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ABSTRACT

The theory of piezoelectric photoacoustic spectroscopy
is 'developed for condensed matter. sémples« The three;
dimensional'fhermoeléstic equations are solved for a layer
usihg a_Gfeeﬁ's function for .the stress. Expressions for
the dependence of the signal on ébsorption, modulation fre-

quency, thermal properties, and mechanical properties of the

- sample are derived. The theoretical predictions are experi-

~mentally verified, the sources of noise are analyzed and the

noise equivalent power (NEP) is estimated. ~Finally, con-
siderations for detector optimization are discussed.

PACS nU[nbers:'.07n 60-"j ,07. 65-“b,780 200-3
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I. INTRODUCTION

then an intensity modulated light beam is absprqu by é med ium,
'part or all ofithe excitation energy is converted to thermél energy. In
"conventional" photoacoustic spéctroscopj, the generated heat is coupled
to an optically nonabsorbing gas and the time;dependent pressure fluc-
tuation is detected with a microphone. The universal applicability of
this.approachrto gases,la6 liquids,779 solids,lo_l& and aerosolsls’16
. makes it a versatile aetector scheme. Nevertheless, this approach

suffers from certain crucial limitations, particularly in the case of

condensed matter samples. Perhaps the most serious restrictions are the

narrowv bandwidth of the microphone response, the relatively complex

nature of the heat transfer process from the sample to the gas, and the
inability to perform experiments at low pressures. Furthermore, satura-

tion problems 1limit the usefulness of this technique in the case of

'

L



strong optical absorption.

Recently, an alternative’photoacoustic scheme has been developed
utilizing a piezoelectric transducer (PZT) attached directly to the
'sample.;7-20 The absorption-induced heating causes fhé'sample to develop
thermal stresses and strains which are transmitted ﬁo the sample sur-

face. A PZT attached to the sample converts these stresses and strains

to a measurable voltage.

This appfoach has sevefal'advantages over gas cell photoacoustics.
_PZTfs have afﬁide frequency response range from a_fewaz to many MHz,
and,ﬁhey»can be émployédvover a broad range of températurés and presQ
sures. Since thé sémple-PZT.configﬁfation.is Eompact‘énd fugged, it ié
useful in space—limited experiments_(e.g., insidé a léw‘ieﬁperétufe.opt—
~ical dewar). Because the PZTfrespondg to absorption“of rédiation by the’
entifévsamplé, not merely withih a thin thermal length, the ébmplicéted
solidééas coupling ié éliminated.- Furtherﬁore, és we shaii démdnétrate,
piezoelgctfic—photoacougtic spectrdscopy (PZT—PAS)Fis a very sgnsitiVe

‘ 5

means for measuring absorption coefficients as low as 107 <:m-1 for a 1

W laser, and does not show saturation for af as‘high as 10.

Uritil now there has been a few attempts'to develop a theoretical
model for the piezoelectric Signai or to compare its predictions with

19’21. In order to simplify calculations, previous theories

_expegimeﬁts
have asgﬁmed ﬁhat the ébs§rbtion bf the Saﬁple is very small and that

the_Sampie is a long'cylindgr. Howevér, the sampleé often have signifi-
,Cén; absorption and cannot be conveniently made iﬁto cylindriéal Shapés.
Fufthefﬁoré, the ﬁylindrical_géométry does not minimize the scatﬁéring

+

of 1light onto the trgnsduéer as well as other geometries would.



-4 - ' 7 ' .

" Finally, there are disc;epahcies between theory and experiment which

have not been ‘satisfactorily explainedlg.

In‘;his paper‘we'deyelop a éomputationally.fréctable thgrmoélastic
theory for piezoelectric photoécéustic detection at low modulatfon fre-
quéhcies.' This theory. was tested ekperimentally with samples whose
thefmai and optical properties cover a wide range. We find that our
théoretical treatment‘ quantitatively accounts for the observed magﬁi—

tude and phase of the signal, and describes its functional dependence on

: modulation'frequency, absorption coefficients, and thermal properties of

the sample.

We present the thermoelastic theory in Section II and describe the
experimental investigation of the theory in Section III.  The noise
analysis and a theoretical prediction for the NEP are given in Section

Iv. In<‘Sec:ion v, Qe'vcpmment on our findings from theoretical and

. experimental viewpoints. ?inally, we consider the queétion of detector

optimization in Section_VI. Details of the calculations are given as

append ices.

~ II. THEORY

Frovre |

‘The approach we will follow in presenting the thermoelastic theory

 of PZT-PAS is shown in Fig. l. The signal is generated when a beam of

" 1ight 1s 1incident on an absorbing solid. The temperature of the

: F,'sm.;?.v ,

illuminated volume increases, leading to the expansion of that region as
well as the outflow of heat (see Fig. 2a). The expansion of the central
region causes displacement of the sample surface by two separate mechan-

isms. First, the enlargement of the central region causes the expan-

N
]
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sioh of both Surfacés of the sample (sée Fig. 2a). Seconrd, in:the céSe
of sthngly “absorbing samples, the ‘heat 1in the 11luminated bregion

decays spatially through the thiékness of thé'sample (see Fig. 2b). Con-

Sequéntly,'the front portionbpf the sample expands more than the rear,

resulting in a bending of the sample. Such bending.cohpresses,the rear

" surface of the solid and opposes the general expansion shown in Fig. 2a.
' The bending also causes expansion of the front surface, thus addiﬁg to

the expansion described in Fig. 2a. This displacement of the sample

surface is then sensed by the transducer (seé Fig. 3a) causing a vaitage

to develop in the z-direction between the two surfaces of the PZT.

