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In the past, thin-film photopyroeiectric detectors have provided a simple means of measuring 
thermal properties of solid samples. This article presents a theoretical model and experimental 
results demonstrating a new con tactless capacitivdy coupled photopyroelectric detection 
technique. The photopyroelectric (P 2 E) effect with contactless capacitance PVDF-metal probe
tip coupling was demonstrated and used to obtain thermal information from a solid. Due to the 
small diameter of the probe, the local values of the thermal wave field in the solid were measured. 
The modulated photothermal source on the surface of the sample induces an oscillating 
temperature field in the pyroelectric material, which produces a displacement current 
proportional to the temperature change. The metalized surface of the pyroelectric thin film and a 
metal tip electrode facing the opposite unmetalized surface form a capacitor which is charged at 
the same frequency as the modulated light beam. The oscillating capacitive voltage provides a 
uoncontact mechanism to extract photothermal information, since the electric field generated in 
the capacitor does not require plate contact with the PVDF clement. 

INTRODUCTION 

Recently, many useful applications ofthe photopyroelectric 
(P 2E) effect have been reported regarding the measurement 
of both thermal and optical absorption properties of sol
ids. 1

•
2 The photopyroelectric effect has provided a calorime

tric method in which a thin-film pyroelectric detector pro
duces a voltage proportional to its surface temperature 
change due to the propagation of thermal waves through a 
sample in intimate contact with the pyroelectric thin-mm, 
polyvinylidene fluoride (PVDF). This technique is capable 
of providing thermal information about the bulk of the sam
ples under investigation, when used in a scanning mode.-' 
The signal detection mechanism involves the generation of 
an ac potential across the pyroelectric thin film due to charge 
displacement in the polymer matrix induced by film tem
perature changes. Potential differences between opposite 
film surfaces can be measured using thin metal electrodes of 
several hundred A thickness deposited an both sides of 
PVDF. 

In this work, we report a new method of photothermal 
wave signal detection from PYDF films using single surface 
electroded detectors and a remote (i.e., noncontacting) met
al pin positioned close to the unmetalized surface. The 
charge differences generated by the P 2 E effect between the 
PYDF surface and the narrow metallic pin fiat tip create an 
electrical element geometry equivalent to a parallel-plate ca
pacitor with unequal plate areas. With the new capacitively 
coupled P 2 E technique, the local thermal wave signal can be 
detected and the thermal wave field imaged by recording the 
signal at different scanning positions. 

I. iNSTRUMENTATION 

A. p2£ signal generation and apparatus 

The use of a laser to thermally excite a material allows 
the generation of a spatially wen-defined thermal wave 

source in a sample. The acquisition of thermal wave infor
mation in p 2E detection is achieved via a single frequency 
harmonic excitation and lock-in detection of pyroelectric 
signals using a sinusoidally modulated cw optical source ir
radiating the sample. The new capacitively coupled photo
pyroelectric technique reported in this work is similar to the 
conventional photopyroelectric technique but for the addi
tional capacitance in the space formed between the PVDF 
thin film and the metal probe pin tip. The metal pin does not 
have to be in contact with the PYDF thin film since the 
interplate electric field can propagate through air or vacu
um. In the present work, we demonstrate the feasibility of 
detection of a pyroelectric voltage generated by this process. 
This is implemented by using a PYDF film with a metal 
electrode on one side and a second electrode in the form of a 
metal pin scanning the opposite surface ofPVDF at a work
ing distance of 0.1 mm. The thermal wave field in the PVDF 
film can be expressed as4 

T(x,y,z,t) = Tae (x,y,z)exp{jicut + tjJ(x,y,z)]} 

+ l~c (x,y,z) + To, (1) 

where To is the ambient temperature; Tae (x,y,z) is the am
plitude of the ac component of the temperature field in the 
pyroelectric film; t/J(x,y,z) is the phase of the ac component 
of the temperature field; and 1~,. (x,y,z) is the magnitude of 
the dc component ofthe temperature field in the pyroelectric 
film for a given configuration and angular frequency w. 
Under photothermal excitation, the pyroelectric voltage is 
given by' 

pL pVDF I r ) U(x,y,t) = \ T(x,y,z,t) z' (2) 
E 

In Eg. (2), p is the PVDF pyroelectric coefficient 
(30 X 10- 6 C/m2K),' L pVDl is the film thickness, £ is the 
film dielectric constant (12 for Kynar PVDF),5 and 
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< T(x,y,z,t) > z is the spatially averaged temperature field in 
the pyroelectric film defined as6 

1 lLPYDf' 
(T(x,y,z,t) > z = -- T(x,y,z,t)dz. 

