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The photopyroelectric (PPE) method is a spectroscopic- and thermal-property investigation tech-

nique based on a photothermal effect, consisting of the heating of a sample via nonradiat;ive deexci-

tation processes following absorption of radiation. The resulting temperature increase is measured

by a pyroelectric transducer placed in thermal contact with the sample. The theory for a periodical-

ly modulated excitation is developed, assuming a one-dimensional heat-Aow process in a model cell

composed of six layers and having a finite reAectance at the interface between the sample and the

pyroelectric material. Special effort was devoted to the exhaustive analytic and numeric analysis of

the general expression for the PPE signal and its special cases, as a function of dimensionless

thermal and optical parameters of the sample. The great diversity of the typical response types is

shown to originate in the interplay between saturation, optical absorption, and optical or thermal

transmission effects. The usefulness of the theory relies on its ability to predict and to interpret the

results which can be obtained in a large variety of PPE experimental configurations.

I. INTRODUCTION

In recent years there has been an increasing interest in
a group of optically excited thermal processes, known as
photothermal effects, which benefit from the use of lasers
as precisely controlled heat sources. The derived applica-
tions made available new and convenient methods to in-
vestigate thermal properties and optical absorption in
matter, deexcitation mechanisms and very well spatially
and temporally localized, thermally related processes.
The photothermal eff'ects are generated by deposition of
heat in a sample following absorption of energetic beams
via either a direct heating channel provided by thermal
deexcitations, or other competing nonthermal deexcita-
tion channels like photoelectric, photochemical, lumines-
cence, and energy-transfer processes which may result, in
the end, in indirect heating of the sample. '

If the excitation is modulated, the corresponding time-
and space-dependent temperature profile developed in the
sample gives rise to a variety of difFerent effects such as
direct or indirect photoacoustic-wave generation,
refractive-index gradients, surface deformation, changes
of infrared spectral features and, most directly, to tem-

perature increase of the sample, each of them constitut-
ing the basis for a distinct experimental technique, i.e.,
photoacoustic spectroscopy, photothermal deAection and
displacement spectroscopy, photothermal radiometry,
and optical calorimetry, respectively. ' The
temperature-rise monitoring is less sophisticated, but
with sensors like thermocouples or thermistors " the
method is slow, relatively insensitive, and subjected to an
ambient-temperature drift.

It is surprising that the sensitivity and the unique in-

trinsic capability of thermal sensors based on the py-
roelectric efFect to respond very rapidly, in the sub-

nanosecond range, to thermal excitations have not been

exploited in conjunction with photothermal phenomena
until recently, despite the impressive theoretical and ex-
perimental amount of work devoted to the applications of
the pyroelectric effect. ' ' The possibility of pyroelectric
detection of radiation was put forward in 1938 (Ref. 14)
and demonstrated experimentally in 1962.' In 1965 a
temperature-measurement resolution of 10 K was

achieved. ' lt was the joint use of both these sensitive
methods, i.e., the radiation and temperature-
measurement capabilities, that marked in 1984 the ap-
pearance of a new spectroscopic technique for
solids, ' ' designated as photopyroelectric (PPE) spec-
troscopy. ' A theory describing it was soon developed
for the case of periodic excitation.

The PPE technique consists of the measurement of the
temperature increase of a sample due to the absorption of
radiation, by placing a pyroelectric transducer in thermal
contact with the sample. From the perspective of this
definition some earlier papers dealing with systems com-
posed of pyroelectric sensors in thermal contact with ab-

sorbing layers and substrates may be regarded also as
PPE experiments. ' However, no report contained ex-

plicitly the aim to obtain in this way spectroscopic infor-
mation on a material. Both in PPE experiments and in

pyroelectric radiometry one needs essentially a radiation
source and a sensor composed of a pyroelectric element
and an absorber. It follows that the PPE technique has
appeared not in conjunction with the development of a
new device but rather with the shift of interest from the
radiation source to the absorbing material, in the same
experimental configuration. Hence, the present theory
can be applied in a straightforward manner to pyroelec-
tric radiation detectors as well, thus unifying diff'erent

formalisms for their thermal analysis, e.g. , Refs. 21, 22,
and 26-29.

