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Slow Crack Growth in Single-Crystal Silicon 

J. A. Connally and S. B. Brown 
Time-dependent crack growth has been measured on a precracked, singlecrystal silicon 
cantilever beam 75 micrometers long that was excited at resonance. Growth of the precrack 
changes the resonant frequency of the beam, which is correlated to crack length. The 
measured steady-state crack growth rate was as slow as 2.9 x 10-l3 meter per second. 
although the app&us can measure crack growth rates as low as 10-I meter .per second. 
It is postulated that static fatigue of the native surface silica layer is the mechanism for crack 
grawth. These experiments demonstrate the possibility of ratedependent failure of silicon 
devices and the applicability of linear elastic fracture mechanics to small-scale microme- 
chanical devices. The results indicate that slow crack growth must therefore be considered 
when evaluating the reliability of thin-film silicon structures. 

T h e  increasing use of small micromechan- 
ical devices and advanced sensors has led to 
concern about the failure modes and reli- 
ability of these structures. For example, the 
intended lifetime of micromechanical devic- 
es now being fabricated for use in automo- 
biles, aircraft, and satellites can easily ex- 
ceed 10 years (I ) .  Other applications in- 
clude biomedical instruments where reliabil- 
ity is the primary design criterion. More 
sophisticated packaging of electronic devices 
is similarly increasing the complexity of ma- 
terial interconnects, with accompanying un- 
certainty about the interconnect reliability. 

A ooorlv characterized asmct of the 
mec&cal 'response of all of'these struc- 
tures is the timedependent propagation of 
cracks within the structures. It is not pos- 
sible to fabricate these structures without 
defects or stress concentrations. Thermal or 
mechanical cycling coupled with incompat- 
ible mechanical and thermal properties will 
inevitably give rise to stress s&s that can 
cause a crack to nucleate or a preexisting 
crack to grow. Moreover, some small-scale 
structures are designed to function within 
severe environments, where chemical pro- 
cesses can create or accelerate crack 
growth. These environments do not have 
to be exotic, for the presence of water can 
easily produce static fatigue in silica (2, 3) 
and in silicon. 

It is not aDDarent that failure modes 
obtained on a h$croscopic scale extend to 
the scale of smaller structures. The mecha- 
nisms that govern large-scale failure on 
standard macroscopic, laboratory specimens 
may not necessarily be those that govern 
the failure of smaller structures. At some 
scale. continuum assum~tions will no lone- 
er be valid. Surface cdatings, microstruc- 
turd and surface features, and interface 
thicknesses then become large relative to 
the structure's dimensions. 

Our initial work suggests that static fa- 
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tigue on the microscopic scale does not 
duplicate macroscopic static fatigue; fatigue 
limits and dependence on stress intensity 
may be dgerent. Our results suggest that 
water-induced, slow crack growth may oc- 
cur in silicon devices by static fatigue of the 
silica layer that f o m  immediately when 
silicon is exposed to oxygen. 

Previous work on static fatigue of silicon 
has been inconclusive. Chen and Knapp 
(4) performed stress corrosion experiments 
with single-crystal silicon bars that were 
precracked with a Knoop microhardness 
tester and statically loaded in four-point 
bending. The surface of the beam was 
wetted with various liquids including dis- 
tilled water. and the time to fracture re- 
corded. The loading was on the order of 
95% of the static fracture load. The beams 
were monitored for up to 2 weeks. None 
failed, and Chen and Knapp concluded that 
stress corrosion cracking does not occur. 
Wong, and Holbrook (5) performed a simi- 
lar experiment in which single-crystal sili- 
con wafers were indented and cracked with 
a microhardness tester. The radial crack 
lengths were measured as a function of time 
in both ambient air and deionized water. No 
crack growth was observed, so they conclud- 
ed that stress corrosion cracking does not 
occur because of the fopt ion  of a protec- 
tive silica layer. Bhaduri and Wang (6) 
observed a crack growth process in larger 
scale, double-torsion silicon specimens using 
load relaxation. However, other investiga- 
tors were not able to duplicate their results. 
Chen and Leipold (7) subsequently per- 
formed similar double-torsion experiments 
and concluded that slow crack growth does 
not occur in silicon. Thouless and , h k  (8) 
demonstrated that indented silicon would 
spall if placed in HF acid, but they were 
unable to find any effect due to water and 
were not able to measure crack mowth rates " 
given the simplicity of their experiments. 
The results obtained with our fatigue speci- 
men are unambiguous; crack growth occurs 
at a very small but measurable rate. 

