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PHOTOTHERMAL EFFECTS

Optical Excitation




PHOTOTHERMAL TECHNIQUES
Photothermal reflection scheme

Piano di rivelazione

Probe deflesso

Probe incidente
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Campione X

Photothermal reflection signal
S=2h(x)cod8)+2g(x)L

S displacement

L distance between sample and detector
h distortion height

g distortion gradient



PHOTOTHERMAL TECHNIQUES
Photoreflectance scheme

Thermal Fump
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PHOTOTHERMAL TECHNIQUES

Photoreflectance microscope

Laser diode
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PHOTOTHERMAL TECHNIQUES
Radiometric technique

Mirror Radiation detector

[Pump laser

Stephan-Boltzman law
W=£0T* = dW = 480T§’6T
o = 5.67x10 Wcnt2K-4

Lambert law Lambert law
Broadband filter ) Selective filter a1,

S=4e0TSASIN?(B)3T | s=eAsin?(8)Tr(A g )R\ )% AAST

S, PTR signal ) \ Tr transmission of the optics

W(A ):Zﬂhc2 1 R detector sensitivity
25, ehdhaksT _q




PHOTOTHERMAL TECHNIQUES
Photoacoustic technique

...you can hear the light (Bell,1880) |

Cella fotoacustica

Finestra trasparente P acoustic pressure

\\y Z | 2 T temperature
N [ ——> y specific heat ratio
Fascio incidente . X rv‘ Backing R radius of the cell
modulato } 2R Ve lg length of the cell
Ep el v <s, » Vr residual volume
Gas 5, effective length
v y ? f/ ) D gas thermal diffusivity
Segnale PA Miciofono Campione f modulation frequency
Photoacouzstic signal Effective cavity length
yPresy
dP=—

T(Rzlg +Vr/n)dT Sg = mi”(lg’\/Dg/"f)



PHOTOTHERMAL TECHNIQUES
Photopyroelectric technique

He-Ne Laser
© Lock-in
Chopper .
Pre-Amp
Sample
PVF2
Backing

Photopyroelectric signal

d
In _—pAd fT(x,t)dx
lq dt 0
p pyroelectrica constant of the material
A area of the detector
I, current
T temperature rise



PHOTOTHERMAL TECHNIQUES
Other optical technigques
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PHOTOTHERMAL TECHNIQUES
Photothermal deflection technique

Mirage effect

raggio deflessa

MIRAGGIO
Schematic set up

laser di pompa

Aria l

fascio deflesso

>

Campione fascio indeflesso

Deflection angle
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Mirage

Optical Beam Deflection
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PRINCIPLE OF PHOTOTHERMAL DEFLECTION

HELMOLTZ Equation RAY OPTICS Equation
O (r)+Kk?n?(r\V(r) =0 “S&E+k?ALN? -|09) =0
V(r) = A(r) @' kS AD2S+20AMNS =0

RAY OPTICS Solution 1—’ Refractive index
2 é— Ray unit vector
‘DS{ =n? = 0S=nlo

RAY
BENDING EFFECT (;_S: n
On = D(d—sj X
ds
in= n@ =1y
ds p

Light bends only due to the transverse gradient

n

e




WEAK DEFLECTION

| ntegration over s o

0]

Final ray 6(s)=sen® ©(0)+cos® [@(0) O (0)+&(0)

Dt niv ds

Deflection formula CD:j
path

2-D WEAK DEFLECTION

Pp, = J —Dtn[ﬁlds= j 1on 4

1
path oath " oM
th = I —Dt nmz ds= J' iﬂ ds
’ n ohy
path path

hy




NATURE OF THE DEFLECTION

Taylor expansion of

_on___ on _ on _
the refractive index dn—ﬁEQT T0)+§1qu1 f10)+"'+ﬁmf” fno)

Photothermal deflection =@, + D, +..+ P,

e

d, n

path i path

ldn

s [OT ds

path



In gases

3A
n(p,T) =1+ >2P
2RT r
Tipo di compost A [m3 mol1] *10-6 @ — ﬂ
Aria 4.€ dT T 2RT2
o] 0
Ossigen 4.0t )
HCI 6.6¢
Vapore acqueo 3.72 d 2 N 3Ap
CS 22 > — 3
C3HgO 16.2 \ dT To R-I-O

