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Thin-film pyroelectric effect detectors provide a sintple means of measuring thermal properties
of solid samples. The present work reports a time-delay theoretical model of thin-film
pyroelectric detection which enables the recovery of thermal diffusivity and thermal
conductivity information from the impulse response of the pyroelectric system.

INTRODUCTION

The photopyroelectric (P°E) effect has provided a recent
method of transient thermometry and calorimetry, in which
a voltage or current is produced in a contact thin-film pyro-
electric sensor as the result of heat conduction through a
sample layer on the surface of the film."? The voltage or
current change results from a temperature change in the py-
roelectric material, which induces polarization changes.
Many materials which are piezoeleciric also exhibit pyro-
electricity: for this reason pyroelectric elements have been
traditionally fabricated from piezoelectrics.”> More recently,
thin-film pyroelectric materials have emerged. These are
low-cost, highly versatile, fast-rise-time elements. Samples
of interest may be coated or deposited directly on the pyro-
electric film, and studied essentially in situ.

The components of a typical thin-film photopyroelec-
tric detector consist of a sample, in contact with the pyro-
electric film, which is itself supported by a backing layer
(Fig. 1). Recent theories of photopyroelectric signal detec-
tion>* have been developed in the frequency domain, for this
model. Frequency-domain responses have traditionally been
studied because the measurements may be readily made with
lock-in amplifiers. Pulsed experiments, on the other hand,
directly yield a visualization of the transit times of thermal
signals through the sample, which is not readily available
from time-multiplexed frequency-domain representations.
However, past theoretical treatments of pulsed photopyro-
electric signal generation have not taken into account the
finite thickness of the film and the properties of the backing
matertal. A theoretical treatment which assumes a semi-infi-
nite pyroelectric element is valid for measurements which
use thick substrates such as PZT’s for detection: a more de-
tailed theory is required for time-domain pyroelectric detec-
tion using thin films. In this work we present such a theory
which can satisfactorily account for the response of fast rise-
time thin-film pyroelectric detectors later used with our im-
pulse-response photopyroelectric instrumentation,

i. THE MODEL

The mechanism of signal generation in pyroelectrics, in
general, is the production of net polarization changes across
the bulk of the pyroelectric as the result of induced tempera-
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ture changes.”” The change in polarization with tempera-
ture gives rise to a voltage ¥ given by

Vie) = (pd /e) AT (x, 1)), (H

where 4 is the thickness of the pyroelectric element, ¢ is the
dielectric constant of the pyroelectric, and {AT{x, ¢} ) is the
spatially averaged temperature in the material. The param-
eter p is the pyroelectric coefficient of the device which is a
figure of merit, giving the extent of polarization change of
the pyroelectric per unit temperature change.

The spatially averaged temperature change in the pyro-
electric is given, by definition, as®

1
{AT(x, 1)) =—1-f Ty(x, t)dx, (2)
dJ u+a

where [ is the sample thickness and T;(x, ¢) is the tempera-
ture profile in the film layer [layer (iii), see Fig. 1].

The temperature distribution in the pyroelectric, for a
unit heat impulse, is available from a one-dimensional
Green’s function treatment of heat conduction in a four-
layer system. The treatment is similar to theories developed
by Mandelis ef al.% and Yeack et al.’

In Fig. 1, the heat conduction equation is solved for each
of layers (i)—(iv}), assuming excitation of the sample with a
unit impulse heat source at x = x"and ¢ = ¢ :
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FI1G. 1. Schematic of the four-layer theoretical model for the sample/pyro-
electric system.
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where ¢; is the thermal diffusivity of the /th layer.

Laplace transformaticn of these equations with respect
to time gives homogeneous solutions, with respect to x, of
the form

T (x, 53 =A,(s)e ™ + A, ()" . (N

The coefficients 4, and 4, depend on the boundary con-
ditions, and g, contains the Lapiace domain variable s in the
form

g, = (S/(X!-)]/Z .

