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OutlineOutline
• Historical Photoacoustic and Photothermal Background:• Historical Photoacoustic and Photothermal Background:

Our roots, 1973 – 2011+

• From Piezoelectric PA Microscopy to Biomedical Ultrasonicpy
Photoacoustics and Imaging.

• From Gas-Cell Microphone PA to Optoelectronic Diffusion-
W I i d Hi h F C i h b dWave Imaging and High-Frequency Carrierography based
on Energy Conversion Processes in Semiconductors and
Devices

• From Gas-Cell Scanned NDT to Lock-in Thermography
and the Thermal-Wave Radar Imager
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I. Historical PastI. Historical PastI. Historical PastI. Historical Past
 The beginning of modern day The beginning of modern day photoacousticsphotoacoustics: : 
 J. G. ParkerJ. G. Parker, Applied Physics Laboratory, Johns Hopkins University, , Applied Physics Laboratory, Johns Hopkins University, “Optical “Optical 

Absorption in Glass: Investigation Using an Acoustic Technique”Absorption in Glass: Investigation Using an Acoustic Technique” Appl OptAppl Opt 1212 29742974Absorption in Glass: Investigation Using an Acoustic Technique , Absorption in Glass: Investigation Using an Acoustic Technique , Appl. Opt. Appl. Opt. 1212, 2974 , 2974 
(December 1973)(December 1973)
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J. G. ParkerJ. G. Parker
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J. G. ParkerJ. G. Parker

77



AllanAllan RosencwaigRosencwaig and Allenand Allen GershoGersho Bell Laboratories Murray Hill New JerseyBell Laboratories Murray Hill New JerseyAllan Allan RosencwaigRosencwaig and Allen and Allen GershoGersho, , Bell Laboratories. Murray Hill. New Jersey, Bell Laboratories. Murray Hill. New Jersey, 
“Theory of the “Theory of the photoacousticphotoacoustic effect with solids”, effect with solids”, J. Appl. Phys. J. Appl. Phys. 4747 (1), 64 (1976).(1), 64 (1976).
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Allan Allan RosencwaigRosencwaig and Allen and Allen GershoGersho
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II. From Piezoelectric PA II. From Piezoelectric PA 
Mi t Bi di lMi t Bi di lMicroscopy to Biomedical Microscopy to Biomedical 
UltrasonicUltrasonic PhotoacousticsPhotoacousticsUltrasonic Ultrasonic PhotoacousticsPhotoacoustics

and Imagingand Imaging
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From Piezoelectric PA Microscopy to Biomedical Ultrasonic Photoacoustics and Imaging

JJ. E. . E. Michaels, Michaels, Structures Structures and Dynamics Operation, and Dynamics Operation, AerosciencesAerosciences Laboratory Missile and Laboratory Missile and 
Space Vehicle DepartmentSpace Vehicle Department, General , General Electric Electric Company, Company, “THERMAL IMPACT“THERMAL IMPACT--THE THE 

MECHANICAL RESPONSE OF SOLIDS TO EXTREME ELECTROMAGNETIC RADIATION”, MECHANICAL RESPONSE OF SOLIDS TO EXTREME ELECTROMAGNETIC RADIATION”, 
Planetary Space Sci. Planetary Space Sci. 77, 427 (1961), 427 (1961)
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J. E. MichaelsJ. E. Michaels
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From Piezoelectric PA Microscopy to Biomedical 
Ultrasonic Photoacoustics and Imaging

RR. M. White, . M. White, TravelingTraveling--Wave Tube Product Section, General Electric Company, Wave Tube Product Section, General Electric Company, PaloPalo
Alto, California, “Alto, California, “Elastic Wave Generation by Electron Bombardment Elastic Wave Generation by Electron Bombardment or Electromagnetic or Electromagnetic 

Wave Absorption”, Wave Absorption”, J. Appl. Phys. J. Appl. Phys. 3434, 2123 (1963), 2123 (1963)
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R. M. R. M. WhiteWhite, Department of Electrical Engineering, University of California, Berkeley, , Department of Electrical Engineering, University of California, Berkeley, 
California, California, “Generation of Elastic Waves by Transient Surface Heating”, “Generation of Elastic Waves by Transient Surface Heating”, J. Appl. Phys. J. Appl. Phys. 3434, , 

3559 (December 1963)3559 (December 1963)
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R. M. White
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EggeEgge Hey, Klaus Hey, Klaus GollnickGollnick, , OpticOptic--Acoustic Relaxation of Periodically Irradiated Acoustic Relaxation of Periodically Irradiated 
Solutions, Solutions, Berichte der Bunsengesellschaft für physikalische Chemie, Berichte der Bunsengesellschaft für physikalische Chemie, 
Volume 72 Issue 2 page 263 März 1968Volume 72 Issue 2 page 263 März 1968Volume 72, Issue 2, page 263, März 1968Volume 72, Issue 2, page 263, März 1968

Abstract
A relaxation method is described which allows a direct measurement of 
radiationless transition rates. The method corresponds to the spectrophone in
the gas phase; i.e. it employs intensity modulated light of variable modulation
frequency as the means for perturbing the equilibrium and a microphone asfrequency as the means for perturbing the equilibrium, and a microphone as
the measuring device for detecting the resultant pressure wave. By applying
the method to solutions of eosine in methanol the following results were
obtained: 1) The rate of the radiationless transition from the first excited singlet 
state of eosine to the triplet state is 1.25 · 108 sec−1. 2) Besides this transition
the radiationless deactivation of the first excited singlet state to the ground state
may be neglected. 3) The natural lifetime of the triplet state of eosine is 
0 104 sec 4) Even at low temperatures (-196°C) the radiationless deactivation0.104 sec. 4) Even at low temperatures ( 196 C) the radiationless deactivation
of the triplet state is much more prominent than the radiative transition.
Generalizations of the optic-acoustic relaxation method are discussed.
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This article is the first reported study on photoacoustics of liquids



S. S. OdaOda, T. Sawada, and H. , T. Sawada, and H. KamadaKamada, Department of Industrial Chemistry, Faculty of , Department of Industrial Chemistry, Faculty of 
Engineering, The University of Tokyo, Engineering, The University of Tokyo, HongoHongo, Bunkyo, Bunkyo--kuku, Tokyo, Japan, , Tokyo, Japan, “Determination “Determination 

of Ultra Trace Cadmium by Laserof Ultra Trace Cadmium by Laser--Induced Induced PhotoacousticPhotoacoustic Absorption Spectrometry”, Absorption Spectrometry”, 
ANALYTICAL CHEMISTRYANALYTICAL CHEMISTRY 5050 (7) 865 (JUNE 1978)(7) 865 (JUNE 1978)ANALYTICAL CHEMISTRY, ANALYTICAL CHEMISTRY, 5050 (7), 865 (JUNE 1978)(7), 865 (JUNE 1978)
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Radiative Transfer Equation in Turbid MediaRadiative Transfer Equation in Turbid MediaRadiative Transfer Equation in Turbid MediaRadiative Transfer Equation in Turbid Media
J. Opt. Soc. Am. A J. Opt. Soc. Am. A 1111 (10), 2727 (October 1994)(10), 2727 (October 1994)
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HaskelHaskel et al. et al. 
Propagation of EM waves in scattering media is described by the Boltzmann transport equation Propagation of EM waves in scattering media is described by the Boltzmann transport equation 
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HaskelHaskel et al. et al. 