ﬁ. Detéctor Geometry

Consider the geometryvshoﬁn in Fing 3a. and 3b. We treat fwo
cases:
(1) Optically thick samples, where the light beam is not transmitted and

the PZT is a slab covering the. entire back SUfface'of'the solid  (Fig.

3b), .

© (2) Optically thin sahples; where the PZT is an annulus and is located

on either7side of the solid (Fig. 3a). As will be shown, the_ﬁaturé of

'the generating strain in the latter case is dependent upon the side on

which the transducer is located.

B. Assumpt ions of the Theory

.'To simplify the problem, we assume the solid to be an isotropic,
infinite, elastic 1ayer-. This approximation 1is reasonable since. a
focussed. light beam typically is much smaller than. the. sample dimen-

sions.
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We also assume that the samp1e responds as 1if its boundaries were

"free from stress. This is a plausible assumption since the transducer

gis‘much thinner than the sample. In fact, for a transparent solid (Fig.

33); the sample is free in its central region..

Cc. Temperature Distribution in the Sample

Assume we have'a'iight soureelwhich' is a square-wave intensity

modulated laser beam with a Gaussian profile propagating along the z-

axis (Fig. 4).  Then the temperature distribution in the Sample'obeys

" the equation‘

on 1 3T _ Q@) |
VISR s T T Tk - -

with boundary condiﬁidnsi.

KVT|z=O = Klle=0"' H o KVTIz=2 = —KéT]z=2 2)

where T is the temperature, Kis the: thermal conductiv1ty,,l (= K/OC) is

‘the thermal diffusivity, pC 1is the heat capacity/unit volume at constant

volume, K, and K, are the surface conductivities of the front and back
surfaces, respectively,' and Q(T,t) is the power/volume deposited by the

laser beam.

Assuming that the light intensity decays exponentially in the sam-
bie,,for the steady state temperature oscillating at the modulation fre-

quency W we have

i
1t}
0]
2]
o]
0]
=4
(a3

Q(t,t)
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1
where P.is the incident power corrected for the sample reflectivity (R),
a is the laser beam radius, @ 1is the optical absofptidn length, W is':

the angular modulation frequency, and Y = -2P/n%a’k. The solution to Egs.

(1) and (2) is given by

| Pa list f sase S 24 3 (81) [~ocoshE(z-82) + ae™** coshz + £ % sinnEg]
T = e S (-62 +a® - k%) (sinhER) (KE) |
+ c.c. , | - ._ (4)
where ‘
K% = dw/) - ~ S
£ = (&% +xY)? | h |

‘and the conduction from the sample is negligihle so we have set K, and Kk,

equal to 0. A more detailed derivation is given 1ﬁ Appendix A.

D. Calculation of the Induced Strain

For an infinite free slab, the strain developed by a rise in tem-

perature T shoUld satisfy the equations

2 _ m2 L. _ 2040 _
\") ur rou + e’r 1-2v a, T,r = 0
(5)
2 1 2(1+v)
+ - LAV =
v gz 1-2v e,r 1-2v at,T,r 0

where u; is the‘displacemgnt in the ith direction, V is Poisson’s :atio,

i

a, is the linear expansion coefficient of the solid,

V¢ = 9% + 1 tor + 9%z . ’ ' ' (6)
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Setting the bbundary'conditioné as orz=(Ez==o . for z=0,2 where dij are the

components of- the stress tensor. Then the stress components given in

terms of strain are

B v 14V
O3 T ZG(Eiifl-zu e - T2v atT>

0
o = 26¢
rz rz

1
|

where G is the ‘shear modulus-andsi, are the strain'components, which are
. hi :

related to the displacément by

»aur » o ?-Ur
€rr T 3r se@ - T >
' ' . , (8)
_ Buz 1 Bur auz ‘ v ’
®22 ~ T3z > €r = E(—a;* ‘3;) x

To solve the stress equation, one defines a thermoelastic potenpial

function ¢ where ui=8i®- Consequently, Eq. (7) and (8) reduce to

2. 14V -
V‘<I> = l-—\)atT .

For the bouﬁdary.conditions stated above, it can be shown22 that the

stress -solution is given by

S . _ : |
Gij(r’z) = .l~ T(p,z'") Oij(p,z',r,z) dp dz' (9)
slab

where T(p,z') is given in Appendix A and Ozj-is given in Appendix B.

E. PZT Strain Calculation

Now that we have solved for the stress induced by absorption of
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light by the sample, we can determine the correéponding stress sensed by
the PZT. For the piezoelectric material the goyernihg equations are

-
»

(o} = CE - e E
15 © “ijke Yke T Skij ko
| (10)
D, = +¢e3 B —
i T %ike Yke T %ik "k .

therevcgj, uij’ Ek’ Di are the stress, th strain,“the electric field,

L E .8 X
and the displacement; and. Cijkl’ €0 eik’ are the compliances, the

‘piezoelectric constants, and the dielectric constants, respectively.

The applicable bqundary conditions in our case areidéz,cxz, oyzEO,and

E =E=Oo
Xy

Usihg these conditions, the .symmetry of the transducer ceramic, Eq.
v ym

b

(10), and the equation for u, s we get23

- P ) P .
Dy = ey (v, +u/r) - ey, Ey (11)
where
P . E ,E
€31 = 313 ~ €33 C13/Cq4
P _ 2 E
€33 = €33+ e33/Cy .

