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P hotothermal diagnostics (PTD)
has been responsible for the emer-
gence of a growing number of rev-

olutionary new measurement technolo-
gies in both academic and industrial envi-
ronments. The common element among
these diffusion-based methodologies is
that they are complementary to purely op-
tical detection techniques because they
rely on the detection of optically produced
thermal phenomena, or on other process-
es that result in the occlusion of thermal
energy or the emission of thermal infrared
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photons. The origin of optical-to-thermal
energy conversion (photothermal or non-
radiative) processes touches upon a great
number of physical or chemical mecha-
nisms, and photothermal techniques have
thus become tools of increasing impor-
tance for the study of these types of energy
conversion  phenomena. In several cate-
gories of matter which impede or scatter
optical energy, such as opaque and turbid
media, PTD methodologies are not limit-
ed by problems of light transport. What’s
more, they show remarkable sensitivity to

media which produce very low optical sig-
nals, such as absorbing ultrathin films and
ultralow-concentration environmental
pollutant absorbers. For this reason, they
offer exciting alternatives to light-based
techniques in spectroscopy, biomedical
optics, analytical and environmental
chemistry, and non-destructive materials
characterization. At a fundamental level,
conventional linear lightwave fields satisfy
boundary-value problems of hyperbolic
(non-zero, second-order time derivative)
partial differential equations. In the case of
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faces. The linear-law nature of diffusion
waves renders their very-near-field nature
critically dependent on interfacial process-
es with regard to the spatial configuration
of the detected field and the resolution of
any embedded scatterers.4 The linear law
forms the backbone for a wide spectrum
of unique applications and emerging tech-
nologies. A review of the physics, as well as
many descriptions of the unique applica-
tions of diffusion waves, can be found
elsewhere.5 Perhaps the most intriguing
aspect of diffusion waves is that they offer
a relatively simple tool for creating spatial
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harmonically modulated sources, the wave
equation takes on the familiar form of the
Helmholtz equation, with the angular
wave number defined as the quantity �/c,
equal to the magnitude of the wave-vector
k, which is real in unattenuated traveling
fields 

�2 �(r,�) + k2 �(r,�) = f (r,�) (1)

Here �(r,�) is the wave function and
f (r,�) is a harmonic source/forcing func-
tion. The physics of these wave fields can
best be described by means of the method
of characteristics.1 This formalism yields a
rich, well-known array of wave properties,
such as wave-front propagation, reflection,
and refraction. In terms of energy, what is
detected is a square-law field: the square-
law nature of the detected field occurs in
wave acoustics and in wave optics, where
power or flux is most commonly detected
with instruments that are sensitive to the
amplitude (or the gradient of the ampli-
tude) squared.2 These are the properties to
which the wave concept owes its scientific
and technological success as the primary
physical entity for controlled information
transport. Photothermal waves, however,
belong to a specific class of waves, called
diffusion wave fields (DWFs) to indicate
their diffusive origin.3 They are coherent
oscillations of diffusing energy, continu-
ous mass, or particles, and they have com-
plex wave-vectors similar to those encoun-
tered in attenuating light fields. In homo-
geneous and isotropic media, we easily ob-
tain a sort of pseudo-wave Helmholtz
equation via Fourier transformation of the
diffusion equation3

�2 �(r,�) - �2(�) �(r,�) = Q(r,�) (2)

where �(�) is the complex diffusion wave
number. Equation (2) is known as the
thermal-wave equation. For thermal 
waves �(�) = (1+i)/L(�), where L(�) =
(2�/�)1/2 is the penetration (or probe)
depth, known as thermal diffusion length,
and � is the thermal diffusivity in m2/s.
Q(r,�) is a harmonic diffusive source. The
major characteristic that makes DWFs
unique is that power transport obeys a lin-
ear law rather than a square law, in the
form of diffusion gradients (harmonic
Fickian behavior4). This has far-reaching
consequences that originate in the manner
in which power or flux accumulates or de-
pletes when it is transported across inter-

Figure 1. Some of the many ways to produce photothermal fields.When a modulated laser beam
strikes a surface, because of its dependence on temperature, a refractive-index gradient appears.A
probe laser beam traveling parallel to the surface will be deflected harmonically, a phenomenon
known as the mirage effect, or photothermal beam deflection (PDS).Another source of deflection
is the thermoelastic deformation (“bump”) generated by intermittent laser heating.Planck radiation
emitted from the thermally oscillating surface may also be collected (IR photothermal radiometry,
or PTR). A thermal wave-field is generated inside the medium with thermal diffusion length 
L(�) � �-1/2.Another possibility is to detect the transmitted thermal oscillation with a pyroelectric
sensor, like polyvinylidene fluoride, PVDF (photopyroelectric spectroscopy, or PPES). If the pump
beam excites electronic carriers in the medium, a plasma wave-field appears. In optically scattering
turbid media, a spherical, diffuse, photon-density field emerges from a point source, which scatters
on inhomogeneities and can be detected tomographically by an optical fiber. (From Ref. 5).