The inhomogeneous solution in region (ii) for ¢’ =01is
given by the source Green’s function™®

Top (X, 1) = (1/2 eyt ye= & =¥t (8)

where x' is the spatial location of the Dirac source 5(x — x').
i

The Laplace transform of Eq. (8) is
Ty (%, 8) = (1 2a,g,)e 45 %1 (%)

The temperature distributions in regions (i)—(iv) are then
written as

() Tixs)=de " (x>0, (o
() Tolx,5) = A,e%" + Ase” o+ (1/2029,)

X e~ l<x<0) (1)
(i) Ty(x,s) = At 70 4 g0 +D
[—U+d<x< =11, ()
(V) Tilx, ) = dge™t 01 g _ (I4dd]. (13)

The coeficients 4,-4, in Egs. (10)-(13) are deter-
mined simultaneously, assuming continuity of heat flux and
temperature at the boundaries. Furthermore, if the location
of the heat source is at the sample/gas interface then x’ = 0.
In that case, the Laplace transform of the temperature distri-
bution in the pyroelectric film is given by

T(x,9) = [2(bys + DD _9(p, — 1je—atxHiva]

X (\azqz{([’% - l)e“q'éd[(bn — 1)(by, + 1ye® 4 (b3, + 1) (b, — Dy ¢/]

+ (byy + De? [ (b3, + 1) (b, + 1) %' — (b1 — 1)(bg, — De _qzi]}} -

(14}

where the thermal transport coefficients b, are defined as b, = k,a//*/k,a!?, i and j being adjacent layers in the model of Fig.

i.

The denominator may be expanded and expressed in the form

azq.z(bm + 1)(b12 -+ 1)(b32 + l)eqade%l(l +§) s
where

E=pivae b e 09T gy el
and 4
Y= (b43‘—1)’ v, = (b32“—1), = (btzml) .
(b + 1) (b3, + 1) T B+ D

(15)

The factor 1/(1 + &) may be expressed in a Taylor series to give an expression of the form

7'(x, §) ==

{2(1)43 + 1)6‘1’("* I--god 2([,43 . l)e"q;(x“" I+ 2d) “"‘l:l] o

ooy + V(b + 13(bs; + 1)

Eqguation {16) forms the nucleus of our theoretical four-
layer treatment. Instead of inverting { 16) directly, it is more
informative to consider a number of realistic experimental
approximations which apply generally in measurements on
solid samples with thin-film detectors such as polyvinyli-
dene difiuoride (PVDF). These situations are discussed in
the next section.

. EXPERIMENTAL CONDITIONS AND
APPROXIMATIONS TO THE MODEL

To afirst approximation, the relative values of the trans-
port coeflicients, &;, determine the shape of the time delay
domain profile and the refative importance of heat conduc-
tion processes in the backing, gas, and sample layers.

For materials studies, the gas layer is typicaily air, while
the sample is a solid. For a gas/solid interface, there is a large
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S =1, (16)

n=0

{
mismatch in thermal properties, with b, €1 regardless of
whether the sample is a good thermal conductor or an insu-
lator. For the film/backing interface, the choice of a metallic
backing such as stainless steel easily ensures that 5> 1.
This is true for metal backings in general. If air is used as the
backing material we have the condition b,, < 1. The use of
solid insulating materials such as vulcanized rubber gives
b,;= 1 with the consequence that there is no discontinuity
between the thermal properties of the film: and the backing.

We next proceed to derive the expression for the average
temperature profile in the film, for several experimentally
important cases.

Case 1: Semi-infinite pyroelectric or continuous
thermal properties of backing/pyroelectric

If the assumptions are made that b, €1 and by, = 1 in
Eq. (16}, we are dealing with a situation in which there is no
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heat conduction in the gas layer and that the detector is semi-
infinite thermally. These conditions match the assumption
of an earlier time domain theory reported for 2 semi-infinite
pyroelectric.” In that case, the resulting equation is

by, — 1)"
(b3 + 1}°

— Zqu(r-'+ Do-gl
Ti(x, §) = ———rr {—1)"
§ Gy (b3 + 1) nzo

e~ 2q,n! R
(17)

If we assome that d— o, integration of Eq. (17) over
the film thickness followed by inverse Laplace transforma-
tion gives the equation derived in earlier work’:

12
ay(bs; + 1)
(1 —by V1 (2n+1)1)
X 22} erfof ————— | .
20( i+ b,/ ( 20t V2

(18)
If the film thickness is finite, the resulting expression is

, 2(0’2“3) n
7 y ={—1 1
(TuGw ) = (= D2 2( Yy

X [erfc( (2n “ti)l + d__)
N 2Jast

—erfc (_____(Zn f}_”)}
2\/(121

Case 2a: Metallic backing (8435 7). Large therma!
mismatch at x= 0B, < 7). Thermally thick sampies

With the conditicns b,;> 1 and b, €1, Eq. {16) be-
comes

(19}

2(eq3(x+l‘> - g lx + 142D "‘qzi)

gr(b32 + 1)

><§0< —1)En,

To(x,8) =

(20)

wherc§ — ?’2(3 ~ 292 e~ Zq?l) e e v

For the case of a thermally thick sample, we have the
condition 2¢,/'> 2¢,d. Keeping in mind that s<>27)/7, where
j=+ — 1 and 7 is the time-delay-domain variable, one can
directly verify the condition ¢,/> g.d in the thermally thick
regime. Accordingly,

§H: [(bg.z" 1)/(b32 -+ 1)]’26'—251»(:3&1‘

Termwise integration of Eq. (20) over the film thickness,
followed by inverse Laplace transformation gives

2{a,a)’ M2 = 3
< T (x) t) > TR 7/’! -
? Gylbyy + 1) 2 :
n TZn
erfc f—l—- — 2 erfe ,
( 4¢ 4¢
T.
+ erfc / 3"), (21)
4¢
where
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Tif = zr:i + 11/2 ’ 7%2 = 2 T/zl)d :7/2 ’
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Case 2b: Metallic backing (8,5> 7) with thermally
thin sample and large thermal mismatch at
=0(b12<1)

The temperature profile’s Laplace transform has the
same form as Eq. (20) except that ¢,/ <€g,d. Therefore,
£=7v,e” > and the resulting spatially averaged temperature
temporai profile has the form identical to Eq. (21) except

_that
2 (2n + 1) RV (2n + 1)1 d
in 172 v tan 1/2 127
ay o o5 (22)
S (Zn 4+ 13/
a§/z a;/Z

General discussion: Resuits of the theory

The exact form of the signal extracted from a pyroelec-
tric measurement depends on whether the current or voltage
response of the thin-film element is recovered. The voltage
response of the P’E detector has a form which is directly
proportional to the average temperature profile in the thin
film, as given by Eq. (1}. For the pyroelectric detector under
foad, Eq. (1} is differentiated to give

pd AT (x, 1))
e ot '

It is this form of the pyroelectric response with which
the present work mainly concerns itself, since it corresponds
to the conditions of our experimental investigation made in
Parts IT and III below.'™!! In addition, we concentrate on
the consequences of the theory for thermaily thick samples
{case 2a) since this situation has been investigated in detail
in Parts IT and I1I of this work.

The basic character of the P?E current response is best
illustrated from case 2a presented in Eq. (19)}. Figure 2 com-
pares the voltage and current-impulse responses for the case
of a pyroelectric detector of finite thickness & supported by 2
backing with thermal properties indistinguishable from the
pyroelectric. A sample with/ = 500 gmand a, = 4.0x 107
m?/s is contacted to the film. The voltage response in this
case is obtained from Eq. (19), since V{(¢) o« {T5(x, £)).

The current response can be obtained directly from Eq.
(19) upon time differentiation

k(o )V? 1

HOES (23)

) = -

(b3 + 1) 8me3?

v <« ( )n +1 7/‘ TVZ — Tin/“! T—l./ze‘ — Ty A ,

2 ( )
where (24)
7"5/2*' (2n+ 1)[ 7_1/2 (2ﬂ+ l)l d
o al? > P @l al? :
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F1G. 2. (a) Voltage-impulse response and (b) current-impulse response.
a, = 4.0x 1077 m?/s, the film thickness d is assumed to be 28 gm with
a, = 6X 107 m*/s (Ref. 5). Theoretical responses obtained from Egs.
(19) and (24) with the n = 0 term retained only.