Integratjng (11 over the area, assuming that u_ is independent of =z,
and using the constant charge condition yields
(o]

=0 = [ta s P VA
: fD3dA = O = 21re31 ﬁur’r + ur/r)rdr - €33 L

0

where V is the potential difference between electrodes and is indeped—

_dent of r« L(A) is the thickness(area) of the PZT. Finally, we get

P . [o+]
‘ . 2me,,L
v o= —3L (u_ _ + u_/r)
. -EP A r,r u/r
33 . : :

pzT T dr



Noting l:hatvul_l_=ur,r agdvueef=ur/r for axial symmetry and that u?r + gee
= u__+ u_ giées
XX yy . »
27 3311. o ' ,
V = ———— (u._+u_) . rdr . (13)
e A XX . yy'pzT . v
33 % ' '

Assuming that the displacements in the transducer are proportional

to the displacements in the sample, then

P. %
27 e31L » Co T
vV = —— | (uXX + uyy)sample r‘dr e : (14)
833AT o .at surface : _ ‘

From the following thermoelastic stress-strain relation

e are e Lo S
uio= atT Gij + %G <°ij s Gij> ) (15)

where S = 0__+0__ ,. O =0,

X yy zz
. we gét o
= v L f,a 29¢8) )
(uxx+-uyy) ) 2at (T)+ G ((S) 1+9
3 o 1-V, o\
= 2at(T)+ T(S)
whére { ) denotes Zm[rdr.A
' (]
From Appendix B we. have
Ea, - - s
sy = == {1 [(1) + (2 -/2) (@] —-‘2(T)} . an
.This yields
: : églL at _ ‘ ,
SV ————= A+ (T )+ (z-2/2) (T)] _ . (18)
P Yo 2=0,%
.- v 533.A ‘ _

This simple expression deserves further comment. The (T )} term is

the in-plate displacement due to the averagé‘temperature‘T;L " The second



-~ 11 =

term represents the sample buckling ‘due to the. average temperature gra-
dient T. Vhen the transducer is on the laser side of the sample (z 0 in
Fig. 4), the average term and the buckling'term add since (T)<.0. Vhen
‘the transducer is away from the laser (i=2) in Fig: 4, the terms eubf

tract.

F. Implications of the Theory

Physicaily,‘the impiications of Ed. (lé) are mere apparert if oue
cousiders various specific cases. in.the following cases, 1t = (Zk/w)f
is the tﬁermel length, 10(=l/a).is the optical'length of the sample, and for
simplicit&, we have neglected‘surfaceveonduction from the sample to the |
ambientbair.’

Case 1: JFor thermally and optically thick sampieé_with the.trausducer

located at z={, we have with Z>>lt and ,Q.>>lo

v M Pat . :
vV = - - L o (19)
1wz'(pc)sample ' o
wvhere e
P
" €31 L 2(14v)
- eP A T '
33 '

Case 2: For thermally thin but opticallybthick samples (1t>>2>>16),_we

ave MPa

lm'q'(pc)sample

R

(20)

again when the transducer is located at z=.

Case 3: ~For thermally thick but optically thin séﬁples (lo>>2>>1t); we
ﬁave '

: ' M Pa
lmg(pc)sample

<
R

% 6 /. fa —af Lo
s (- ) )

(21) .

where the negativevsign applies for (2?2) the case when the transducer
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is away from the laser beam and_the‘positive sign is applicable when the
transducer is'towards the laser (z=0).
" From the above cases we find the general form of the signal is - .

1
t pC

€|

V « Ma

' P/w 1s the energy deposited per cycle, 1/pC converts the energy to a

temperature, a, transforms the temperature rise to a strain, and M is a

voltage for a given strain.
 Based on this theory, the following predictions are made;

1) The signal amplitude is proportional to the refiectibn corrected

incident power.

2) The signal amplitude is related to the material parameters

through the quantity at(l—R)/(pC)Sa Note that the signal does not

mple”
on Young®s modulus or on the conductivity Kk .directly. The conduc-

tivity affects the signal as a result of its effect on\the thermal

length.

3) The signal amplitude has a 1/2 dependence; hence thin samples

tend to yield higher signals.

4) The signal has approximately 1/w dependence. Tﬁe exact theory
shows the frequency dependence closely approximatés a'l/élg'dependence

for thick metal samples.

5) The phase for metal data undergoes a 1800_ phase shift as the

thermal length becomes smaller than the sample’thickness-

depend

1
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6) For small values of aq, the photoacoustic signal is directly
proportlonal to o . ~For high values .a_; the position of the PZT with

respect to the direction of the incoming beam (z=0 or z=%) yields signi— :

' fidantly different results.f When the transducer is away from the laser
vbeam (z=2), as a increéseé, the signal should decrease, eventually

. passing through zero and changing signs at higher»values of a. On the

other hand, when the transducer is attached to the sample surface
towards the laser beam (z=0),kitvis.predicted that the signal will -show’

little saturation until o reaches very high values.