AIR OPTOTHERMAL COEFFICIENT

Best approximation

-6
% = -7.8560107° pl+334010°° p

T2




AIR OPTOTHERMAL COEFFICIENT

= -7.856[10° ple+33400° p)

dn

T2

Air opththermal coefficier

PIERN
10 N
\\
N\ ~ _ B
\\p—.lUJ.d Mipar
-6 —
10 N 0
5 \\
p=2 ar
\\ |
~—]
-7 ~ i
10 =50 mBar .
\\
[
-8
10
50 150 250 350 450

Temperature (K)




Deflection Signal

EXPERIMENTAL RESULTS ON THE

AIR OPTOTHERMAL COEFFICIENT

Pressure dependal

0.009
0.0084 - Pressure of Nitrogen at 77K
0.007 ?XXXX 27750mBar —
0.006| ~ - .
% X650mBaf

0.005| . 500rﬁ5ar
0.004. -~ %o %y
0.003 ﬁ4f§8mﬁfﬁ 5,
0.002]", 200mBér+i % i T

+ ey Fy %<><> N o
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SIGNAL DETECTION

Deflected / Undeflected beam

distance d
Position
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POSITION SENSOR
EQUATIONS
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Vertical signal
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POWER ON THE DETECTOR
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Main applications

*Thermal diffusivity and effusivity measurements
* Absor ption spectroscopy

*Effusivity and optical absorption depth profiling
*Measurement of the attenuation in optical waveguides
*Evaluation of the thickness of thin layers

*Trace gasanalysis

eCharacterization of metallic surfaces






Photothermal Deflection Spectroscopy Set-up
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s-polarized wave

Optical Reflectance Spectroscopy
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Photothermal Deflection Spectroscopy on AIN
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Device under test
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Photothermal Deflection Spectroscopy
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Experimental Results on Quantum Dots
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3D Photonic crystal: SiO, synthetic opal




Characterization of VO./SIO, invese opals
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Main applications

*Thermal diffusivity measurements
* Absor ption spectroscopy

*Effusivity and optical absorption depth profiling
*Measurement of the attenuation in optical waveguides
*Evaluation of the thickness of thin layers

*Trace gasanalysis

eCharacterization of metallic surfaces



THE HEAT DIFFUSION

(= F heat flux
< F=- kaTDT Heat flux T temperature rise
O0F + PC— =W Energy conservation law w power density .
\ ot K thermal conductivity
D thermal diffusivity
Jo, density
T —%%—I = —% Fourier diffusion equation C specific heat

PULSED REGIME unitary pulse

Green function in pulsed regime
Temperature solution for unitary pulse placed in the origin at t

1 —(x2+y2+22)/ 4Dt

G1{X Y, zt)= e




Thermal waves

“thermal wave”
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THEORY OF THERMAL WAVES

_ . Plane “thermal wave”
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PLANE THERMAL WAVE




THE HEAT DIFFUSION

PLANE THERMAL WAVE

Positive envelope

0 / 2/¢ 3/
Distance from the source



THE HEAT DIFFUSION

THERMAL WAVE GENERATION

1D - PLANE THERMAL WAVE SPHERICAL THERMAL WAVE
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EST SLD CVEST

PLANE THERMAL WAVE GENERATION oo 2 gy |
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Measured temperature oscillations during the year in depth
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Collinear configuration
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Logaritmo dell'ampiezza deflessione collineare

Phase method

Fase (radianti) della deflessione collineare
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Transverse configuration

Pump beam
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Transverse configuration
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On the photodeflection method applied to low thermal diffusivity
measurements

M. Bertolotti and R. LI Voti
Dipartimente di Energetica, Universita’ df Roma "La Sapienza," Via Scarpa 16-00161, Roma and

GNEQP of CNR, Ttaly

G. Liakhou
Polytechmigue Institute of Kishinev, Kishineo, Moldavia

C. Sibilia
Dipartimenta di Energetica, Universita® of Romae “La Saplenza,” Via Scarpa 16-00161, Roma and
GNEQFP of CNR. Italy