coherence as an effective means of con-
trolling random dissipation of energy,
mass, or particle ensembles. A schematic
of the most common photothermal exper-
imental techniques is shown in Fig. 1. Dif-
fusion waves can be credited with signifi-
cantly improving the dynamic measure-
ment range of optical, electronic, and
thermal parameters of condensed phases
compared to the results that can be
achieved using conventional photonic
methods. As an example, let’s consider op-
tical spectroscopy. Photothermal methods
possess what is known as the zero-baseline
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advantage. In plain language, this means
signals are generated only if there is an op-
tical absorption event and subsequent
conversion to thermal-wave energy above
an otherwise zero background signal, even
in the presence of large, non-converted
optical fields. This feature, coupled with
the strong spatial damping of optically
generated thermal waves in the vicinity of
photon deposition followed by coherent
thermal conversion, can yield extremely
localized detection of ultraweak absorp-
tions in thin films and fluids at unprece-
dented sensitivity limits6 for absorptances,
in the range below 10-6. Because of the ex-
traordinary improvement in dynamic-
range measurements, significant new
physics and industrial and clinical applica-
tions have become possible in the past 30
years as a result of combinations of the
unique abilities of photothermal tech-
niques and instruments. The applications
below are typical of the considerable po-
tential of emerging photothermal diag-
nostic technologies to successfully address
widely disparate scientific and engineering
disciplines, including photonic materials
science, metallurgical non-destructive
depth profilometry, and semiconductor
thermoelectronic imaging, through sig-
nal-generation processes that yield results
that are far superior to those that can be
obtained using purely optical techniques.

Non-radiative quantum-yield 
spectroscopy of photonic materials
By nature, thermal diffusion waves can
only be generated following conversion of
some form of excitation energy to heat.
For this reason, it is not surprising that
photothermal signals are linearly depend-
ent on the non-radiative quantum effi-
ciency (or quantum yield), 	NR(
), of an
absorbing sample at the excitation wave-
length 
. The precise spectral measure-
ment of the energetic complement of this
parameter, the radiative quantum yield,
1 - 	NR(
), is extremely important for the
assessment of the optical activity (or the
lack thereof) and the suitability of pho-
tonic solids or liquids as laser or optical
materials within a desirable emission
band. Unfortunately, the spectral meas-
urement of 	NR(
) has always been diffi-
cult at best. The problem is that optical
signals from such materials contain the
hard-to-deconvolute �(
) 	NR(
) product
(�: optical absorption coefficient). Ultra-
fast methods can be used to track down
one or more specific de-excitation path-
ways, but they cannot track down the en-
tire de-excitation energy manifold and
they cannot track across broad spectral
ranges.

Photothermal spectroscopy is capable
of measuring the complementary spec-
trum quite easily. The key to success for

this measurement is in the deconvolution
of the �(
) 	NR(
) product spectrum
through signals generated by the same in-
strument.

Photopyroelectric spectroscopy (PPES),
which is schematically depicted in Fig. 1, is
an optimal methodology for performing
this type of measurement. Pyroelectric
polyvinylidene fluoride (PVDF) films con-
vert thermal energy oscillations to an ac
voltage wave-form, which can be directly
demodulated by any commercial lock-in
amplifier. When the sample—either solid
or liquid—is far away from the surface of
the pyroelectric sensor, only the transmit-
ted portion of the incident-modulated op-
tical power is registered. Using a tunable
laser or a broadband spectral lamp, the
transmittance can be analyzed to produce
the absorption spectrum �(
). The detec-
tor is then brought to within one thermal
diffusion length, L(�), of the sample. Op-
tical transmission still produces the same
signal, but in addition, the non-radiatively
converted power generates a thermal wave
in the sample. This wave is conducted to
the sensor at a much lower (thermal-gra-
dient limited) speed than the speed of
light, thus producing an out-of-phase sig-
nal, which is captured by the quadrature
channel of the lock-in amplifier. The out-
of-phase signal is produced by the com-
plex wave number �(�) in both the body
of the sample and in the backing layer be-
hind it. This signal is proportional to the
product �(
) 	NR(
), from which 	NR(
)
can be extricated to produce a non-radia-
tive quantum yield spectrum.

