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Abstract

Laser-generated stress wave pro'les with rarefaction shocks (almost zero post-peak decay
times) have been uncovered in di7erent types of glasses and presented in this communication.
The rise time of the pulses was found to increase with their amplitude, with values reaching
as high as 50 ns. This is in contrast to measurements in other brittle crystalline solids where
pulses with rise times of 1–2 ns and post-peak decay times of 16–20 ns were recorded. The
formation of rarefaction shock is attributed to the increased compressibility of glasses with
increasing pressures. This was demonstrated using a one-dimensional nonlinear elastic wave
propagation model in which the wave speed was taken as a function of particle velocity. The
technological importance of these pulses in measuring the tensile strength of very thin 'lm
interfaces is demonstrated by using a previously developed laser spallation experiment in which
a laser-generated compressive stress pulse in the substrate re:ects into a tensile wave from
the free surface of the 'lm and pries o7 its interface at a threshold amplitude. Because of
the rarefaction shock, glass-modi'ed waves allow generation of substantially higher interfacial
tensile stress amplitudes compared with those with 'nite post-peak decay pro'les. Thus, for
the 'rst time, tensile strengths of very strong and ultra thin 'lm interfaces can be measured.
Results presented here indicate that interfaces of 185-nm-thick 'lms, and with strengths as high
as 2:7 GPa, can be measured. Thus, an important advance has been made that should allow
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material optimization of ultra thin layer systems that may form the basis of future MEMS-based
microelectronic, mechanical and clinical devices.
? 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Films and coatings have widespread use in di7erent industries. Examples include,
thermal barrier coatings for engines; tribological coatings in cutting tools, seals, and
joints; polymeric layers in paint assemblies; 'ber coatings in composites; electrical,
magnetic and optical multilayers in electronic devices; metal and ceramic 'lms in
MEMS-based mechanical and clinical devices, among others. Adhesion of 'lms is
a prerequisite to carryout their intended functions. Thus, the central goal in all these
applications is to avoid 'lm delamination and coating failures by maximizing adhesion,
and to predict long-term reliability of the coated components. These issues are usually
addressed by seeking a fundamental understanding of the adhesion between di7erent
layers as a function of process ('lm deposition and surface variables) and service
(moisture and temperature) variables. This is accomplished using adhesion metrology
tools, which can be broadly classi'ed into two categories.
The 'rst and the more widely used are techniques that measure the fracture energy

of the interface, inclusive of the plastic deformation that occurs inside the deformable
separating parts. Because the plastic work depends on many extrinsic factors, (e.g.,
coating/substrate geometry: number and thickness of each layer; loading-type: strain
rate, temperature, and ratio of the far-'eld mode I to mode II stress ratio) such mea-
surements can be only used for design if failure during service and fabrication occurs
under identical local stress conditions. Most of the interface characterization test meth-
ods, including the direct pull test, scratch test, indentation test, four point bend test,
blister test, and the double cantilever beam test, fall in this latter category. Reader is
referred to Mittal (1987) for an extensive review of these and other techniques.
The second set includes techniques that measure the intrinsic strength and tough-

ness of the interface which depend upon the atomic structure and chemistry of the
interfacial region. The intrinsic toughness can also be regarded as the area under the
fundamental interface stress-atomic separation curve, the peak of which is the intrin-
sic strength of the interface. Thus, intrinsic strength and intrinsic toughness can be
regarded as fundamental parameters characterizing interface decohesion on the atomic
scale. Here, all defects introduced during sample manufacturing are considered as part
of the intrinsic interfacial structure. Several techniques to measure the intrinsic tough-
ness exist (e.g., see Pronin and Gupta, 1998; Gupta and Pronin, 1995a, b), but direct
measurement of the intrinsic strength is only possible using a laser spallation experiment
developed by Gupta and coworkers (Gupta et al., 1992; Yuan and Gupta, 1993a, b;
Yuan et al., 1993, Yuan and Gupta, 1995; Yuan et al., 1995). In the laser spalla-
tion experiment, a laser-generated compressive stress pulse in the substrate re:ects into
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a tensile wave from the 'lm’s free surface and pries o7 its interface at a threshold
amplitude.