L pVDF 0 
(3) 

Equation (2) is strictly valid only for I-D temperature dis
tribution when T(x,y,z) is not a function of x, y coordinates 
or in the case when the detection electrodes are infinitesimal
ly small. In general, PVDF film with metal electrodes on 
both sides forms a capacitor, which acts like an integrating 
detector, and we can express the voltage developed between 
its plates as 

1 sa/2 Jal2 

(U)X'Y=2 U(x + x',y +y')dx' dy', (4) 
a ---all -a12 

where a is the length of a square tip of a detector pin or the 
length of the square electrode on both sides of PVDF film. 
From Eqs. (2)-(4) we have 

Uac (x,y,UJt) 

= P 2 Tae (x + x',y + y',z) j al2 fal2 iLI,vDI' 
€a ~- a/2 ~- al2 0 

Xsin [Cut +- 1/1(x + x',y + y',z) ]dz dx' dy', (5) 

where Uac is the ac voltage observed between the plates of the 
capacitor at position (x,y) on the film, and that point corre
sponds to the midpoint between the electrode edges. The 
electric displacement current through the PVDF film is then 
given by 

In(t) =A d(P(t»z , (6) 
dt 

where A is the surface area of the electrode, and 

(7) 

is the spatially averaged dipole moment per unit volume. 
The oscillating dipole moment responsible for I D sets up an 
electric field which penetrates the space between the PVDF 
film and the probe metal tip. Therefore, the metal tip can 
pick up an electrical signal without touching the PVDF film, 
thus generating a purely contactless detection technique for 
the photopyroelectric effect. 

The schematic diagram of the experimental system used 
for the detection of photothermal waves via the capacitively 
coupled pyroelectric technique is shown in Fig. 1. In this 
particular arrangement, the tip diameter was 0.8 mm, the 
laser beam waist was 0.1 mm, and the PVDF thickness was 
28 pm. A copper sample was placed on top of the (electrod
ed) surface of the PVDF film using conductive adhesive so 
as to form an opaque surface layer in agreement with the 
configuration of Fig. 1. The copper sample was 0.127 mm 
thick. A lO-mW, He-Ne laser beam from a Hughes Aircraft 
Company laser (model 3235H-PC) was amplitude modula
ted in the frequency range from 0.5 to 100 Hz using an ISO
MET acousto-optic (A/D) modulator (model 120lE-2) or 
an AMKO mechanical chopper (model OC 4000). The AI 
o driver was a Hewlett-Packard waveform generator (mod
e13312A)o The schematic diagram of the detection system is 
shown in Fig. 2. Considerable effort has been made to elimi-
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Air 

Metal probe tip 

FIGo 1. Schematic diagram ofthe capacitively coupled pyroelectric geome
try used for detection of thermal waves in condensed phase materials. 

nate acoustic noise pickup due to the piezoelectric effect in 
the PVDF filmo The acoustical noise due to the vibration of 
the mechanical chopper was damped by inserting foam un
derneath that device, The detector was properly shielded in 
order to reduce any electromagnetic noise from leaking into 
the detection system, by using a PVDF housing design modi
fied in comparison to the one used in earlier studies. 7 Fur
thermore, the electromagnetic noise was reduced by elimi
nating aU the ground loops via proper grounding. Figure 2 
indicates that the active element of the detector (G) was 
actually a brass metal pin underneath the nonelectroded 
PVDF thin film (E). The entire detector assembly was sur
rounded by a metallic shielding waH (F). The possibility of 
piezoelectric signal generation by PVDF, which also acts as 
a piezoelectric transducer, 8 was also investigated. Opera
tionally, the clamping of the PVDF transducer was arranged 
so that piezoelectric microphonics almost entirely disap
peared from the screen of the signal monitoring oscilloscopeo 
Under these conditions, direct laser heating of the PVDF 

A 1\1 

J 

FlO. 2. Schematic diagram of detection electronics. A: He-Ne laser, B: 
acousto-optic modulator or mechanical chopper, C: lens, D: copper strip, 
E: PVDF film, F: metal shield, G: metal tip. H: preamplifier, J: lock-in ana
lyzer, L: in-phase of signal to channel 0 of AID converter, K: quadrature of 
signal to channell of AID converter, M: PDPIII microcomputer. 
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film produced pyroelectric signal levels at least two orders of 
magnitude higher than background microphonics. Further
more, Tam and Coufal have reported8 that extremely high 
attenuation of parasitic piezoelectric effects occurs in 
PVDF, and very good acoustic coupling (e.g., a thin-film 
water interface) is required between the transducer 
(PVDF) and the mechanically excited sample. The experi
ments reported in this work only required simple contact 
between sample and PVDF, and the resulting signals were 
consistent with heat conduction from sample to backing. 
Similar observations ruling out piezoelectric contributions 
to PVDF-generated signals, with the transducer operating in 
the pyroelectric mode, have been reported previously.'" 

B. Equivalent electronic circuit layout 

The electronic equivalent circuit diagram tor the con
tactless detection of the photopyroelectric system described 
in Fig. 2 is shown in Fig. 3. For all practical applications and 
in the modulation frequency range between 0.5 to 100 Hz, 
the internal film resistance RpVDF can be neglected. The rea
son is that the impedance of the R pVDF is very large com
pared to the impedance of the capacitor CpVDF ' CPVJJF is the 
capacitance of the PVDF thin film and Cc is the capacitance 
between the nonelectroded surface of the PVDF film and the 
brass metal pin. R[pa is the resistance in the preamplifier. C[ 
is the combined capacitance of the preamplifier, C1Pa and the 
capacitance of the cable, Ck : 

C1 = C1pa + Cle • 

The operational amplifier symbol A represents the circuit of 
the amplification stage of the ITHACO 1201 amplifier used 
in this work. 