Fick’s law valid for isotropic source term Q
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Y. Y. FanFan, A. , A. MandelisMandelis, G. , G. SpirouSpirou, , I. I. A. A. VitkinVitkin, , and and W. MW. M. . WhelanWhelan, , “Laser “Laser 
photothermoacousticphotothermoacoustic heterodyned lockheterodyned lock--in depth in depth profilometryprofilometry in turbid tissue phantomsin turbid tissue phantoms”, ”, 

PRE PRE 7272 (5), 051908, 2005(5), 051908, 2005

 FrequencyFrequency--domain radiative transfer domain radiative transfer 
boundaryboundary--value problemvalue problem
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OPTOACOUSTIC TOMOGRAPHY OPTOACOUSTIC TOMOGRAPHY 

V EV E GusevGusev and A Aand A A KarabutovKarabutov “Laser“Laser OptoacousticsOptoacoustics” Transl by K” Transl by K HendzelHendzel AIP PressAIP PressV.E. V.E. GusevGusev and A. A. and A. A. KarabutovKarabutov, , Laser Laser OptoacousticsOptoacoustics  Transl. by K.  Transl. by K. HendzelHendzel, AIP Press, , AIP Press, 
1993, New York, Chap. 2.2, The transfer function method. 1993, New York, Chap. 2.2, The transfer function method. (see next slide)(see next slide)

A. A. A. A. KarabutovKarabutov and O. B. and O. B. OvchinnikovOvchinnikov, [Shipbuilding Industry] Acoustics Series (“RUMB”, , [Shipbuilding Industry] Acoustics Series (“RUMB”, 
Leningrad 1987) No 2 p 93Leningrad 1987) No 2 p 93Leningrad, 1987), No. 2, p. 93.Leningrad, 1987), No. 2, p. 93.

L. V. L. V. BurmistrovaBurmistrova, A. A. , A. A. KarabutovKarabutov, A. I. , A. I. PortnyaginPortnyagin, O. V. , O. V. RudenkoRudenko and E. B. and E. B. 
CherepetskayaCherepetskaya, , “Method of transfer functions in problems of “Method of transfer functions in problems of thermoopticalthermooptical sound sound 
generation”generation” SovSov PhysPhys AcoustAcoust 24 (5) pp 36924 (5) pp 369 374 Sept374 Sept Oct 1978Oct 1978generation , generation , SovSov. Phys. . Phys. AcoustAcoust. 24 (5), pp. 369 . 24 (5), pp. 369 –– 374, Sept. 374, Sept. –– Oct. 1978Oct. 1978

These theoretical results and their experimental implementations confirmingThese theoretical results and their experimental implementations confirming
the theoretical predictions form the background of the current laser 
optoacoustic tomographic technologies for biomedical applications. The 
following slide shows the formalism and first experimental application of the 
spatial distribution of the optical absorption coefficient recovery from 
measurements of the temporal profiles of laser-generated acoustic pulses. 

2222



2323



Med. Phys. 22 (10), 1605 (October 1995)
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Med. Phys. 21 (1), 127 (January 1994) 
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Blood (hemoglobin) spectrum determination using PT Blood (hemoglobin) spectrum determination using PT 
or PA spectroscopyor PA spectroscopyor PA spectroscopyor PA spectroscopy



 PerPer--Erik Erik NordalNordal and and SveinSvein Otto Otto KanstadKanstad, Laser and , Laser and 
Applied Optics Laboratory, P. 0. Box No. 303 Applied Optics Laboratory, P. 0. Box No. 303 
BlindernBlindern Oslo 3, Norway, Oslo 3, Norway, “Visible“Visible--light spectroscopy light spectroscopy 
by by photothermalphotothermal radiometry using an incoherent radiometry using an incoherent 

Scott Prahl, Oregon Medical Laser Center, 
“Optical Absorption of Hemoglobin”, 
http://omlc.ogi.edu/spectra/hemoglobin/ (15 
December 1999)source”, source”, Appl. Phys. Appl. Phys. LettLett. . 3838 (7), 486 (April 1981).(7), 486 (April 1981).
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A. A. A. A. OraevskyOraevsky 1,2 1,2 S. L. Jacques S. L. Jacques 1,21,2 F. K. TittelF. K. Tittel22, , ““Determination Determination of tissue optical of tissue optical 
properties by properties by piezoelectric detection of piezoelectric detection of laserlaser--induced induced stress stress waves”waves”

1. Laser Biology Research Lab. Box 17, UT/M.D. Anderson Cancer Center,1. Laser Biology Research Lab. Box 17, UT/M.D. Anderson Cancer Center,
1515 Holcombe boulevard Houston TX 770301515 Holcombe boulevard Houston TX 770301515 Holcombe boulevard, Houston TX 770301515 Holcombe boulevard, Houston TX 77030

2. Department of Electrical and Computer Engineering, P.O. Box 18922. Department of Electrical and Computer Engineering, P.O. Box 1892
Rice University, Houston TX 77251Rice University, Houston TX 77251

SPIE LaserSPIE Laser--Tissue Interaction IV, Tissue Interaction IV, 1882, 1882, 86 (1993)86 (1993)

“A “A technique is described for the measurement technique is described for the measurement of optical of optical 
properties in clear and turbid media properties in clear and turbid media based on based on timetime--resolved resolved 
detection of acoustic transients. Thermal expansion of the detection of acoustic transients. Thermal expansion of the 
irradiated volume of irradiated volume of a sample a sample heated by short laser pulses heated by short laser pulses 
causes a pressurecauses a pressure--rise that is proportional to the laser rise that is proportional to the laser pp p pp p
fluencefluence and and the absorption the absorption coefficient in the coefficient in the sample”.sample”.
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A. A. A. A. OraevskyOraevsky, S. L. Jacques, F. K. , S. L. Jacques, F. K. TittelTittel, A. A. , A. A. OraevskyOraevsky, SPIE Laser, SPIE Laser--Tissue Tissue 
Interaction IV, Interaction IV, 18821882, 86 (1993), 86 (1993)

 RRd∞ d∞ : total diffuse reflectance from optically thick samples: total diffuse reflectance from optically thick samples
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A. A. A. A. OraevskyOraevsky, S. L. Jacques, and F. K. , S. L. Jacques, and F. K. TittelTittel, , “Measurement of tissue optical properties “Measurement of tissue optical properties 
by timeby time--resolved detection of laserresolved detection of laser--induced transient stress”, induced transient stress”, Appl. Opt. Appl. Opt. 3636 (1), 402 (January 1997). (1), 402 (January 1997). 
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A. A. A. A. OraevskyOraevsky, S. L. Jacques, and F. K. , S. L. Jacques, and F. K. TittelTittel, , “Measurement of tissue optical properties “Measurement of tissue optical properties 
by timeby time--resolved detection of laserresolved detection of laser--induced transient stress”, induced transient stress”, Appl. Opt. Appl. Opt. 3636 (1), 402 (January 1997). (1), 402 (January 1997). 