A limited amount of fracture testing has 
been performed with small-scale silicon 
structures. Excepting our work, to our 
knowledge no research has been done with 
respect to time-dependent failure. Several 
investigators have used cantilever beams to 
examine mechanical properties. Weihs et 
al. (9) and Johansson et al. (10) examined 
yield stresses, elastic properties, and break- 
ing strength using micromechanical canti- 
lever beams. Their failure measurements 
were approximate, however, because the 
concentration of stress was dependent on 
the particular geometry of the beam; they 
did not introduce a crack. Fan et al. ( I  I )  
presented some micromechanical bridge ge- 
ometries involving stress concentrations. 
These geometries were not statically deter- 
minant, nor were cracks introduced into 
the bridges. Residual stresses were intro- 
duced during fabrication, so the state of 
stress was not precisely known. Fan and his 
collaborators also did not consider rate- 
dependent behavior because failure of their 
structures occurred in the last stage of fab- 
rication. 

We have investigated ratedependent 
crack growth in a small specimen of siliwn 
that is sensitive to small changes in crack 
length. A cantilever beam is formed by 
difising boron into a silicon wafer and then 
etching around the structure with an aniso- 
tropic etch (Fig. 1). At the free end of the 
cantilever is a rectangular plate 150 pm 
wide and 235 pm long, which provides area 
for electrostatic forcing and sensing, and 
gold plating that serves as a counterweight 
to lower and adjust the resonant frequency. 
The volume etched beneath the beam and 
plate extends to a depth of -130 pm. Gold 
bridge electrodes extending across the spec- 
imen electrostatically drive the cantilever 
and sense its motion. We use a nanoin- 
denter to introduce a linear array of surface 
indentations that link to create a precrack 
approximately 2 to 3 pm deep across the 
thickness of the beam, 10 pm from the 

Fig. 1. Scanning electron micrograph of a mi- 
cromechanical specimen of silicon. Gold elec- 
trodes extend over the specimen. A crack is 
introduced at the site indicated by the arrow, 10 
pm from the base of the beam. 
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Flg. 2. Change in frequency versus time indi- 
cating increasing crack length. The specimen 
failed at the point indited. The final crack 
growth rate V was estimated to be approxi- 
mately 2.3 x 10-l l m/s. 

base. A control system excites the device at 
resonance, generating large displacements 
that create a high axial stress component at 
the base of the beam. 

An extension of this crack reduces the 
total stifmess of the beam, causing a signif- 
icant change in resonant frequency, by 
which crack growth is detected. Every in- 
crease in crack length of 2.5 nm corre- 
sponds to approximately a 1-Hz change in 
resonant frequency. We use a dynamic 
model to correlate both the resonant fre- 
quency to crack length and the amplitude 
of motion to stress intensity. The model is a 
lumped system model with three degrees of 
freedom and includes the change in wm- 
pliance due to the deep. cracked beam (1 2), 
the effect of crack closing and opening, and 
the effects of viscous damping around the 
specimen (13). The dynamic model has 
been calibrated to measurements of fre- 
quency and compliance of both cracked and 
uncracked devices. We have also construct- 
ed a finite-element model of the uncracked 
device and obtained excellent correlation 
between the finite-element modal frequen- 
cies and the resonant frequency predicted 
by the dynamic model (1 3). 

The method of fatigue testing propused 
in this experiment is analogous to compli- 
ance testing on a macro scale where a 
constant load or displacement is applied to 
a precracked specimen and the wrrespond- 
ing change in load or displacement is mea- 
sured as a function of time and correlated to 
crack growth (14). In this experiment, the 
frequency wrresponds to a specific crack 
length. A change in frequency corresponds 
to a stifmess change at the crack site, which 
in turn corresponds to a change in crack 
length. 

We maintain the device at resonance 
using a phase control system that holds the 
response of the device at a 90" phase angle 
from the excitation. A linear first-order 
transfer function models any phase devia- 
tions and is valid for small perturbations 

near the resonant frequency. A frequency 
counter then measures the frequency as a 
function of time. The first bending mode of 
the cantilever and end plate system has a 
frequency of approximately 12,000 Hz. The 
finite-element analysis indicates that the 
second and third modes are combinations of 
torsion about the lendwise axis of the 
beam and out-of-planeebending. Although 
the dynamic analysis using the model was 
two-dimensional, the out-of-plane coupling 
is a negligibly small static response. 