III. EXPERIMENTAL VERIFICATION OF THE THEORY

The predictions of our theory were tested experimentally for solids

‘with ‘a wide range of optical and thermal properties. The samples used

‘were tuﬁgéten, tantalum, copper, glass coated with black paint, and

didymium glaés. The piezoeleetric transducets (type 5502 lead zirconium
titanate alloy) were obtained from Channel Industries and electrodes

were attached to them with low temperature solder. For opaque samples

(Fig. 3b), a 0.0l x 0.8 X 0.8cm PZTvslab was used; for optically thin

samples (Fig. 3a), PZT annuli were employed to minimize the scattering

of rhe exciting light on the transducer itself. After testing several
24

'typeé of adhesive, we chose to -employ Eastman 910 and a low viscosity

epoxy25 for the work reported below. Our experimental apparatus is shown

in Fig. 5.

A. Verification of 1/w Dependence

Eq. (19) in Sec. II predicts that the amplitude of the photoacous—

approximately
tic signal ispinversely proportional to the modulation frequency of the
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exciting light. By varying the chopping frequency using a computer, we
found this'tqvbé the. case for all of our samples over the modulation

range tested (5—2000 Hz) as shown in Fig. 6.

B. Power Dependence of the Signal

The power dependence of the observed signal was verified By

‘-_atténuating the intensity of the laser beam with calibrated filters.

F'ﬁ Wils q‘

ﬁ'-é\]y( g

Hyuke 7.
'F"‘ju ve [0

For various samples we found thg signal to depend linearly on the power
for over six orders of magnitude (Fig. 7).  The minumum power we could:
detect:&as 0.1 uW for a signa1Lto‘noise ratiovof,dne.: This 1is agreement
with our predictionsf By uéing a.coppér samplé‘énd-coﬁtiﬁuously,varying
the waﬁelength pfva»dyg laser, we verified the prediction that the sig—
nal is a 1linear func;ionvbf thé inéident pover when cbrfected.fof the

reflectivity of the sample (Fig. 8).

C. Signal Dependence on the Optical Absorption Coefficient

Thé,ébsorption bands of the didymium glass around the 5800 & region

were used to test the théoreticalAprediction of the signal dependence on

the absorption coefficient (Sec. II). The sample absorption was meas-.

ured simultaneously by transmission and by photoacoustics on two identi-
cal éaﬁples (Fig. 5). The experimehts were performed for the transducer

avay and. towards the laser beam. The agreement between the theory and

- the experimental-results'is good, as can be seen in Figs. 9,10. Then

the transducer is away from the beam (z=2), the relationship between the

 photoacoustic signal and optical absorption is highly nonlinear. . The

signal goes to zero at af =2, where the compression due to the bending

~ equals the expansion due to the heating; In Fig. 9 we show:the abrupt
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180° ‘phase shift by a negative amplitude. Vhen the  transducer 1is
towards the laser beam (z=0) (Figf 10), the bending aﬂd_expéﬁéion terms

add, increasing the observed signal. There is no saturation until high

values of absdrption.

D. The Depeﬁdence'gg Signal on Sample Thickness

To test the 1/% (Eq.-19)'dependence,'wefvariedithe thickness by
using varying lengths of black coated glass rods. We found that. the

signal exhibits approximately a 1/% dependence.

E. Signal Dependence on the Thermal Properties

of the Sample -

ﬁé have compafed the relative magnitudes of the photéacoustic sig-
nal obtained from aluminum, gantulqm,land copper samples of identical
thickness (see,Table‘i)} Altﬁough the résuité are complicated by unﬁer—
tainties éoncerning tﬁe refleétivity of thé.samples, thé rélative_values

are in agreement with the predictions. The expefiﬁental ratio of

. tungsten-(which has a high E) to tantalum is smaller than predicted.

Figure Il

“However, the experimentally obtained tungsten signal is smaller than

that»obtainéd for tantaium, as is qualitatively predicted by our théory.

" The phase of the metal samples shéws thevprgdictedIIBOO phase shift
at the predicted frequencies (Fig.  11). When the thermal diffusion
length is on the order of the sample ﬁhickness, tﬁe phase shifts. Con- -

sequéntly, because Cu has a longer thermal diffusion length, the phase

shif;s at a higher frequency than tungsten.

 We also point out that the absolute theoretical magnitudes of the
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signal ‘are within a factor of 2 of experimental values. Part of the

disérepancy-is due to greater absorption than was assumed in the theory.

‘:The greater absorption results from surface’ 1rregu1arities and contam-

inants. Finally, we verified that to within 5% the signal does not

depend on the beam radius.

" Having tested the theory on a variety of samples with a wide rangé
of thermal and optical properties, Qe‘ﬁéve‘found gqod_égreemenr. Conse-
quently, we believe that the theory is.ﬁsefulvfor'quantitative‘calcula—v

tions of the expected sign&l.

IV: NOISE ANALYSIS AND NOISE EQUIVALENT POVER

¥é.neit éralyie the ééurres of ﬁbise and eérimateié total noise
eqﬁivalent power (NEP) for oﬁr detector. vThis diséuséidn identifies
factors whrch 1im1t the sen51t1v1ty and serves as a guide for de51gn1ng
an”nptimiZed PAS-PZT detector. The noise_factérs.we haverconsidered are
electronic noise;  material dieleétrié _loss' noiée,‘.DC 1eakage hoise,
BroWnian’motion'of the detectar, and thérmé]'noise...Ihe first twq.are
the most impbrtant,“alrhoﬁghADC leakage noise can become significant if

the detector is improperly constructed.