The features of the voltage response [ Fig. 2(a) } showa
relatively sharp growth profile followed by a very slow de-
cay. The decay of ¥(¢) takes place on a time scale exceeding
hundreds of milliseconds and is generally so broad that it
contains relatively little useful information. Thermal diffusi-
vity information is recovered from the time delay of the vol-
tage peak. The current response, on the other hand, depends
on the time rate of change of the temperature in the pyroelec-
tric rather than the temperature field itself. The peak of the
current response thus corresponds to the inflection point of
the temperature rise in the pyroelectric. The curreni re-
sponse shows a decay past the maximum, with a drop in
signal below the base line to a slightly negative value. The
point at which the current response crosses the base line
[Z(2) = O} gives the time delay of the voltage-response max-
irum, since at this point, we have the condition 8V /9t = 0
[see Eq. (23)]. The slightly negative value of the current
response corresponds to the regime in which the voltage re-
sponse begins to decay. The current response, then, in effect,
is more sensitive to the information contained in the rising
edge of the voltage-response curve, and yields a peak delay
which is nearly four times earlier than the voltage-response
maximum. [t is important to extract an early time measure-
ment of the sample thermal properties because of the contri-
bution of three-dimensional heat conduction processes that
could occur at very late times, as well as the increasing con-
tributions of 1/ fnoise in the measurement system.

Three-dimensional heat flow effects are expected to con- -

tribute at the lowest frequencies, for which the sample radius
approaches the time-dependent thermal diffusion length in
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the sample.'>"* For sample radii in the range 1-5 mm, which
is typical for materials studies, three-dimensional heat con-
duction is not expected to make an important contribution at
modulation frequencies above 1 Hz for glasses and other
insulating materials, for which the condition ¢,d> ¢,/ ap-
plies.

Because it is a differential measurement, the current re-
sponse is an inherently more sensitive indicator of transient
heat conduction phenomena occurring in the sample than
the voltage response. Trends in the current response are in-
tuitively obtainable from the voltage response. Conditions
which delay the voltage-response peak, increase the peak
width and peak delay of current response. As the voltage
rise-time profile becomes very broad, the current-response
peak tails off very slowly in time.

The next step is to consider the effects of adding a back-
ing to the film, with different thermal properties. The pyro-
electric current response, for case 2a is given by

I(t)____;l_é_ Z 1)"+1'}/”
n=0
% (’f%;~ — T /A 27'1/2 — T/ 41 (25)
+ 7_1/2 ﬁn/“t) ,

with 7y, 75,, T3, given by Eq. (21). 4 is a constant, incor-
porating the static thermal properties of the sample/pyro-
electric. In the case of a metal backing, with 6,,> 1, we arrive
at the physical situation of having attached a heat sink to the
back surface of the pyroelectric (Fig. 3}. The temperature
gradient across the film is steeper in this case and the average
temperature in the film is lower. This temperature gradient
is determined by the heat flux arriving at the rear surface of
the sample, and results in a faster rise time of the tempera-
ture field in the pyroelectric with 2 concommitant decrease
in the peak delay and peak width of the current response of
the pyroelectric than the case with a pyroelectric detector/
sample interface of the same thermal properiies (b, = 1).
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¥i1G. 3. Current-impulse response of a 500-um sample with stainless-steel
backing (bs;»1). Upper curve (1): response for d-=28 gm and
a, = 4.0X 1077 m¥/s; lower curve (2):d = Qumand @, = 3.5x 10" " m%/
s. Both responses were obtained from Eq. (24) with p, =0.7and n =5
terms.
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Similar effects are observed as d 2/, is decreased. Fig-
ure 3 shows the effect of varying thermal transit time
through the film, d */a,, in going from 28- to 9-um film. The
thinner film (9 pm) responds faster than the 28-m film,
since the thicker filto requires a longer period of time to build
up to a maximum average temperature. The current-impulse
response then is broader, and a smaller o, is required to
maintain the same peak delay time.

Because of the diffusive nature of thermal-wave propa-
gation, the temperature distribution broadens with distance
traveled in the sample. The same energy is distributed over a
larger volume in the case of a thicker sample, with the result
that the temperature/time response is broadened, the arrival
of temperature changes is delayed, and the overall signal
magnitude is decreased. Broadening of the temperature—
time profile also results in a direct decrease in the value of the
temperature-time derivative, so the acquired pyroelectric
signal is further diminished (Fig. 4).