The accuracy and stability of frequency 
measurements give us the capability of mea- 
suring crack growth increments on the or- 
der of nanometers over a period of weeks, 
which translates to an averaged crack 
growth rate as slow as m/s. The range 
of measurable crack growth rates therefore 
spans the range of rates starting at approx- 
imately lo-? 4 s  to the slowest of 10-l5 
m/s, representing eight orders of magni- 
tude. This lower rate indicates that our 
technique is significantly more sensitive 
than double-torsion methods. 

Linear elastic fracture toughness mea- 
sured with this device correlates with pub 
lished values for singlecrystal silicon. Chen 
and Leipold (15) measured fracture tough- 
ness using indented, four-point-bend speci- 
mens, obtaining a value of 0.82 N/m3R. We 
tested a precracked fatigue specimen under 
static loads using a nanoindenter and ob- 
tained a fracture toughness of 0.65 N/m3R. 
The lower value may be due to our assump- 
tion of a rectangular cross section for the 
beam, whereas the actual specimen cross 
section more closely approximates an ellipse. 

Figure 2 is a plot of the change in 
frequency versus time for an experiment in 
humidified air in which a precracked device 
was tested until failure. This experiment is 
typical in that there is an initially rapid 
change in frequency rate that subsequently 
decreases to a very low rate of change. The 
initial rapid rate may correlate with the 
merging of the irregular crack front created 
by the linear array of nanoindentations. In 
this experiment, the stress intensity was 
near the fracture toughness and a small 
crack extension was sufficient to cause fail- 
ure. The rate of frequency change decreased 
to a lower value until the device finally 
failed. This result indicates an indaerence 
to the value of stress intensity in the final 
stages of crack growth because the stress 
intensity increases as the crack grows. Some 
other reaction rate-limiting process may 
then be controlling crack growth. This 
result was unexpected because the static 
fatigue of silica on a macroscopic scale at 
moderate stress intensities depends expo- 
nentially on the stress intensity (15). 

Bhaduri and Wang (6), the only other 
investigators to observe ratedependent 
crack extension in silicon, found that the 

Ffg. 3. Scanning electron micrograph of the 
fracture surface. The row of regular indenta- 
tions was used to produce a continuous crack 
across the top of the beam. 

crack growth rates depended on stress in- 
tensity and were many orders of magnitude 
higher than those that we measured. Their 
experiments, however, were on much larger 
test specimens. Wiederhom (3) also indi- 
cated that there is no apparent lower bound 
or fatigue limit to crack propagation in 
silica glass, although he concluded that 
better experimental design methods were 
necessary to investigate lower crack growth 
rates. The final rate of change in frequency 
in our experiment translates to a crack 
growth rate of approximately 2 x lo-" m/s 
or 12 hmin. Although this rate is very 
small for macroscopic devices, it can lead to 
relatively short failure times for materials 
with micrometer dimensions. 

Figure 3 is a micrograph of the fracture 
surface for a failed device. The crack front 
merges into a planar front that propagates 
perpendicular to the axis of the beam, that 
is, perpendicular to the maximum tensile 
principal stress. The beam then fails stati- 
cally, after which the crack then changes 
direction and propagates along a (11 1) 
close-packed plane. We postulate that the 
first planar front growth of the crack wrre- 
sponds to static fatigue of the silica layer on 
the silicon surface. The amorphous silica 
layer forms immediately upon exposing sil- 
icon to oxygen (16), so the crack growth 
through the silica is indaerent to the crys- 
tallographic orientation of the underlying 
siliwn. The point of static failure where the 
stress intensity exceeds the inherent frac- 
ture touehnesses of silica and silicon then ., 
causes the crack to propagate along the 
crystallographic plane of lowest fracture 
toughness, that is, a (1 1 1) plane. 

There is no question that the presence of 
water accelerates or initiates uack propaga- 
tion. We have resonated a structure in a dry 
air atmosphere for 1 week without uack 
growth. Upon the addition of humidified air, 
uack growth was immediate and rapid. Figure 
4 demonstrates the change in resonant fre- 
quency of a device, once humidified air is 
introduced. We believe that the above results 
provide an unambiguous demonstration of 
ratedependent crack growth, most likely stat- 
ic fatigue, in room-temperature silicon. 
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The actual mechanism governing the 
rate-dependent crack growth in silicon has 
not been well characterized. The crack 
growth rate does not accelerate with in- 
creasing crack length, which indicates that 
this rate is independent of the magnitude of 
the stress intensity. One possible explana- 
tion for this independence is some rate- 
limiting mechanism associated with either 
reaction rates at the crack tip or delivery of 
species from or to the crack tip region. 

