
JOHN C. MURPHY, JANE W. MACLACHLAN, and LEONARD C. AAMODT 

THERMAL TECHNIQUES FOR NONDESTRUCTIVE 
CHARACTERIZATION OF LAYERED 
STRUCTURES AND INTERFACES 

Many recent technological advances are based on the development of new materials engineered to have 
enhanced properties. Certain desirable properties that result are acquired by combining distinct materials 
that have markedly different physical properties. The structural aspects of these new materials and the 
extended property ranges they exhibit have introduced the need for improved methods of characteriza­
tion, both during the fabrication process and during use. In this article we review some recent develop­
ments in thermal methods for characterizing layered structures and describe some specific applications 
of the methods. 

INTRODUCTION 

Thermal nondestructive evaluation techniques are well 
suited for characterizing the surface and subsurface prop­
erties of multicomponent, layered systems of materials, 
particularly when the components of the systems have 
different thermal properties. 1-3 Examples of these sys­
tems are protective coatings on sensitive substrates, com­
posite materials, and multilayered integrated circuits. As 
an example of what thermal techniques for nondestruc­
tive characterization can reveal, consider ceramic coat­
ings on metallic substrates. Analysis of the thermal 
response can reveal variations in coating thickness, coat­
ing thermal properties, substrate thermal properties, and 
the nature of the bond between the coating and the sub­
strate. Composite materials, including metal matrix sys­
tems in which there are particles or fibers of low thermal 
conductivity in a matrix of high thermal conductivity, 
are another important area for applying thermal non­
destructive evaluation techniques. For integrated-circuit 
multilayers, the issues surrounding buried-layer thermal 
and electronic properties and the characteristics of in­
terfaces between layers are critical for many applications. 

FUNDAMENTALS OF 
THERMAL-WAVE IMAGING 

The basic processes of thermal measurements for 
materials characterization are summarized in Fig. 1, 
which shows a modulated pump (heating) beam strik­
ing a specimen surface and producing a change in speci­
men temperature, tJ:.Ts. Laser, electron, ion, and X-ray 
beams can all be used as the pump beam; the changes 
in the energy-deposition profIle and the subsequent tem­
perature distribution in the material depend on what 
source is selected for the beam. Tailoring the energy 
deposition in the specimen by the appropriate selection 
of beam wavelength or energy can significantly affect 
the contrast observed in detecting subsurface features 
(see, for example, Fig. 5 in Ref. 1). A key factor in time-
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Figure 1-Physical processes occurring during a thermal-wave 
measurement, indicating the available range of detection tech­
niques: (1) optical-beam deflection, (2) reflective optical-beam 
deflection, (3) infrared radiometry, and (4) thermoelastic (trans­
ducer or interferometric) detection. (T G is the gas temperature.) 

resolved thermal imaging techniques is that the heating 
source is modulated in time to create in the material a 
dynamic temperature response rather than a steady-state 
response. The modulation can either be continuous wave 
at one particular modulation frequency (i.e., thermal­
wave imaging) or pulsed, using pulses of a particular du­
ration. 

A dynamic temperature field is set up in the sample 
by the heating process; the spatial extent, magnitude, and 
phase of this temperature field depend on the initial heat­
deposition profIle in the specimen, on the thermal prop-
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erties of the specimen, and on the conversion or trans­
port of energy in the specimen. An example of energy 
conversion is the elastic disturbance created in the speci­
men as a result of thermoelastic expansion. The coupled 
thermoelastic equations that give the temperature and 
elastic displacements in the specimen are 

V 2T - a-I aT/at = -H/k + (T{3tB/k) V . au/at 
(1) 

and 

v 2u + (1 + " /p..) V(V . u) 

- (p / p..)a 2u/ at2 = ({3tB/p..) VT , (2) 

where T is the temperature, u is the elastic displacement 
vector, k is the thermal conductivity, a is the thermal 
diffusivity, {3t is the volume thermal expansion coeffi­
cient, " and p.. are the Lame constants, p is the density, 
B is the bulk modulus, and H is the thermal source term. 

Equation 1 is the thermal diffusion equation with the 
addition of the second heating term (on the right), 
originating from the particle displacements associated 
with an elastic wave. This additional term is usually 
neglected, and Eq. 1 is used to calculate the tempera­
ture distribution in the specimen. This temperature so­
lution is used as a source term in Eq. 2, which is the 
thermoelastic equation. 