3030Free boundary at the surface of the irradiated medium



PhotoacousticPhotoacoustic
TomographyTomography

L V Wang Optical ImagingL V Wang Optical ImagingL.V. Wang, Optical Imaging L.V. Wang, Optical Imaging 
Laboratory Laboratory -- Washington Washington 

University in St. Louis University in St. Louis 
website website --II

Focusing light through an objective lens with a numerical aperture of 0.1 yields a 5 
μm lateral resolution, which is limited by the optical focal diameter. Such a resolution 
allows in vivo imaging of capillaries—the smallest blood vessels—as shown in Figallows in vivo imaging of capillaries the smallest blood vessels as shown in Fig. 
1(d), where single files of red blood cells are imaged. 

Photoacoustic macroscopy: 144 μm axial resolution, 30 mm depth 
The image resolution and the penetration limit are scalable with the ultrasonic 
frequency. For example, employing a 5-MHz ultrasonic transducer and an 804-nm 

i f d li ht l d th t ti t 30 h th l ti i
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near-infrared light source scaled the penetration to 30 mm, whereas the resolution is 
scaled up to 144 and 560 μm in the axial and lateral directions, respectively. 
An in vivo image of a rat overlaid with additional tissue was acquired with this system 
[Fig. 1(c)], where the SLN accumulated injected dye through the lymphatics 



PhotoacousticPhotoacoustic TomographyTomography

L.VL.V. Wang, Optical Imaging Laboratory . Wang, Optical Imaging Laboratory -- Washington Washington 
University in St. Louis University in St. Louis 

website website --IIII
Planar-view computed tomography: Fabry-Perot detection array 
In planar-view photoacoustic computed tomography, ultrasonic detection follows a 
plane. Optical interferometry, instead of the piezoelectric effect, can be used to sense 
the ultrasonic displacement or pressure. When a solid planar Fabry-Perot 
interferometer was constructed, a dielectric or polymer spacer was sandwiched 
between a pair of mirrors. A focused laser beam was optically scanned across the 
surface of the interferometersurface of the interferometer.  

Then, an inverse algorithm was used to reconstruct a photoacoustic image [Fig. 2(b)].

Spherical-view computed tomography: rotation of object and detection by arc 
array 

In a recently constructed small-animal whole-body photoacoustic tomography system,y y g y y
the animal, immersed in coupling liquid, is rotated inside a virtual spherical surface, 
on which a concave arc-shaped array of 64 piezo-composite ultrasonic transducers is 
situated. Two expanded counter-propagating laser beams illuminate the small animal 
orthogonally to the plane of the array. At 755 nm wavelength, the internal organs of a 
nude mouse were imaged [Fig. 2(c)].
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PhotoacousticPhotoacoustic TomographyTomography

L.VL.V. Wang, Optical Imaging Laboratory . Wang, Optical Imaging Laboratory -- Washington University in St. Louis Washington University in St. Louis 
website website --IIIIII

Photoacoustic breast imaging 
PAT lends itself to breast imaging. Breast tissue has relatively homogeneous (~±5%) 
speed of sound, and breast tumors tend to present higher total blood concentrations 
and lower oxygen saturations of hemoglobin than surrounding tissues. Figure 3(a) 
shows an in vivo photoacoustic image of a human breast,where the ultrasonic 
detection follows an arc. The imaged lesion measured ~18 mm and centered at 23 mm 
deep from the laser-illumination surface; it was confirmed by biopsy to be an invasive 
carcinoma Figure 3(b) shows another in vivo photoacoustic image of a human breast

3333

carcinoma. Figure 3(b) shows another in vivo photoacoustic image of a human breast,
where the ultrasonic detection follows a plane. The lesion was identified as a ring-
shaped structure having an average optical absorption contrast of 1.6 relative to the 
background. The lesion was estimated to be 30 mm in diameter, which matched the 
pathologically estimated size (26 mm). 



Progress in PA Imaging Instrumentation: FrequencyProgress in PA Imaging Instrumentation: Frequency--
domain biomedical domain biomedical photoacousticsphotoacoustics –– The The PhotoacousticPhotoacousticpp

Radar/Sonar Radar/Sonar 
A. Mandelis, A. A. Mandelis, A. VitkinVitkin, S. , S. TelenkovTelenkov and Y. Fanand Y. Fan, , US patent 7,525,661 B2, Issued: April 28, US patent 7,525,661 B2, Issued: April 28, 

2009; S. 2009; S. TelenkovTelenkov and A. Mandelis, JBO and A. Mandelis, JBO 1111 (4), 044006 (July/August 2006)(4), 044006 (July/August 2006)

Two signal generation modalities for FD Photoacoustics:

3434

Two signal generation modalities for FD Photoacoustics: 



FrequencyFrequency--Swept Swept FDFD--PA RadarPA Radar

Reference Chirp Heterodyne Mixing and Coherent Detection

f

t

f(t) = f0 + bt
V(f) DSP Modules

r(t)

Mixer
V(t)=p(t)·r(t)

LPF

f
fi

Software (SW)
Lock-in

Amplitude

Ref.

(Ref)
Demod.

p(t)

Transducer

Phase

‹V(t)› ~ exp[-i(2b – )]

Correlation
Processing

(PTA signal)
 : phase lag due to acoustic delay

f
signal

t

Heterodyne signal contains frequency components 
proportional to the chromophore depth:  

fi = bi = b(zi/ca),    ca – speed of sound

d i d j d k

t
i

pi(t) = Aiexp(i2f(t – i)t + )
FD-PA with linear frequency modulation relates signal spectrum to 
the depth di of subsurface chromophores. 

 i : Characteristic response time of chromophore at  d i = c a  i
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PA Radar Ultrasonic BPA Radar Ultrasonic B--mode imaging usingmode imaging usingPA Radar Ultrasonic BPA Radar Ultrasonic B mode imaging usingmode imaging using
phased arraysphased arrays

Image is formed using a set of ultrasoundImage is formed using a set of ultrasound 
beams with direction controlled by delay time
applied to individual transducer sensors 

Beam steering is dynamic without
any mechanical scans

τ n=
xn sinθ

−
xn

2

2cn ca 2ca r



Phased array PA correlation of small animal y

Small animal (rat) with intramuscular tumor implanted.Small animal (rat) with intramuscular tumor implanted.
Superficial and deep (~ 1cm) blood vessels at tumor position are visible   

z Tumor vertical cross‐section

blood vessels

Tumor vertical cross section

blood vessels

z

PA scan: 1W laser, 1-5 MHz chirp (1ms), 64-element 2.8 MHz phased array 
transducer.