The calorimetric techniques and especially the PPE
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one are the only photothermal techniques based on the
direct detection of photothermal heating, i.e., on the tem-
perature change, and therefore it has a number of advan-
tages over other detection schemes involving secondary
mechanisms, ' ' since each conversion step in the
signal-generation chain degrades the overall signal-to-
noise ratio, sensitivity and bandwidth performance and
complicates the theoretical interpretation of the results.
A PPE experiment is rather simple to design and usually
the specimen needs no preparation, although quantitative
determinations require some calibration procedures. The
materials that can be investigated range from weakly ab-
sorbing solids like thin films' ' or liquids, semicon-
ductors, surfaces, and adsorbates, ' to strongly
absorbing solids' and liquids, ' or diffusing materi-
als. ' The obtained spectra are comparable to those ob-
tained using pure optical methods if the nonradiative
quantum efficiency reaches unity or is at least wavelength
independent. Alternatively, by comparing two such spec-
tra, intermolecular energy-transfer processes and nonra-
diative quantum efficiencies can be studied. ' ' '* Due
to the fact that the PPE signal depends on the optical
properties and also on the thermal properties of the sam-
ple, nonspectroscopic problems can be addressed too,
such as thermal microscopy, ' depth profiling, ' in-
vestigation of multilayered structures ' and anisotropic
media, reaction kinetics, ' thermal diffusivity measure-
ments, ' * and phase transitions in solids monitored
during laser annealing or via temperature dependence
of the specific heat. Several approaches are possible in
which the excitation and detection is harmonic, pulsed,
or modulated in a wide bandwidth, each having specific
advantages and drawbacks.

The earlier theory of the PPE technique with periodic
excitation assumed total absorption of the radiation by
the pyroelectric sensor. The starting point of the present
theory was the goal to mark a further step in understand-
ing the role played by a finite reAectance at the samp1e-
pyroelectric interface and the mechanisms responsible for
the peak inversions observed in the reAection-mode PPE
spectroscopy, ' since these questions have found no sa-
tisfactory answers in the framework of the former theory.

II. THE GENERAL PHQTOPYRQKLKCTRIC
RESPONSE
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FIG. 1. The one-dimensional geometry of a refIection-mode
PPE cell. The irradiation components giving rise to heat
sources in the reflector and at an arbitrary depth x in the sample
are also shown: g, gas; m, window; m, material specimen; p, py-
roelectric; s, substrate; b, backing material.

radiation impinging on it, the rest being rejected back
into the material specimen having the bulk absorption
coefficient P(A, ). Other reflections at interfaces and in-
terference phenomena are neglected, so that the con-
sideration of the heat sources in terms of the optical
properties of a multilayer system is unnecessary. The
fast radiationless deexcitations following the absorption
upon the double path of the radiation lead to local gen-
eration of heat within the refIector and the sample, with
conversion quantum efficiencies g„and g, respectively.
The heat wave propagating from the sample to the adja-
cent layers produces a periodic temperature field
T~ (x, t ) = T~ (x )exp(i cot ) in the pyroelectric, where it is
converted into an electrical signal via the pyroelectric
effect. Any pyroelectric material is also piezoelectric and
a photoacoustic signal is to be expected too, but there are
several possibilities to distinguish between the two
effects."

Considering the sensor s equivalent resistance-
capacitance (RC) circuit in parallel with the current
source i, =@A,d( T~(x, t)) ldt, the pyroelectric output
voltage is given by

In PPE experiments the radiation-receiving area of the
cell is typically much larger than the thickness of the
sandwiched layers, so that a one-dimensional analysis is
fully justified. In Fig. 1 is shown the layout of a PPE cell
design that fits most experimental geometries reported
for solids or liquids and eventually for gases, by allowing
certain layer thicknesses I.;, i =g, m, m, p, s, b, to tend to
infinity or to zero. The cell is irradiated uniformly by a
monochromatic light with wavelength A. and irradiance
Ho (W m ) modulated with a chopper at an angular fre-
quency co. It is assumed that the thermally thin metallic
front electrode is opaque but, acting as a reflector with
refiectance R(A, ), it absorbs only a fraction 1 —R of the

l covEpL p&(t)= — . (T (x))exp(idiot),e I+tco~z) (2.1)

where ( T (x ) ) is the spatially averaged temperature
field, ~+=AC is the electrical time constant, and p, A„
and e=eoe„are the pyroelectric coefficient, the area, and
the dielectric constant of the pyroelectric sensor, respec-
tively.