While the effect of increasing / directly diminishes the
magnitude of the peak response, this quantity is also sensi-
tive to such experimental factors as the intensity of the heat
source at the sample surface, and the irradiation geometry. It
is, thus, not a precisely controllable quantity in a practice.
Consequently, we have normalized the impulse-response
profiles, (except in Fig. 4} so that the maximum value of the
impulse response is set to unity at the peak of the response.
Thickness and thermal diffusivity information is readily
available from the peak delay time 7,, peak width A7, and
zero crossing point 7, of the pyroelectric-current response.
Throughout this work (Parts I-II1), we define the “peak
width” A7, as the time delay between the peak maximum at
74, and the half-intensity point of the #railing edge of the
impulse response. Figure 5 shows the theoretical relation-
ship between 7,4, A7,, and 7, vs I %. All of these quantities are
nearly linear with /> (R, the correlation coefficient,
>0.999), with 7, exhibiting entirely linear relation to /2.
While the intercept is nonzero, this is an extrapolated limit
only, and is not valid, since the theoretical development is
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FiG. 4. Effect of sample thickness / on recovered impulse-response profile.
Upper curve (1):7:= 700 um; lower curve (2):/ == 400 m. Responses were
computed with Eq. (24) assuming 7 =35 terms in series, and y, = 0.7,
d =28 um, and @, = 4.0 10 "m?/s.
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limited, in the present case, to thermally thick samples.

A further important consequence of using thin-film py-
roelectric detection is the effect of the thermal conductivity
k, of the sample. An important factor which controls the
decay time of the current response is the ratio y,. Large val-
ues of k, give relatively large values of y,, and vice versa.
Figure 6 illustrates the effect of varying ¥, from 0.1 (for an
insulating solid sampie) to 1.0 (typical of a metal sample)
on the recovered current-impulse response. Similar trends
were observed in earlier work.” Surprisingly, at first glance,
the larger thermal conductivity gives the broader response.
However, since large &k, implies a very small b,,, physically,
we have a large thermal mismatch at the detector/sample
interface. Because of the very small &, for the pyroelectric,
relative to k,, the sample retains the thermal energy for a
longer period because it is effectively reflected at the low-k
interface presented by the pyroelectric. As b5, approaches
unity, ¥, approaches zero, and the sample pyroelectric inter-
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F16. 6. Effect of y, on recovered impulse response. Theoretical results ob-
tained from Eq. (24) with n == 5 terms in series expansion; d = 28 um and
I=: 500 um. Upper curve (1): 7, = 1.0 and a, = 4.0x 10" 7 m*/s; lower
curve (2): 9, =0.1and @, = 37X 107 "m?/s.
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face properties become more or less continuous. Therefore,
more of the energy propagating through the sample is com-
municated to the film per unit time, with the result that the
pyroelectric response signal appears earlier and decays ear-
lier (or equivalently, a smaller «, is required to yield the
same peak delay). The response profiles predicted by our
four-layer theory show greater sensitivity to changes in ¥
than the semi-infinite theory derived in earlier work.” This is
due to the thinness of th:e‘ film, which is more sensitive to
thermal transport procetsses occurring in the sample layer.
Because the film is thinner, the average temperature builds
up much more quickly. Also, the heat sink on the rear sur-
face of the sample ensures that the measurement is much
more sensitive to processes cecurring in the sample, which
transmit or back-reflect thermal energy.

The consequences of this four-layer model for thermal
diffusivity and film thickness measurements on relatively
thick materials, are that both thermal diffusivity and ther-
mal conductivity information are obtained from the pyro-
electric current response. The peak delay time is relatively
insensitive to variations in ¥ and, therefore, &, so that ther-

2023 Rev. Sci. instrum., Vol. 58, No. 11, November 1687

mal diffusivity information is readily available to an error no
more than 10%-15%. Samples may be fitted with a single
thermal parameter to get a good initial estimate of a,.
Further refinement of the ¢, value, in combination with trial
values of k,, enable the fitting of the entire current/time
response of the sample/pyroelectric system.
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