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Elimination of Stress-Induced Curvature in Thin-Film
Structures

Thomas G. Bifano, Harley T. Johnson, Paul Bierden, and Raji Krishnamoorthy Mali

Abstract—Argon ion machining of released thin-film devices is at temperatures significantly above ambient and they are fre-
shown to alter the contour shape of free-standing thin-film struc- - quently doped to improve their electrical conductivity. Both pro-
tures by affecting their through-thickness stress distributions. In - segges impose residual stresses in fabricated thin films. When
gﬁgteergntir;ttspcgsrlijrlgfggg %TH'\_/IOE_'\SE;Z'%gm;ggg:]s;';jjcehm;puc_ sacrificia_l layers of the device are d?ssolve_d, residual stresse_s in
tures can be reduced using this ion beam machining method. In the elastic structural layers are partially relieved by deformation
doing so optically flat surfaces (curvature < 0.001 mnt1) are of the structural layers. The extent of deformation is strongly
achieved on a number of 3um-thick surface micromachined sil-  dependent on process details and on the micromachined struc-
icon structures, including mirrors with either initially positive cur- - ,re's geometry. Stress gradients through the thickness of a mi-
vature or initially negative curvature measuring up to 0.02 mni . . : - .

An analytical model incorporating the relevant mechanics of the cromachlned film are particularly troublgso_me from an optical
problem is formulated and used to provide an understanding of Standpoint, because they can cause significant curvature of a
the mechanisms behind the planarization process based on ion ma-free-standing thin-film structure even when the average stress
chining. The principal mechanisms identified are 1) amorphization - through the thickness of the film is zero.

of athin surface layer due to ion beam exposure and 2) gradualre- g rejationship between stress and curvature in thin-film

moval of stressed material by continued exposure to the ion beam. . .
Curvature history predictions based on these mechanisms compare structures is an active area of research, both for the development

well with experimental observations. [670] of MEMS technology and for the fundamental science of film
growth. Vinci and Vlassak (1996) [1] review optical and micro-
|. INTRODUCTION scopic techniques for measuring stress in thin uniform films on

he decad . | ic thin-film fabricati thick substrates by detecting wafer curvature. These methods
N the decades since electronic thin-film fabrication ted?'ety on a model for the relationship between the wafer curva-

?lquesMWéal\rAeSﬂrst_ us_]?d tot produce rr?mr%electron:jechamq e and the stress in the film, proposed by Stoney (1909) [2],
systems ( ), signi 'cant progress has been made N MQGki - is 4ccurate for a class of systems meeting several impor-
ifying MEMS manufacturing processes to reduce film stressgaasn

and stress gradients. As a result of this progress, out—of—planet assumptions. Despite the fact that most MEMS thin-film

deformation of free-standing micromachined films can be Iim’;\_pplications of interest fall outside the class of problems for

ited to a level sufficient for many types of electromechanicgffh'Ch Ston_eyﬁ equation is app“(.:l?gle’ rgost methods for(;nfftlar-
sensors and actuators. ring stress in the structures are still based on curvature or deflec-

However, the recent, rapid emergence of migrmelectro- tion measurement;. Some models are avallable' for .thesg sys-
mechanical systems (MOEMS), which frequently requi§ms: Fang and Wickert (1996) [3] make some simplifications
nanometer scale control of thin-film shape, has once agémdetermme the approximate stress and stress gradients in mi-
focused attention on the problem of stress and strain contfpmachined MEMS structures using curvature measurements,
in microfabrication. MOEMS devices frequently employor example. _ _
free-standing thin-film structures to reflect or diffract light. Somework has also been done to exploit or engineer the stress
Stress-induced out-of-plane deformation must be small @stributions in free-standing thin-film MEMS structures for ap-
comparison to the optical wavelength of interest to avoielication purposes. Yuaet al.(1992) [4] outline a method to ob-
compromising device performance. tain MEMS optical devices with desired curvature built-in, due

A principal source of contour errors in micromachined strudo stress. Nowacét al. (1997) [5] attempt to reduce stresses in a
tures is residual strain that results from thin-film fabrication arithin-film/substrate system by means of ion bombardment; they
structural release. Surface micromachined films are deposit#ttibute this effect to softening of the film material. Johnson and

Krulevitch (1993) [6]discuss microstructural effects in stressed
thin films and investigate stress gradients using a method of suc-
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Il. THEORY-BASED UNDERSTANDING OF THEPROCESS S Ry