II. FREQUENCYaDOMAIN PHOTOPYROElECTRIC 
(P2E) CIRCUIT ANALYSIS AND ELECTRICAL 
PARAMETER MEASUREMENT 

The experimental technique developed in this work in
volves the steady-state response of the electrical network 
shown in Fig. 3 to a harmonic optical intensity modulation 
at frequency f = (i)/2rr. The input excitation due to the mod
ulated laser beam can be written as 

U(m,t) = Uo(m) eiwt
, (8) 

where Uo(w) is the frequency dependent voltage amplitude 
registered across the PVDF detector. Then the synchronous 
input voltage across the amplifier A can be written as fol
lows: 

Uin (w,t) = A «(LI) Uo«(v) e jwt
• 

In Eq. (9) 

A(w) U'n (ill) _ A ( ) j¢«,}) ---- () (u e 
U(w) 

(9) 

( 10) 

is the voltage transfer function (voltage reduction factor) 
due to the electrical network shown in Fig. 3. U in (w,t) is the 
input voltage seen by the amplifier A of Fig. 3. The voltage 
transfer function A «(I)) of an ideal amplifier A has been cal
culated analytically in the Appendix. Its amplitude Aoem) 
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FIG. 3. Electrical equivalent circuit diagram for contactless photopyroelec
tric detection. Symbols are explained in the text. U(w,t) is the p2Evoltage 
generated across the PVDF film. U;n ([u,t) is the input voltage across the 
amplifier A. 

and phase ¢ (w) are given by Eqs. (A 14 ) and (A 15), respec
tively: 

and 

where 

CcCPVDI<" 

Cc + CPVDF 

(11) 

(12) 

(13) 

is the effective capacitance resulting from the combination of 
the PVDF equivalent capacitance CPVDF and the coupling 
capacitance Cc • CEFF can be measured experimentally. 
Equation ( 13) shows that the effective capacitance is a func
tion of the PVDF film thickness, the geometry of the elec
troded upper surface of the PVDF detector, the geometry of 
the metal tip, and the distance R between the metal tip and 
the PVDF film. T};!e values of the capacitances Cc and CPVDF 

can be accurately estimated for very small separations R. 
Using the parallel-plate capacitor formula, the value of the 
capacitance can be estimated as foHows: 

lim CEFF(R)--C(R) = €€o(SIR) , 
R¢S"" 

(14) 

where Sis the surface area of the flat top of the metal tip. For 
large values of R, however, one must use more complete 
three-dimensional models. to An "ideal" electrical network 
and amplifier (A) (Fig. 3) would exhibit infinite input resis
tance R [ and zero input capacitance C[ 

R] = 00, Cj = O. (15) 

Substituting Eq. (15) into Eqs. ( 11 ) and ( 12), we obtain the 
"ideal" behavior of the detection circuitry 

A(w);:::;;l, ¢(m)-;::;O. (16) 

This indicates that an ideal amplifying circuit in the configu
ration of Fig. 3 preserves signal amplitude undistorted and 
phase unaltered, as expected. 

In order to quantitatively characterize the behavior of 
the equivalent electrical network of the photopyroeIectric 
system shown in Fig. 3, the pertinent electrical parameters 
were measured using standard electrical measurement 
methods as follows: 
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R[pa ;:::;400 G'o ± 20%, 

C1pa ;:::; 16 pF ± 20%. 

In order to determine R lpa' a de voltage was applied to the 
input of the preamplifier A directly first and then through a 
I-Go' resistor (R A ). The input resistance of the nonideal 
amplifier can then be determined from the following equa
tion (see Fig. 3); 

R[pa = ( U
out2 

) R A , 
Uout 1 - Uout 2 

(17) 

where RA is the resistor in series with R/; UOull is the dc 
voltage across the output of the preamplifier without resistor 
R A; and Uout 2 is the de voltage across the output of the 
preamplifier with resistor RA in series with R I . Measure
ments using the quantities in Eq. (17) yielded the value of 
R [pa (400 Go' ± 20%). In order to determine C1 , an ae vol
tage was applied to the input of the preamplifier directly and 
via a 200-MO resistor (R A ). The input capacitance of the 
preamplifier C[pa was then determined from the equation 

(I8) 

The capacitance C[ of the connecting cable (coax type 
RG58; 3 ft) together with that of the metal shielding box 
(see Fig. 2) was measured, and its value was found to be 

C1 = (104 ± 1 )pF. 

The resistance between the shielding grid and central wire of 
the coaxial cable was found to be negligible in comparison 
with the measured R [pa of the preamplifier. The total capacio 

tance C I of the network (see Fig. 3) was thus found to be 

Cr = CIc + C1pa = 104 pF + 16 pF = 120 pF. (19) 

The total resistance R I of the network is approximately 
equal to that of the preamplifier given by Eq. (17) 

(20) 

In order to estimate the value of the capacitance CPVDF ' the 
parallel-plate capacitor formula Eq. (14) was used: 

S 
CPVDF = EEo ---::::; 1.9 pF, 

LpVDF 

(21) 

where S = 1Tr is the effective surface area of both plates 
which is equal to 0.503 mm2

• The radius r of the exposed 
PVDF film electrodes in our experiment was 0.4 mm (equal 
to the radius of the metal probe). L pVDF stands for the dis
tance between plates (equal to PVDF film thickness of 28 
pm). Similarly, in order to estimate the value of the coupling 
capacitor Cc in Fig. 3, the parallel-plate capacitor formula 
with separation R = 0.1 mm gave 

Cc ::::;0.044 pF. (22) 

An estimated value of CEFF was thus obtained using Eq. 
(13): 

CEFF ::::;0.043 pF. (23) 

In the case of zero separation between pyroelectric film and 
probe tip, Eqs. (13) and (21) yield 
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1· C l' ( CcCPVDF ) 
1m EFF = 1m = CPYDF ;:::; 1.9 pF. 