The main consequences of Eqs. 1 and 2 are that, for 
spatially uniform heating, the temperature in the speci­
men decreases exponentially with depth, z, as exp( - z/o), 
where 

o = (ahr j) Ih (3) 

is the thermal diffusion length and f is the modulation 
frequency of the pump beam. For a modulation frequen­
cy of 1 Hz, 0 is about 3 mm in a typical metal while 
for a ceramic, 0 is about 0.2 mm. At 1 MHz, the values 
for 0 in a metal and a ceramic decrease to 3 p..m and 
0.2 p..m, respectively. For nonuniform heating, the ana­
lytical results are similar but are modified to reflect the 
distribution of spatial frequencies determined by the spa­
tial extent of the source and the loss of spatial detail as­
sociated with the diffusion process. Hence, the lateral 
spatial resolution possible with thermal-wave-imaging 
techniques depends on a variety of factors including the 
thermal properties of the medium, the modulation fre­
quency of the pump beam, and the size of the pump 
beam. For near-surface features, the size of the pump 
beam is the most important factor in determining the 
lateral resolution. For deeper features, the thermal prop­
erties play a larger role, leading to the conclusion that 
for successfully imaging subsurface features, the size of 
the pump beam and the depth of the feature should be 
roughly equal for best spatial resolution. 

Several experimental methods used for monitoring the 
temperature distribution are shown (labeled 1, 2, 3, and 
4) in Fig. 1. Complete details of these methods can be 
found in Ref. 1 and in the references therein, but note 
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that there is a wide range of physical phenomena used 
for detection. The optical-beam-deflection techniques 
(methods 1 and 2) rely on the formation of a thermal 
lens resulting from variations in the index of refraction 
of air when heat is conducted from the specimen to the 
air layer above it. The deflection of a probing laser beam 
sent through this lens is proportional to the specimen 
temperature. Infrared detection (method 3) is used to 
monitor specimen temperature by measuring the en­
hanced infrared emission from the specimen. Thermoe­
lastic techniques (method 4) detect the specimen's elastic 
response resulting from thermoelastic expansion in the 
heated region. 

These techniques are indirect measures of tempera­
ture distribution in the specimen, and the responses must 
be calibrated in order to be measures of absolute tem­
perature. Some detection methods, however, are better 
suited than others for specific specimen geometries and 
combinations of material properties. In the following sec­
tions three thermal nondestructive evaluation techniques 
for characterizing layered structures are discussed in de­
tail: (1) time-resolved infrared techniques, (2) thermo­
elastic techniques, and (3) internal optical-beam-deflec­
tion probing techniques. Examples of the application of 
these techniques for evaluating the ceramic thermal­
barrier coatings on metal superalloys used in jet engines 
and for measuring the thermal and electronic transport 
in semiconductors are also given. 

TIME-RESOL VED INFRARED TECHNIQUES 

Several thermal-wave inspection techniques for coat­
ing systems have been developed, including thermal-wave 
interferometry,4 pulsed photothermal radiometry, 5 and 
time-resolved infrared techniques. 6 The time-resolved 
infrared technique involves monitoring changes in speci­
men surface temperature that are indications of the dy­
namic heat flow in the material in response to application 
of a transient heating source. These techniques are in 
contrast to the more conventional industrial thermo­
graphic techniques where steady-state temperatures are 
monitored. The extension from steady-state to time­
resolved infrared techniques has been gaining populari­
ty rapidly; in its most frequently practiced form, a sin­
gle pulse of heat energy is applied to a specimen, usually 
by a laser, and the time decay of the surface tempera­
ture is monitored. This short-pulse technique is gener­
ally termed flash radiometry or pulsed photothermal 
radiometry 7 ; it has been used to measure thermal diffu­
sivities in many materials from polymer films 8 to 
bruises9 and to study the bonding of coatings. 10 

In our work we have been using a step heating source 
and monitoring the specimen surface temperature as a 
function of time while heat is applied to the specimen. 
The heating pulse is turned off after a set time, T, and 
the surface temperature is monitored while the specimen 
cools. Step heating allows the heating flux to be at a 
much lower value than that needed for pulse heating be­
cause the heat is applied over a longer time. Hence, for 
specimens with long thermal diffusion times, the peak 
specimen temperatures experienced during the measure-
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ment are lower than in the pulse case, and the possibili­
ty of thermal damage to the specimen is consequently 
reduced. In addition, with step heating both the heating 
and cooling time regimes are accessible and provide ad­
ditional information about the thermal and structural 
characteristics of the specimen. 

