g., 
metals) in a conventional plasma consist primarily of neu 
trals and positive ions. Most of the metals in a typical plasma 
are neutrals, and hence they Will not be in?uenced by the 
applied bias. Much of the Argon bombardment that produces 
compressive stress is from re?ected Argon neutrals. UtiliZ 
ing an RF bias of 0.25 Watts/cm2 or more to orient the 
direction of the bombardment and the depositing ?ux there 
fore is required for producing more ions. A lot of effort has 
gone into making more ions in the sputter plasma in the 
context of via formation and the lift-off of sputtered ?lms. 
For via ?lling, in addition to an applied bias (typically a 
negative self-bias resulting from an RF bias to the substrate) 
effort must be made to ioniZe the majority (i.e., greater than 
50%) of the metal species in the plasma. Generating more 
ions can be achieved a variety of Ways knoWn in the art. 

[0067] FIG. 12 is a schematic side vieW shoWing a system 
for generating a highly ioniZed plasma in a deposition 
(vacuum) chamber 1200 to produce a spring material ?lm in 
accordance With an embodiment of the present invention. A 
substrate (Wafer) 1201 is placed on a pedestal electrode 1205 
at a bottom of deposition chamber 1200. Note that substrate 
1201 already has formed thereon a release material layer 
1210, Which is formed in the manner described above. 
Located at an upper end of chamber 1200 is a target 1230, 
and a vertically oriented coil 1240 is Wrapped around the 
space located betWeen target 1230 and substrate 1201. A DC 
poWer supply 1250 negatively biases target 1230. An RF 
poWer source 1253 supplies electrical poWer in the mega 
hertZ range to inductive coil 1240. The DC voltage applied 
betWeen target 1230 and substrate 1201 causes the process 
ing gas supplied to the chamber to discharge and form a 
plasma. The RF coil poWer inductively coupled into cham 
ber 1200 by coil 1240 increases the density of the plasma. 
Magnets 1260 disposed above target 1240 signi?cantly 
increase the density of the plasma adjacent to target 1230 in 
order to increase the sputtering e?iciency. Another RF poWer 
source 1257 applies electrical poWer in the frequency range 
of 100 kHZ to a feW megahertZ to pedestal 1205 in order to 
bias it With respect to the plasma. This technique is described 
in S. M. Rossnagel and J. HopWood, “Metal Ion Deposition 
from loniZed Magnetron Sputtering Discharge”, J. Vac Sci 
Tech, B 12(1), pp 449-453; see also US. Pat. No. 6,238,533 
to SatitunWaycha et al. The resulting deposition of sputtered 
MoCr material from target 1230 is acted upon by the RF bias 
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such that a majority of the atoms or ions that hit the ?lm 
groWing on release material 1210 are moving normal to 
substrate 1201. 

[0068] Pulsed sputtering is another method for producing 
more ions to form isotropic spring material ?lms in accor 
dance With the present invention. High current pulsed sput 
tering is a Way to make lots of ions. There have been some 
recent developments in this area lead by Ulf Helmersson in 
Linkoping SWeden. These developments use pulses of hun 
dreds of amps, and megaWatts of poWer, that last for 10’s or 
100’s of microseconds (see Gudmundsson, J. T.; Alami, J.; 
Helmersson, U., “Evolution of the Electron Energy Distri 
bution and Plasma Parameters in a Pulsed Magnetron Dis 
charge”, Applied Physics Letters, 78(22), pp 3427-9 (2001); 
see also Helmersson, U.; Khan, Z. S.; Alami, J., “loniZed 
PVD by Pulsed Sputtering of Ta for MetalliZation of High 
Aspect-Ratio Structures in VLSI”, Proceedings of lntema 
tional Conference on Advanced Semiconductor Devices and 
Microsystems (ASDAM), pp 191-5 (2000)). This results in 
a much denser plasma than What is achieved under continu 
ous operating conditions. A big advantage of this technique 
is that it does not require placing an RF coil in the process 
chamber. The degree of ioniZation is close to 100%, Which 
alloWs the use of applied electric or magnetic ?elds to 
control the direction of the spring material striking the 
substrate. 