A. Flectronic Noise

Since the PZT is a high impedance device, the'preamp.should contain

~an FET front end. _Consequently, we follow the approach of Van der

Ziel26 and Byer27 for constructihg a noise equivalent circuit including
an TET (see Fig. 12). One can_neglect Rd', Raé (providing no low resis-
tance path shunts the transducer), and C as far as -their effect on the

impedance of the network. Furthermore, since one is typically operating
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1

at a frequency such that 1/wC<<R , the total impedance of the network

inp /
is Z=1/iwC. The rms noise voltage due to the amplifier is given by:
| ‘ . 1 -
1) VI==1n |ZIAf 2% ~  from the current noise
2) Vy=e Af? from the voltage noise
where , »
o i” = 2el
n o _
2 , : . ' = 2.
e = (BkBT/3gm)(;'+fo/f)f+(4kBT)/RL g,
-Ig -~ gate leakage noise
' B, FET transconductance
£, - 1/f noise corner frequency _
RL - load resistor

T - ,amplifief ﬁemperature

Af - lock-in bandwidth.
Since the signal for all cases has the form

vV o= JP|zl/28

where
J = el a (1+v) / (Cp) s g = 1/wC = L/weP A
31 "t " “sample ’ . "33
we get the contributions to the NEP, ‘
(NEP)i = i 2/ v _ | (22)
(NEP), = e % €f A/IL | @y

Ny

At low frequenciés since e ~ 1l/w ; Then (NEP)V o« m%.

B. PZT Material Noise Sources

The dielectric loss and leakage noise contributions are

, (4T w 554 tans s
(NEP)D = . /3 . : (24)

ahd

E AkBT oA £ , '
(NEP)DC = /3 —] ' (25)
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“where tan$ 1s the dielectric loss tangent and 0 is the volume resis-.

tivity. .. . .

C} Fundamental Noise Sources

The NEP due to fluctuations of the temperature of the transducer is

(4k, gy) T'P_f"

gN?P)thermalv % (pC)PZT.LJ (26)
and the NEP due to Brownian motion is appréximately
| | | ' Pi ’s
(NEP). o 4kB TAAQw,eBl | ‘ . o
Brownian - : - LoNE

.3 : .3
L QPpyp wod

where g, is the thermal  conductance with the surroundings, 19 is the

‘pyroelectric coefficient for the tfansdﬁcér, 0. is .the Q of the trans-

ducer, and W, is the first rescnance'of the PZT.

D. Numerical Results

We consider a numerical example. For our PZT, C#I.ZXIOisF,

A=1x10"5m2, tans=0.01, L=178x10 " m, o =107 o en!, g, =7.019%10 :
J/sec'_/"c, $-0.1x10 coul/em®/°C, p=5._2-g/§m3,-, c\;:.a 3/g/°C, Q=75, wy=2m
(SXIOS).' Using the noise figures for our lock-in amplifier we get the
noise shown in Table II. The measured system néise Wasi17 nV/sz/2 at
16.6Hz for a to;all& isolated detector. | The agreement between the
theoretical and measured noise 1is fortuituous since many faqtorS'such,as'

tan§ are estimates. However, these values are useful for assessing the -

relative corntributions of the different noise soutces.

The measured voltage responsivity was givihg an NEPV=SX10—8 W at

16.6 Hz. If the dielectric loss tangent does not.becbme significantly
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iargevat lower frequencies,‘operation at 5 Hz can improve this figure
somevhat. In.our experiments, we achieved an NEP of 1x10"'W for thin

metals and 6X10-7W for transparent samples.

V. DISCUSSION

Despite the cdmplex hature'of the problem, we have shown that our
‘three-dimensional treatment yields a simple expression (Eq. 18) which
quantitatively describes the experimentally observed PZT photoacoustic

signal.

We show that.the PZT measures the temperature distribution within
the sample. There is novcbmplication due fovthe delay_OF"Propagation of
a thermaily induced sound Qave. For thermally non-conductive samples,
:the témperature distribution is ﬁroportiénal to the heat deposited per

volunme.

It is important - to péint out that our theory is-not a linearized
theory and it dées not assume that the sample is thin,.although in thin
sample cases one can derive anvidentical expreésion usiﬁg‘thin plate
theoryzs. Our theory is applicable for af .as high as 10 for thermally

non-conductive media.

The applicability of thié theéry may be readily_exténded beyond the
limitainns of our assumptions and without appreciably altering our
findings, First, the assumption of an infinite fransducer can be elim—
inatedlby numerically 1ntégrating Eqn. (B7) over r from thé inner_radius
to the outer fadius.of the éﬁnular sz.' Secoﬁd; itvcan be shown that
the theo?yvis approximately corréct for finite saﬁgles as well. 1If the

transducer covers the entire sample surface, we find that the same
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solution presented above is valid when the following substitutions are

made: . H
o . .
2 ,
S —> _ . .
f(Sd S z 7 Jo(yon) ; and 8 >y, /d
n=1 o ‘
0 ' :
where Yon satisf’beo(yon)=0,n=1,oo and d is ;he,rédius of the sample.
- The solution obtained by such a substitution is approximate in that
Ofr=0 at the.bbundary while Grz is not. Finally, one may take the heat
diffusion through the thin layer of adhesive into account by solving the

heat flow equatibns in all regions;' The resulting temperature distribu-

tion may be substituted into Eqn. (18).