The time-resolved infrared technique was developed 
because there were difficulties when conventional 
continuous-wave modulated thermal-wave methods were 
used to study thick specimens having low thermal diffu­
sivity. From the typical values for the thermal diffusivi­
ties of metals and ceramics given above, it is clear that 
for a 200-mm-thick ceramic coating, a modulation fre­
quency of less than 1 Hz is required to provide a thermal­
diffusion length great enough to extend through the coat­
ing. While such low frequencies are feasible experimen­
tally, they are impractical because of the long image­
formation times required for point-scanning techniques 
because the dwell time at each point in the image must 
be at least a few periods of the beam modulation fre­
quency. These problems can be overcome by a parallel 
detection technique that monitors the temperature of a 
number of points on the specimen simultaneously . We 
have been pursuing such an approach, using an infrared 
scanner to image the surface temperature of the speci­
men as a function of time while a heating pulse is ap­
plied to the sample. 

The instrumentation used in the time-resolved infrared 
technique is illustrated in Fig. 2. The heating source is 
an argon-ion laser with the beam gated by an acousto­
optic modulator to allow heating pulses of various du­
rations to be selected. The laser beam passes through 
a hole in an infrared reflector (beamsplitter) and il­
luminates the coated specimen. The infrared radiation 
from the specimen is then reflected at the beamsplitter 
and is detected by an infrared scanner. 

The scanner has two modes of operation, x-y mode 
and time-trace mode (Fig. 3). In the x-y scan mode, the 
surface temperature, Ts(x-y), is measured and the po­
sition of the center of the heating spot can be accurate­
ly located. In the time-trace mode, the vertical (y) 
scanning mirror is disabled, and the image displays 
TAx,yo) on the horizontal axis and time on the verti­
cal axis. The surface temperature at the center of the 
heating spot can then be monitored as a function of time 
by selecting the appropriate vertical line scan from the 
time-trace image. If a background image is made be­
fore the heating pulse is turned on, the increase in sur­
face temperature resulting from the application of the 
heating pulse can be determined as a function of time 
by subtracting the background image from the heating­
pulse image. This procedure is shown in Fig. 4, which 
shows (a) an area scan image for an aluminide coating 
on a superalloy substrate, (b) the time-trace image with 
heating pulse, (c) the background time-trace image be­
fore the heating pulse, and (d) the heating pulse image 
minus the background image. 

A one-dimensional model describing the evolution of 
the surface temperature during the time-resolved infrared 
experiment just described has been developed for a coat­
ing/substrate system. II This one-dimensional model in-
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Figure 3-Comparison of area·scan (x-y) and time-trace (x-time) 
infrared imaging modes for measuring surface temperature T(t) 
of a specimen illuminated by a heating pulse, H(t). 

dicates the role of parameters, such as coating thickness 
and thermal properties of the coating and substrate, on 
the temperature-time profIles. On the basis of this mod­
el, the temperature of the surface of a coating of thick­
ness, I, after heating by a pulse of duration, T, is given by 

'1;otadt) = [ 
T j (t) + T2 (t) if t < T 

[Tj (t) Tdt T)] + [T2 (t) (4) 

T2 (t T)] if t > T 

where 

(5) 

(
(1 + ro) (1 + rol») 00 

T2 (t) = E (ror)n 
V7rkcPc Cc n=1 

X [,Ji exp (a~ If) + ...;; a, [erf(a, If) - 1]] ,(6) 
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Figure 4-Examples of area·scan and time·trace images for an 
aluminide coating, showing the effect of background subtrac· 
tion: (a) the area scan image for an aluminide coating on a su­
peralloy substrate, (b) the time-trace image with the heating 
pulse, (c) the background time-trace image before the heating 
pulse, and (d) the heating-pulse image minus the background 
image. 

