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Reported nearly a decade ago, cyclic fatigue failure in silicon thin films has remained a mystery.
Silicon does not display the room-temperature plasticity or extrinsic toughening mechanisms
necessary to cause fatigue in either ductieg., metals or brittle (e.g., ceramics and ordered
intermetallics materials. This letter presents experimental evidence for the cyclic fatigue of silicon
via a conceptually different mechanism ternredction-layer fatigueBased on mechanical testing,
electron microscopy, and self-assembled monolayers, we present direct observation of fatigue-crack
initiation in polycrystalline silicon, the mechanism of crack initiation, and a method for altering
fatigue damage accumulation. 8002 American Institute of Physic§DOI: 10.1063/1.1455142

Over the past decade, microelectromechanical systenisridging or microcracking. Moreover, silicon has not been
(MEMS) and the enabling technologies of surface micromafound to be susceptible to environmentally induced cracking
chining have evolved from academic laboratory exercises tée.g., stress corrosion crackingn moist air or watef>
established commercial fabrication strategies. During this pefhese observations strongly imply that silicon should not fa-
riod of rapid innovation, a vast array of MEMS applications tigue in air at room temperaturendeed, there has been no
have emerged and many commercial products have enter&yidence to date of bulk silicon being susceptible to fatigue
the marketplace. The reliability of these products is criticalfailure. However, thin filmg~2 to 20 um thick) of silicon
for both their performance and safeguarding human lifeare known to fail prematurely under cyclic fatigue loading in
Consequently, studies that characterize the failure modes thERom-temperature air. First reported by Connally and Brown
will ultimately dictate the long-term durability of MEMS are nearly a decade adothe fatigue of silicon has been con-
vital to this maturing field. firmed in many studies by the present authors and othéts,

Fatigue, or the delayed failure of a material under cyclicvhere it has been found that both mono and polycrystalline

loading conditions, is the most important and commonly ensilicon films display failure stresses of approximately half

countered mode of failure in structural materials. After over all€ir (single-cyclg fracture strength after fatigue lives in ex-

1 - - -
century of research, there are generally accepted mechanisifeSS 0f~ 10 cycles. Early studies established the impor-
for the fatigue of ductile(e.g., metalli¢ and brittle (e.g., tance of water vapor in fatigue-crack growth in silicon and

ceramic and ordered intermeta)limaterials. Fatigue of duc- spe(;;ulg’;:ons yvefre. madef t::at thg me.?har;ls;?rg%n:'ay be associ-
tile materials is generally attributed to cyclic plasticity in- ;;[e Wr']t stbatlc at'gL:f 0 tt c naﬂye S|t|c|a a'd ' ovx;ever, ;
volving dislocation motion that causes alternating blunting ere has been no direct experimental evidence 1o suppor

and resharpening of a pre-existing crack tip as it advances. ik mechanism of silicon fatigue, by native oxide cracking

contrast, brittle materials invariably lack dislocation mobility Fe.g., Refs. 6 and 3lroom-temperature plasticitg.g., Ref.

. s 12), or any other phenomena. In this letter, we provide ex-
at ambient temperatures; fatigue conversely occurs by cycle- """ . . .

. . perimental evidence that establishes the mechanism of such
dependent degradation of tHextrinsig toughness of the

material in the wake of the crack tipHowever, neither of silicon fatigue. Furthermore, this understanding is used to
ateria € wake ot Ine crac Towever, Neitner ol i iroduce a method that could be used to control fatigue
these mechanisms appears to be active in silicon at amb'e%mage in silicon-based MEMS devices
temperatures and thus to be relevant to fatigue of brittle sili- If thin film silicon is fatigued at high énough stress am-
conél_llr_ns. . I ded ical brittl plitudes, cracks will initiate, grow, and the material will
) _' Icon IS generally regarded as a prototypical brittle ma'eventually fail. To characterize the mechanical properties of
terial; dislocation activity is generally.no't observed at Iowthin films such as these, an effective strategy is to manufac-
homologous temperatures and there is little evidence of aly, e the mechanical testing system directly from the material
ternative extrinsic toughening mechanisms, such as graigs interest. In our research, we have used a micron-scale
fatigue characterization structure that is analogous to the
3Electronic mail: cmuhlstn@uclink4.berkeley.edu specimen, load frame, and displacement transducer found in
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FIG. 1. Scanning electron micrographs of the fatigue life characterization Crack Growth

structure. ThgA) mass,(B) comb drive actuator(C) capacitive displace-
ment sensor, an() notched cantilever beam specim@mse) are shown.

conventional mechanical testing systerti§g. 1)."° The
notched cantilever beam specimen is subjected to fully re-
versed sinusoidal stresses at about 40 kHz as detailed G. 3. Schematic of the reaction-layer fatigue mechanism at the notch of
Refs. 8 and 9. The stress amplitude remains constant for € polycrystaliine silicon cantilever bear) Localized oxide thickening

. . . . at the notch root(B) Environmentally assisted crack initiation in the native
glvefn test, but is Yarled across tests to characterize the t_’@)’(ide at the notch roofC) Additional thickening and cracking of reaction
havior of the material. The natural frequency of the system igayer. (D) Unstable crack growth in the silicon film.
monitored; this frequency decreases as fatigue damage accu-
mulates and eventually leads to failure of the specimen. If we ing hi f the thin film. In th £ theu®
plot the amplitude of the applied stress,, as a function of phr_(xl:(eslsmg Istory o ht e_t Iln im. g the (_:aze Oht Wh
the number of cycles to failurd\;, we generate what is thick, low-pressure chemical vapor depasited, phosphorous-