The measurement and modification approach described h
is based on an analytical understanding of curvature of tl
structure in which processing and post-processing effects ¢
viewed as sources of elastic mismatch strain. Using a moc
based on the work of Freund (1996) [7], the curvature of th ‘Y
free-standing structure can be predicted. The analysis is ba:
on the work of Freund because it provides the most general pt
sible framework in which arbitrary strain gradient distribution:
can be mapped into thin film out-of-plane deformation. As .
result, particular mechanisms by which ion beam machinir
planarizes curved free-standing thin-film structures can t
identified. The approach focuses on the relationship betwe
the through-thickness mismatcstrain distribution and the
overall film curvature. Should the exact through-thicknefg' 1. Schematic of the test structure and the stress modification process:
ccelerated argon ions bombard the upper surface of the free-standing thin-film

stressdistribution be of interest, as it is in Stoney equatioBrycture, thereby modifying its residual stress gradient profile and changing
based analyzes, it can be obtained from the material constitufigeurvature. Surface amorphization and sputter etching are two ion-induced

behavior of the film. effects that alter the film stress.

The thin-film device under consideration is a free standing
square plate-like structure, on the order of several micronsWhereE(z) is the elastic modulus, which may vary as a function
thickness and several hundred microns in edge length, anchd?&B0sition ) in the through-thickness direction. For the struc-
to a silicon substrate by a narrow polycrystalline silicon po&res described above, structural release of the film relieves it of
at the geometric center of the plate. The structure is fabricat@iexternal forces and moments, so that the equations of equi-
using the well-known Cronos Multi-User Micromachiningibrium in the film are
Process (MUMPS). This process involves the chemical vapor h -h
deposition and lithographic patterning of multiple polycrys- / o(z)=0 and / zo(z)dz = 0. 3)
talline Silicon layers and the deposition of several layers 0 0
of phosphor-silica glass (PSG). The PSG layers are usedSigultaneous solution of these equations yields an expression
solid sources for diffusion doping; after phosphorus has beta curvaturer as a function of the process-induced mismatch
implanted in the silicon, the layers are removed, leaving tiséraine™ (z):
released and curved traction-free thin-film structure, shown in 6 12 b
Fig. 1 (not to scale). Then, as a post-release step, a chemically k=— | &™(2)dz+ / 2" (2)dz. 4)

0

neutral argon ion beam is used to alter the curvature of the film. R Jo h?

For the purposes of analysis, both the diffusion and the ion beemus, given knowledge of the processing mechanisms, from
exposure are viewed as contributions to an overall mismaigfich an approximate strain distribution can be inferred, an
strain distributiore(z) in the film. The resulting curvature of yyerall curvature can be predicted. Comparing predicted curva-
the free-standing structure is then expressed analytically @fes to experimental data then allows an explanation of the dif-
a function of the strain distribution. A coordinate system i§,sion and ion beam machining mechanisms, explained below.

introduced whereby the bottom plane of the free-standing filgs 4 aside, (4) can be inverted so that, given a complete cur-
is the origin of thez axis and ther andy axes are aligned with \,5¢,re historyx, recorded as a function of ion etch dept), (

the plane of the film. The bottom and top surfaces of the film, §{e mismatch strain distributiosi (=) and the original stress
#z = 0andz = hrespectively, are assumed to be free of fractiqfistripution in the thin film may be uniquely determined, as-

and the lateral edges are assumed to have no effect on dging only that the biaxial stresses in the film are constant in
strain or curvature of the film. The mismatch strain d'St”bUt'thein-planedirection at a given height,.

¢(z) represents the equal biaxial strain in the plane of the film

required to restore the silicon to an undeformed state relative to
a traction-free, unprocessed condition. The total strain field in ] o o
the structure after it is structurally released is the sum of thesel Ne post-processing method for modifying thin-film curva-

process-induced mismatch straif$(z) andthe strain due to ture is broad beam neutral ion machining. In this process, de-
the resulting curvature of the filer (z) picted in Fig. 1, energetic, chemically neutral ions are acceler-

ated toward the surface of a thin film in a uniformly distributed
e(z) =e"(z) +e°(2) where ¢°(z) = —rz+¢" (1) beam. Based on correlating to the analytical understanding of
_ _ . . the process, it is asserted that, upon impact, the ion beam mod-
wherer is the film curvature and” is a reference level of strain i s the syrface in two ways: first by disrupting the crystalline
at the bottom of_ the film. T_h(_a strain in the film is rglated to thgtructure of the topmost layer of the film and then by slowly
stress through linear elasticity, so that the stress is eroding the film in a sputter etching process. Removal of stresses
E(2) embedded in etched layers changes the stress profile (and con-
o(z) = 1_ 025(75) @) sequently, the contour shape) of the remaining film.