Deep Subsurface Imaging and Comparison to US Images: Early Deep Subsurface Imaging and Comparison to US Images: Early 
Stages Stages TumorTumor SimulationSimulation

b d h h dPA scan: P=1 W, 3 mm beam diameter, 1ms 1-5MHz chirp, 3.5 MHz phased 
array transducer.
US scan: 6.6 MHz 128-element linear array.



Phased Array FDPhased Array FD--PA ImagingPA Imaging

FD-PA correlation image of blood vessels in a human wrist

Laser intensity impinged on the wrist = 1 Watt
Beam diameter = 2 mm
64-elements phased array transducer frequency = 3.5 MHz



O l k f i di lO l k f i di l h ih iFuture Outlook for Biomedical Future Outlook for Biomedical PhotoacousticsPhotoacoustics
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d i l l k f bi di ld i l l k f bi di l h ih iIndustrial outlook for biomedical Industrial outlook for biomedical photoacousticsphotoacoustics

 Endra, 35 Research Drive, Suite 100, Ann Arbor MI 48103, USA
E dE d I i i li i b kth h di l i i t h l th t bi thI i i li i b kth h di l i i t h l th t bi th EndraEndra, Inc. is commercializing a breakthrough medical imaging technology that combines the , Inc. is commercializing a breakthrough medical imaging technology that combines the 
properties of lightproperties of light‐‐based (optical) imaging with ultrasound to enable advanced medical imaging. based (optical) imaging with ultrasound to enable advanced medical imaging. 
Based on the principles of Based on the principles of photoacousticsphotoacoustics, , Endra'sEndra's equipment utilizes ultrasound to detect the equipment utilizes ultrasound to detect the 
miniscule amount of heating caused by laser light deep within tissue, providing high contrast miniscule amount of heating caused by laser light deep within tissue, providing high contrast 
imaging at depths and spatial resolution far exceeding existing techniques.imaging at depths and spatial resolution far exceeding existing techniques.g g p p g g qg g p p g g q

 VisualSonicsVisualSonics Inc., Inc., 3080 3080 YongeYonge Street Suite 6100, Box 66, Toronto, ON M4N 3N1, Street Suite 6100, Box 66, Toronto, ON M4N 3N1, 
CanadaCanada

 PhotoacousticPhotoacoustic Mode or ‘PA’ Mode is a new integrated feature built onto theMode or ‘PA’ Mode is a new integrated feature built onto the VevoVevo LAZR platformLAZR platform PhotoacousticPhotoacoustic Mode, or PA  Mode is a new integrated feature built onto the Mode, or PA  Mode is a new integrated feature built onto the VevoVevo LAZR platform LAZR platform 
to enhance highto enhance high--resolution ultrasoundresolution ultrasound--derived images with the sensitivity of optical imaging. The derived images with the sensitivity of optical imaging. The 
result is visually stunning anatomical images overlaid with functional hemodynamic and molecular result is visually stunning anatomical images overlaid with functional hemodynamic and molecular 
data. data. PhotoacousticsPhotoacoustics is changing the way cancer biologists, neurologists, developmental biologists is changing the way cancer biologists, neurologists, developmental biologists 
and countless other researchers are seeing & obtaining their data.and countless other researchers are seeing & obtaining their data.

 TomoWave Laboratories, Inc. , 675 Bering Drive, Suite 575, Houston, Texas 
77057-1203, USA

 Optoacoustic Contrast Agent Development. Currently, TomoWave is exploring the development of p g p y, p g p
several new optoacoustic contrast agents involving gold nanorods (GNR). We are looking for 
potential collaborations within academia and industry partners to develop applications and 
validate biochemical properties.
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Industrial outlook for biomedical Industrial outlook for biomedical photoacousticsphotoacoustics
(Cont’d)(Cont’d)

 NanopartzNanopartz Inc., Inc., 192 Barberry Pl., Loveland CO 80537, USA192 Barberry Pl., Loveland CO 80537, USA
 The Gold Nanoparticle for Nanotechnology. The Gold Nanoparticle for Nanotechnology. NanopartzNanopartz Gold Gold NanorodsNanorods can enhance optical can enhance optical 

absorption (andabsorption (and photoacousticphotoacoustic signals) in targeted cancer tissue and provide high contrast forsignals) in targeted cancer tissue and provide high contrast forabsorption (and absorption (and photoacousticphotoacoustic signals) in targeted cancer tissue and provide high contrast for signals) in targeted cancer tissue and provide high contrast for 
nonnon--invasive cancer imaging.  In many invasive cancer imaging.  In many photoacousticphotoacoustic imaging applications, for example in optical imaging applications, for example in optical 
mammographic methods, it is already understood that intrinsic contrast alone will not provide the mammographic methods, it is already understood that intrinsic contrast alone will not provide the 
sufficient sensitivity and specificity necessary, and that target contrast enhancement is likely to sufficient sensitivity and specificity necessary, and that target contrast enhancement is likely to 
be requiredbe required..be requiredbe required..

 Fairway Medical Technologies, 710 N. Post Oak Road, Suite 204, Houston, 
Texas 77024, USA

 Seno Medical, Inc. was formed to commercialize a new modality in cancer screening and , y g
diagnosis: opto-acoustic imaging. Unlike most screening techniques, which rely on anatomical 
imaging, Seno's goal is to bring functional imaging that can detect angiogenesis to the 
marketplace. Our first product is a small animal imaging device. This product application was 
successfully licensed to a world market leader, VisualSonics. Products for use with humans, 
focusing initially on breast cancer are also in development Seno’s first clinical application is forfocusing initially on breast cancer, are also in development. Seno s first clinical application is for 
breast cancer diagnosis.
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III. From Gas-Cell Microphone p
PA to Optoelectronic 
Diff i W I i dDiffusion-Wave Imaging and 
High-FrequencyHigh Frequency 
Carrierography based on 
E C i PEnergy Conversion Processes 
in Semiconductors andin Semiconductors and 
Devices
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David David CahenCahen, , Department of Structural Chemistry. The Weizmann Institute of Science. Department of Structural Chemistry. The Weizmann Institute of Science. 
RehovotRehovot,  Israel, ,  Israel, ““PhotoacousticPhotoacoustic determination of photovoltaic energy conversion determination of photovoltaic energy conversion 

efficiency”efficiency”, Appl. Phys. , Appl. Phys. LettLett. . 3333 (9),1 November 1978(9),1 November 1978
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L. C. M. L. C. M. Miranda, Miranda, Centro Tecnico Aerospacial, Instituto de Atividades Espaciais, 12200 San Jose Centro Tecnico Aerospacial, Instituto de Atividades Espaciais, 12200 San Jose 
dos Campos, SP, Brazil, dos Campos, SP, Brazil, ““Theory of the Theory of the photoacousticphotoacoustic effect in semiconductorseffect in semiconductors

influence of carrier diffusion and recombination”, influence of carrier diffusion and recombination”, Appl. Opt. Appl. Opt. 2121 (16), 2923 (August 1982).(16), 2923 (August 1982).