[0069] According to another speci?c embodiment, spring 
materials are groWn using “long throW” techniques in Which 
a Wafer (substrate) is placed one diameter of the Wafer or 
more aWay from the target (i.e., When the Wafer is station 
ary). The farther aWay the sputter source, the more colli 
mated the deposited material becomes. This approach to 
making sputter systems has also been used for ?lling vias. 
Typically, the distance betWeen the target and the substrate 
in a cluster tool in about 2 inches (less than one Wafer 
diameter). If hoWever the distance is increased to one Wafer 
diameter or more, the range of angles With Which the ?ux 
arrives is reduced. By cutting out shalloWest angles of the 
deposition, the stress anisotropy is believed to be reduced. 
Note that, if the Wafer (substrate) is moving, or multiple 
substrates are used, to achieve the effects of long throW, the 
distance must be on the order of the siZe of the holder 
containing the substrates, and its range of motion, if any, 
relative to the target. 

[0070] The present inventors have looked into various 
deposition geometries and Wafer handling con?gurations. In 
single chamber systems With multiple targets, cross con 
tamination has produced some unexpected results. These 
include metal contamination altering the stress level in the 
?lm for a given process condition, electrochemical effects 
during etching resulting from interface inter'mixing, and the 
presence of residues after etching due to insoluble contami 
nants. All of the effects occur because single chamber 
systems have sputter cathodes for materials that form the 
release, spring and cladding layers of the spring. When one 
cathode is sputtering and the other is exposed, the exposed 
cathode accumulates contamination build-up on its target. 

[0071] In accordance With another embodiment of the 
present invention, spring structures are produced using an 
integrated multi-chamber tool (“cluster tool”) that is con 
?gured such that separate chambers are utiliZed for each of 
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the sputter targets and the etching function, thereby main 
taining the integrity of the sputter targets throughout the 
production process. 

[0072] FIG. 13 is a simpli?ed top plan vieW shoWing a 
cluster tool 1300 con?gured in accordance With an embodi 
ment of the present invention. One such cluster tool is the 
Endura® 5500 platform, Which is functionally described by 
Tepman et al. in Us. Pat. No. 5,186,718. 

[0073] Wafers 1301 are loaded into the system by tWo 
independently operated loadlock chambers 1305 con?gured 
to transfer Wafers into and out of the system from Wafer 
cassettes loaded into the respective loadlock chambers. The 
pressure of a ?rst Wafer transfer chamber 1304 to Which the 
loadlocks can be selectively connected via unillustrated slit 
valves can be regulated. After pump doWn of the ?rst 
transfer chamber 1304 and of the selected loadlock chamber 
1303, a ?rst robot 1306 located in the ?rst transfer chamber 
1304 transfers the Wafer from the cassette to one of tWo 
Wafer orienters 1308 and then to a degassing orienting 
chamber 1312. First robot 1306 then passes the Wafer into an 
intermediately placed plasma preclean chamber 1314, from 
Which a second robot 1316 transfers it to a second transfer 
chamber 1318, Which is kept at a loW pressure. Second robot 
1316 selectively transfers Wafers to and from reaction cham 
bers arranged around its periphery. When materials Within 
the substrate have a tendency to retain moisture, such as 
polyimide, it is common to include a dehydration chamber 
on the sputter tool to bake aWay the retained moisture prior 
to processing. This step usually precedes the preclean step. 