2. Speci�c aims

The aim of this paper is to present hitherto unreported observations of stress wave
pro'les with rarefaction shocks in glasses, and to demonstrate their application in mea-
suring the tensile strengths of ultra-thin-layer interfaces by adopting the basic laser
spallation methodology. Substantial enhancement in the interfacial tensile stress us-
ing such waves is also shown, which allows separation of very strong interfaces.
Interface systems chosen to demonstrate the above concepts have signi'cance in de-
vice fabrication. These are also the systems in which substrate failures were observed
when tested using the basic spallation methodology without the use of glass-modi'ed
waves.
An experimental e7ort to measure adhesion of ultra-thin layers is rather timely as

'lms with thickness below 5000 HA are now the focus of research in the microelec-
tronics industry for developing ultrahigh density devices using nanotechnology. Also,
adhesion at similar length scales will become important in the material optimization of
MEMS-based mechanical and clinical devices when they are mass-produced.
A brief description of the basic laser spallation methodology and its limitations are

discussed 'rst for a more eIcient presentation of the new technology.

3. The basic laser spallation experiment

In the basic laser spallation experiment (Fig. 1, without the glass substrate), a
3-nanoseconds (ns) long Nd:YAG laser pulse is made to impinge over a 3 mm-dia
area on a 0:5 �m thick aluminum 'lm that is sandwiched between the back surface of
a substrate disc (12–25 mm diameter and 1-mm thick) and a 10–20 �m thick layer
of SiO2. The melting-induced expansion of aluminum under con'nement generates a
compressive stress pulse (with 1 ns rise time) directed towards the test coating, which
is deposited on the substrate’s front surface. The compression stress pulse re:ects into
a tensile wave from the coating’s free surface and leads to its spallation (complete
removal) at a suIciently high amplitude. The interface tensile stress is obtained by
measuring the transient displacement history of the coating’s free surface (induced dur-
ing pulse re:ection) by using an optical interferometer (Pronin and Gupta, 1993), a
schematic of which is shown towards the right in Fig. 1. For a coating of density � and
thickness h, the interface stress � is calculated from the measured transient velocity
v(t) as

�(h; t) =
1
2
�c

[
v
(
t +

h
c

)
− v

(
t − h

c

)]
; (1)

where c is the longitudinal stress wave velocity in the 'lm.
Interface strengths in a variety of systems, including those between metal, ceramic,

and polymeric coatings and engineering substrates, have been measured. It has been
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Fig. 1. A schematic of the laser spallation setup along with that of an interferometer used to record the free
surface velocities of the 'lm.

amply shown (Yuan et al., 1995; Yuan and Gupta, 1995) that the laser spallation
experiment allows a correlation between the interface tensile strength and the interface
microstructure. This allows optimization of the coating deposition processes and a
more robust prediction of service reliability. For reasons discussed next, the technique
is generally limited to testing 'lms with thickness greater than 1 �m.

Laser-generated stress wave pro'les measured in a bare Si wafer are reproduced in
Fig. 2. The rise and post-peak decay time do not change signi'cantly with increasing
stress pulse amplitudes obtained at increasing laser :uences. A typical stress pulse
pro'le has a rise-time of 1–2 ns, and a gradual post-peak decay of about 16–20 ns.
If the 'lm is very thin compared to the length of the stress wave, then the tail end
of the initial compression pulse is still at the interface while its front end has returned
as a tensile wave after re:ecting from the 'lm’s free surface. Because of destructive
interference, the peak interfacial tensile stress is always less than the amplitude of the
initial compression wave. The amplitude of the peak interface tensile stress decreases
non-linearly with the 'lm thickness, the rise-time and post-peak decay time of the stress
pulse, and as expected, becomes zero in the limiting case of zero 'lm thickness. Thus,
for thin layers, the peak interfacial tensile stress can be much lower than the peak tensile
stress inside the substrate. For intrinsically strong interfaces, such a condition usually
leads to failure within the substrate before the desired interface can be separated. This is
demonstrated through results presented in Table 1, which summarizes interface tensile
strength measurements using the basic laser spallation technique for a Cu/TaN bilayer
system sputter-deposited on a Si wafer at the Hitachi Laboratory. Failure was observed
inside the Si for the 'rst three samples because of insuIcient 'lm thickness. Note the
consistency in the peak tensile stress inside the Si for these samples, indicating a tensile
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Fig. 2. Measured stress pulse pro'les in Si at increasing laser :uence.