and an = nll.,J; (7) 

where a is the thermal diffusivity. In these expressions 
r describes the thermal mismatch between the coating 
and the substrate, and r 0 describes the thermal mis­
match between the coating and the gas. These factors 
are given by 
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(8) 

where Y is the inverse thermal effusivity given by 

(9) 

Throughout these expressions, the subscripts g, c, and 
s refer to the gas, coating, and substrate, respectively. 
The expression for the total surface temperatures (Eq. 
4) may be thought of in terms of its constituent parts: 
T1 , the surface temperature obtained for the case of a 
semi-infinite medium, and T2 , the adjustment to the 
surface temperature resulting from the finite thickness 
of the coating and the presence of the substrate. 

Figure 5a shows calculated values of T1 , T2 , and 
~otaJ for the case of an insulating coating on a conduc­
tive substrate exposed to a heating pulse of I-s duration. 
As shown by Eq. 5, TI is dependent on the square root 
of time (root-time) while the heating pulse is applied, 
but decays after the heating pulse is turned off. When 
the substrate is more conducting than the coating (as in 
this example), T2 is negative because heat readily flows 
into the substrate. The surface temperature of the coat­
ing is then pulled down below a root-time dependence 
after a characteristic time (=:: 0.4 s in this example) that 
depends on the coating thickness and on the coating ther­
mal properties. 

The dependence of the surface temperature on coat­
ing thickness is illustrated in Fig. 5b, which gives the cal­
culated temperature-time profiles for 0.2-, 0.4-, and 
0.6-mm-thick ceramic coatings on a metal substrate for 
a heating pulse of I-s duration. Included for compari­
son is the root-time behavior for a semi-infinite medi­
um. As coating thickness decreases, the time at which 
the temperature-time proflle deviates from the root-time 
behavior also decreases because of the shorter thermal 
transit time from the coating surface to the coating/sub­
strate interface. A similar decrease in the characteristic 
time is observed as the thermal diffusivity of the coat­
ing is increased. 

The role of thermal properties of the substrate in de­
termining the temperature-time profile is illustrated in 
Fig. 5c, where an insulating substrate is compared with 
two conducting substrates having different conductivi­
ties. The semi-infinite root-time dependence is also 
shown in Fig. 5c for comparison, These curves show the 
variations in the temperature-time profiles that might 
be expected between regions of coating that are well 
bonded to a conductive substrate and regions that have 
become unbonded and may have a thermally insulating 
air layer between the coating and the substrate. 

A number of time-resolved infrared experiments have 
been conducted on test specimens and engineering speci­
mens of ceramic coatings on metal substrates, using the 
instrumentation system shown in Fig. 2. Figure 6 shows 
the effect of varying the thermal properties of the sub-
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Figure 5-Theoretical plots showing: (a) the total surface tem­
perature, Ttotalt and its component terms, T1 and T2 ; (b) the ef­
fect of coating thickness on the surface temperature of a layered 
specimen during heating by a square-wave heating pulse; (c) 
the effect of the thermal effusivity of the substrate on the sur­
face temperature of a layered specimen. 

strate for a 0.79-mm-thick glass specimen coated with 
platinum black with (a) an insulating air substrate and 
(b) a conductive aluminum substrate. These temperature 
data are plotted versus the square root of time to em­
phasize the early root-time dependence. After the charac­
teristic time, which depends on the thickness and thermal 
diffusivity of the glass layer, the surface temperature 
decreases below the root-time behavior for the conduct­
ing substrate and increases above root-time for the in­
sulating substrate, as is expected from Fig. 5c. 

THERMOELASTIC TECHNIQUES 
The specimen's thermoelastic response can also be used 

to monitor thermal properties and specimen structure. 
Sensor techniques include the use of piezoelectric trans­
ducers attached to the specimen and of noncontact opti­
cal methods such as laser interferometry. With these 
detection methods, a "thermal" nondestructive evalua-
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Figure 6-Surface temperature versus time for a glass layer 
coated with platinum black (a) on an air substrate and (b) on 
an aluminum substrate. 

tion technique takes on some of the characteristics of 
ultrasonic nondestructive evaluation methods. In fact, 
since the development of laser generation and interfero­
metric detection of ultrasound, 12 the similarities between 
the techniques become more pronounced: In ultrasonics, 
the specimen's transient response to pulsed excitation from 
a laser (or other source) is monitored as a function of 
time. Images are constructed by following the amplitude 
of a particular feature in the displacement-time waveform 
as a function of position over the sample. In thermal­
wave imaging using thermoelastic detection, the excita­
tion is typically a continuous-wave-modulated pump 
beam, and, to construct images, the magnitude and phase 
of the transducer response are monitored as a function 
of position over the specimen. The modulation frequen­
cy of the beam can then be changed to vary the thermal­
diffusion length in the specimen. 