 It is shown that It is shown that e e 

“It is shown that the photoacoustic signal is ultimately
governed by the relative sizes of the thermal diffusion

4949

g y
time, the carrier diffusion, and the carrier recombination
time”.



C. C. C. C. GhizoniGhizoni, M. A. A. , M. A. A. SiqueiraSiqueira, H. Vargas, and L. C. M. , H. Vargas, and L. C. M. Miranda, Miranda, ““On the use of On the use of 
photoacousticphotoacoustic cell for investigating the electroncell for investigating the electron--phonon interaction in semiconductors”, phonon interaction in semiconductors”, ApplAppl. Phys. . Phys. 

LettLett. . 3232, 554 (1978), 554 (1978)
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I. F. Faria, C. C. Ghizoni, L. C. M. Miranda, and H. I. F. Faria, C. C. Ghizoni, L. C. M. Miranda, and H. Vargas, Vargas, ««PhotopyroelectricPhotopyroelectric versus versus 
photoacousticphotoacoustic characterization of photovoltaic cells”, J. Appl. Phys. characterization of photovoltaic cells”, J. Appl. Phys. 5959, 3294 (1986), 3294 (1986)

 The The photothermalphotothermal pyroelectricpyroelectric technique is technique is applied applied pp pypy qq pppp
to to the characterization of the characterization of photovoltaic cells and photovoltaic cells and a a 
comparison with the comparison with the photoacousticphotoacoustic detection detection is is 
presentedpresented. The difference between . The difference between the the 
photoacousticphotoacoustic and the and the pyroelectricpyroelectric data data is is 
interpreted interpreted in terms of a simple model for in terms of a simple model for a a 
j ti t lj ti t l lllljunction type solar junction type solar cellcell..
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J. J. OpsalOpsal, A. , A. RosencwaigRosencwaig, and D. L. , and D. L. WillenborgWillenborg, , ThermaTherma--Wave, Wave, IncInc., 47734 ., 47734 
Westinghouse DriveWestinghouse Drive, Fremont, California , Fremont, California 94539, 94539, “Thermal“Thermal--wave detection and thinwave detection and thin--film thickness film thickness 

measurements with laser beam deflection”measurements with laser beam deflection” Appl OptAppl Opt 2222 (20) 3169 (October 1983)(20) 3169 (October 1983)measurements with laser beam deflection , measurements with laser beam deflection , Appl. Opt. Appl. Opt. 2222 (20), 3169 (October 1983).(20), 3169 (October 1983).
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J. J. OpsalOpsal, A. , A. RosencwaigRosencwaig, and D. L. , and D. L. WillenborgWillenborgJ. J. OpsalOpsal, A. , A. RosencwaigRosencwaig, and D. L. , and D. L. WillenborgWillenborg
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A.MandelisA.Mandelis, , A. A. Williams, and Williams, and E. E. K. M. K. M. SiuSiu, , PhotoacousticPhotoacoustic and and PhotothermalPhotothermal Sciences Sciences 
Laboratory, Department of Mechanical Engineering, Laboratory, Department of Mechanical Engineering, University a/TorontoUniversity a/Toronto, Toronto, Ontario M5S lA4, , Toronto, Ontario M5S lA4, 
CanadaCanada ““PhotothermalPhotothermal wave imaging of metalwave imaging of metal oxideoxide semiconductor fieldsemiconductor field effect transistor structures”effect transistor structures”Canada, Canada, PhotothermalPhotothermal wave imaging of metalwave imaging of metal--oxideoxide--semiconductor fieldsemiconductor field--effect transistor structures , effect transistor structures , 

J. Appl. Phys. J. Appl. Phys. 6363, 92 , 92 (January 1988)(January 1988)

 A A photothermalphotothermal wave imager wave imager which which monitors the monitors the 
th l tith l ti ff d f ti dd f ti d ttthermoelasticthermoelastic surface surface deformation  due deformation  due to to 
absorption of a highly focused, intensityabsorption of a highly focused, intensity--modulated modulated 
heating laser beam, heating laser beam, was capable was capable of producing of producing 
images of subsurface features related to processing images of subsurface features related to processing 
steps (steps (thermalthermal--wave depth wave depth profiling) at open profiling) at open 
circuit as well as current flow sensitive imagescircuit as well as current flow sensitive imagescircuit, as well as current flow sensitive images circuit, as well as current flow sensitive images 
related to related to electronic processes electronic processes in the active in the active 
transistor (plasmatransistor (plasma--wave depth profiling).wave depth profiling).
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A.MandelisA.Mandelis, A. Williams, and E. K. M. , A. Williams, and E. K. M. SiuSiu

(d) Isometric contour map of phase of the device at open 
circuit with numbers corresponding to degrees ( 1 ) 200.17, (2) 
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p g g ( ) , ( )
326.79, (3) 453.41, (4) 580.02, and (5) 706.64, (e) isometric 
map of phase of activated device with Va = Vv = 1.5 V. 
Numbers correspond to degrees. (1) ~ 92.12', (2) 108.11·, (3) 
308.36', (4) 508.60', and (5) 708.85'.



A. A. SalnickSalnick, A. , A. MandelisMandelis, H. , H. RudaRuda, and C. Jean, , and C. Jean, PhotothermalPhotothermal and Optoelectronic and Optoelectronic 
Diagnostics Laboratories, Department of Mechanical and Industrial Engineering, University of Toronto, Diagnostics Laboratories, Department of Mechanical and Industrial Engineering, University of Toronto, 

Toronto M5S 3G8, Canada, Toronto M5S 3G8, Canada, “Relative sensitivity of “Relative sensitivity of photomodulatedphotomodulated reflectance and reflectance and photothermalphotothermal
infrared radiometry to thermal and carrier plasma waves in semiconductors”, infrared radiometry to thermal and carrier plasma waves in semiconductors”, J. Appl. Phys. J. Appl. Phys. 82 82 (4), (4), 