Table 1
E7ect of 'lm thickness on the failure mode in the laser spallation experiment

Con'guration Peak interface tensile Peak tensile stress in the Failure locus
stress (MPa) substrate (MPa)

Cu[100 nm]/TaN[20 nm]/Si 38± 4 5100 Si failure
Cu[500 nm]/TaN[20 nm]/Si 260± 18 4900 Si failure
Cu[1 �m]/TaN[20 nm]/Si 280± 29 5200 Si failure
Cu[5 �m]/TaN[20 nm]/Si 1380± 110 4700 Interface failure
Cu[10 �m]/TaN[20 nm]/Si 1370± 140 4200 Interface failure

strength of Si of about 5 GPa. For these samples the Si/TaN interface tensile stress
is rather low, and below its interfacial strength. As the 'lm thickness was increased,
the failure locus changed from the substrate to the interface. Consistently the peak
tensile stress inside Si was lower than its strength measured in previous samples. The
interface strength was found to be the same for the last two samples, indicating that if
the interface chemistry is the same for 'lms of varying thicknesses then the experiment
measures the same fundamental strength. Thus, the interface strength can be measured
in ultra thin 'lm samples by simply increasing the 'lm thickness or adding another
layer on top to provide enough “room” for the re:ecting compression pulse. This was
demonstrated by Kitty van Dijk, et al. (1998). However, because of issues related to
possible 'lm structure and chemistry changes due to increased 'lm thickness in several
systems, the preferred way is always to test 'lms in their initial low thickness state or
in the same form as to be used in actual service devices. Accordingly, the focus of
research leading to this paper was to devise strategies to allow successful spallation of
ultra thin 'lms and consequently measure their adhesion.
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Using a 'nite element-based simulation, Yuan and Gupta (1993a, b) showed that for
a given coating thickness the post-peak decay time is the most critical in maximizing
the interfacial tensile stress. If the post-peak decay time is reduced to zero, or in other
words, the wave pro'le has a “rarefaction shock” then the tensile stress applied at the
interface of a thin 'lm can be signi'cantly increased. As discussed next, this theoretical
possibility has been realized experimentally using glasses.

4. Observations of stress pulses with rarefaction shocks in glasses

Stress waves were measured in Pyrex, sodalime, quartz, and borosilicate glasses
using the experimental procedure outlined in Section 3. To de'ne the entering stress
wave pro'le in the glass specimen accurately, these tests were performed by bonding
the glass specimens of nominal 1-mm thickness to 0:7 mm-thick Si wafers using a
0:5 �m-thick optical grade EPOTECH 301 FL epoxy. The stress wave was generated
inside the Si by exfoliating a waterglass-constrained Al 'lm in a manner discussed in
Section 3. For interferometeric measurements, a 400 HA layer of Al was deposited on
the free surface of the glass.

Fig. 3(a) shows an interferogram recorded from the free surface of the soda lime
glass, and the corresponding stress wave pro'le (Fig. 3b) derived from it using the
standard interferometery procedures. The increase in the fringe frequency at time cor-
responding to the peak of the pulse is evident. In this region, the fastest fringe was in
the vicinity of the resolution limit of 0:2 ns of our setup. Thus, the drop in the stress
is likely to be a “true” rarefaction shock. This was investigated further by recording
pulse pro'les using the linear velocity interferometer, in which the delay leg of the
interferometer is adjusted to capture the entire velocity within a single fringe. In such
a case, the shape of the velocity pro'le, which is proportional to the stress pro'le is
recorded accurately but the proportionality constant remains largely unde'ned (Pronin
and Gupta, 1998). Figs. 4a and b show the recorded pulses at low and high amplitudes,
with the insets showing resolved post-peak pro'les. The post-peak decay time of the
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Fig. 3. (a) Interferometer signal observed from the free surface of a soda lime glass. (b) The stress wave
pro'le derived from (a) using the standard interferometeric procedures.
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Fig. 4. Linear velocity interferometer pro'les obtained from the free surface of a soda lime glass disc.
Pro'les at low (a) and high (b) laser :uence.
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Fig. 5. Stress wave pro'les in a soda lime glass under increasing laser :uence.

pro'le shown in Fig. 4b is within the resolution limit of our interferometer of 0:2 ns.
This con'rms the formation of the rarefaction shock.