There is a strong thermal contribution to the thermoe­
lastic image. The ratio of the thermal wavelength to the 
acoustic wavelength is (cif) Y2 / V, where a is the thermal 
diffusivity, f is the frequency, and V is the velocity of 
the elastic disturbance. The thermal wavelength is then 
typically a thousand times smaller than the acoustic wave­
length. Hence images having much higher spatial resolu­
tion can be obtained by thermoelastic imaging than is 
possible by conventional ultrasonic imaging techniques for 
similar frequency ranges (100 kHz to 10 MHz). Com­
parably high resolutions can be obtained by advanced 
ultrasonic techniques such as scanning acoustic microsco­
py, but those techniques require modulation frequencies 
in the gigahertz range. 

Experimentally, implementation of the thermoelastic 
technique with a piezoelectric sensor is quite simple, and 
measurements can be made even inside the vacuum 
chamber of a scanning electron microscope or a 
secondary-ion mass spectrometer. This method allows 
the electron-beam/specimen (or ion-beam/specimen) in­
teractions to be studied in their role of forming thermal­
wave images. 13 Further investigations have focused on 
the effect of light and oxygen on the ion/acoustic gener­
ation process in semiconductors. 14 The role of the elas­
tic parameters of the specimen in determining the con­
trast seen in thermoelastic images was studied by com­
paring thermal and thermoelastic images of the same 
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specimen. It was found that variations in the elastic 
parameters of the material can be imaged directly by us­
ing thermoelastic thermal-wave imaging. 15 For layered 
structures, an important experimental finding has been 
that thermoelastic techniques can detect defects at depths 
greater than the thermal diffusion length and hence 
greater than can be sensed by purely thermal detection 
techniques. 16 

An example of thermoelastic imaging of a protective 
coating on a superalloy substrate is shown in Fig. 7. This 
image shows contrast in areas adjacent to regions where 
local spalling of the coating had occurred. Variations in 
signal magnitude and phase may indicate decohesion of 
the coating from the substrate in these areas. This deco­
hesion could not be sensed easily by the continuous­
wave-modulated thermal-wave technique because the 
coating was much thicker than the thermal diffusion 
length for the modulation frequencies normally used. 

Orientation and 
location of scan 

Spalled 
region 

Scan size: 9.9 mm x 9.9 mm 

Magnitude 

Figure 7-Thermoelastic image of ceramic-barrier coating in the 
region of a spalled coating. 
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INTERNAL PROBING BY 
OPTICAL BEAM DEFLECTION 

In one of the conventional thermal-wave imaging de­
tection techniques shown in Fig. 1, an optical beam in­
terrogates the temperature distribution in the air layer 
above a periodically heated specimen. The probe beam 
passes above the sample and is deflected by the gradient 
in the refractive index of the air, produced by heat flow 
from the specimen. Two deflection components of the 
probe beam are monitored. The normal component is 
in the plane defined by the probe beam and the 
specimen-surface normal, which is dependent on the sur­
face temperature of the specimen. The transverse com­
ponent is the deflection in the plane parallel to the 
specimen surface and is dependent on the gradient of 
the temperature distribution orthogonal to the path of 
the probe beam. Cross-sectional images of the magni­
tude and phase of these two components are shown in 
Fig. 8. Here, the pump beam is incident from the top 
of the image onto an insulating glass substrate, and, be­
cause of the low thermal diffusivity of glass, a very local­
ized temperature distribution is produced in the 
specimen. The thermal lens in the air is then imaged by 
scanning the probe beam through a series of x positions 
on either side of the position of the pump beam on the 
specimen and for a series of y positions representing 
different heights of the probe beam above the specimen 
surface. The result is an image of the dependence of the 
deflection signal on pump/ probe offset (x) and 
probe/specimen offset (y). Note that while the magni­
tude image of the normal component is greatest for a 
pump/ probe offset of zero, that of the transverse com­
ponent is minimum at this position and the phase im­
age shows a 180 0 phase excursion because the 
temperature gradient here is zero. The magnitude im­
age of the normal component also shows two lobes ad­
jacent to the central maximum. The lobes are predicted 
theoreticallyl7 and occur when the thermal diffusion 
length in air is greater than the spatial extent of the tem­
perature distribution on the specimen surface. 