An example of non-radiative quan-
tum-yield spectroscopy applied to two
Ti:sapphire laser crystals is shown in Fig. 2.
The regions of low non-radiative (i.e.,
high optical) activity below 600 nm are
consistent with the efficient absorption of
radiation at these wavelengths and the
down-conversion to luminescent photons
instead of heat. The crystal that exhibits
essentially 100% 	NR(
)  above 650 nm is
of poor optical energy conversion quality
and cannot be used as a laser emission
medium. The other crystal is of high qual-
ity and has no measurable absorption
above 600 nm.

Much effort is currently being devoted
in various laboratories around the world
to improving the quality of solid-state
lasers, molecular crystals, dyes, and other
photonic materials by means of non-ra-
diative quantum-yield spectroscopy.8
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Figure 2. Non-radiative quantum yield spectra of two pairs of melt-grown Ti:AlOcrystals.
Curve (1): laser-quality crystal; curve (2): low-quality crystal. Each curve was generated from
combined quadrature and in-phase lock-in amplifier PPES data from a pair of unequal-length
crystals cut from adjacent locations of the ingot. (From Ref. 7).
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Inverse photothermal problems
Among nondestructive testing (NDT)
methodologies, the diffusion-wave tech-
nique known as thermal-wave detection9

is growing in importance because of its
ability to monitor subsurface structures
and damage in materials well beyond the
optical penetration depth of illumination
sources, i.e., below the range of optical im-
aging for opaque materials. The amplitude
and phase of the thermal wave in inhomo-
geneous materials carry information
about any heat transport disruption or
change below the surface. Due to singular-
ities in the solution of the thermal-wave
inverse problem,10 great care must be tak-
en in generating appropriate mathemati-
cal models for inverting these signal chan-
nels so as to yield reliable depth recon-
structions of the spatially variant thermal
diffusivity of the sample. In recent years,
several successful attempts have been made
to invert these data and thus reconstruct
arbitrary thermal diffusivity (or conduc-
tivity) depth profiles. These attempts have
been described in the literature.11

By far the most popular experimental
methodology used to address this ther-
mal-wave inverse problem has been laser-
infrared-photothermal radiometry (PTR).
Its popularity can be traced to its com-
pletely remote, non-intrusive nature. A
schematic diagram of the experimental
apparatus is shown in Fig. 3. Thermal dif-
fusivity, which depends on a material’s mi-
crostructural properties, is very sensitive
to the changes that take place in the mate-
rial as a result of surface modification
processes, such as laser processing, case
hardening, or coating deposition. Consid-
ering the typical depths involved (ranging
from a few micrometers to a couple of
millimeters), photothermal techniques
have proven to be a good non-destructive,
non-contact method of profiling subsur-
face inhomogeneities.12, 13 In the develop-
ment of PTR as a depth-profilometric
technology, the inversion methodology
based on the generalized theoretical for-
mulation11 has been applied to manufac-
tured, steel-based materials. In practice,
the pump laser beam spot size must be
made much larger than the maximum
profiled depth, L(�min), using the optical
diffuser (Fig. 3) to maintain the one-di-
mensional thermal-wave formalism as-
sumed in the theory. As an example, case-
hardened steels with chemical composi-

tion 0.18/0.23% C, 0.70/0.90% Mn,
0.40/0.70 Ni, 0.40/0.60% Cr and
0.15/0.25% Mo have been exposed to pho-
tothermal field generation as a function of
laser-beam-intensity modulation frequen-
cy. The case depth of the samples is de-
fined by 0.25% C on the carbon concen-
tration profile, as shown in Fig. 4(b).

In steel, carbon profoundly changes the
phase-diagram relationships, the mi-
crostructure, and the properties. For this
reason, it is the principal hardening ele-
ment in all steel manufacturing. Carburiz-
ing is a high-temperature process by
which the surface carbon concentration of
a ferrous alloy is increased by diffusion. In
the carburizing treatment, slow cooling of
plain carbon and low-alloy steels results in
a pearlitic microstructure. Forming
pearlite is a time-dependent nucleation
and diffusion-controlled process. During
this process, high-temperature austenite
decomposes to form pearlite, a lamellar
structure composed of ferrite and cemen-
tite. The strength of the pearlite depends
on the lamellar spacing: very slow cooling
rates produce a soft, coarse pearlite, while
faster cooling rates produce a fine, harder
pearlite. Rapid quenching in a liquid
medium after carburizing results in a non-
equilibrium martensite structure, the

hardness of which is a function of its car-
bon content. Low-carbon martensites are
soft, while high-carbon martensites can be
very hard. In general, the depth profiles of
the hardened samples exhibit anticorrela-
tions between thermal diffusivity and
hardness.12,13