R-O R-O CC + CI'VDF 

(24) 

As can be seen from Eqs. (23) and (24), the effective 
capacitance Cm'F is very small compared with the input ca
pacitance C[ given by Eq. (19). From experiments with the 
simulated electrical network shown in Fig. 3, the value of 
CEFF measured indirectly at contact was found to be 

CEFF = 0.6 pF. (25) 

The discrepancy between the theoretical value, Eq. (24), 
which is alower bound on CpVDF according to the general
ized 3-D capacitance model presented by Mandelis JO and the 
experimental value, Eq. (25), can be accounted for by hy
pothesizing that there was no perfect contact between flat 
pin and PVDF film, due to roughness on both surfaces. Im
perfect contact leading to an effective separation of 0.005 
mm would result in a coupling capacitance Cc ;:::;0.88 pF preo 

dieted by Eq. (14), leading to the CEFF value given by Eq. 
(25) . 

In Fig. 4, the voltage response of the theoretical circuit 
equivalent to the photopyroelectric experimental system is 
shown, Using Eqs. 01 )-(13), (21), and (22) the ampli-

'" d' (.) 

c- Contact 

~------

:l (b) 
,.., 

:l~.--__ , --~\~~--~,--~,--__ ----~ 
0.00 0.08 0.16 0.24 0.32 0.40 0.48 056 

Separation (m. x 10-3) 

FIG. 4. (a) Theoretical voltage amplitude response, Eg. (11) withRJ = 400 
on, C1 = 120 pF, and r" = 0.4 mm. where CErF and C, are capacitances 
calculated from Eqs. (13) and (14), respectively. The plateau of the curve 
corresponds to the theoretical value for perfect contact with no air gap be
tween the tip and PVDF film. (b) Theoretical phase response, Eq. (12), 
with the same electrical parameters as in part (a). 
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tude and phase response are calculated as functions of sepa
ration R at a constant frequency. It should be pointed out 
that the value calculated with Eq. (22) is appropriate only 
for very small plate separation. 10 In the experimental config
uration, the capacitance CEFF decreases with separation R at 
a slower rate than the capacitance calculated from Eq. (14) 
due to 3-D effects. Another important aspect of contactless 
detection is that when the metal tip is removed further from 
the PVDF film surface, the film surface area contributing to 
the P 2 E signal becomes larger due to the spatial divergence 
of the electric field lines between the effective capacitor 
plates. Furthermore, the photothermal wave temperature 
field inside the PVDF thin film is three dimensional in na
ture, II and so is the charge distribution inside the PVDF thin 
film. 

A harmonically modulated laser light causes a voltage 
U(OJ,t) to appear across the PVDF film, as shown in Fig. 3 
due to the photopyroelectric effect. When the separation R is 
fixed, the value of the capacitance Cc (and thus CPFF ) is also 
fixed in the equivalent circuit of Fig. 3. Figure 5 shows the 
theoretical voltage transfer function amplitude Ao(w) and 
phase lag ¢ (OJ), when the metal pin surface is touching the 
PVDF thin film. It can be seen that the equivalent electrical 
network relevant to this work does not introduce any distor
tion in the frequency range between 0.5 and 100 Hz. How-

(a) 

6 - '" 

~ "'1:/---~'" ~.f 

t~l' -.: 

.., 

..; 

qj 
M 

~ 
(b) 

0 
ci 
N 

0 
~-o g-
~ 
8q 

'" ,,-
] 
0.. 0 

00 

0 
.j 

~~--__ ~~==~~~+====F==~====~~~ 
OJlO 0.13 0.26 0.39 0.52 0.65 0.78 0.91 1.04 

FreqlU!11CY (Hz) 

FIG. 5. (a) Theoretical voltage amplitude frequency response with 
R{ = 400 GH, C( = 120 pF, and Cr,FF = 0.6 pF; (b) theoretical voltage 
phase frequency response with the same parameters. 
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ever, the equivalent electrical network predicts that the am
plitude will be distorted at frequencies well below 0.1 Hz 
while the phase will be distorted at frequencies below 0.5 Hz. 
The results of Fig. 5 indicate that the network transfer func
tion contributes a fiat response in the frequency range of 
interest and thus may be neglected in the analysis of capaci
tively detected P 2 E signals. 