(Received 18 August 1992; accepted for publication 24 February 1993)

The photodeflection method when applied to measure the low thermal diffusivity of some
materials gives inconsistent results. In this article a way to extend the thermal diffusivity range

of measurements using the phase of the photodeflection signal is presented. A comparison with
computer simulations and experimental results shows good agreement.
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New photothermal deflection method for thermal diffusivity measurement
of semiconductor wafers

M. Bertolotti,” V. Dorogan,” G. Liakhou,®’ R. Li Voti, S. Paoloni, and C. Sibilia
Dipartimento di Energetica, Universita di Roma ''La Sapienza,'’ GNEQP of CNR, INFM,
Vie Scarpa 16, 00161 Roma, Italy

(Recetved 10 September 1996; accepted for publication 3 December 1906)

The photothermal defiection technique is applied in transverse configuration to measure the thermal
diffusivity of semiconductor wafers. The large size of these samples inhibits the possibility to make
the probe beam skim the sample at a small height which is required for a direct thermal diffusivity
measurement. To overcome this problem, three new experimental schemes are proposed, each one
based on a different geometry of the heat diffusion (one-, two-, or three-dimensional scheme). In
particular for the 3D experimental scheme, a new mirage setup is described which uses two
crvstalline prisms 6 mm apart from each other to let the probe beam skim 50*3 pm high over the
sample surface, with a spot size of 22 um. The main advantages of this setp, here discussed, are
the obtained low probe beam height which is, moreover, independent of the sample dimensions, and
the cheap technology to produce the necessary high-quality prisms. The performances of the new
schemes have been tested by comparing, for well-known semiconductor wafers (InSb, InAs, InP,
GaAs, GaF, Ge, and 3i), the experimentally measured thermal diffusivity with the values reported

in the literature. © 1997 American Institute of Physics. [S0034-6748(97)03703-9] :
Dy Dy D, Nominal
L (ecm¥s)  (em¥s)  (em¥s) value
Sample Type (um) (Fig. 1) (Fig.2) (Fig.3) (em%s) Ref

ImSb 550 020 019 021 019 12
A 350 020 019 019
ImAs #1300 021 020 021 0.19 2
350 020 021 019 0.22 3
» InP i 330 040 045 044 0.46 2
Probe o position p 400 039 043 042 0.45 3
laser sensor
s GaAs i 60 025 026 025 0.25 3
a 350 028 027 028 026 2
2 350 023 024 024
glass . glass . GaP i 360 043 046 045 045 12
prism 60 prism 60 Ge . 400 036 038 038 037 2
Si n 470 076 085 080 088 12
7 250 067 066 064

1524 Rev. Sci. Instrum., Vol. 68, No. 3, March 1997



A cryostatic setup for the low-temperature measurement of thermal
diffusivity with the photothermal method

M. Barlalotl
(hpertinenta of Energerica, Universivd i Boma “La Sapienge, " Vie Seopa 16, 000617 Roma, fraly,

CGNEQF of CNR, Faly, and (INFM, fraly

(3, Ligkhou

Techricel Dndversity of Moldpar, Swephban Cel Mare, 277002 Kishinew Moldowva

R. L Vali, S, Paclonl, and C. Sibilia

Dipartimeata di Energerica, Universiva ol Bonte “La Saplenze, " Vie Scopa 16, 00061 Rowa, fealy,
GNEQP af CNR, Iraly, and INFM, fraly

M. Spander
ALENIA. Via Tiburting Km 124, 00121 Rowa, laly

{Beceived 5 June 1995; accepted for publication 5 Jaly 1995}

A cryostatic setup is described 10 perform photothermal deflection measurements from room
tempersure o 77 K. The setup uses gaseous nitrogen as a medium where the photodeflection is
produced. The ability of the system to work is demonsirated presenting some measurements of
thermal diffusivity of high-temgeramwre superconductor samples and of yitrfum-iron gamets with
variahbe aluminum content, © [995 Americad Tnstilfate of Plysics,
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New method for the study of mirror heating of a semiconductor laser diode

and for the determination of thermal diffusivity of the entire structure

M. Bertolotti, G. L. Liakhou,® R. Li Voti, C. Sibilia, A. Syrbu,? and R. P. Wang®

Dipartimente di Energetica, Universita Roma I, Via Secarpa 16-00161, Roma, Italy

(Recerved 20 July 1994; accepted for publication 24 July 1004)