In order to find the stationary field T (x, t) one must
solve the coupled one-dimensional heat-diffusion equa-
tions for each layer of the system in Fig. 1: '
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82T (x)
Bx

T

0, j=g, m, p, s, b
'~

TJ(x )= H,pq RHoprta j exp[P{x+d, )]+ exp( P—L }exp[—P(x+d2)], j =m
m m

(2.2a)

(2.2b)

where, for j =m, the terms on the right-hand side represent two heat sources in the sample due to the incident and
reflected radiation waves, respectively. Here k is the thermal conductivity and o.=k/pc is the thermal diffusivity with

p the density and e the speci6c heat at constant pressure.
The system of Eqs. (2.2) becomes consistent if we consider the following boundary conditions at all interfaces for the

temperature continuity,

T, (boundary i,j )=T (boundary i,j ),(i,j )=(g, w), (w, m), (m, p), (p,s), (s, b)

and for the heat-Aux continuity,

(2.3)

8
(i,j)=(g,w), (w, m), (p,s), (s, b)

T~(boundary i,j ) k—T.(boundary i,j )= .
x Bx

(1—R )(Hoi2)g„exp{ PL ) =G—, (i,j ) =(p, m ) .

(2.4a)

(2.4b)

It can be shown that in Eqs. (2.4) the radiative heat losses are negligible. The third heat source G is developed at the
interface m, p and is most conveniently accounted for by the additional heat-Aux term in Eq. (2.4). With Eq. (2.1) and
using standard algebraic procedures, ' the general expression for the complex PPE voltage response of the system in
Fig. 1 is obtained:

V(t)= VI exp(idiot), (2.5)

where
Aa ~EV=

kz(1+icovE)

and the dimensionless factor I stands for

(2.6)

I =exp( PL ) I 2' (1 —r) '[ W+ ex—p(PL )+R W" exp( PL )]—
—[(1 r) ~— R(1+r —') 'ri~ —(1 —R)rt„]W+M

+[(1+r ) g —R(1—r ') 'ri —(1 —R)YJ„]W M 'j[S (P 1)+S (P —' —1)]

X I [(b ~+1)S+P (b ~
—1)S —P ']W+M+[(b —1}S+P (b, +1)S P-~—]W M —

~

j
-~

The following notation was used:

W+ —=exp(o „L )(b „+1)(b +1)+exp( oL)(bs ——1).(b + 1),
W+ =exp(o L )(b +1)(b r '+1)+exp( o„L„)(b ——1)(b„r '+ 1),
S+ —=exp(o, L, )(b»+ 1)(b, + 1)+exp( o,L, )(b» —1—)(b z + 1),

(2.7)

(2.8)

Also, o -:—(1+i )a. is the complex thermal-diffusion
coefticient. The reciprocal of its real part,

is known as the thermal-diffusion length, by analogy with
the optical-absorption length p =p '. The dimensionless
products aJL and pL will be referred to as the thermal
and optical thicknesses, respectively. The separation in
Eq. (2.5) of the time indepe-ndent part of the signal into
two factors is convenient for the discussion of the special
cases in the next section.

The discussion hereafter will focus on the amplitude
and phase of V(t ), Eq. (2.5). The physical quantities con-

M —=exp(o L ), P =exp(o&L~ ), b;~ =k;a; Ik~o J, r—:Pier, 3 =pHO—!e . —
I

tained there in are of two types: a set describing the ma-
terial properties —g, g„R,b; —and a set depending
rather on the experimental conditions — pt(oA, ),L, , r. Due
to the large number of these parameters, for the physical
interpretation of the general PPE signal it is desirable to
separate the different contributions to the total signal by
considering several levels of particularization and by
identifying at each level the relevant variables and pa-
rameters (Fig. 2).