In Figure 4, the anticorrelation of hard-
ness and thermal diffusivity is shown for
a) carburized and b) quenched data. A
good one-to-one anticorrelation is present
for the carburized, slow-cooled recon-
structions [Fig. 4(a)], although the curves
are not an exact mirror image of each oth-
er. In the quenched data reconstructions
[Fig. 4(b)], the quality of the one-to-one
anticorrelation between microhardness
and thermal diffusivity decreases with in-
creasing depth. Beyond 2 mm, the hard-
ness profiles approach the bulk value, but
the diffusivity profiles do not yet saturate
to the bulk thermal diffusivity. The exact
mechanism of thermal-diffusivity depth-
profile generation can be investigated by
comparing these reconstructions to the
available hardness profiles. Thermal-wave
depth profilometry can be an invaluable
analytical technique for understanding the
effect of surface treatment processes, such
as case hardening of metals. The study of
case-hardened steels led to the conclusion
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Figure 3. Frequency-domain photothermal radiometric instrumentation for thermal-
diffusivity depth profilometry. A/O: acousto-optic modulator.
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and many such carriers suffer collisions
with other carriers and lattice phonons,
until picosecond-scale thermal equilibri-
um is achieved (in a process known as di-
rect lattice heating). This heating is a
source of thermal waves in the semicon-
ductor. In addition, excess photogenerat-
ed carriers diffuse away from the source
until they recombine with carriers of the
opposite sign (electrons with holes) or in
defect/impurity centers at the end of their
(statistical) lifetime, �.

The measurement of photoexcited ex-
cess carrier lifetimes (both surface and
bulk) and carrier diffusion coefficients in
semiconductors is very useful in the char-
acterization of the quality of semiconduc-
tor materials and in evaluating the per-
formance of working semiconductor de-
vices. The non-contact method of fre-
quency-domain photothermal radiometry
(PTR), in a modification of Fig. 3, is
promising for remote on-line or off-line
impurity/electronic defect diagnostics.15

According to a statement of Kirchhoff ’s
law of detailed balance reflecting conser-
vation of energy, at thermodynamic equi-
librium, the rate of emission of blackbody
radiation from the surface and throughout
the bulk of a material can be measured
from, and is exactly equal to, the rate of
absorption of the radiation incident on
the material per wavelength interval.
Therefore, the IR emission spectrum for a
de-excitation process in a semiconductor
can be obtained directly from its absorp-
tion spectrum.

In PTR detection, it is rather the reverse
application of Kirchhoff ’s law that is ex-
ploited: Optical absorption of a laser beam
in the ultraviolet, visible or near-IR (su-
per-bandgap) spectral range in Si, for ex-
ample, results in electronic excitation, fol-
lowed by complex ultrafast intraband de-
cay processes, and ultimately by much
slower interband recombination kinetics.
A fraction of the de-exciting electronic
cloud (a “plasma wave”)16 recombines
upon emission of IR (blackbody) radia-
tion, which is equivalent to surface and
bulk absorption of the same IR flux inte-
grated over the same depth coordinate, in
agreement with Kirchhoff ’s law. The plas-
ma-wave signal component is generated
by direct IR emission from photoexcited
carriers (electrons or holes), with each free
carrier acting as an individual Planck radi-
ator. For this reason, the signal carries in-
formation about the density of photogen-
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Figure 4. (a) Hardness and thermal-diffusivity profiles for carburized steel samples with chemical
composition 0.18/0.23% C, 0.70/0.90% Mn, 0.40/0.70 Ni, 0.40/0.60% Cr, and 0.15/0.25% Mo. 0.02”
(0.5 mm-solid), 0.04” (1.0 mm-dash) and 0.06” (1.5-mm-dash-dot) case depths; (b) Hardness and
thermal diffusivity profile for quenched samples: 0.02” (0.5 mm-solid), 0.04” (1.0 mm-dash) and
0.06” (1.5 mm-dash-dot) case depths. (From Ref. 14).

that the depth distribution of the thermal-
diffusivity profile is dominated by carbon
diffusion during carburization, whereas
the absolute thermal diffusivity value is
dominated by microstructural changes in-
curred in quenching the carburized steel.
Obtaining the carbon-diffusion profile
non-destructively, by means of photother-
mal waves, can be of significant benefit to
the steel industry since, in the heat-treat-
ing process, the carbon content and diffu-
sion profile are not measured outputs but
only estimated inputs. These parameters
can be easily extracted from the thermal-
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wave depth profiles through appropriate
calibration of the curves shown in Fig. 4
against known hardness profiles.