A new method based on the photothermal deflection technique is described to determine the mirror
temperature of a semiconductor laser diode as a function of intensity of drive current. The device's
effective thermal diffusivity can also be measured. A short theoretical discussion is presented

together with experimental measurements performed on three different kinds of laser
diodes. © 1904 American Institute of Phvsics.
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Characterization of SIO, /GaN opal sample

Samnple nl n2 n3 n4
Composition S10, S10./GaN | S10./GaN S10./GaN
P unfilled 25% 70% 70% inverted
Thermal diffusivity, cm®/s 1.4 107 1.6 10™ 3.2 107 0.62 10™
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THERMAL WAVE REFLECTION AND REFRACTION
for plane waves

f_.l_.l(x’ Z) _ Ae—Bl[sin(el)x+cos(el)z] + rAe—Bl[Sin(el')x—cos(el')z]

:FZ (X1 Z) = tAg P2 [sin(6, )x+cod®, )]

4
Medium 1 X Medium 2
z
T1=Tp Temperature must be conserved at z=0
: ~ ~
klﬂ = kzai Normal heat flux must be conserved at z=0

| T 0z 0z
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“Thermal Snell law”

-

91': 91

1 sin(8,) = 1 sin(65)

/D1 /D2
01 < 6}, = arcsiny D1/D2)

“Thermal Fresnel coefficients”

_ eycody)-e, cogey)
e; cog0;) +e; cogB)

= 2¢; cos(el)
e; cog0;)+e; cog6)

What the thermal effusivity is?

e=k/+/D = /kpc

Numerical simulation of the temperature field at the Invar-
Air interface. The diffusivities are [,=0.05 cn#¥/s,

D,,=0.2 cnt/s. The incidence angle i¢,=20°<§4., =30°
and the refracted angle is consequer@y43°.
¢
20,f

_

invar

2 heating lin



THERMAL WAVE REFLECTION
experimental evidence

Experimental setup Temperature in air

-Fair (X, Z) — Ae_Bair Z + rAeBair [cos(29)z—sin(26)x]

Thermal mirror

z
X‘—i A Deflection in air
1( dn)0T,; 1( dn 0T,
G == air gy, == 9N air
XndeaxyndTeﬁax
Reflected y
wave CDZ:E dn J‘aTair dy:} @ Leff aTair
Incident wave| g n\dT y 0z n\dT 0z
|
Absorbing layer @ Factor independent on the angle
Pump beam 1/ dn
- > C=—]—|L A
d n(de effBalr

Final expression for the deflection
rsin(20)ePar [COS(ZG)Z_Si”(ZG)X]J OC [rsin(26)]
e PairZ _r cog2p)ePar [COE(ZG)Z_Si”(ZG)X]] 0C [1-rcog26)|



THERMAL WAVE REFLECTION
experimental evidence

rsin(20)ePar [COS(ZG)Z_Si”(ZG)X]J OcC [rsin(26)]
e PairZ — cod2p)ePar [cod28)z=sin(20)] | [1-r cog26)|

By =
5,

Signal amplitude, mV

Frequency square root, HZ



THERMAL WAVE REFLECTION
experimental evidence

Deflection ratio
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THERMAL WAVE REFRACTION
experimental evidence

Experimental setup

medium . B aZ un Refracted thermal wave (in air)
[5 T,(x,2) = tag Pl =ag Polsin(0;~0yJx+codd, -6,)2
6, Refracted wa 91
y
Deflection in the second medium (air)

Rotation a)x —c |t sir(62 _ 91) e—[32[sin(62 -6, )x+cod8, -9, )Z]
~B,[sin(6,-6, )x+cod8,-6, )7