The above e7ect was found to be a function of the stress pulse amplitude. Fig. 5
shows a series of stress pulse pro'les with increasing laser :uence, measured in a
soda lime glass. At low stress amplitudes, the pro'les are similar to that in Si and
other materials, having a 'nite rise-time and gradual post-peak decay. However, as
the stress pulse amplitude exceeds a certain threshold, the rise-time of the stress wave
gets longer but the post-peak stress pro'le starts to decay rather quickly. Ultimately
a pro'le is attained with the post-peak stress dropping instantaneously (the drop time
is within the resolution limit of our instrumentation), much like a “rarefaction shock.”
The modi'cation in the stress wave pro'le due to glass compared with that due to Si
can be appreciated by viewing Fig 8a.
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Fig. 6 shows the pulse pro'les measured in Pyrex, soda lime, quartz, and borosilicate
glasses. The magnitude of the above e7ect was found to vary from glass to glass, but
all showed the formation of the rarefaction shock. No failure waves as observed in
plate-impact studies on glasses (e.g., see, Raiser et al., 1994) were observed in our
experiments.
The rarefaction shock stems from an initially increased compressibility of glass under

increasing pressures. The decrease in the wave speed is evident in the increase in
the rise-time of the stress wave with its amplitude (Fig. 5). Thus, the formation of
rarefaction shock can be thought to occur due to overcrowding of the faster moving
post-peak wave pro'le into the signi'cantly decelerating pulse front.
The initial ramp-like behavior has been attributed to the nonlinear elastic response

in glasses (Barker and Hollenbach, 1970; Abou-Sayed and Clifton, 1976). Details of
such observations for our study using x-rays will be presented later (Kireev and Gupta,
2003).
It is not possible to make direct observations of rarefaction shocks in glasses through

plate impact-based setups as the pulse lengths in such experiments is larger than the
specimen thickness (e.g., see, Clifton et al., 1998). As suggested above, this e7ect
develops due to 'nite propagation distance of the pulse into the material. This be-
came possible in our work because of the short length (∼0:1 mm) of the stress wave
compared with the specimen thickness (∼1 mm).
The above mechanism was quanti'ed using a simple one-dimensional non-linear

wave propagation model in which the wave speed was taken to be a function of parti-
cle velocity. The calculations are demonstrated for Pyrex for which the experimentally
measured free surface velocity pro'les at increasing amplitudes are shown in Fig. 7.
To separate the e7ects of substrate and laser-material interaction, the data in Fig. 7 was
generated using the setup shown in Fig. 8 in which a 1-mm-thick Pyrex sample was
anodically bonded to a 0.7-mm-thick Si wafer. The stress pulse was generated on the
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Fig. 7. Pulse pro'les measured in Pyrex samples at increasing laser :uences, using the setup shown
in Fig. 8.
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Fig. 8. A schematic of the setup used for validating the one-dimensional elastic nonlinear wave propagation
model in Pyrex.

backside of the Si wafer in the standard manner by exfoliating a waterglass-constrained
Al 'lm, using a YAG laser pulse. This setup allowed studying the development of rar-
efaction shocks due to material non-linearity alone. Using the experimentally-observed
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data in Fig. 7, the wave speed as a function of particle velocity was obtained (Fig. 9),
and used as an input to solve the one-dimensional elastic wave propagation equation
using a standard solver. The stress wave entering the glass sample at the Si/glass in-
terface could not be recorded simultaneously with the pulse arriving at the free surface
of the Pyrex specimen. Thus, for the purposes of calculations, the input wave pro'le
was taken to be the same as measured in a Si wafer in an independent experiment at
the same laser :uence at which the measurements in Fig. 7 were made. The pro'le
corresponding to 270 mJ :uence was chosen from Fig. 2. This free surface velocity
pro'le was divided by 2 to convert it into a particle velocity pro'le, and then mul-
tiplied by a transmission coeIcient of 1.33 based on assumed elastic constants for
Pyrex and Si (�Si =2330 kg=m3, ESi =186 GPa; �Pyrex =2230 kg=m3, EPyrex =51 GPa)
to arrive at the wave pro'le entering the glass specimen and used as an input in the
simulation. E values used for this calculation correspond to the values of (�+2�) for
the respective materials, where � and � are Lame’ constants. This choice is consistent
with the nature of wave propagation in our experiments. The modi'ed wave pro'le
calculated at 1 mm of propagation distance in Pyrex is compared with the experimen-
tally measured pro'le at the same laser :uence in Fig. 10. Except for the amplitude
information, the model is able to predict the formation of the rarefaction shock and
increase in the pulse rise-time quite well. This is not surprising since the wave speed
vs. the particle velocity pro'le, which is the key input to the program, was obtained
using the same experiments in which the to-be-predicted wave pro'les were measured.
The amplitude discrepancy is due to the e7ects arising from permanent densi'cation,
and partly because the transmission coeIcient at the Si/Pyrex interface is not exactly
known. Fig. 11 shows that for an exact matching of the experimental and calculated