Concerning the signal-measurement conditions, it
should be noted that the current ( C ) mode, when
co~E &&1, is more common with the pyroelectric sensors

III. SPKCIAI. CASKS AND 'fHEIR INTERPRETATION
the voltage (V) mode, when corz»1. ' According to
Eq. (2.6), the transition between the two modes is simply
described by
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FIG. 2. The levels of particularization of Eq. (2.5}. Indicated at each level are the respective special cases and the transition rules
between them, as well as the part of the physical system involved.

3at, rz exp( —im /2)~c= ~~v= ~c
k Gt71 g

(3.1)
w(a L„»1)~g(a L &&1) (3.2a)

The following development assumes the C signal-
measurement mode.

As a further step, it can be understood intuitively that
the qualitative features of the signal do not change to the
limit a L &) 1 and a,L, &) 1, with the advantage of de-
creasing the number of parameters. In Eqs. (2.8), the last
term of 8'+, 8'+,S+ are then vanishirig and I becomes
independent of the gas and backing properties, as expect-
ed. For the other limits, from symmetry considerations,
the following substitutions of subscripts in V(t } must be
carried out:

and/or

s(a,L, »1)~b(a,L, «1), (3.2b)

indicating that the gas and/or backing have replaced the
window and/or substrate.

A third level of particularization (Fig. 2) is to distin-
guish between two cases.

Case &. Thermally thick pyroelectric (a L & 1}.
Then P '=0 and Eq. (2.7) further reduces to

I „=t2g (1 r) '[(b r —'+1)+R(b ~r ' —1)exp( 2PL )]—
—exp( PL )[(1 r'}—'q——R(1+r ') 'ri —(1—R )g„](b + l)M

+exp( PL )[(1+r ') —'ri —R( 1 r') 'ri —(1——R )g„](b~~ —1 )M

X [(b +1)(b +1)M+(b —1)(b —1)M '] (3.3)

I'=I z (subscriPts P ~subscriPts s)o&L~br, . (3.4)

Equation (3.3) is independent of the thermal properties of
the substrate because no thermal information reaches it.

Case B. Thermally thin pyroelectric (a L & 1). Then
P —= 1+orLr, P '—= 1 cr&L~, and by using Eq. (—3.3), Eq.
(2.7}reduces to the short-form expression

arL (b p+b~, ) &(b~, +1), (3.5)

which is valid for a su%ciently small value of a L .PIf the factor o~L&bz, in Eq. (3.4) is included in the ex-
pression for Vcz, one Ands the rules for the transition be-

I

The following assumption was made in the denominator
of Eq. (2.7):
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tween cases 3 and B:
I cA I c~I cB Ak, 'a, '

L~co' rEexp(iver/4), (3.6a)

Lp Lm Lw

{1a}
V«m&Vm

I „+-+1 ii =I „(subscripts p ~subscripts s), (3.6b)

Im

b +1 (3.7)

indicating the obvious result that the substrate has now
replaced the pyroelectric because the thermal wave is
transferred practically unaffected from the sample to the
substrate.

The directly accessible experimental variables are the
modulation angular frequency of the radiation, co, and its
wavelength A, , which are related to al and P, respectively.
Following the similar schemes of Refs. 1, 20, and 64, the
criteria for further particularizations are the thermal and
optical thicknesses a L and PL of the sample. The
only factor in Eq. (2.5) concerned is I „,Eq. (3.3). The
six possible subcases of case A are shown schematically
in Fig. 3. The sample and the pyroelectric are drawn
apart in order to allow for the representation of the
characteristic lengths p and p that exceed the sample
thickness L . For the first group (1) the sample is opti-
cally thick and for the second group (2) it is optically
thin. All inequalities are assumed to be fulfilled by
several orders of magnitude and the pyroelectric is con-
sidered thermally thick (case A ).