" L Vapo o PN
referred to as a fatigue stress-life, N, diagram, as shown dhop(_aq ('nl -ty%e) polycrg/stallme S'I'Cﬁ,n kused n th'sb study,
for 2 um thick films of polycrystalline silicon in Fig. 2. the initial oxide was about 30 nm thick. During subsequent

Our research suggests that fatigue of silicon thin ﬁlmsfatigue loading, the oxide at the root of the notch thickened

occurs through a process of sequential, mechanically inducegdnificantly. The oxide thickening process can cause up to a

oxidation and environmentally assisted cracking of the surinree-fold increase in amount of oxide at the notch, as docu-

face layer of material that forms upon reaction with the at-MeNted using the HVTEM. Given the specimen heating usu-
mosphere(e.g., the SiQ “native oxide”) that we term ally observed in ultrasonic fatigue testiftjpne might ex-

reaction-layer fatigueThis progressive accumulation of fa- PECt this phenomenon to be attributed to heating induced by
Y g prog eg?e high frequency loading and to be further accelerated by

e tensile stresses. However, high-resolution infrared imag-
the specimen during fatigue loadfhgnd was visualized di- ing of the fatigue characterization structure showed that

rectly using high voltage transmission electron microscop)y"h'Ie the temperature O,f Fhe resonating mass may have
(HVTEM). In contrast to bulk ceramics where natural warmg_d slightly f’“e to fr|ct|_on W'th, the air during cyc;lmg,
fatigue-crack initiation is not observedll cracking initiates thﬁ S|I|conb si_peumhen rhe,mam?,d w!ghm h'l kK (_)f ambieht. .
at pre-existing defectsreaction-layer fatigue is a process by T U‘T‘j' we IE.E ieve t. at At\l E cych|c r? xide t ]'cc ening pfroceﬁs 'S
which fatigue cracks can initiate in thin-film silicon. Initially, Mechanicalin origin. though the significance of cyclic
a native oxide forms on the exposed silicon surfaces, witfoading is unclear, stress is already a key feature of silicon

thickness and composition dictated by the environment anﬁx'dat'On Kinetics. '_I'he deformatlon of the SiGeaction _
ayer and the associated strain energy are thought to modify

the diffusivity of oxygen and water and the kinetics of the

tigue damage, depicted schematically in Fig. 3, was observ
experimentally as a continuous decrease in the stiffness

5 interfacial reactiort®*® Cracks are then initiated in the thick-
7 b o ened amorphous layer assisted by the well-known vulnerabil-
& 4r s ity of amorphous Si@to stress-corrosion crackirig.g., Ref.
o ¢ ".\.__0_ . 17); indeed, these stable cracks were observed directly in the
g 3- o "%-__4_.__ % HVTEM (Fig. 4) by interrupting fatigue tests prior to failure.
2 g We believe that the fatigue of silicon proceeds via the propa-
£ o« 55 _ g n proceed prop
E 2 o gation of these cracks by successive oxidation and environ-
@ mentally assisted cracking of the reaction layer, until a criti-
g 1L cal crack size is reached when failure occurs in the
® Notchad Polycrystalline Silicon Beam underlying silicon structure. In addition to the experimental

0 , , , . , . ata an observations, numerical models also sup-

Heboratory A data and HVTEM ob t | models al
10° 10° 100 108 10° 10™ 10" 10" port this reaction-layer fatigue mechanism. Finite element
Fatigue Life, N, (Cycles) models of the fatigue characterization structdfeshow that

_ _ ) _ _ the change in resonant frequency and crack lengths observed
FIG. 2. Typical stress-life §/N) fatigue behavior of the Zim thick, poly-  aynarimentally are consistent with each other. Given this un-
crystalline silicon at 40 kHz in moist room air under fully reversed, tension- . . i, . .
compression loadingsee Ref. 8 The dashed line is a fit of the stress-life derstanding of the mechanism of silicon fatigue, it is now

power-law relation that is commonly applied to metals. possible to pursue our ultimate objective of engineering sili-
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FIG. 4. HVTEM (800 ke\) showing stable cracks in the native oxide of a

notched, polycrystalline silicon beam during cyclic loading. Testing was - :
interrupted afteN=23.7x 10° cycles at a stress amplitude,, of 2.58 GPa. This work was funded by Exponent, Inc., Natick, MA,

Image intentionally defocused to facilitate the observation of the cracks. @nd by the Director, Office of Science, Office of Basic En-
ergy Research, Materials Sciences Division of the U.S. De-

con films with superior resistance to fatigue failure. partment of Energy under Contract No. DE-ACO3-
76SF00098. The authors thank Dr. S. B. Brown, Dr. W. Van

The unique nature of the reaction-layer fatigue phenom-

enon permits a different approach to fatigue prevention_Arsdell, Professor R. Maboudian, Bob Ashurst Marius En-

Since reaction-layer fatigue in silicon is confined to the na-2chescu, and Sergey Belikov for assistance with this work.
tive oxides, modification of the composition of this surface
and/or its interaction with the environment should alter the
fatigue resistance.
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