1853 (August 1997).1853 (August 1997).
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The Dawn of The Dawn of PhotothermalPhotothermal Semiconductor Camera ImagingSemiconductor Camera Imaging
S. S. GraubyGrauby, B. C. Forget, S. , B. C. Forget, S. HoléHolé, and D. Fournier, , and D. Fournier, Equipe d’Instrumentation Equipe d’Instrumentation associeassocie´́ee a` a` 
l’l’UniversiteUniversite´́ Pierre et Marie Curie Laboratoire d’OptiquePierre et Marie Curie Laboratoire d’Optique UPRUPR A0005 (CNRS) ESPCI 10 75005 ParisA0005 (CNRS) ESPCI 10 75005 Parisll UniversiteUniversite Pierre et Marie Curie, Laboratoire d OptiquePierre et Marie Curie, Laboratoire d Optique, , UPR UPR A0005 (CNRS), ESPCI, 10, 75005 Paris, A0005 (CNRS), ESPCI, 10, 75005 Paris, 
France, France, “High resolution “High resolution photothermalphotothermal imaging of high frequency phenomena using a visible charge imaging of high frequency phenomena using a visible charge 
coupled device camera associated with a multichannel lockcoupled device camera associated with a multichannel lock--in scheme”in scheme”, Rev. Sci. , Rev. Sci. InstrumInstrum. . 7070 (9), (9), 

3603 (September 1999)3603 (September 1999)
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B.C. Forget, S. B.C. Forget, S. GraubyGrauby, D. Fournier, P. , D. Fournier, P. GleyzesGleyzes and A.C. and A.C. BoccaraBoccara,, “High“High--resolution resolution 
temperature field imaging”,temperature field imaging”, Electron.Electron. LettLett.. 3333 (20), 1688 (September 1997).(20), 1688 (September 1997).temperature field imaging ,temperature field imaging , Electron. Electron. LettLett. . 33 33 (20), 1688 (September 1997). (20), 1688 (September 1997). 
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A. A. MandelisMandelis, J. Batista, and D. Shaughnessy, , J. Batista, and D. Shaughnessy, Center for Advanced DiffusionCenter for Advanced Diffusion--Wave Wave 
Technologies, Department of Mechanical and Industrial Engineering,Technologies, Department of Mechanical and Industrial Engineering,

University of Toronto, Toronto, Canada M5S 3G8, University of Toronto, Toronto, Canada M5S 3G8, “Infrared “Infrared photocarrierphotocarrier radiometry of radiometry of 
semiconductors: Physical principles, quantitative depth semiconductors: Physical principles, quantitative depth profilometryprofilometry, and scanning imaging of deep , and scanning imaging of deep 

subsurface electronic defectssubsurface electronic defects”, PHYSICAL REVIEW ”, PHYSICAL REVIEW B 67B 67, 205208 (2003, 205208 (2003))
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Electronic Defect/Lifetime ImagingElectronic Defect/Lifetime Imaging, , D. Shaughnessy and A. D. Shaughnessy and A. 
MandelisMandelis, , J. J. ElectrochemElectrochem. Soc.. Soc. 153153 (4), G283 (2006). (4), G283 (2006). 

f = 100 Hz

f = 12 kHz

Defect is consistent with swirl defects generated during Czochralski crystal growth.
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• Full frame exposure time 0.13 – 16 ms 
• Spectral bandwidth 0.9 - 1.7 µm
• Electronic shutter• Electronic shutter
• 256x320 pixels 
• observed area from 2 x 2 cm2
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LowLow--Frequency LockFrequency Lock--in in CarrierographyCarrierography
A. A. MelnikovMelnikov, A. , A. MandelisMandelis, J. , J. TolevTolev, P. Chen, and S. , P. Chen, and S. HuqHuq, , 

“Infrared lock-in carrierography (photocarrier radiometric imaging) of Si solar cells”, J. Appl. Phys. 107, 
114513 (2010)

µ-PCD , lifetime,

Camera image Semilab WT-2000

114513 (2010)

• Lock-in carrierographic amplitude correlates mainly with recombination lifetime  
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HighHigh--Frequency Heterodyne Frequency Heterodyne CarrierographyCarrierography

Two modulation frequencies: ∆f= 10 Hzq
f1 for one laser and f2=f1+∆f  for the other

∆f= 10 Hz

Combined laser
irradiation

• Heterodyne method is a detection method 
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based on non-linear CG (or PCR) using the 
trigonometric identity
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• The heterodyne signal depends both on 
excess minority carrier concentration and 
degree of nonlinearity 
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r • Heterodyne method allows constructing high 
frequency images using long exposure time of 
the camera
•Heterodyne image shows higher contrast of 
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Heterodyne CG (continued)Heterodyne CG (continued)
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• Ratio of two lock-in images with different excitation intensity shows non-linear 
inhomogeneities of solar cell 
• Superposition of non-linear inhomogeneities  and excces minority carrier 
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p p g y
concentration inhomogeneities leads to higher contrast of heterodyne image



dc PL and heterodyne dc PL and heterodyne carrierographiccarrierographic image (square laser image (square laser 
waveform) of entire Si solar cellwaveform) of entire Si solar cell



Industrial outlook Industrial outlook for for photothermalphotothermal and and photocarrierphotocarrier
diagnostic science and technologiesdiagnostic science and technologiesdiagnostic science and technologiesdiagnostic science and technologies

 KLAKLA--Tencor, Tencor, 1 Technology Drive1 Technology Drive Milpitas, CA 95035Milpitas, CA 95035--7916, USA7916, USA
 Acquisition of Acquisition of ThermaTherma--Wave a “NonWave a “Non--Event” in the Metrology/Inspection Equipment Market. Event” in the Metrology/Inspection Equipment Market. 

Therma-Wave held only a 1.5% share of the metrology/inspection market in 2005 compared to 
KLA T ’ 44% Th j d t t KLA T i Th W ’ l d hi i I l tKLA-Tencor’s 44%. The major advantage to KLA-Tencor is Therma-Wave’s  leadership in Implant 
Metrology, a technology that back in 1999 Therma-Wave sued KLA-Tencor for patent 
infringement.

Intervac Inc 3560 Bassett Street Santa Clara CA 95054 USA Intervac Inc., 3560 Bassett Street, Santa Clara, CA 95054, USA
 Solar Cell Inspection. NANOVISTA is Intevac’s high speed, high resolution photovoltaic cell 

inspection system. Photoluminescence images of in-process materials and finished cells are 
collected at up to 3600 wph. With its high throughput capability and proprietary, high sensitivity 
sensor technology, NANOVISTA captures 1.3 megapixel images in milliseconds with greatersensor technology, NANOVISTA captures 1.3 megapixel images in milliseconds with greater 
accuracy than other imaging systems. NANOVISTA interpretive software performs powerful image 
analysis using simple graphical tools. The data analysis can then be used to provide process 
monitoring, simple pass/fail criteria, or wafer grading.

 HORIBA Jobin Yvon Inc., 3880 Park Avenue, Edison, NJ 08820-3097, USA
 Laser photoreflectance and  photoluminescence systems. Determination of energy band 

structure, Characterization of quantum well depth, Trap effect studies, Strain analysis, alloy
composition in ternary and quaternary compounds.