Several difficulties with the current de- 
vice remain to be resolved. First, although 
we have good correlation between the mod- 
el and device behavior, we believe that it is 
important to model the structure in its 
actual nonlinear form. Second, the stress 
intensity estimates assume a deep cracked 
beam with rectangular cross section. The 
actual cross section of the beam deviates 
from a true rectangle. Third, because we 
deduce crack growth from frequency shifts, 
we need to perform measurements of crack 
length based on interrupted experiments in 
which we measure crack length by breaking 
and examining fracture surfaces, using a 
method to mark the exposed crack, or by 
static compliance using a nanoindenter as a 
force-displacement test machine. 

We have concentrated on doped, single- 
crystal silicon in this initial effort because in 
this way we eliminated the complexity as- 
sociated with deposited microstructures had 
we used polysilicon or some other polycrys- 
talline material. The susceptibility to rate- 
dependent failure should increase with 
p~l~crystalline microstructures (1 7). More- 
over, dynamic fatigue will definitely be 
po~sible in materials that have greater dis- 
location mobilities than silicon. 
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How to Make Water Run Uphill 

Manoj K. Chaudhury and George M. Whitesides 
A surface having a spatial gradient in its surface free energy was capable of causing drops 
of water placed on it to move uphill. This motion was the result of an imbalance in the forces 
due to surface tension acting on the liquid-solid contact line on the two opposite sides 
("uphill" or "downhill") of the drop. The required gradient in surface free energy was 
generated on the surface of a polished silicon wafer by exposing it to the diffusing front of 
avapor of decyltrichlorosilane, C13Si(CH,),CH3. The resulting surface displayed a gradient 
of hydrophobicity (with the contact angle of water changing from 97" to 25") over a distance 
of 1 centimeter. When the wafer was tilted from the horizontal plane by 15", with the 
hydrophobic end lower than the hydrophilic, and a drop of water (1 to 2 microliters) was 
placed at the hydrophobic end, the drop moved toward the hydrophilic end with an average 
velocity of -1 to 2 millimeters per second. In order for the drop to move, the hysteresis 
in contact angle on the surface had to be low (510"). 

T h e  motion of liquid drops on surfaces that 
is induced by thermal gradients has been 
observed experimentally and discussed the- 
oretically (1-4). This type of drop motion 
is a conseauence of the Maraneoni flow 
within the hrop that is set up b; thermal 
gradients. Motion of liquid driven by Ma- 
rangoni flow is also evident in the classical 
"tear of wine" effect (5).  Eva~oration of ~, 

alcohol from the liquid-solid meniscus cre- 
ates a local rise of the surface tension in the 
liquid, which induces a surface flow (and in 
turn a bulk flow) of wine on the wall of the 
wine glass; the accumulating liquids return 
in the form of drops. Cottington et nl. 
re~orted that d r o ~ s  of several oils moved 
freely on a stainless steel surface when the 
oils contained certain types of surfactant 
additives (6). The authors postulated that 
the nonuniform evaporation of the surfac- 
tant resulted in a surface tension gradient in 
the liquid drop; this gradient caused the 
drops to move. This motion appears to be 
another example of the Marangoni effect. 

M. K. Chaudhury, Dow Corning Corporation, Midland, 
MI 48686. 
G. M. Whitesides, Department of Chemistry, Haward 
University, Cambridge, MA 021 38. 

We report a new type of drop motion 
that is induced entirely by a surface chem- 
ical gradient of a solid substrate. What 
distinguishes the motion described here 
from the motions reported earlier (1, 2, 
4-6) is the fact that no Marangoni forces 
act on the liquid-instead, the motion 
results from the imbalance of the surface 
tension forces acting on the opposite sides 
of the drop edge. Figure 1 represents a cross 
section of a water drop placed on a surface 
that has a spatial gradient in the surface free 
energy. The unbalanced Young's force 
(dFy) experienced by this section of the 
drop is given by Eq. 1 

Here, ysv and - y s ~  are the surface free 
energies of the solid-vapor and solid-liquid 
interfaces and dx is the thickness of the 
section of the drop. If 0, and OB represent 
the local contact angles at points A and B, 
then Eq. 1 can be represented as 

The surface free energy of the liquid-vapor 
interface is yLV. The net force (FY) experi- 
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