III. EXPERIMENTAL BEHAVIOR OF P2ENETWORK 

A. Signal dependence on separation distance (R) 

In order to understand the response of our experimental 
p 2 E network, an electrical simulation circuit was assembled 
using the sinusoidal voltage from the function generator ap
plied to the upper metal electrode ofPVDF film as shown in 
Fig. 6. The simulation set up was exactly the same as that of 
Fig. 2, except for the signal from the function generator re
placing the pyroelectric ac voltage output of the photother
mally excited PVDF detector in the actual experiments. In 
this fashion, the constant output amplitude and phase of the 
sine wave generator were established as functions offrequen
cy, effectively rendering Uo(r.tJ) in Eq. (8) constant. This 
assumption is consistent with the derivation of Eqs. (11) 
and (12) (see Appendix) and is required in order to carry 
out meaningful comparisons between the theory developed 
in Sec. II above and the experimental network response. It is 
well knowno

,12 that the PVDF detector introduces its own 
strong photothermal response as a function of modulation 
frequency. The output voltage amplitude of the experimen
tal simulation is shown in Fig. 7 (a) and the phase response is 
shown in Fig. 7(b), both as functions of the interplate sepa
ration (R). The observed behavior of the electrical network 
is similar to the expected theoretical behavior, however, the 
output voltage in the experimental simulation decreases 
more slowly than the theoretically predicted result, Fig. 
4(a). It should be recalled that the theoretical circuit results 
are based on the assumption that the CPYDF and Cc are given 
by the parallel-plate capacitor approximation. The fact that 
the R dependence of CEFF is more complicated than that 
described by Eqs. (13) and (14) primarily due to three-

v 

Voltage 
Generator ..... 

FIG, 6. Electrical stimulation of ac network set up to test the amplitude 
response of the detection circuit of Fig. 3. 
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FIG. 7. Ca) Experimental amplitude response of simulation circuit vs sepa
ration between the PVDF film and the metal pin with a loo-Hz ac voltage 
applied to the PVDF film; (b) absolute phase response. The otf.~et from the 
theoretical values, Fig. 4 (b), is due to contributions from circuit detection 
electronics (preamp and lock-in analyzer). 

dimensional effects 10 points toward using a generalized 
expression 

CEFF = CEFF (R) (26) 

phenomenologically inserted in Eqs. (11) and (12). These 
equations can then be fitted to the experimental data for each 
position R, giving an empirical value of CEFF at that posi
tion. The exact amplitude response can thus be calculated 
from the following expression: 

CUCEFF (R)R1 
Ao(R) = { }2 112' (27) 

(1 + cuRd CEFi, (R) + Cd ). 
In the high-frequency limit of mR1 (CEFF (R) + C[ ] > 1, 
which represents our experimental conditions, Eq. (27) be
comes independent of m: 

CEl'F (R) 
(28) 

Equation (28) allows the calculation of CEFF (R) from ex
perimental measurements, upon rearrangement: 

(29) 
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B. Signal dependence on modulation frequency {f} 

The experimental system employed for these measure
ments was the same as that in Sec. III A above. Experimen
tal frequency-dependence data were obtained under the con
ditions described in Fig. 6. It can be seen from Fig. 5 that the 
theoretical electrical network has a flat transfer function at 
frequencies above 0.5 Hz. A scan in the frequency range 
fromO.S to 100 Hz only depends on the response of the band
pass preamplifier ITHACa model 1201 and that of the lock
in amplifier EG&G model 5204. The latter was used in the 
flat mode with all frequency filters disabled. In general, one 
can express the total amplitude of the signal recorded by the 
lock-in amplifier in the form 

Uobs (w) = Uo(w)Asystem (w), 

where 

A,ystem (m) = ANET (m )ApA (cu )Au (m) 

(30a) 

(30b) 

and Uo«(u) was defined in Eq. (8). Aj is the transfer function 
of the jth instrument 

~OUT (cu) . 

U}lI .. (m) , 
(31) 

j = system; network (NET), preamplifier (PA), lock-in 
analyzer (LI). Similarly, one can express the total phase lag 
of the signal observed by the lock-in amplifier as 

<Pob. (OJ) = ¢o(m) + ¢,ystcm (OJ), 

where 

(32a) 

¢sy'tem (w) = <PNET (cu) + ¢PA (m) + <PLI (cu). (32b) 

<Po ( w ) is the phase lag of the signal observed between the two 
terminals of the capacitor CPVDF at open circuit, referenced 
with respect to the phase of the modulated laser beam. The 
various phase contributions in Eq. (32b) correspond to the 
amplitudes discussed in conjunction with Eq. (30b). From 
Eqs. (30a) and (32a) we have upon rearrangement 

(33) 

and 

rPo(m) = </Jobs (OJ) - <Psystem (w). (34) 

Knowledge of the functions Asystem (m) and ¢system (m) for 
the detection system allows one to obtain the functions 
Uo(cu) and <po(m) via Eqs. (33) and (34). The function 
Asystem «(u)Uo((u) for our system, where Uo(w) = 70 mV 
(rms), is shown in Fig. 8 (a). The function ¢obs (w) for our 
system is shown in Fig. 8 (b). It is clear that the simulation 
circuit signal amplitude is constant at frequencies above 1 
Hz, with the phase decreasing rapidly toward a constant 
value. Figures 5 and 8 show upon comparison that the fre
quency dependence of the theoretical transfer function and 
the experimental transfer function were different from one 
another. These deviations from theory were found to be con
sistent with the domination of the transfer function by the 
EG&G lock-in analyzer electronics and were corrected for 
in subsequent p 2E measurements. 
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(b) 

FIG. 8. (a) Experimental amplitude frequency response of the detection 
system with the PVDF film in contact with the metal pin; (b) phase re
sponse. 