Case (la). Optically thick and thermally thin sample
(a L & 1 &PL, ~r '~ && 1). In Eq. (3.3) set
exp( IBL ) -=—0 and exp(+0 L )

-=l. One obtains

(1b)
~&~m«m

A:

pp&Lp

{1c}
Pm&A«m

(2a }
Lm~P&&m

(2 b)
Lm&om&o

(2c3
m&Lrn~&

I8:
Lp&J p

same cases
{1aH2c)

Legend: &m

FIG. 3. Various possible special cases of the PPE response,
depending on the relative magnitude of the sample thermal
diffusion length p, sample optical-absorption length p, and
sample thickness L . The group of cases A and 8 apply for a
thermally thick and thin pyroelectric, respectively.

The signal is saturated with respect to 13 and a and is in-
dependent of the reAectance R since the whole radiation
is adsorbed within the sample. The signal reaches the py-
roelectric via unattenuated thermal transmission.

Case (lb). Optically and thermally thick sample
(1&a L &PL ~r '~ &1). Then exp( /3L )—
& ~exp( rf L )~ =-0, and —keeping in I ~ only the largest
term, one obtains

If'
I „= exp( PL ), —

mp

while, for R = 1,

P(2/&2a )I"
+1 exp( PL )exp( i—n /4) .—

mp

(3.10)

(3.11)

28 Figure 3 suggests that case (lc) is basically an optical
transmission spectroscopy case. For R =0 [Eq. (3.10)],
the exponential tail of the transmitted light produces the
signal directly via absorption in the reflector. For R =1
[Eq. (3.11)],the exponential tail of the transmitted light is
reAected back. Only the heat generated by the fraction
absorbed upon the double path in the sample layer close
to the pyroelectric, of an eff'ective thickness p /&2, is
communicated to the sensor. Equation (3.11) thus de-
scribes a combined optical transmission-absorption spec-
troscopy with path lengths L and 2(p /v'2), respec-
tively. The phase lag increases with R from 0 to m/4.

Case (2a). Optically and thermally thin sample
(a L &PL & 1, ~r '~ & 1). In Eq. (3.3) set
exp( PL ) =- 1 PL —and exp(+o L—

) —= 1. After
some algebraic manipulations, the result takes the form

(3.8)

The signal depends strongly on the product a I, . It
reaches the pyroelectric as an exponentially attenuated
thermal transmission wave and is independent of R, as in
case (la). The phase lag increases linearly with a L
and is thus unstable with the frequency.

Case 1(c). Optically and thermally thick sample
(1&PL &a L, ~r '~ ) 1). Then ~exp( cr L )~—
&exp( 13L )=—0, and keeping—in I z only the largest
term, one obtains this time

(3.9)

which yields for R =0 and g, =g

(1 —R )g„+(1+R)i} r
A exp( PL ), —

mp

i}„(1—R )(1 PL )+g [(1+R )PL +—(1—R )r ]
b +1 (3.12)
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Case 2(b). Optically and thermally thin sample
(PL (a L (1, ~r '~ &1). With the same values of
the exponentials as is case (2a), the result is similar to Eq.
(3.12), implying that to a first approximation cases (2a)
and (2b) are equivalent:

If
A (3.17)

describing a saturated signal, generated by direct absorp-
tion in the reflector, whereas, for R = 1,

g„(l—R )(1 PL —)+q [(1+R)PL —(1—R )r ]
b +1

P(2/&2a )
exp( i—m/4) .

mp

(3.18)

(3.13)

Indeed, for R =0, Eqs. (3.12) and (3.13) can be approxi-
mated by

g„+(g —rj„)pL
b +1 b„+1 (3.14)

The sample is practically transparent and the radiation is
absorbed mainly in the reflector. The essentially saturat-
ed signal still contains a weak dependence on r [case
(2a)] or r [case (2b)]. These are purely imaginary quanti-
ties and can be recovered from the signal by quadrature
lock-in detection.