V. Gupta et al. / J. Mech. Phys. Solids 51 (2003) 1395–1412 1405

0 30 60 90 120
0.00

0.08

0.16

0.24

0.32

F
re

e 
S

u
rf

ac
e 

V
el

o
ci

ty
 (

km
/s

)

Time (ns)

Transmission Coefficient = 1.33

Experiment

Theory

Fig. 10. Comparison of the measured and calculated wave pro'les in a Pyrex sample, corresponding to
an estimated transmission coeIcient of 1.33 at the Si/glass interface. The input wave pro'le in Si in the
simulation was proportional to the pro'le for 270 mJ in Fig. 2.

0 30 60 90 120

0.00

0.08

0.16

0.24

0.32

F
re

e 
S

u
rf

ac
e 

V
el

o
ci

ty
 (

km
/s

)

Time (ns)

Transmission Coefficient = 1.5

 Experiment

 Theory

Fig. 11. Comparison of the measured and calculated wave pro'les in a Pyrex sample, corresponding to
an estimated transmission coeIcient of 1.5 at the Si/glass interface. The input wave pro'le in Si in the
simulation was proportional to the pro'le for 270 mJ in Fig. 2.

pro'les, a transmission coeIcient of 1.5 would be required. Follow-up experiments
are planned in which simultaneous recording of particle velocities at the embedded
Si/Pyrex interface, and free surface of Pyrex will be accomplished by taking advantage
of the transparency of the glass specimen. In any case, the simple model presented
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here con'rms the development of rarefaction shocks in glasses to their increased com-
pressibility under increasing pressures.

5. Measurement of tensile strength of thin �lm interfaces

To demonstrate the use of glass-modi'ed stress waves, the sample sets summarized
in Table 2 was prepared at the Hitachi Laboratory. All 'lms were sputter deposited,
with thickness indicated in the table. The stress waves were directly generated inside
the glass. Accordingly, consistent with the laser spallation procedure the free surface
of glass was coated with a 0:5 �m-thick Al 'lm and constrained from top using a
40–50 �m-thick layer of water glass. To better understand the wave modi'cation and
propagation phenomenon in glass and the corresponding interface stress development,
Pyrex, Quartz, and borosilicate glasses were used as substrates for the Mo/glass inter-
face system. The TiN/glass, and the Ni/glass systems, which have interest in display
technology, were chosen to demonstrate the applicability of the glass-modi'ed waves
in decohering very thin 'lm interfaces.
In addition to the glass substrates, a Cu(1400 nm)/TiN(70 nm) bilayer system de-

posited on a Si wafer was considered. Previously, when the stress pulse was directly
generated inside the Si wafer, failure within Si was observed. This, as discussed above,
resulted because of the very high strength of the interfaces, and due to the inhomo-
geneous stress 'eld in which the peak tensile stress inside the substrate exceeds the
peak interfacial tensile stress. For these samples, the test-coating-free surface of Si was
bonded using an UV-cured epoxy to Pyrex glass to allow loading due to glass-modi'ed
waves. Consistent with the spallation procedure, laser-absorbing Al layer was deposited

Table 2
Interface tensile strengths measured using glass-modi'ed stress waves

Sample Multilayer con'guration Peak interface Peak tensile Failure locus
no. tensile stress stress in