IV. P2ECAPACITIVE DETECTION 

A. PVDF film detector frequency response 

The experimental setup for these measurements is 
shown in Fig. 2. The surface copper strip can be regarded as 
thermally thin6 in the frequency range from 0.5 to 100 Hz, 
and it does not contribute significantly to the slope of the 
photothermal response of the PVDF film. 13 In that frequen
cy range, the thermal diffusion length of copper is very large 
compared to that of the PVDF film and its backing (air or 
metal tip). The major contribution to the slope is that of the 
PVDF film bulk and its backing material when the PVDF 
film is in contact with the brass pin (a better heat sink at 
R = 0 mm compared to air), and the calculated slope of Fig. 
9, curve (a), is 

SLOPEcontac,;:::; - 0.44 sli
2

, (35) 

In the case of noncontact detection (R = 0.1 mm) the 
PVDF film is backed by air and the calculated slope from 
Fig. 9, curve (b), is 

SLOPEnoncontact;:::; - 0.55 SI/2. (36) 

As can be seen from Fig. 9, the general behavior of the two 
curves is similar. The differences in magnitude of the slopes 
are attributed to different boundary conditions at the back of 
the PVDF film. When the metal pin is contacted to the back 
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1.3 2.6 3.9 5.2 6.5 7.8 
Square Root of Frequency (lIz 1(2 ) 

10.4 9.1 

FIG. 9. Plot of the p2 E signal amplitude logarithm vs the square root of 
frequency (a) with the metal pin in contact with the PVDF film; and (b) 
with a separation R = 0.1 mm. 

of the PVDF film, it allows heat to flow more efficiently than 
with air as a backing. Therefore, the P 2 E signal should be 
enhanced and the slope of the natural logarithm of the signal 
versus the square root of frequency should decrease in the 
thermalJy thin limit If the nature of the detected signal un
der capacitive noncontact coupling is photothermal-wave 
related, it is reasonable to assume that both contact and non
contact probing at the back of the PVDF detector should 
give the same thermal information for a sample lying on top 
of the copper strip above the PVnF film. The resultant re
sponse of the system is expected to be equal to the combined 
thermal respose of the sample and both copper and PVDF 
film. When an aluminum sample (1.5 mm thick) was put on 
top of the copper strip and excited photothermally, the resul
tant contact and noncontact responses were normalized by 
the appropriate contact and noncontact response shown in 
Fig. 9. The thermal response of the aluminum disk for both 
contact and noncontact cases after normalization collapsed 
into one curve, as shown in Fig. 10, as expected. However, 
the thermal diffusivity of the aluminum so obtained from the 
slope of Fig. 10 was ten times lower than the published val-

0 1 

~: j ~~- r--
'0.0 1.0 

--+-----t--- t - +-.----+---~ -~ J 
2.0 3.0 4.0 5.0 6.0 7.0 8.0 

Square Root o).c" Frequency (Hz 112 ) 

FIG. 10. P 2 E &ignal amplitude from an aluminum sample with the metal pin 
in contact (a), and with separation oro. 1 mm (b). Signals were normalized 
with the respective signals of Fig. 9. 
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ue, 14 The primary reason for this discrepancy is the inherent 
three-dimensional nature of our system and of the P 2 E sig
nals obtained using a small diameter metal tip to sample 
local rather than global (Le" integrated) values of the tem
perature field in the back of the specimen, The use of 1-D 
interpretations, such as the one employed with Fig, 10, 
would tend to underestimate the value for the thermal diffu
sivity of a sample, as no account of rapid radial thermal dif
fusion has been taken: This simplification amounts to an 
apparent greater retention of energy in the bulk of the sam
ple than the back-detection I-D model can account for, thus 
yielding a lower value for the thermal diffusivity, Further
more, the copper strip is not perfectly fiat and it could pro
vide a rough surface contact between the aluminum sample 
and the copper, which would result in a large contact ther
mal resistance, As a consequence, the thermal diffusivity 
measured with this experimental setup, which was designed 
and optimized for thermal imaging, was lower than expect
ed, 

B. Waveform analysis of p2£ response due to optical 
absorption in PVDF and solid samples 

In this section, we give further evidence of the phototh
ermal nature of the capacitive1y coupled signals described in 
this work upon consideration of the waveform shapes of the 
recorded signals under contacting or remote conditions, The 
experimental setup was described in Sec, IV A above, with 
the intensity of the laser light modulated with a mechanical 
chopper, This form of light interruption corresponds to a 
square wave, The p 2E voltage generated across the PVDF 
film was observed and stored on a storage oscilloscope, de 
coupling was used on both the preamplifier and the oscillo
scope to avoid distortion of the signal, The thermal wave
forms pertaining to direct absorption by the copper strip 
obtained at 100Hz under contact and noncontact conditions 
are shown in Fig, 11, Both displayed waveforms look alike, 
since the PVDF film is thermally thick at 100 Hz, The ther
mal diffusion length in this case is 