 Diffusion-Wave Diagnostic Technologies, Toronto, ON M1M 2V3,Canada
 Lock-in and Heterodyne Carrierography Imaging Systems. 6767



IV. From GasIV. From Gas--Cell Scanned Cell Scanned 
NDT to LockNDT to Lock--in in 
Thermography and the Thermography and the Thermography and the Thermography and the 
ThermalThermal--Wave Radar Wave Radar 
Imager Imager 
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The early years of NDT imagingThe early years of NDT imaging
Y. H. Wong, R. L. Thomas, and G. F. Hawkins, Y. H. Wong, R. L. Thomas, and G. F. Hawkins, Department of Physics, Wayne State Department of Physics, Wayne State 

University. Detroit. Michigan 48202, University. Detroit. Michigan 48202, “Surface and subsurface structure of solids by laser“Surface and subsurface structure of solids by laser
photoacousticphotoacoustic spectroscopy”spectroscopy” ApplAppl PhysPhys LettLett 3232 (9) 538 (May 1978)(9) 538 (May 1978)photoacousticphotoacoustic spectroscopyspectroscopy , , ApplAppl. Phys. . Phys. LettLett. . 32 32 (9), 538 (May 1978)(9), 538 (May 1978)
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G. G. BusseBusse and and A. A. OrhabeckOrhabeck,, Institut fuer Institut fuer Physik. Fachbereich Elektrotechnik. Hochschule der Physik. Fachbereich Elektrotechnik. Hochschule der 
Bundeswehr Bundeswehr MuenchenMuenchen. D. D--80/4 Neubiberg80/4 Neubiberg. Federal . Federal Republic of Republic of Germany,Germany, ““OptoacousticOptoacoustic Images”, Images”, J. J. 

ApplAppl. Phys. . Phys. 51 51 (7), 3576 (July 1980)(7), 3576 (July 1980)
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P.P.Κ. Κ. KuoKuo , Z.J. , Z.J. FengFeng , T. Ahmed, a, T. Ahmed, aιιd L.D. d L.D. FavFavrroo, R.L. Thomas, R.L. Thomas, , and J. and J. 
HartikainenHartikainen Dept of Physics Wayne State University Detroit MDept of Physics Wayne State University Detroit MΙΙ 482Ο2482Ο2 USUSΑΑ “Parallel“Parallel ThermaΙThermaΙHartikainenHartikainen, , Dept. of Physics, Wayne State University, Detroit, MDept. of Physics, Wayne State University, Detroit, MΙΙ 482Ο2482Ο2,, USUSΑΑ, , Parallel Parallel ThermaΙThermaΙ
Wave Imaging Using a Vector Wave Imaging Using a Vector Lock_ΙnLock_Ιn Video Technique”Video Technique”, Proc. 5, Proc. 5thth Int. Topical Meet. Int. Topical Meet. PhotoacousticPhotoacoustic

PhotothermalPhotothermal Phenomena, Heidelberg, July 27Phenomena, Heidelberg, July 27--30 (1987), pp. 41530 (1987), pp. 415--418. 418. 



7171The concept of area-wide lock-in detection as
applied to thermal wave imaging was demonstrated 



G. G. BusseBusse, D. Wu, and W. , D. Wu, and W. KarpenKarpen, , InstitutInstitut fuerfuer KunststoffpruefungKunststoffpruefung und und KunststoffundeKunststoffunde. . , ,, , pp ,, p gp g
UniversitaetUniversitaet Stuttgart, Stuttgart, PfaffenwaldringPfaffenwaldring 32, D32, D--7000 Stuttgart 80, Germany, 7000 Stuttgart 80, Germany, “Thermal wave imaging “Thermal wave imaging 

with phase sensitive modulated thermographywith phase sensitive modulated thermography”,  J. Appl. Phys. ”,  J. Appl. Phys. 71 71 (8), 3962 (April 1992)(8), 3962 (April 1992)
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G. G. BusseBusse, D. Wu, and W. , D. Wu, and W. KarpenKarpen, , J. Appl. Phys. J. Appl. Phys. 7171 (8), 3962 (April 1992)(8), 3962 (April 1992)

CONCLUSION
To summarize, the feasibility of thermal wave imaging
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with phase sensitive thermography (“thermal wave thermography”)
has been demonstrated where the modulation frequency can be 
much lower than the line or image frequency.



S. HuthS. Huth11, O. Breitenstein, O. Breitenstein11, A. Huber, A. Huber22, D. Dantz, D. Dantz22, U. Lambert, U. Lambert22, F. Altmann, F. Altmann33, , MaxMax--11

PlanckPlanck--Institut Institut für Mikrostrukturphysik Halle, Weinberg 2, Dfür Mikrostrukturphysik Halle, Weinberg 2, D--06120 06120 Halle; Halle; 2 2 WackerWacker SiltronicSiltronic AG, P.O. AG, P.O. 
Box 1140, DBox 1140, D--84479 84479 BurghausenBurghausen;; 33 FraunhoferFraunhofer--Institut für Werkstoffmechanik, Institutsteil Halle, Institut für Werkstoffmechanik, Institutsteil Halle, 

Heideallee 19, DHeideallee 19, D--06120 Halle, Germany06120 Halle, Germany
““LockLock--in IRin IR--Thermography Thermography -- a novel tool for material and device characterization”, a novel tool for material and device characterization”, SolidSolid--State State 

PhenomPhenom. 82 (2000). 82 (2000)

Conclusion
Lock-in thermography has been shown to be 
a versatile and very sensitive tool to detect 
local heat sources in electronic components. 
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p
It has been used successfully for detecting 
local shunts in solar cells, for imaging
the local distribution of gate oxide integrity 
(GOI) defects, and for the functional testing 
of integrated circuits (ICs).



P. P. MennerMenner, H. Gerhard, and G. , H. Gerhard, and G. BusseBusse, , Institute of Polymer Technology (IKT),  Non Institute of Polymer Technology (IKT),  Non 
Destructive Testing (IKTDestructive Testing (IKT ZfPZfP) University of Stuttgart) University of Stuttgart PfaffenwaldringPfaffenwaldring 32 D32 D 70569 Stuttgart70569 StuttgartDestructive Testing (IKTDestructive Testing (IKT--ZfPZfP), University of Stuttgart, ), University of Stuttgart, PfaffenwaldringPfaffenwaldring 32, D32, D--70569 Stuttgart, 70569 Stuttgart, 
Germany, Germany, “Thermal wave imaging using “Thermal wave imaging using lockinlockin--interferometricinterferometric methodsmethods”, Journal of Physics: ”, Journal of Physics: 