Sevefal simplifi;atibns'of the theofy which‘gann6t>easily be. elim-
inated should bhe ﬁéped; Thé first one involves neglecting thé interac-
tion between the sample and the PZT. If the sahple is thick comparedvto
;he.PZT apd the fZT is relati?ely compiiant; the transducer measuresvthé_
sfrain of the sahple as-assuméd by the théory;‘ 1f, howeVer,'fhé'prans-
 ducef thickness is comparable‘to‘or larger than that of the éamble, the
theOry‘may 5e expectea'to break dowﬁ forithree reasons; vFirst; the
transducer will measure the stress of gxp:ession Eqn. (B8)_in fﬁe sample

.- rather thah the‘strain. FSécoﬁd, thé expansion Qf the samplebwill be
altefea. Finaily, the néutral surfaée (fhe surface of zero.displace-,
ment) for the transducer-sample combination is-locéted‘within the trans;
ducer. This causes a reduction in the signal since éhe piezoelectric.
material on one side.of the'neutral.éurface expands while it compresses
oh_the othef sides. The§e two contrihutioﬁs tend to caﬁcel out, réduc-
ing.the net signal. Consequently, although the signal to noise ratio

imprbves as the transducer gets thicker, the theory may no longer be
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" wvalid. .

A second ' 1imitation concerns the contribution of the pyroelectric

: effect- If significant amounts of heat are transmitted to the trans-

ducer, the transducer would develop thermal stresses of its own and pro-
duces a voltage due to the pyroelectric effect. This would become signi-
ficant only in the case of very low chopping frequencieé,phigh'thermal

condnctivities of the sample, and thermally conductive adhesive.

Finally, the transducer restricts large bending motions even if it
is relatively compliant or thin compared to the sample. lience, one

expects that at high absorptlons and 1ow diffusivities the bendlng con-

tributlon may be somewhat less than that theoretlcally predicted.

From an'experimental viewpoint, the main factor limiting the detec-
tor performance is the background signal whlch results from the scatter—
ing of light on the PZT.‘ Th1s backgr0und signal is wavelength dependent
and'can be.minimized, for example,-hy_depositlng‘a layer of highly

reflecting material on the PZT before coupling'it‘tO'the sample. .

vI 'CONSIDERATIONS FOR - DETECTOR OPTIMIZATION AND. FINAL REMARKS

Eqé. (22);(27)Ado not yield an‘absolute value for the_NEP. However,
they'do give the relative dependence of.the NEP on'Qarious important
parameters and can be used forvthe purposeaof optimizing-the PZT-PAS
detector.  In Table III? we give3a~eet‘of rulespof-thumbvforvan-optim—

ized detector.

In conclusion, ne have presented and experimentally verified a

theoretical model which qUantitatively accounts for the PZT photoacous-
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tic signal. This should enhance the utility of PZT-PAS as a useful
spectroscopic tool. We have also shown that tﬁe PZT-direcfly detects
heat-induced ‘s‘train caused by the absbrption of electrohagnetic radia-

tion.
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APPENDIX A: SOLUTION FOR THE TEMPERATURE

The eéuations to . be solved are .
B (a1) -
‘ V°T - X 3t __, —Q(r,t)/K _ (A1)

with the boundary conditions

ot | . | S - |
K =2 = «,T| _ ., Kw=| = -k,T| _ (A2)
dz 2=0 .17 z=0 _ ot. z=0 z=4 |

where K, and K, are the surface-conductivity for. the front and the back

iw

med ium respectively. 1If we let T = LTe t-+c.t., we find that

2 2

VIF - k3T =y e T /3 07 o (A3)
with

iw/A = K’
and' .

Y = -2pa/m’ka’

To solve (A3), we find a particular solution ip vand a ‘homogeneous
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301Uti°n,Thom Letting

~ : gz ., : : S . .
i - [ sc(8)e™ 5 _(81) 48 (A%)
| S o | .
‘and substituting (A4) into (A3) gives

S f YR(8) e % I (6r)8 48 |
B RS . | (A5)

0

where

2 _g22
a_ . 8%a“/4

R(G) = ':2v (A6)
. ."For thé homogeneous equation wevlet
7 - | 6J‘ (Gr){ A(é)eEZ + B(é‘)e—gz} dé | | (A7)
hom o - ’
with , 0 | R ‘ v
R’ L :
£ = (8°+xHT . O (a8)
Ve find A(S) and B(S) by fequifing
T o= T +T ' - B (A9)

to satisfy the boundar? cbﬁditions (AZ); Sélving for A(S8) and B(48) and

substituting into (A9) gives

F YR(8)S I (1) s e
Ty = —/ o {(b—1><g+r> e"E-2)
: [-6%2 +a? -kK%]D I
° — (b+1) (g+1) EE2) L (14g) (x-b) Otz
- b Qg ey T EE L g aen) T
+  (1+g) (1+b) oSz } B | - (a10) |

where

b = k,/k§ = [1(2'(OC)2(1)]1/2/KE ; g = K,/kE = [KI(DC)IMJZ/KE ;

r=a/6 3 ad D = ()t (g1
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a4 - ‘ .. | o : o

and K (QC)i are the conductivities and heat capacity/volume for the ith

med fum. . We note in pass:{ng that letting z=0 gives- the same results as

the one- dlmen51onal theory by  Rosencwaig and Gersho 10 . However, our

'app}roa’ch is simpler since we  have t:o‘solve the heat equation in one

region with one boundary condition ‘at each interface.