S stage
®,=C |t co$8,-6;) e

Incident wave

<_Pump beam spo
<

d
medium 1

Deflection ratio




THERMAL WAVE REFRACTION
experimental evidence

Signal amplitude, pv
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ANOMALOUS THERMAL REFRACTED FIELD
What happens when the Snell law is not valid?> 6jj,, = arcsi w/D1/D2)

—(1+j)sin(6 Jo + (1_j)Z D, sin®(6,)-1
fup=e P T

Temperature field at the Invar- Air interface. The incidence angig2+50°>4,, .

air

A
o
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_62/2
4€2 122

invar

s

\

heating line



THERMAL WAVE REFRACTION
experimental evidence

Refraction angle, deg

o)
R= C;TX =19(02-61) —> 8,=6;+arctdR(6,)]
Z
Linear scale ing Linear scale in sin )
50 10° 20° 30°  40° 50° 60°
l ooofv
. % | DDD“”DDDDED
401 = ] LN
Dinp/ Dair "’ | 2/ Din4=0.04 ¢ni/s
30 - = % |
22| o T
20 o o @ 0.5 | 1+
5 5 - o /
101 g ] / Dmp: 44 Crﬁ S
© | £ 2
0 a4 T
[ 1] O ]
-10 T T T T ! ! ! ! ! ! !
10 20 30 40 50 0 0.2 0.4 0.6 0.8
Incidence angle, deg Incidence angle, sif,( )
Snell law

1 sin(6;) = 1 sin(65)

VD1 (D2



THERMAL WAVE INTERFEROMETRY

BASIC PRINCIPLE

To generateplane thermal wavesf a given frequency at the front surface of the sample by
heating it periodically with a pump laser beam.

The wavespropagateinside the structure and, if they approach a buried layer with
different thermal properties, they are partiallgflectedgiving rise, together with the
incident waves, to an interference effect at the front surface.

APPLICATIONS

Nondestructive evaluation of the thermophysical properties and
the thickness of layered samples

DETECTION

Photoacoustic
Radiometry
Photothermal Deflection techniques



THERMAL WAVE INTERFEROMETRY

Pump laser beam Thermal Resonatol

1 D illumination 1° Layer Buried layer INTERNAL TEMPERATURE RISE
il T(2) = A6 P2+ B&P?

Forward thermal wave MATERIAL/BULK INTERFACE

R = Em ~ Sbulk
€m T Sulk

Backward thermal wave e reﬂected Wave_ BeBL
incidence wave AgPL

B=R[AR?AL

Temperature rise <<
at Front surface

L (Cavity Length)

BOUNDARY CONDITIONS AT THE SURFACE (z=0)
| 1 T(O) - A+B Temperature

~ dT _ _ heat flux
| = —ka = kﬁA(l— e Zﬁm) l; Power intensity



THERMAL WAVE INTERFEROMETRY

-2(1+j)L{7 /D -

TEMPERATURE RISE T (0)=- 1+Re™ R = m " Sulk

AT THE SURFACE alr kB| 1- Re X)L /D €m * Sulk

211 /D
rot] 2RSIHRLE D2
0|/ f |=-arcta
|- R2-4L\T /D
amplitude phase
7 0
_2 L0.9

%.1 1

10




THERMAL WAVE INTERFEROMETRY

TEMPERATURE RISE
AT THE SURFACE

PHASE SIGNAL

Phase shift (degree)

air kﬁ

1+ R e—2(1+j)L 7 /D
1_Re—2(1+j)L 7 /D

2Rsir{2L,/nf /D Jo 2L/ /D

¢(ﬁ): —arcta

_R2e74LYT /D

Note that the interference effect
(oscillation) is seen when the cavity
length is of the same order of the
thermal diffusion length of the
resonator and when the coefficient R
Is large enough.