If the material under investigation is transparent at 
the probe-beam wavelength, it is possible to develop a 
variation of the conventional optical-beam-deflection 
method by probing the temperature distribution inside 
the material directly. This procedure is in contrast to the 
indirect measurement of specimen temperature, obtained 
by probing the thermal lens in the air layer above the 
specimen. Internal optical-bearn-deflection measurements 
make possible direct measurement of material absorp­
tion coefficients for optical, X-ray, and microwave 
sources. When a specimen is heated by electromagnetic 
radiation of some given wavelength, the heat deposited 
per unit distance into the material depends on the ab­
sorption coefficient at that wavelength. Since the inter­
nal optical-beam-deflection technique allows the 
temperature distribution in the specimen to be mapped 
as a function of distance into the material, values for 
the absorption coefficient can be obtained directly. 

Figure 9 shows the results of a calculation of the ther­
mal flux as a function of position on either side of an 
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Figure 9-Thermal flux versus position on either side of the in­
terface between a transparent coating and a substrate with 
(3 = 50. 

interface between a transparent coating and a substrate 
with {3 = 50. 3 Since the coating layer (values of posi­
tion less than zero) is transparent, the heat from the 
pump beam is deposited directly at the interface. The 
thermal flux within the coating then depends only on 
the thermal parameters of ~he coating. In the substrate, 
the thermal flux changes rapidly with distance from the 
interface, depending on the relative magnitudes of the 
optical absorption length and the thermal diffusion 
length. Initial experiments, conducted in collaboration 
with W. Sachse of Cornell University, using the Cor-
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Figure B-Optical-beam-deflection 
images showing the cross section of 
the thermal lens in air over a thermal­
ly insulating glass substrate for both 
the (a) normal and (b) transverse com­
ponents of the deflection. 

nell High-Energy Synchrotron Source, have involved 
studies of X-ray absorption coefficients in a number of 
materials. Theoretical work is under way to allow the 
absorption coefficients to be obtained for the three­
dimensional case of a probe beam of finite extent. 

The optical-beam-deflection technique, using a sub­
bandgap probe beam, can also be used to characterize 
the thermal and electrical transport properties of semi­
conductors. 18,1 9 Our experiments have focused on the 
characterization of cadmium sulfide, a semiconductor 
that is sufficiently transparent to allow a helium-neon 
probe beam to pass through the crystal. These studies 
will soon be extended to other semiconductors with the 
implementation of an optical-bearn-deflection system at 
infrared wavelengths. 

There are three different contributions to the refrac­
tive index gradient inside a semiconductor illuminated 
by light: (l) a temperature gradient produced by diffu­
sion of heat from the heated surface of the specimen; 
the extent of this gradient depends on the thermal diffu­
sivity of the material; (2) a modification of the temper­
ature gradient by the transport and recombination of 
photocarriers over a distance from the surface, deter­
mined by electron diffusion; and (3) a concentration gra­
dient of free carriers that contributes to the index gra­
dient directly. Summing these three components of the 
index gradient produces a cusp in plots of the deflec­
tion signal as a function of either modulation frequen­
cy or distance from the specimen surface. 

Figure 10 shows the frequency dependence of the tem­
perature gradient in silicon for five different distances 
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Figure 10-Theoretical plots showing the frequency depen­
dence of the temperature gradient in silicon, resulting from both 
thermal diffusion and carrier recombination. 

into a silicon specimen. The curves were calculated us­
ing the theoretical model presented in Ref. 18. The 
shapes of the curves reflect the effect of the various con­
tributions to the index gradient and allows values for 
the thermal and electronic properties to be obtained from 
measurements of the deflection signal as a function of 
modulation frequency and position from the specimen 
surface. 