The situation R =1 justifies the presence of the higher
term in the series expansion of exp( PL ), w—hen both
Eqs. (3.12) and (3.13) reduce to

P(2L )
(3.15)

(1—R )rl„+( I+R )g rr, =
b +1 (3.16)

which, for R =0, yields

All the radiation is reflected back, so that the signal is
due to the small fraction absorbed upon the double path
2L in the sample. The heat is communicated unat-
tenuated to the sensor and it results in an optical-
absorption-spectroscopy case.

Case (2c). Optically thin and thermally thick sample
(13L (1(a L, ~r '~ &&1). The approximations in
Eq. (3.3) are exp( PL )—= 1 an—d, exp( oL )=—0,—and
the result is

Now the transmitted signal is reflected back and only the
heat generated by the fraction absorbed upon double path
in the sample layer close to the pyroelectric, of an
effective thickness p /&2, is communicated to the sen-
sor, Fig. 3. Therefore, Eq. (3.18) describes an optical-
absorption-spectroscopy case with path length
2(p /~2). The phase lag increases with R from 0 to
m/4, but, in contrast to case (lc), the transmitted radia-
tion here is practically unattenuated.

IV. DISCUSSION AND NUMERICAL
EVALUATIONS

In standard spectrophotometers, the sample and the
detector are apart from one another and the measure-
ments produce transmission spectra. The consequence of
the intimate contact between the sensor and the sample
in the PPE method is the existence of two channels for
the transfer of information from the sample to the sensor:
the thermal channel, consisting of radiation absorption
within the sample and transmission of this information
via thermal waves to the sensor, and the optical channel,
consisting of penetration of the radiation through the
sample and absorption of the transmitted fraction in the
detector. This statement is expressed quantitatively in
Table I, summarizing the special cases (la)—(lc) and
(2a)—(2c).

There are three basic response types, mediated, respec-
tively, by (i) the thermal channel, (ii) the optical channel,
and (iii) the thermal and optical channel. Some factors
are rewritten in an exponential form, allowing for a better
correlation with the physical phenomena depicted in Fig.
3. The relative contribution of the two signal com-

TABLE I. The particular expressions for the factor I „,rewritten in exponential form and grouped according to the specific cou-
pling channel between the sample and the pyroelectric. Two extreme values for the reflectance are considered.

Coupling
channel

(i) thermal

Special
cases

(la)

(1b)

exp( —a L )

b p+1
2q. exp( —a.L. )

(b.,+1)(b. +1)

Phase (rad)

—a L exp( —a L )

b p+1
2g exp( —a L )

(b p+1)(b +1)

Phase (rad)

—a L

(ii) optical (1c) q„exp( PL )—
b p+1

exp( 13L ) [1—exp[ 13(2—p /&2)]I—
b p+1

—m/4

(iii) thermal, optical (2a)

(2b)
Ir

b p+I
[1—exp( 2PL )]-

b ~+1
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V-g [1—exp( /3L ) J
—. (4.1)

The experiments of Refs. 32 and 66 can be viewed as a su-
perposition of cases (lb) and (2c). A signal is generated in
the sample by the irradiation fraction 2Haf3, L, and
another one is generated in the reAector, i.e., reference
sample, by the fraction Ho(1 PiLi). The—ir sum, Eqs.
(3.8) and (3.16),

ponents is dictated, among other parameters, by thereflectance
R, resulting in optical-transmission- or

optical-absorption-spectroscopic capabilities of the PPE
method, for R =0 or R =1, respectively.

We shall examine some experimental situations that
cannot be explained without considering a finite
retlectance RWO, but first it should be mentioned that,
for R =0, airE))1 and a L =a,L, =0, our Eq. (2.5) is
similar to Eq. (23) in Ref. 20, for P~L~ and ~r~ ~

))1, as
expected. The normalized signal in the reAection-mode
PPE spectroscopy, Eqs. (4)—(6) in Ref. 59, corresponds
to cases (i)—(iii) in Table I. Also, the overall signal [Eq.
(3) of Ref. 59] can be obtained from Eq. (3.3), provided
that b =b = 1 and g„=g = 1. Investigations on
thermally and optically thin samples with a transparent
and thermally thin pyroelectric sensor should be as-
signed to case 8(iii) (R =1), but only with a single path
length L

is analogous with Eq. (6a) in Ref. 32 and Eq. (2) in Ref.
66.