- APPENDIX B: GREEN'E-FUNCTION SOLUTION TO THE STRESS PROBLEM

We approximate ‘our samplé by an infinite layer with stress free

boundaries. A Green’s function for an annular temperature distribution

in a solid (see Fig. 13) is giv.en in Ref. 22. In the following (%)

denotes a Green’s function, (G0 ) denotes an inhomogeneous solution, and

(0 ) denotes a homogeneous solution. The sum of the stress distribution

in the solid is given by

‘00 2/2

o(rz,t) EG ,(r,z' t) = Zﬂ/pdp/ds T(pet)c (r,z';p,c)
- jai=l. ~ A 0 -2/2 .

where the Green’s function has the form

o*(r,z";p,€) " = >(§*(r z';p é) + 0.X(r,z";p,€)
" s s - rr b b b4 ee b _’ ’
= % . .“'* 1. e ’
+ orr(r%z 3P,€) + Ogalr,z';p,€) | (2)
= % = & . ) 2 o : ‘ . :
o, + Ogg = fé p Jo(ér) JO(Gp) F(e,z',8) db (B3)
i , .
where
F(g,2',8) = _13(2;\) {2\) sinh 8z' + 6z' cosh dz',+‘(2 - 672 coth ——) sinh 8z' }
3 | ' x',(l_zv) sinh 8€ m sinh 84%/2 l

sinh 82/2 (sinh 82-8%)

L 26

x

o 8¢ m sinh 82/2 ).
1-2 cosh _
{( V) cosh 82/2(88% + sinh 82) : v(Bl‘)

1-2v {2‘) cosh8z' + (2-82/2 tanh 62/2) cosh 6z'+ 8z' sinh 62'}
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and
. . 0
8* +.5* = —ZG{mCS(r—p)G(z-E:) —QE
rr 00 R L
sin an8_51n anz (n even) 83 (8p) I (81)
x — ° aa}
cos a € cos a z (n oqd) ‘ 22 4+ 52
‘ . 0 n .
with _ 1wy
, o a, = nr/L- and m o= T 3
Ve can write (Al0) as -
o | - _ |
T(o,e,0) = [ 6'3(8%0) G(e,8") as' . (36)
We require the quantity
, . .
(s) = an o(r,z';t) rdr ...
O . .

Substituting (835,'(85), (B6) into (Bl) and'using the~ofthogonality of

the Bessel functions we get'the following

%/2
(s fdefrdrdeG'G(eG)GJ(cSr) Fe,z', 6")
-%/2 PZT 0

o 9/2 o

+ frdrf def pdp(&r’; + Be’é) T.(e_,p) ' - . (B7)

0 -g/2 0

At this point, one can either numerically integraté the above expression
or one can assume that the transducer covers the entire surface of the
sample. This allows two more integrals to be performéd giving .

m .
2ﬂ./-r(0rr’+'oee)dr
Ea

s
1-v

(s)

i

{( @[T, +(z ~2/2)1] - 21 } | |  (88)

©
where (f(r)) ‘denotes ZHJfr f(r)dr.
) A 7

(B5)
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Table I. Results for various metals.

Metai _ Theory(mV)r v:Experiment(mV)
Cu 1.58 31 _

Ta 3.71 7.25

Al 5."94 ) 11.2

v 2.0 3.0"“
Ratio Théory ﬁxpefiment
Cu/Ta 426 L46
Ta/Al .62 .65
AL/V 2.98 3.73
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Table II. NoisevcontributiOns (nV/VHz);

Soﬁrce; : - ,Magnitude(pV/Hz)%)
Electronic : ' 12.9
Dielectric loss : 11.42
DC leakage 0.61
Brownian motion ' 1.37

Thermal ) 1.67

Total rms ' 17.4

w



Table III. Recomendatiohs for signal to noise optimization.

Category :lQuantity: Reéommgnda;ion
'Eléctténié 2 | large
1/f noise "small
Ig - small
_PZT Arga -shéll.
- PZT Thickneés largea
Sample Thickness largea
PZT Properties egl o large
ténﬁ ‘ smali
€§3 _smallx
o] small
shaliv
vSamplé PrOpefties ,at‘ rlargé
| (pc)sémple ‘small
TPZT low-
Modulation‘Frequencybi w. low®

3The. sample should not be much thinner than the PZT, otherwise the
neutral surface of the PZT-sample configuration will occur within the

" PZT leading to a reduction of the signal.

bThc amplifier voltage NEP goes down as the frequency until the

amplifier current noise NEP -Aominates.

Further reduction will not

improve the signal to noise ratio because of the difficulty in isolat-
ing low frequency vibrations. ' ' : '



FIGURE CAPTIONS

Fig. 1. Flowchart showing steps in the calculation. The symbols are

defined in the text and in the appendices.

Fig. 2. - Sources of surface strain. Transducer may be attached to

~either side of the sample.

Fig. 3. Transducer-sample geometry. 3a) Configuration used for tran-

sparent samples. " 3b) Configurationvfor opaque samples.
Fig. 4. Temperature distribution in sample with boundary conditious.
Fig. 5. Experimental apparatus. The two samples are identicél.v

Fig. 6. ~PAS signal vs. modulationvfrequehcy. Both full theory (no
‘thermal  or optical length approximations are made) and experiment show

slightly less than a 1/w dependence (1/uf03).

Fig. 7. PAS signal vs. incident laser power.

Fig. 8. Normalized PAS signal of Cu vs. wavelength. Spectra ‘is normal-

ized to the 0.6 value.