I1l. |ON BEAM MACHINING PROCESS
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The system used in this work consists of a commercial bro, In#=ime radius =l
beam Kaufmann ion source mounted in a vacuum chamb ““"*" "% *
Chemically neutral argon gas enters the source at a pressur
0.2 mT. It is ionized by electrons emitted when current pass
through a tungsten filament cathode in the source. These ar¢ 4 g1
ions then migrate through a pair of closely spaced, chargedg o101
plates, which accelerate them toward the sample holder. T u.00:
argon ion beam emerges from a 110-mm grid plate at the frc 0
of the source and diverges to a diameter of 140 mm atthe sam -f B
holder located 150 mm forward of the grid. Between the fror %!
of the source and the sample holder, a beam of electrons is “9-0'=
trained with the plasma. The electron beam current is match ~“ Test Sinacture Mumber
to that of the argon ion beam, so that the plasma that arrives «. "

the substrate is electrically neutral. 0 2 M d initial twre (best fit) for 21 free-standing s
. P : : -Hig. 2. Measured initial curvature (best fit) for ree-standing silicon
The kinetic energy dissipated as the argon ions collide W@ﬁt structures. The 3/m structures consist of a composite silicon film (a

the surface of a sample is sufficient to break covalent atomigndwich of 2xm-thick Poly 1 and 1.5¢m-thick Poly 2) produced through

bonds in the sample. Under the steady impact of a beam thia Cronos MUMPS process. As fabricated, these exhibited convex curvature.
— . . . e 3.0um-thick structures consist of a monolithic polycyrstalline silicon

the Sa_mple is first atom'ca”y disrupted (amorph|ze.d) and th%. , produced through a custom fabrication process at Cronos. As fabricated,

material is removed (i.e., sputtered) at an approximately Umtiese exhibited concave curvature.

form rate. Length scales and rates of these processes depend on

experimental conditions and can be found by correlating exp%ré osition time. This custom brocess was develoned for mi

imental results with the analytical model. P : P P

For the system used in this work, the argon beam was %

celerated by grids biased ab00 V. The beam current density . o
annealing processes to reduce or eliminate out-of-plane defor-

emerging from the source was /mm-. Under these condi mation due to residual strain gradients, it is difficult to do so

tions, the sputter etch rate for a polycrystalline silicon sample "= . - . )
. e ) . redictively to a level sufficient for production of optical com-
oriented with its surface perpendicular to the ion beam was : . -
onents in surface micromachining processes.

found to average approximately 4 nm/min. The amorphized r% All test mirrors were square plates supported by narrow

gon '? approximately 10.nm in depth. For these conditions, tZ{Oum) square post attachments at their center. After structural
beam’s current flux density was found to be temporally and spa-

. . s . “release, each was ion machined in a custom designed etching
tel?ellrysl;nr::glr;nﬁgk\;v:rhln 5% over the area of the 120 mm dlamE:hamber (Prism Corporation PSM 2000) using a broad beam
' Kaufmann ion source, exposing the test mirror to a flux of
argon ions amounting to 0A/mm?, accelerated by a 500 Volt
IV. TON BEAM MACHINING EXPERIMENTAL RESULTS potential. Before ion machining and at regular intervals during
A number of silicon test mirrors measuring 200—-4@®- ion machining, the mirror surface shape was measured using an
square and 3.0-3,6m thick were fabricated in two different two interferometric contour mapping microscope (WYKO NT2000).
level surface micromachining processes at Cronos IntegratedFig. 2 is a graph of the distribution of as-fabricated mirror
Technologies. All of the3.5:m structures were fabricated usingshapes for the thirteen 3;5m-thick (composite) test structures
a structural composite of two polycrystalline silicon layergnd the eight 3.Qsm-thick (single layer) test structures studied.
(Poly1 and Poly2) in Cronos MUMPS. The 2.@n-thick Poly 1  All samples exhibited contour shapes that closely approximated
layer was deposited by low pressure chemical vapor depositgpherical sections. The 3an-thick structures were all initially
(LPCVD) on top of a patterned 2 0m-thick layer of phospho- convex, with an average radius of curvatyre= 52 mm. The
silicate glass (PSG). This was followed by LPCVD deposition &f.0-um-thick structures were all initially concave, with an av-
a 200-nm-thick layer of PSG on top of Polyl and a subsequeatige radius of curvature = 79 mm. (The sign convention
anneal at 1050C for one hour in argon. The anneal dopes thegsed in this work assigns negative curvature values to convex
polysilicon with phosphorus from PSG layers above and belatructures and positive curvature values to concave structures.)
it and also thermally relieves some of the internal stressesAnmore convenient way to quantify the contour shape of these
the as-deposited polysilicon film. The Polyl layer was thesiructures is by theinverseradius of curvatures, since perfect
patterned and etched. A second, LrB-thick polysilicon film flatness corresponds to= 0.
(Poly2) was deposited on Poly1 using the same LPCVD processkEven the flattest of these structures exhibits significant con-
again topped by a 200-nm layer of PSG and another anneatatr error relative to the wavelength of visible light and would
1050°C for one hour in argon. be unacceptable as a mirror in many optical applications (e.g.,
An important difference between the Polyl and Poly2 praptical cross-connectors, laser scanners, or spatial light modula-
cessing was that Poly2 was annealed with PSG above, but twst). Curvature of 100 mm, for example, corresponds to sag of
below the film (since the film was deposited directly on Polyljabout 110 nm over the lateral distance from the mirror's center
All of the 3.0,:m structures were fabricated using a single polye its edge (for a 30@m square mirror). Such an error signif-
crystalline silicon layer in a process similar to MUMPS Polylicantly disturbs the optical wavefront and compromises optical
but with a thicker film produced by lengthening the LPCVDperformance of the mirror.