[0074] In accordance With the present embodiment, a ?rst 
deposition chamber 1320 is utiliZed to form a release 
material layer on each substrate according to the methods 
described above, one or more second deposition chambers 
1322 and 1324 are used to form spring material ?lm on the 
release material layer. In particular, ?rst deposition chamber 
is con?gured With a suitable target formed from a selected 
release material (e.g., Titanium), and second deposition 
chambers 1322 and/or 1324 are con?gured With suitable 
targets formed from a selected spring material (e.g., MoCr 
alloy). Accordingly, as indicated in the How diagram shoWn 
in FIG. 14, each Wafer 1301 is moved into ?rst chamber 
1320 (block 1410) for release layer formation (block 1420), 
and then moved to second chamber 1322/1324 (block 1430) 
for spring material ?lm formation (block 1440) according to 
one or more of the methods described above. Note that, 
When two different process parameters are utiliZed to pro 
duce the compressive layer and tensile layer, both chambers 
1322 and 1324 are con?gured With similar spring material 
targets and otherWise optimiZed for the respective different 
processes. For example, if the compressive layer and tensile 
layer are formed at different temperatures, then chambers 
1322 and 1324 are maintained at these different tempera 
tures to minimize the time required to change betWeen these 
tWo temperatures. After formation of the spring material 
?lm, substrates 1301 are removed from the cluster tool, and 
transferred to a suitable third chamber (block 1450 in FIG. 
14) for subsequent etching and spring ?nger formation 
(block 1460) according to the process described above. By 
performing these deposition processes in separate chambers, 
and by performing etching/release in yet another chamber 
(or more), cross contamination of the respective targets is 
avoided, thereby avoiding the problems associated With 
single chamber production. 
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[0075] In yet another embodiment, a multi-chamber sput 
ter tool With chambers arranged in a vertical inline geometry 
and con?gured as described above can be used in place of 
cluster tool 1300. 

[0076] Although the present invention has been described 
With respect to certain speci?c embodiments, it Will be clear 
to those skilled in the art that the inventive features of the 
present invention are applicable to other embodiments as 
Well, all of Which are intended to fall Within the scope of the 
present invention. 

We claim: 
1. An integrated processing tool comprising: 

a central transfer chamber including a robot for transfer 
ring Wafers into and out of said central transfer cham 
ber; 

a ?rst physical vapor deposition chamber directly acces 
sible via a valve With said central transfer chamber, 
having a target comprising a selected release material; 
and 

a second physical vapor deposition chamber directly 
accessible via a valve With said central transfer cham 
ber, having a target comprising a selected spring mate 
rial. 

2. The integrated processing tool according to claim 1, 
Wherein the release material is Ti, and Wherein the spring 
material is MoCr alloy. 

3. The integrated processing tool according to claim 1, 
further comprising a third physical vapor deposition cham 
ber directly accessible via a valve With said central transfer 
chamber, having a target comprising the selected spring 
material. 

4. The integrated processing tool according to claim 3, 
Wherein the release material is Ti, and Wherein the spring 
material is MoCr alloy. 

5. The integrated processing tool according to claim 1, 
further comprising a third physical vapor deposition cham 
ber directly accessible via a valve With said central transfer 
chamber and con?gured for precleaning the Wafers. 

6. The integrated processing tool according to claim 1, 
further comprising a third physical vapor deposition cham 
ber directly accessible via a valve With said central transfer 
chamber and con?gured for dehydration baking of the 
Wafers. 

7. A method for producing a spring structure on a Wafer 
utiliZing an integrated multi-chamber tool having a central 
transfer chamber including a robot for transferring the Wafer 
into and out of the central transfer chamber, a ?rst physical 
vapor deposition chamber directly accessible via a valve 
With said central transfer chamber and having a ?rst target 
comprising a selected release material, and a second physi 
cal vapor deposition chamber directly accessible via a valve 
With said central transfer chamber and having a second 
target comprising a selected spring material, the method 
comprising: 

causing the robot to position the Wafer in the ?rst physical 
vapor deposition chamber; 

controlling the ?rst physical vapor deposition chamber to 
deposit a release material layer on the Wafer from the 
?rst target; 
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causing the robot to remove the Wafer from the ?rst 8. The method according to claim 7, further comprising 
physical Vapor deposition chamber and to position the removing the Wafer from the integrated multi-chamber tool 
Wafer in the second physical Vapor deposition chamber; and removing a portion of the spring material ?lm and a 
and portion of the release material layer, thereby forming a 

controlling the second physical Vapor deposition chamber Spnng ?nger havmg 21110110? pomon attached to the 
to deposit a spring material layer on the release material Substrate alld a free P0111011 belldlng away from the Substrate 
layer from the second target such that the spring due to the lmemal Stress gradlent 
material ?lm has a stress Variation in the groWth 
direction and including at least one layer having an 
isotropic internal stress. * * * * * 