PPVDF (100 Hz) = 16 pm < LpVDF = 28 pm, (37) 

Thus, the backing material does not play any significant role 
in the thermal wave response and the shape of the waveform, 
The thermal waveforms at 10 Hz under the same conditions 
are shown in Fig, 12, The oscilloscope traces appear differ
ent, as the PVDF sample is thermally thin: 

PPVDF (10 Hz) = 53,3 ,um > L pVDF = 28 pm, (38) 

Thus, the thermal properties of the backing material make a 
difference in the waveform shape, The touching metal pin 
electrode acts as a better heat sink than air, and as a result the 
thermal wave propagation to the metal is facilitated due to 
efficient heat loss to the backing. The condition for steady
state attainment in the thermal transfer between the pho
tothermal fiux into the front, and the thermal wave flux out 
of the back, of the PVDF film tends to be satisfied within the 
optical pulse period corresponding to lO-Hz excitation, but 
not so at 100 Hz, As a result, the contact waveform in Fig, 
12 (a) appears curved as it tends to saturation at long "pulse
on" times, The 100 Hz noncontact Fig, 11 (b) exhibits a 
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(a) 

(b) 

FIG, 11. Thermal waveformofthe signal of Fig. 9at 100 Hz; (a) metal pin in 
contact with the PVDF film; (b) with separation of 0.1 millo 

triangular appearance, as no saturation onset is in effect dur
ing the "pulse-on" period, With air as a backing at 10 Hz, a 
slower decay appears [triangular waveform, Fig, 12(b)], 
This is due to the fact that less thermal flux to the backing air 
delays the onset of saturation until times beyond the la-Hz 
"pulse-on" period, Qualitatively, similar waveform features 
have been reported by McClelland and Kniseley in the pres-

(a) 

(b) 

FIG. 12. Thermal waveforms similar to those of Figo 11 at 10 Hz. 
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ence of backings of widely different thermal properties, us
ing photoacoustic gas-microphone detection. 15 These obser
vations are strong evidence of the photothermal nature of the 
capacitively coupled P 2 E signals in this work and are consis
tent with the trend in slopes observed in Fig. 9. 

At the present time in our system, sample and detection 
pin (lower electrode) are mechanically linked together 
through the rf shielding box (F) outlined in Fig. 2. One
dimensional scans were further accomplished by scanning 
the surface of a sample with focused laser light. In these 
experiments, the source was stationary, whereas the shield
ing box including sample, PVDF detector, and probe pin 
was scanned using a translation stage with precision 
.6.x;::::O.02 mm. Future noncontact, one- and two-dimension
al scans of the PVDF film surface might be performed by 
moving the probe pin itself, a degree of freedom not available 
under contact conditions. This will be the subject of a future 
publication. Scanning results are shown in Fig. 13, which is a 
lOO-Hz I-D scan of the copper strip intersecting the laser 
beam position under contact and noncontact conditions. 
The broad maxima of the amplitude scans correspond to the 
configuration where the laser beam is located exactly above 
the metal probe. The broad shoulders on either side of the 
maximum can be tentatively attributed to long range ther
mal wave distribution in copper, coupled with possible cop-

FIG. 13. (a) I-D scan of the copper strip on the PVDF film under contact 
conditions; (b) similar scan under noncontact conditions. Modulation fre
quency: 100 Hz. 
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per strip contact inhomogeneities, which may account for 
the asymmetric signal values on either side of the center due 
to thermal resistance. It is interesting to note that the left
hand-side shoulder becomes more pronounced under non
contact scanning, however, the precise cause of such shoul
ders may be due to significant edge effect thermal wave 
contributions to the PVDF film 16 and/or probe tip capaci
tance variations as a result of enchanced electric field values 
at the tip periphery. 17 Figure 14 shows similar scans at 10 
Hz. The broad maximum again corresponds to the position 
of the laser beam just above the probe pin. The shoulder 
feature on the left-hand side is now considerably more pro
nounced than in the lOO-Hz scan case and it is further en
hanced under noncontact probing. Comparing Figs. B(b) 
and 14(b), it becomes apparent that the separation between 
the two peak maxima is greater at 10 Hz. This suggests that 
the low-frequency signal, which encompasses a larger spatial 
radius, is the average over a defect lying deeper in the materi
al and positionally tilted to the left of the actual laser beam 
position that produced the respective leftmost maximum at 
100 Hz. 

For non contact p 2E detection, the voltage reduction 
factor, Eq. (11), is smaller than for the contact case. This 
indicates that electrical signal is lost during the process. 
Equations (9) and (11) under contact conditions yield 

~1(2- --;;--o:;'--:;;;-o~o- o'3-;~- 0.9 
SI'anne4 Coordinates. (mm) 

FIG. 14. Ca) 1-D scan of the copper strip on the PVDF HIm under contact 
conditions; (b) similar scan under noncontact conditions. Modulation fre
quency: 10 Hz. 
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ACONTACT ;::::::0.01559·-+36 dB attenuation, (39) 

where CEFF ;:::: 1.9 pF, C[;:::::: 120 pF, and R[ ;::::400 GH for the 
frequency range between 10 and 100 Hz. For the contactless 
case with separation equal to 0.1 mm, Eqs. (9) and (11) 
yield 