Fig. 9. PAS signal vs. 0f. Inset shows direction of incident light in
relation to the transducer. At af~2, the phase undergoes a l30°‘phase

shift which is indicated by making the signal amplitude negative.



il;‘ig . 10. PAva sig'n.a'i vs.al’ v;rv_*'"I'he ‘sample _is v"the‘ same as ‘that v_iln :Fig.. 9‘_'.‘? R

,Fig_.' ll, PAS ,:Ph.'as'ev' Vs modﬁlatidn f..reque_.ncyQ —

I-’1g. 12. ﬁEquiValenfz,circuit, of ‘deﬁéétér‘; for. 'signéi and’ néi'é_é;'- ‘Q‘-ché‘fgé“ —

c -

g_enerated by strain. I‘1~=(41<»BTAf/,R'd'Cfi = current noise due to -Rd s Cm 0

* transducer capacitance, R_.=tan 8§/wC - AC - loss re’s_istancé,"1'2='(4k-BTmC

‘tan  )-current noise due to R, ., 1/C,-amp input capacitance, Ry,

. input ;impeda'nc__e, -I3=inA,f/2-"amp]__ifier ‘noise current, 'V=,.e,n Af%-' amplifier -

‘tioise voltage, R -load resistors -

Fig- 13. :G.eoniet'ry‘_. for:_:,'str'ess éal‘éulation.: 1(2) is’ thev. _front(ba'é_k_)i"_..':“

medium-and r is measured from the beam center.

_—amp .
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CALCULATION FLOW CHART

Compute the thermoelastic | Compute the temperature
Green's function distribution .~
O'IJ (r: Z5 Dy E)_ | T(p, €5 t)

Y | _ 'l

Stress (sample)

oij(r, z; t) = [oy50rs 25 0, €)T(p, €5 -tA)doc.ie

sample

Y

Strain (sample and PZT)

R Y A T
Uij =2 T &5 * 26 ("ij TTFY Ok Gij)

Y

Find voltage from strain using PZT equations of state

Y

SIMPLIFY USING
MODEL ASSUMPTIONS

RESULT forz =0, &
o

) e3]_L
p

€33 A

v a,(1+V) [(To). +{z - 2/ 2) (0]

XBL 797 -2310

Tig. 1
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(@ AVERAGE EXPANSION
mﬁﬂomm - BT

| Sireiches— iyl ~Surface
_bmmﬂvaBl/A .\n_m:ﬂ%mw |

| I_mch_mal_\«h . Radial 27
~oregion Q_mc_oomBmam
(b) BENDING
,_w_o:*..m:_ﬁo?_v\ ~— | \w -
Nedied region- S ondin m I Bend
SEEINY Bl e
Radial \ﬁﬁ . .mc_lgomf ._“.,mcloom
a_mn_oomBmBm.\ AN cfo oM o
vary with position—  sfrefch 1 1t contract
T | : .c:%ﬂma._‘

- posifion:

XBL 797-2315

(Fipe. 2):‘
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| PZT-Sample Geometry
,(o.) Tronsporen’r Somples

- Conductive
- paint_

Sold;\ ~ Radial -

| strain | ' |

- Breakin o AN '

| elecfrode;«\ SR \ ] S
|z

Thin wire—#
-Sample

lead

Electrode—"\

PZT A /|

Elecfrdde&glue _Somple - Electrodes

- (b_)' Opague Somples

Conduchve pOIm‘ |

\I/Rgs__\?w

Breok in elec rode |

~ PZT-N Sample
xaL?9_7e23|6 :

(Fig. 3)



- GEOMETRY FOR T CALCULATION
N | z=0 z=4 |

~ Laser beon1:;>\\_-

 'AMedmn11 _

=Tl

KVT| =k,
: Z.:.O

lz=g 2

. XBL 797-2313

z=£. ”'

I



37

LIg2- 262 18x

oiduog__  —
L_mo:nmco#,lfi.__ __|oubis Ul xoﬂ
~ SUITT T soussgiey L
~Jaddoyor—— ndino|
m_pocm>, T = A0
o e smew |
SUsT S L@_,yoa@ {Japndwion
W\w , X DS } 19sp| 9AQ [ 485D)] AY|

OLIN Jejids woeg

: (-Fig.. 5_)



38

Ph'oto_dcou"stic signal (mV)

10

0.0l

0.1

Frequency (Hz)

N R — T
~ PAS-Signalvs ;og_é 3222
mzé_m 0.8cm Tantalum .
T ;SQ,EO ,o,:. |
¢ TaQ.8cm thick B
N\
R T S |
0 102 - 103 104

XBL 797 -2312



PAS- Signal ( Volts)

| _ _ T _ I
PAS — Signal vs
Laser power (IOHz) o
1072 - o -
o
o
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e
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Power (W)
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PAS-Signal vs. Wavelength for Cu __
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PAS - sig.n'ql (arbitrary units) |

PAS-Signal vs absorption
PZT away from laser beam

e 2.5 mm didymium glass
at 19,3 Hz

0 2.5mm didymium glass
- at 5.2 Hz

|| Theory without heat loss

XBL-797-2309

(Fig. 9)
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signal (arbitrary units’)A

PAS -

_ _ [ _

PZT towards __,82 beam
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o 2.5 mm didymium gloss
o af 5.2 Hz
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T
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XBL 797-2308
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COORDINATE GEOMETRY AND IDEALIZED
MODE FOR STRESS .CALCULATION

=2 =g
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- _Ring Green's

'/funcﬁon
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