An alternative way of looking into the physics of the
PPE method is to perform numerical simulations and to
assign the analytic expressions for the special cases to
well-defined regions. The interpretation of the first two
particularization levels (Fig. 2) is straightforward. The
transition from the C to the V [Eq. (3.1)] mode at the
transition frequency co&&=~z is represented in Fig. 4.
Equations (3.2a) and (3.2b) also imply two frequency-
dependent transitions centered at a L = 1 and a,L, = 1.
All the following representations assume C-mode signal
acquisition from a PPE system with V&=1V, q, =q
=1, and a„L~=a,L, =10' co' )&1

Cases 3 and 8 di6'er mainly by the factors V~~ and
Vc~, Eq. (3.6). In Fig. 5 the calculated signal amplitude
and phase when Eq. (3.5) holds true, curve (a), and in the
two other situations when Eq. (3.5) is not satisfied, curves
(b) and (c), show that far from the 8 Aboun-dary the sig-
nal behaves according to Eq. (3.6a).

The variation of the factor I ~ alone can be studied
when the conditions are set for sweeping the six cases
(la)—(lc) and (2a)—(2c) and for settling case 3 throughout
the entire frequency range of interest. The special cases
depend on two independent material parameters, b
and b . The maximum value I z =1 is obtained in Figs.

(c) mode log„ly(t}l (V)

0

V-4g P,L,exp[ —(1+i )a2L2]

+r)„(1—R )(1—P,L, ),

(v} mode

(4.2) -2

case (B) (og, a( V(t) } (V) case (A)

2

(b) (agio(apLp )

3

(rod)
0

-2 0
tog ~o(ap Lp j

FICx. 4. Normalized PPE signal amplitude and phase vs nor-
malized frequency, for I = 1, modeled by the transfer function
of a low-pass RC quadrupole, showing the transition between
the current - (C) and voltage- ( V) measurement modes.

FIG. 5. PPE signal amplitude and phase in case (la) vs

thermal thickness of the pyroelectric, showing the transition be-
tween the thermally thin (B) and thick ( A) cases, in three situa-
tions: (a) b ~=1; (b) b ~=10; (c) b ~=10 . For all curves,
b =10 ', b, =1, (

12m )
'~ L =10 's', co=10 —10 rads ', and PL =10.



THEORY OF THE PHOTOPYROEI. ECTRIC METHOD FOR. . . 9613

6(a) and 6(b). It clearly results that, for R =0, the signal
is not saturated only in two regions, (lb) and (Ic), allow-
ing for thermal or optical investigations of material prop-
erties. On the other hand, for R =1, the general remark
is that the signal contains more information about the
sample. Regions (la) and (lb) remain unchanged, but in
the regions (2a), (2b), and (2c) the signal increases with in-
creasing P, yielding an absorption spectrum. In region
(lc), it still decreases sharply with increasing P, as for
R =0, yielding the same transmission spectrum (see, for
comparison, Table I). The transition between the two P
dependencies due to changes of experimental conditions
gives rise to spectral inversions via two difFerent mecha-
nisms, but only for RXO. Figures 8(b) and 8(d) explain
such experimentally observed inversions, which were pro-
duced by changing the thermal thickness of the sample, '

or both its thermal and optical thickness. Besides the P
dependence, region (2c) has a negative slope with respect
to a L

The contributions of the factor I „ to the PPE signal
phase lag with respect to the modulation, are presented in
Figs. 6(c) and 6(d). In region (lb) the phase lag increases
progressively with a L and then it recovers very sharp-
ly to the initial value at the (lb)-(lc) boundary. This
feature suggests that one use, experimentally, the phase
rather than the amplitude of the signal as a sensitive
means of measuring small changes of the variables, when
a L -=13L