Blackbody emissions from 
laser-excited carriers in 
semiconductors
Several dynamic processes may occur
when an electronic solid is optically excit-
ed with harmonically modulated intensity
of monochromatic photons of energy
greater than the fundamental energy gap.
Energetic electron-hole pairs are created,



erated free carriers and their subsequent
recombination kinetics, a measure of the
electronic trap densities and of the elec-
tronic quality of the semiconductor mate-
rial. Recombination lifetimes in silicon are
a few �s or longer, so the plasma diffusion
wave appears in the range above 1 kHz.
Currently, plasma waves are increasingly
used to interrogate the defect state in elec-
tronic solids destined for high-density mi-
cro- and nano-electronic fabrication. The
amplitude and phase of the collected
blackbody radiation flux provides a meas-
ure of the recombining free-carrier densi-
ty and of the dynamics of the incoherent
oscillatory recombination process that
creates the plasma diffusion wave. In this
situation, the emitted IR radiation consti-
tutes a photothermal signal that replicates
the plasma wave. The superposed thermal
wave from direct lattice heating is easily
separated out from the plasma wave by
virtue of the very slow thermal diffusion
compared to electronic density gradient
diffusion. In practice, in typical quality Si
crystals, photothermal radiometric signals
above 200-500 Hz are completely domi-
nated by de-exciting electronic Planck ra-
diators. The frequency dependence of the
plasma wave involves the recombination
lifetime in the bulk of the semiconductor,
the electronic diffusivity, and the rate of
recombination at the surfaces (or surface
recombination velocity), which depends
on the surface-state density and is a meas-
ure of sample preparation, cleaning, and
processing.

A number of applications in the area of
semiconductor process technology can be
found in the literature.15 With the use of
photothermal technologies, researchers
have recently discovered that because of
the rapid diffusion of photoexcited carri-
ers to the back surface of the sample, de-
pletion conditions there can affect the en-
tire spatial-density gradient. This has led
to the emergence of a new, depth-profilo-
metric, photothermal-electronic (“ther-
moelectronic”) lifetime imaging technique
(see Fig. 5). Figure 5 shows the result of
laser photothermal excitation at 514 nm, a
wavelength at which the Si wafer bulk is
fully opaque. The round feature on the
image is associated with a minute amount
of mechanical damage on the back surface
of the 500-µm-thick wafer, which is lying
directly below the laser irradiation spot.
The photothermal signal is caused by di-
rect coherent IR photon emission from the
damaged region at the laser modulation

frequency, following diffusion of photo-
carriers to the spot and enhanced recom-
bination in defect states introduced by the
damage. This nascent photothermal tech-
nology offers unusual sensitivity to the
electronic condition of Si wafer surfaces
and intermediary bulk regions, which are
thermally and optically remote to the up-
per 1-�m-deep surface region, where ac-
tive device processing occurs. The image
in Fig. 5, and other similar thermoelec-
tronic images obtained in our laborato-
ry,5,17 reveal the importance of hitherto ill-
understood effects of remote electronic
defect locations on the quality and per-
formance of distant micro- and nano-
electronic devices, across material regions
totally impenetrable by light. This unique
photothermal capability heralds the emer-
gence of a potentially powerful diagnostic
imaging technology for electronic, depth-
profilometric defect mapping in process
semiconductors.

Conclusions
The wealth of information that can be gar-
nered using photothermal techniques—

PHOTOTHERMAL  DIAGNOSTIC TECHNOLOGIES

June 2002 ■ Optics & Photonics News 37

Figure 5. Photothermal depth–profilometric phase image (1-kHz modulation frequency) of a
back-surface mechanical defect on a Si wafer.The image was obtained with a 514-nm Ar-ion laser
scanning the front intact and polished surface of the wafer.The defect generates enhanced photo-
carrier recombination. The image is a measure of the effect of back-surface recombination on
front-surface electronic properties (mainly the recombination lifetime).
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without the need to undertake significant
investments in instrumentation—has
been demonstrated by this review of pho-
tothermal principles and select applica-
tions in the fields of photonic, metallurgi-
cal, and electronic materials of industrial
importance. Photothermal diagnostics of-
fers a set of optically sourced techniques
which are complementary to purely opti-
cal detection in spatial regions where
lightwaves cannot penetrate, along with
the depth-profilometric capability to
monitor a broad range of optical, thermal,
and electronic material properties.
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