(MPa) substrate (MPa)

1 Cu(1400 nm)/TiN(70 nm)/Si 451 5340 Silicon failure
2 Cu(1400 nm)/TiN(70 nm)/Si/ 2620± 210 Cu/TiN interface

borosilicate glass
3 Mo[400 nm]/borosilicate glass 577± 47 2624 Mo/borosilicate glass interface
4 Mo[1000 nm]/borosilicate glass 245± 26 1050 Borosilicate glass failure
5 Mo[400 nm]/borosilicate glass 577± 33 2624 Mo/borosilicate glass interface
6 Mo[400 nm]/Pyrex 135± 11 1125 Mo/Pyrex interface
7 Mo[400 nm]/quartz 99± 8 1110 Mo/quartz interface
8 Mo[1000 nm]/borosilicate glass 223± 24 980 Borosilicate glass failure
9 Mo[1000 nm]/Pyrex 53± 6 470 Borosilicate glass failure
10 Mo[1000 nm]/quartz 48± 4 460 Borosilicate glass failure
11 TiN [320 nm]/borosilicate glass 164± 11 TiN/borosilicate glass interface
12 Ni [350 nm]/borosilicate glass 102± 13 Ni/borosilicate glass interface
13 Cr[400 nm]/borosilicate glass 197± 16 2100 Cr/borosilicate glass interface
14 Mo[1000 nm]/Cr[400 nm]/ 210± 19 980 Cr/borosilicate glass interface

borosilicate glass
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Table 3
The elastic properties of the thin layers used in the calculation

Material Density (g=cm3) Young’s modulus (GPa) Poisson’s ratio

Al 2.70 69 0.34
Cr 7.19 279 0.21
Cu 8.93 130 0.343
Mo 10.2 324 0.36
Ni 8.90 207 0.33
Si 2.3 130 0.3
TaN 16 180 0.3
TiN 5.39 400 0.2
Ag 10.49 83 0.37
Borosilicate glass 2.5 77 0.22
Pyrex 2.23 64 0.2
Quartz 2.58 92 0.25
Soda lime glass 2.53 77.4 0.22

on the backside of the glass substrate and constrained by a 40–50 mm-thick layer of
waterglass from the top.

6. Results and discussion

Table 2 provides for each sample the failure mode as determined via optical mi-
croscopy, the peak interfacial tensile stress, and the maximum tensile stress in the
substrate corresponding to the measured free surface velocity at failure. The varia-
tion in the reported strength for each interface system comes from 8 to 10 successful
spallations. If the failure is indicated to be at the interface then the substrate stress
is the theoretical value that would have occurred if the interface had not failed. The
elastic properties of the thin layers used in the simulation to calculate the interface ten-
sile stress histories from experimentally measured free surface velocities are given in
Table 3. Speci'c results are discussed next.
Fig. 12a shows the failure inside the Si in a Cu(1400 nm)/TiN(70 nm)/Si system

when no glass was used. A surface pro'lometer measured the crater depth to be about
40 �m. Figure 12b shows a high magni'cation view of one of the several coating
bubbles that were generated when the glass-modi'ed stress wave of critical amplitude
loaded the same interfacial system. The bubble formation as opposed to a complete
separation (spall) of the bilayer is due to the ductility of the Cu. The arrow shows
the failure to be at the Cu/TiN interface with no fracture inside the Si. An inter-
face tensile strength value of 2.62 GPa was calculated. This is a rather high value,
which was not possible to attain using the basic spallation setup. This is quantitatively
shown in Figs. 13(a) and (b). Fig. 13(a) shows the measured free surface velocity pro-
'les in the borosilicate glass and Si substrates corresponding to the failures shown in
Fig. 12. The interface tensile stress history corresponding to each pro'le is shown in
Fig. 13(b). The dramatic increase in the interface tensile stress due to the glass-modi'ed
wave is evident.
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700 µµm

100 µm 

(a)

(b)

Fig. 12. Failure in a Cu(1400 nm)/TiN(70 nm)/Si system. (a) With no glass attached to the Si, the failure
occurred cohesively inside the Si. (b) With glass-modi'ed wave, failure was observed at the interface as
shown by the arrow. The failure was determined to be speci'cally at the Cu/TiN interface.