The amplitude and phase surfaces for the other three
possible combinations of b and b values, compared
to unity, are displayed in Figs. 7-9. A comparative in-
spection of Figs. 7(a) and 7(b), 8(a) and 8(b), and 9(a) and
9(b) reveals that, to the limit of the thermally very thin
sample (a L «1), the signal amplitude depends only
on b ~, whereas to the limit of the thermally very thick
sample (a L » 1) it depends only on b z, in agreement
with Table I. Since the amplitude surfaces at these two
far ends has different heights, in the (a)—(c) transition
zone new co and P dependencies are found. Furthermore,
the transition zones are particularly interesting for exper-
imental investigations due to the fact that, under proper
conditions, the signal here is proportional to the sample
specific heat c ' [see location of experiment in Figs.
8(a) and 8(c)], or to the thermal conductivity k*' alone.
All these phenomena taking place in the transition zones
are rejected in the phase surfaces as a decrease [Figs. 7(c)
and 7(d)] or an increase [Figs. 8(c) and 8(d)] of the phase
lag as compared to Figs. 6(c) and 6(d).

Figures 4—9 are the graphic equivalent of Eqs. (3.1),
(3.6), and Table I, allowing for the graphic construction
of the P PE signal surfaces, for any experimental
configurations. The method proceeds as follows: the first
step is to construct a coordinate system analogous to the
one in Fig. 10, with the correct location of the transition
points on the m axis depending on the PPE cell structure
chosen. Then one combines the appropriate representa-
tions, by algebraically adding the phases and the ampli-
tude logarithms point by point. Unlike the analytic con-
struction procedure given in Sec. III, the graphic method
is also valid in the transition zones and offers a synthetic
overview of all subcases simultaneously.

(a)
R=O

r//r//rj r&' r r r r / / / r r / / r / // r rM / r / r / r / / / /r r /& / r / j / / / / / 7 7 7j r r r r%r r r /
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FIG. 6. ppF signal amp1itude [panels (a) and (1)] and phase
[panels (c) and (d)] surfaces vs sample thermal and optical thick-
ness, for two extreme values of the reflectance R =0 and 8 =1.
The relevant material parameters are (2a~) ' L~ =10 s'
(2a~) ' L~=10 ' s', b~~=l, and b~~=10
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V. CQNCI USIONS

A theory for the voltage response of a six-layer photo-
pyroelectric cell with periodic excitation was developed
which takes into consideration a voltage- or current-
measuremeot mode and a finite reflectance at the
sample-pyroelectric interface. It is shown that the as-
sumption of an arbitrary value for the reflectance com-
pletely changes the physical picture of the PPE effect,
featuring simultaneous optical-absorption and -transmis-
sion characteristics and creating very diverse experimen-
tal opportunities for optical and thermal investigations of
solid, liquid, or -even gaseous substances. At the same
time, the coexistence of these two complementary pro-
cesses produces unusual effects, such as the experimental-
ly observed spectral peak inversions and distortions, or
the local amplitude wells and steep phase changes, pre-
dicted theoretically in Sec. IV. Additional difficulties
in the interpretation of the PPE signals may arise from
the wavelength-dependent surface absorptance and
reflectance of the sample, resulting in absorptionlike
spectra, even in the saturated cases. Also, the contribu-
tion of the photoacoustic response should be taken into
consideration, especially when the PPE signal is strongly
damped.

The cell geometry of Fig. 1 fits, after suitable particu-
larizations, most of the reported PPE experiments. How-

ever, other configurations might be more advantageous in
some cases, e.g. , with a lateral irradiation. The theory
presented in Ref. 20 is a particular case of the present
theory since it assumes total radiation absorption and a
voltage-mode signa1 measurement. In these conditions,
the two approaches yield essentially the same results,
with the exception of case (1c), where a significant term
was neglected during a different approximation pro-
cedure used in that reference.

The PPE response for any special case out of the 194
possible combinations, can be derived by using Table I
and the transition rules from Sec. III. A graphic method
for the construction of a particular PPE response is also
given. Both methods are proved to be useful tools for a
systematic interpretation and evaluation of recent PPE
experiments involving material characterization.

It is our belief that the full potentiality of the PPE
technique for optical and thermal material properties in-
vestigation remains to be demonstrated by future experi-
ments, in parallel and i.n competition with the PPE tech-
nique with pulsed excitation sources.
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