The maximum oscillation is of 45°
degrees and is obtained in case of
perfect reflection from the buried
layer with R=+£1

40

30 R=-0.9
R=-0.6

20 -
R=-0.3

10 +
R=0 _

O —

R=0.3

_10_

-20- R=0.6

-30 R=0.9

'40 1 1 1 1 1 1 1 l

0 O 4 0 8 1 2 1 6 2

Depth normalized to the thermal diffusion Iength L\/Tlf /D



THERMAL WAVE INTERFEROMETRY
Diffusivity measurement by Mirage

Teur = | [E 1+ Ryexd—2(1+ j)L/¢] } R=%"fiIr o R=%"%
(6 +eair Wiw [1- RiRpexg-2(1+ j)L/¢¢] & + i e +e

o 2R, Bin(2L/¢ )@ 2 e
Ad = - = —arcta Ty
1- R3[&

| nox L=2004m
D=0.04, 0.046 or 0.06 c#'s

Pump beam + Vertical Deflectiol
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THERMAL WAVE INTERFEROMETRY
Diffusivity measurement by Mirage

Teur = | [E 1+ Ryexd—2(1+ j)L/¢] } R=%"fiIr o R=%"%
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Tsurf =

THERMAL WAVE INTERFEROMETRY
Diffusivity measurement by Mirage

1+ Ryex—2(1+ j)L/(g]

|
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THERMAL WAVE INTERFEROMETRY
Diffusivity measurement by Mirage — Reflectivity
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p_>00

{ Q surf‘) LH/\/E"’ In[RZ] I nox L=2004m
ardlsurf ) = - 2L/ /D¢ D=0.046 cni/s

Spot size= 2.3 mm

Pump beam + Vertical Deflectiol

llluminated aréa s e
Air :\,,__
z o TN
= R S
Prabe bea o Lo ey, W ma
@ | e --I
i HCI_) | '.'ﬂol Tt 1
Lt Opague coating 0 3 ®ee,
LB R e 2 T
| [ ]
Bulk |
-2.0 :
1 2 3 4 5
Frequency square root, ¥z




Main applications

*Thermal diffusivity and effusivity measurements
* Absor ption spectroscopy

*Effusivity and optical absorption depth profiling
*Measurement of the attenuation in optical waveguides
*Evaluation of the thickness of thin layers

*Trace gasanalysis

*Evaluation of the photoelastic constants



IR PDS device for trace gas analysis

Position Sensor

Universita degli Studi di Roma “La Sapienza” - Dipartimento di Energetica - \@&#&pa 14 - 00161 - Roma
Per informazioni Prof. M.Bertolotti Tel. 06.49916542 - Email: mario.bertolotti@uniromal.it



Trace Gas Analysis — Infrared Photothermal Deflection Spectrscopy

Collinear configuration

Deflected beam

Jndetiecied beam

Pump CO, Prabe. He-Ne

Hotzone

A
\4

Photothermal deflection angle

(o) of 1 AN PA-€") (Y
P(y)= 2(n de OC TP W (WJE‘E HAaL




Experimental results — Test on CO

Spettro di assorbimento CO,
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Segnale di deflessione, VIW
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0.005

Experimental Results — Teston C ,H,

Spettro di assorbimento di una miscella 50 ppm CH

O
=9
O - % Q? @)
R g0 O O
9.5 10.0

Lunghezza d'onda, pm

10P(14) di C,H,



Segnale di deflessione, V/W

Experimental results on carbossimetilcellulosa
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Etilene
O— — -QO carbossimetilcellulosa
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Carbossimetilcellulosa

Temperature of the treatment

Concentration of the emitted ethylen
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PLANE THERMAL WAVE RESONATOR

Experimental setup

Pump laser beam
1 D illumination

2° thermal mirror
Probe beam

h
orward wave

y i

Backward wave

<< >
L (Cavity Length)

Absorbing layer
1° thermal mirror (glass)




THERMAL WAVE RESONATOR
Experimental evidence in air

Photothermal deflection sigi

L]

" Amplitude logarithm

0.5

01 03 05 07 09 11 1.3
Cavity length (mm)

frequency 36 Hz



CONCLUSIONS

e PHOTOTHERMAL TECHNIQUES

 PRINCIPLE OF PHOTOTHERMAL DEFLECTION
THE HEAT DIFFUSION

 MEASUREMENT OF THERMAL DIFFUSIVITY

e OTHER APPLICATIONS