Experimental results for the frequency dependence of 
the deflection signal in cadmium sulfide are shown in 
Fig. 11. Also shown, for comparison, is the deflection 
signal as a function of frequency in the air layer just 
above the specimen. The cadmium sulfide curve has a 
distinct cusp that separates the "thermal regime" at low 
frequencies from the "electronic regime" at higher fre­
quencies. The slope of the curve in the thermal regime 
allows the thermal diffusivity in cadmium sulfide to be 
calculated and is in agreement with published values. 

Further internal optical-beam-deflection experiments 
involved constructing images of the deflection as shown 
in Fig. 12 by raster-scanning the probe beam horizon­
tally across the pump beam and vertically above and be­
low the sarnple surface. This scan geometry is analogous 
to that used to construct the images of the thermal lens 
shown in Fig. 8. The image on the left was obtained us­
ing a modulation frequency of 10 Hz; the vertical scale 
indicates the thermal-diffusion length in cadmium sul­
fide at this frequency. While there are nonuniformities 
in the signal intensity at different positions in the speci­
men, the overall effect does not extend much deeper than 
the thermal-diffusion length, as would be found in a 
specimen exhibiting simple thermal diffusion of heat ap­
plied at the surface. The irnage on the right was obtained 
using 600 Hz; again, the thermal-diffusion length is in­
dicated by the vertical scale. In this image, however, the 
signal extends deeper than a thermal-diffusion length into 
the specimen, indicating the role of electronic diffusion 
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Figure 11-Frequency dependence of the internal optical-beam­
deflection signal in cadmium sulfide for laser excitation. 

and subsequent recombination of the carriers on the tem­
perature gradient in the specimen. The spatial variations 
in the optical-bearn-deflection signal seen in both images 
indicate variations in both thermal and electronic effects, 
possibly related to structure variations in the semicon­
ductor. 

We have recently extended the internal optical-beam­
deflection measurements by using an electron beam to 
excite the semiconductor inside a scanning electron 
microscope. The instrumentation system used is illustrat­
ed in Fig. 13. Both thermal and electronic components 
to the index gradient are observed in the frequency de­
pendence of the deflection, as seen in Fig. 14. It is hoped 
that this technique will make it possible to determine the 
distribution of primary electrons by direct experimental 
measurement. The internal optical-bearn-deflection tech­
nique may further provide the ability to examine elec­
tron/specimen interaction ranges in semiconductors, a 
subject that is important to the implementation of elec­
tron lithography techniques for microelectronics fabri­
cation. Extension of these techniques to imaging should 
allow local parameter variations to be determined and 
could have application in deep trap characterization in 
semicondictors where the trap may act as a scattering 
or recombination site. 
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CONCLUSIONS 
Many types of new composite materials for a wide 

range of important technological applications are cur­
rently used in all kinds of structures, ranging from fighter 
aircraft to microelectronic circuits. Many of these materi­
als systems rely heavily on the properties of interfaces 
and layered structures to provide the improved charac­
teristics needed for the applications. Three types of ther­
mal nondestructive techniques for evaluating layered 
structures and interfaces have been discussed in detail. 
Time-resolved infrared techniques show promise for use 
with large specimens because these techniques make it 
possible to monitor areas of large structures directly by 
providing nearly parallel processing of surface-tempera­
ture information, making it possible for these methods 
to acquire thermal-wave images much faster than the 
scanning methods and providing a way to deal with thick 
specimens having low thermal diffusivity. Thermoelas­
tic detection techniques, although complicated to describe 
theoretically, provide a number of specific advantages 
not found with other techniques, specifically the ability 
to detect defects at greater depths than the purely ther-
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Figure 14-Frequency dependence of the electron/optical-beam­
deflection signal in cadmium sulfide: (a) magnitude versus the 
square root of frequency, (b) phase versus the square root of 
frequency. 

mal methods and the sensitivity to variations in elastic 
properties. Finally, the internal optical-beam-deflection 
techniques provide new methods for measuring a num­
ber of material properties, including absorption coeffi­
cients, thermal and electronic diffusivities, minority 
carrier lifetimes, and recombination times. 
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