omirror systems and has been described previously by Bifano
999) [8]. Though it is possible to modify the deposition and
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Fig. 3. Curvature as a function of ion machining time for an initially convex lon machining time (s)

thin-film mirror segment measuring 3Q&m on a side. The ion beam initially _ . . . . .
introduced a thin compressive layer in the film, making it more conveXig. 4. Evolution of curvature as a function of ion machining time for the

Continued etching resulted in gradual removal of highly stressed surface laye#M-thick silicon test structures. The connected data points correspond to
in the film, causing the mirror to become optically flat. Also shown in the figuréhe structure detailed in Fig. 3.
are measured interferometric contour maps of mirror shape. The theoretically

predicted curvature evolution based on a mismatch strain distribution inferr: 0.018
from physical considerations is consistent with experimental data. 0.016
0.014

The first free-standing test structure to be ion machined wi: 0.012 -

a 3.5um thick initially convex due to fabrication stresses. Its Inverse 0.01-
radius of curvature measureds2 mm, as depicted in Fig. 3. In 'ag'fus 0.008 1
the experiment, the ion beam immediately (within the first feveuvature  °-°°°
seconds) affects mirror curvature, driving it into a more conve (mm™ 0.004 i
shape due to compression of a thin 6 nm) layer at the film 0.002 ) .
surface as a result of exposure to the ion beam. The theory-ba: \7(‘ K
. C . ] -0.002 4 10 20 30 40
understanding of this initial effect is that the high energy beai -0.004
transforms the atomic structure of the thin layer from a polycrys
talline state to an amorphous state, lowering its density; this den-
sity change is interpreted as a mismatch strain in (4) which pigg. 5. A second test mirror, initially concave, was flattened in less than a
dicts the corresponding observed curvature change. After thigute of ion machining, through ion induced compression of its surface.
initial effect, a more gradual change in membrane shape takes
place with additional ion machining time, as stressed layersRapid compression during initial ion machining (i.e., the ini-
in the film are etched away. Surface roughness of the mirrdfal decrease in inverse radius observed in Fig. 3) makes it pos-
is unaffected by this process. Ultimately the strain profile afible to modify curvature otoncavedevices to near planar
the thin film is modified so that its curvature is entirely elim-quality in a few tens of seconds, avoiding the previously de-
inated—yielding a nearly perfectly planar surface. scribed difficulties associated with long ion etching times. In
This test was repeated on the remaining twelve test structufast, concave curvature is more common than convex in “as-fab-
and the results are depicted in Fig. 4, with different symbol&ated” surface micromachined silicon thin films. Fig. 5 illus-
corresponding to the different structures tested. (The black dieates a remarkable confirmation of this rapid ion beam pla-
mond data correspond to the test structure presented in Fig.rajization process. An initially concave mirror test structure
All structures followed the same approximate path of curvatuh@ving curvature of~60 mm (inverse radiug-0.016 mnt1)
versus ion machining time, with an initial dip toward more negwvas planarized to a radius of curvaturete meters (inverse ra-
ative curvature followed by a gradual shift toward more positivaius +0.0005 mnT!) in only 35 s of exposure to the ion beam.
curvature. This test was repeated on the remaining seven test structures
Some devices were machined well beyond the time it to@d the results are depicted in Fig. 6, with different symbols
to make them flat and it can be seen in Fig. 4 that these testresponding to the different structures tested. (The black dia-
structures were transformed from convex to concave over timond data correspond to the test structure presented in Fig. 6).
course of the experiment. Each structure was transformed from concave to essentially flat
For all of these devices, a lengthy ion machining time wasver the course of 20-36 s of ion machining.
required to flatten the mirror by etching away the uppermost Because ion bombardment causes rapid microstructural
compressive surface. This long exposure to the ion beam adranges in a thin layer of the film, it might be expected that
cause potentially significant damage to other parts of the MEMBese induced deformations would be partially reversed by
device, including erosion of fast-etching metal films exposed thffusion over time or after exposure to elevated temperatures.
the beam and sputter redeposition of etched silicon on nea®gveral tests were conducted on ion machined (and nonion
structures. Both of these effects were observed in the long iorachined) micromirrors to determine the effects of time and
machining experiments. temperature on ion-induced changes in curvature. It was found