ANONCONTACT ;::::0.00358-.69 dB attenuation, (40) 

where CEFF ;::::::0.043 pF, C!;:::::: 120 pF, and R J ;::::::400 GO for 
the frequency range between 10 and 100 Hz. As can be seen 
from Eqs. (39) and (40), the detection circuitry is not opti
mal at this time, since even under contact we have 36~dB 
attenuation of the signal Uo across the PVDF film. For the 
con tactless case, we have a further decrease of voltage signal 
by 33 dB. The experimental setup can be optimized by elimi
nating the large capacitance of the cable C[;:::::: 120 pF. This 
can be accomplished by the use of a FET amplifier directly at 
the detection pin. One can expect that the input signal ViII 
will increase by approximately 30 dB (contact) and 40 dB 
(noncontact), assuming C1<.;1 pF and R[)400 Gn. This 
indicates that the present technique can be potentially useful 
for high signaI-to-noise ratio thermal wave imaging after 
further improvement. 

The following characteristics and advantages of the new 
technique over conventional p 2E methods may be noted: 
The contactless nature of the new technique eliminates de
tector coupling imperfections which are present when two 
nominally fiat, but microscopically rough surfaces join in 
intimate thermal contact and manifest themselves as local 
thermal resistances. Furthermore, since there is no thermal 
contact of the metal pin (lower electrode) with the PVDF 
film, one can determine the backing material's thermal ef
fects on the system. This technique can be used for the deter
mination of thermal properties of various backing materials 
especially those ofliquids and gases. For scanning purposes, 
there is no thermal interference introduced by the probe. 
Another advantage is that the detector, rather than the pho
tothermal source, can be easily scanned. In general the laser 
beam, the sample, and the detection pin can be moved with 
respect to each other. However, the spatial resolution de
creases with the increase of separation between the PVDF 
and the detection pin. Other factors, that influence the spa
tial resolution, are the diameter of the laser beam, the diame
ter of the detection pin, the thickness of the sample, the 
thickness of the PVDF film, the modulation frequency of 
light intensity, and the system geometry. These factors will 
be investigated in more detail in the future. 
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APPENDIX: CIRCUIT ANALYSiS fOR METAL PIN 
PROBE p2£ CAPACITIVE DETECTION 

Figure 15 shows a simplified equivalent circuit diagram 
to Fig. 2. II (t) and f 2 U) are currents present in the left and 
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Voltage Generator 

Gl"dund 

FIG. 15. Simplified equivalent circuit diagram to Fig. 2. 

right loop of the circuit, respectively, and they are assumed 
to originate from the ac photopyroelectric effect, symbolized 
as an ac electrical power source U(I). In Fig. 15, Uin (t) is 
the desired potential drop across the PVDF detector and the 
probe metal pin. The effect of the combined elements in the 
circuit as measured by the preamplifier is that of a capacitor 
C/. The state equations describing the circuit of Fig. 15 are 

( _1_ f' II (y)dy + UEFF (0)) + Uin (t) = U{t), 
CEFF Jo 

Uin (t) - R/I2 {t) = 0, 

dUin (t) 
C[ + f?(t) - II (t) = O. dt - . 

(Al) 

(A2) 

(A3) 

The term in brackets in Eq. (AI) represents the voltage drop 
across CEFF , and V EFF (0) is the voltage across CEFI' at time 
t = O. Time differentiation of Eq. (AI) and substitution of 
the resulting equation and Eq. (A2) in Eq. (A3) yields the 
relation 

dUin (t) +. U;1l (t) = C
EFF 

!!VU) . 
(CEFI' + C[) dt R J dt 

(A4) 

Assuming a harmonic dependence of the source term 

VCt) = Ur.J e jDJt
, (AS) 

Eq. (A4) can be written in the compact form 

dU,n (t) . 
a + bUin (t) + eel'"' = 0, 

dt 

where 

a=CEJoT + CI , 

b= lIRI> 

(A6) 

(A7a) 

(A7b) 

c= - jCEFF Urf1J. (A7c) 

Laplace transformation of Eq. (A6) with the initial condi
tion Uin (0) = 0 yields 

A C 
[1;11 (s) = -------

a(s-jw)(s+b/a) 

Equation (AS) can be written as 

where 

C 
c I = -- , 

a(jw + bla) 
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(A8) 

(A9) 

(AlOa) 
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Sf =jw, 

S2= - bfa. 

The inverse transform ofEg. (A9) is 

~n (t) = C1 e
j "" + C2 e- (bla)!. 

(AIOb) 

(AlOe) 

(AlOd) 

(All ) 

Neglecting the transient term, as is the case with the ac signal 
detection methods used in this work, gives the following 
expression for the complex steady-state voltage drop mea
sured by the preamplifier: 

U ( ) - I ju)CEFl'·R[ ) U j(vt 
. t - i oe . 
In \l+j(j)RI(CEFF+CI) 

(A12) 

Separating out amplitude and phase components of the com
plex signal U;n (t), one obtains 

Uin (t) = AoUo ej(,,·t f <P" 

where 

and 
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(AB) 

(A14) 

A. t -l( 1 ) ~= an . 
(j)R 1 (CEFF + C[) 

(A15) 
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