6.1. Samples 3–10

Failure in sample 3 was at the Mo/borosilicate-glass interface. Optical micrograph
of the spalled crater in Fig. 14a shows the interface separation to have occurred from
a collection of radially outward propagating central interfacial :aws similar to those
observed in a SiC/Si interface (Gupta et al., 1992). As shown in a high magni'cation
view in Fig. 14b, the propagating crack tip appears to kink in and out of the interface
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Fig. 13. Free surface velocity pro'les (a) and stress history at the Cu/TiN interface with and without the
borosilicate-glass-modi'ed waves (b).

causing shallow glass failure. The quanti'cation of the complicated interaction of the
stress wave with the 'lm’s free surface and crack :anks to result in time-varying
mode I to mode II crack-tip stress intensity factors ratio to cause such a failure mode
is outside the scope of the present paper.
Rather interestingly, despite larger Mo 'lm thickness compared with the sample 3,

the failure in the Sample 4 was dominantly in the borosilicate glass with no interface
failure (Fig. 15). Because of the high residual stresses in the Mo 'lm, the near surface
region of the glass was found populated with linear cracks as shown by an arrow in Fig.
15. Because of the Poisson’s e7ect, the transverse tensile stress generated parallel to the
interface caused premature propagation of such cracks causing cohesive failure inside
the glass substrate. Fig. 15 also shows such premature substrate cracks starting from
pre-existing cracks. This is consistent with the very low value of tensile strength in
glass of 1050 MPa compared with 2624 MPa for Sample 3. Consistently, the Mo/glass
interface stress when premature failure in glass occurred in the Sample 4 was only
245 MPa, which is lower than the Mo/borosilicate-glass interface strength of 577 MPa
determined from Sample 3.
In samples, 5–7, all failures were at the Mo/borosilicate-glass interface, with the

interface strength varying depending upon the type of glass used. As before, when
the Mo 'lm thickness was increased to 1000 nm, one would have expected a clean
interfacial failure. However, as in Sample 4, all failures were predominantly in the glass
for samples bearing a 1000 nm-thick Mo 'lm. When viewing the maximum tensile
stress amplitude inside glass for samples 8–10, one must conclude that pre-existing
cracks in glass on account of high residual stresses inside the Mo 'lm led to premature
failure before the desired interface could be loaded to failure.
In contrast to the Mo/glass case, failure in the TiN/Glass, and the Ni/Glass, inter-

face systems was at the interface. The fracture surface showing the glass surface was
featureless. Speci'c interface strength values are indicated in Table 2. Successful mea-
surements demonstrate the ability of the new technology to decohere very thin 'lm
interfaces.
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100 µµm  

20 µm  

(b)

(a)

Fig. 14. Failure in Sample 3 at the Mo/borosilicate-glass interface. (a) Low magni'cation view of the failed
interface showing the glass surface. (b) High magni'cation view of the failed substrate surface showing
shallow failure caused in glass by kinking in and out of the interface crack. The Mo 'lm thickness for this
sample was 400 nm.

In samples 13 and 14, the failure was observed to be at the Cr/borosilicate-glass
interface, with the interface strength values consistent with each other. As expected, for
Sample 14, it took a much lower initial stress wave amplitude (re:ected in much lower
substrate stress) for interface decohesion on account of 1000 nm-thick Mo overlayer.
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700 µµm 

Fig. 15. Optical micrograph showing cohesive failure inside borosilicate-glass in sample 4. Mo thickness
was 1000 nm.

7. Conclusions

Observations of stress wave pro'les with rarefaction shocks in glasses were pre-
sented. The post-peak decay of stress wave was found to be a function of the wave
amplitude. Interfaces of 'lms with varying material composition and thickness well
below 1 �m were loaded with glass-modi'ed waves using the basic laser spallation
test assembly. Results indicate that interfaces with strengths as high as 2:7 GPa, and
adhesion of 'lms with thickness as low as 185 nm could be measured. Failure in all
interface systems presented here was inside the substrate when tested in the basic laser
spallation methodology without the use of glass-modi'ed waves. Thus, an important ad-
vance has been made that should allow material optimization of ultrathin layer systems
that may form basis of future MEMS-based microelectronic, mechanical and clinical
devices.
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