Conference Series Conference Series 214214 (2010) 012090(2010) 012090

 Thermal Thermal wave wave lockinlockin--interferometry, though it is interferometry, though it is 
very much very much like like LockinLockin--thermographythermography, the image , the image 
generating generating mechanism mechanism is substantially different: is substantially different: 
The The thermal wave thermal wave generates periodical thermal generates periodical thermal 
expansion correlated with an overall deformation expansion correlated with an overall deformation pp
where where the depth the depth integral of the integral of the thermal thermal wave is wave is 
involved. The way how phase is extracted in this involved. The way how phase is extracted in this 
lockinlockin--interferometry is similar, though more interferometry is similar, though more 
complicated complicated than in than in lockinlockin thermography: During thermography: During 
the slow periodical deformation, the slow periodical deformation, interferometricinterferometric
f i ttf i tt d dd d ti lti l hi hhi hfringe patterns fringe patterns are recorded are recorded continouslycontinously which are which are 
then converted into a stack of images showing then converted into a stack of images showing 
modulated thermal expansion.modulated thermal expansion.
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DEPTHDEPTH--SELECTIVE (RESOLVED) vs. DEPTHSELECTIVE (RESOLVED) vs. DEPTH--INTEGRATED THERMALINTEGRATED THERMAL--WAVE WAVE 
IMAGING: The ThermalIMAGING: The Thermal--Wave RadarWave Radar--II

N. N. TabatabaeiTabatabaei,  A. Mandelis, and Bennett T. ,  A. Mandelis, and Bennett T. AmaechiAmaechi Center for Advanced DiffusionCenter for Advanced Diffusion--
Wave Technologies (CADIFT), Department of Mechanical and Industrial Engineering, University of Wave Technologies (CADIFT), Department of Mechanical and Industrial Engineering, University of 

Toronto, Toronto, ON, M5S 3G8, Canada, Toronto, Toronto, ON, M5S 3G8, Canada, ““ThermophotonicThermophotonic radar imaging: An emissivityradar imaging: An emissivity--normalized normalized 
modality with advantages over phase lockmodality with advantages over phase lock--in thermography”in thermography”, Appl. Phys. , Appl. Phys. LettLett. . 98 98 (16), 163706 (16), 163706 

(2011)(2011)(2011)(2011)

This work experimentally demonstrates the advantages of 
chirped modulation and introduces a thermophotonic

7676

chirped modulation and introduces a thermophotonic 
modality of thermal-wave radar based on an emissivity-
normalized, higher-dynamic-range contrast parameter 
known as cross-correlation phase.



N. N. TabatabaeiTabatabaei,  A. Mandelis, and Bennett T. ,  A. Mandelis, and Bennett T. AmaechiAmaechi,, Appl. Phys. Appl. Phys. LettLett. . 98 98 (16), (16), 
163706 (2011)163706 (2011)
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DEPTHDEPTH--SELECTIVE (RESOLVED) vs. DEPTHSELECTIVE (RESOLVED) vs. DEPTH--INTEGRATED THERMALINTEGRATED THERMAL--WAVE WAVE 
IMAGING: The ThermalIMAGING: The Thermal--Wave Wave Radar Radar -- IIII

N. N. TabatabaeiTabatabaei and A. Mandelisand A. Mandelis, , Center for Advanced DiffusionCenter for Advanced Diffusion--Wave Technologies Wave Technologies 
(CADIFT)  D t t f M h i l d I d t i l E i i  U i it  f T t  (CADIFT)  D t t f M h i l d I d t i l E i i  U i it  f T t  (CADIFT), Department of Mechanical and Industrial Engineering, University of Toronto, (CADIFT), Department of Mechanical and Industrial Engineering, University of Toronto, 

Toronto, ON, M5S 3G8, Canada, Toronto, ON, M5S 3G8, Canada, “Thermal Coherence Tomography Using Match Filter Binary “Thermal Coherence Tomography Using Match Filter Binary 
Phase Coded Diffusion WavesPhase Coded Diffusion Waves” PRL ” PRL 107107, 165901 (October 2011), 165901 (October 2011)
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Experimental verification of TCT

D th S l ti i i

Resolving overlying absorbers

Depth-Selective imaging

Improvement in depth resolution

Lock-In 
Phase

CC peak  
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CC 
Phase

16-bit code; 3 Hz 3-bit code; 1 Hz
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Thermal-wave coherence tomography of turbid media

Andreas Mandelis and Nima Tabatabaei



Thermal-wave Coherence Tomography 
(TCT)(TCT)

Through progressively delaying the matched-filter and registering pixels
coherent to the delayed filter one can form thermal-wave coherencey
tomographic images.

8080
Thermal-wave coherence tomography of turbid media

Andreas Mandelis and Nima Tabatabaei



Industrial outlook for Industrial outlook for thermalthermal--wave nonwave non--destructive destructive 
imaging technologiesimaging technologies

 Thermosensorik GmbHThermosensorik GmbH, Am Weichselgarten 7. D, Am Weichselgarten 7. D--91058 Erlangen Germany; and 91058 Erlangen Germany; and 
DCG Systems, Inc., DCG Systems, Inc., 45900 Northport Loop East, Fremont, CA 94538, USA.45900 Northport Loop East, Fremont, CA 94538, USA.

 Together they make highTogether they make high--resolution lockresolution lock--in thermography solutions for fault analysis of electronic in thermography solutions for fault analysis of electronic 
components available the components available the thethe world's microelectronic industry. world's microelectronic industry. pp yy

 FLIR Systems, FLIR Systems, America's Main Office, Boston, MA.America's Main Office, Boston, MA.
ThesaThesa: Full Radiometric Software Suite for Lock: Full Radiometric Software Suite for Lock--in Thermography Applications. Camera systems for in Thermography Applications. Camera systems for 
nonnon contact imaging of stress in materials and structures Lockcontact imaging of stress in materials and structures Lock in thermography processing for Stressin thermography processing for Stressnonnon--contact imaging of stress in materials and structures. Lockcontact imaging of stress in materials and structures. Lock--in thermography processing for Stress in thermography processing for Stress 
Analysis, Electronics and NDE. Complex structures undergoing real loading. Temporal stress analysisAnalysis, Electronics and NDE. Complex structures undergoing real loading. Temporal stress analysis
Random & transient loading.  Dissipated energy measurement.  Motion compensationRandom & transient loading.  Dissipated energy measurement.  Motion compensation

MoviTHERMMoviTHERM 1554015540 RockfieldRockfield Blvd Suite CBlvd Suite C 110 Irvine CA 92618 USA110 Irvine CA 92618 USA MoviTHERMMoviTHERM, , 15540 15540 RockfieldRockfield Blvd, Suite CBlvd, Suite C--110, Irvine, CA 92618, USA110, Irvine, CA 92618, USA
 LockLock--in Thermography Enables Solar Cell Development.in Thermography Enables Solar Cell Development.

 Thermal Wave Imaging, Inc., Thermal Wave Imaging, Inc., 845 845 LivernoisLivernois St., Ferndale, MI 48220 USASt., Ferndale, MI 48220 USA
 TWI is operating in the field of TWI is operating in the field of ThermographicThermographic NDT and is a solution provider for demanding NDT and is a solution provider for demanding 

applications in the aerospace, power generation and automotive industries.applications in the aerospace, power generation and automotive industries.
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