lon machining time (s)
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0.02 oommm T Also, the complete curvature history allows for the calculation
; of the through-thickness stress profile, through the inverted
0.015 N ' - form of (4). Clearly, as shown in Fig. 7, the predicted cur-
0.01 N - vat_ure change closely follows the observed curvature cha_nge.
Inverse radius of N 5 This agreement provides strong support for the mechanisms
curvature (mm’') 0.005 X AN . of surface amorphization and stressed material removal postu-
B lated in the model.
0 4 - & a
; \g ? V. DiscussioN ANDCONCLUSION
-0.005 T An analytical model is used to relate curvature to mismatch
0 10 20 30 40

strain gradients resulting from the deposition, doping and an-
nealing processes used in the manufacture of structural thin
Fig. 6. Curvature evolution of eight 3,0m-thick free-standing silicon test flms. Based on insight provided by this model, a novel approach
structures, which were all initially concave, over 36 s of ion bombardment. Less modification of thin-film strain and curvature is developed.
than 10 nm of material was removed trough this process. The primary eﬁect%oad_beam neutral ion beam machining is used to generate a

lon machining time (s)

the ion beam is to impose a compressive stress due to amorphization of a thin . . .
surface layer, changing the stress gradient profile and flattening the structdfén layer of compressive strain at the film surface and to gradu-

The connected data points correspond to the structure detailed in Fig. 3. ally etch the film from one side, removing layers of strained ma-
terial. Through the combination of these two effects, both con-
r cave and convex free-standing structures are rendered optically
" flat. This is important for numerous optical MEMS devices in-
cluding optical cross-connect switches, deformable mirrors and
spatial light modulators, in which stress induced curvature large
enough to compromise optical performance is often observed.
Itis also shown that the curvature history of an ion beam ma-
© chined, free-standing thin-film structure can be used to infer
@ the original strain (or stress) profile in the film, providing a

ion beam penetrates

005—  fim surface

£
£
o T o : ;
3 0 reurvature o o powerful tool for monitoring and evaluating MEMS fabrica-
e bifurcation © §J tion processes. By combining (4) with the experimental data
3 | g shown in Fig. 5, all of the curvature history information needed
| : « — isotropic model g to numericallydetermine the through-thickness strain distribu-
0051 o xn-expepriment ) tion and thus the stress distribution, is known. This technique
Tl o X, —experiment o allows for complete characterization of the stress condition of a
] g free-standing MEMS structure.
T N T The fundamental link in the theory relating stress and curva-
Y 1000 2000 3000 ture in MEMS thin-film structures is that fabrication processes
machining depth (nm) can be viewed as sources of mismatch strain. Then, through

equilibrium, compatibility and material constitutive behavior, a

Fig. 7. Curvature history of a 3.ﬂm-thickz initially concave silicon mirror relationship between through thickness mismatch strain distri-
etched almost completely through by an ion beam. Such a curvature hist

Ry . . ) )
can be used to determine the original stress or strain profile in the film. In tg)émon and overall curvature is derived. The relationship may
figure, curvature data was recorded in two orthogonal directions in the planelzé written as an expression for curvature as a function of mis-

the mirror surface. The measured curvature becomes anisotropic approximaﬁgI tch strain. or inverted as an expression for mismatch strain as
half way through the etching process. The red line corresponds to an analytic !

model prediction for the expected curvature. The model assumes a linear straifHNction of curvature.
distribution on the top and bottom layers of the film, due to Phosphorus diffusion
with a penetration depth of 400 nm. lon beam induced strain is modeled as 1%

(compressive) with a depth of 5 nm. ACKNOWLEDGMENT
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