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Abstract

In this work, the laser intensity modulation method (LIMM) problem is reconsidered for the generalized case of a multilayer structure
consisting of layers with ferroelectric polarization, with both ferroelectric and space charge induced polarization, and with solely space charge
induced polarization. Usually, the problem reduces to the calculation of the internal electric field. Boundary conditions are derived from
the electric displacement of a short-circuited structure. The calculations were compared with the pyroelectric spectrum of PZT thin films of
different thickness and a model metal–ferroelectric–semiconductor structure consisting of Pt–ferroelectric PZT (perovskite)–semiconducting
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. Introduction

The laser intensity modulation method (LIMM) was de-
eloped in the 1980s of the last century by Lang and
as-Gupta1 as an extension of Collin’s temperature pulse
ethod2 and Chynoweth’s technique for dynamic pyroelec-

ric measurements.3 A similar to LIMM approach was first
roposed by Bezdetny et al.4 They considered a lossy ferro-
lectric, derived a Fredholm integral equation similar to that
f the LIMM problem, and used sinusoidally modulated non-
oherent light at frequencies up to 1 kHz for measurement.

LIMM determines the spatial polarization profile from the
yroelectric current spectrum caused by the interaction of a
hermal wave generated by an intensity modulated laser and
he unknown polarization distribution. If the incoming laser
ight is modulated with a circular frequencyω, the complex
yroelectric current yields to5

(ω, t) = Ipejωt = AS

d

∫ d

0
r(z)

∂

∂t
T̂- (ω, z, t) dz, (1)

whereIp is the complex amplitude of the pyroelectric curre
z the depth coordinate,t the time,T̂- the complex amplitud
of the temperature,AS the heated area of the sample,d the
ferroelectric film thickness,r(z) the response function. T
pyroelectric response function

r(z) = p(z) − (αz − αε)εε0Eint(z), (2)

is determined both by the pyroelectric coefficientp(z) and the
internal electric fieldEint. This internal field is generated
a short-circuited sample (E= 0 at electrode surfaces) by t
presence of space charges and the depolarization field

Eint(z) = 1

εε0
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whereαz is the relative thermal expansion coefficient,αε the
relative temperature coefficient of the dielectric constant,ε

the dielectric constant,P(z) the spatially dependent sponta-
neous polarization, andρ(z) the spatially dependent space
charge density. Without a priory knowledge of the space
charge distribution, a separation of the pyroelectric response
and the space charge distribution is not possible by using
LIMM alone.6 Thus, the internal electric fieldEint(z) must be
determined separately.

Usually, the pyroelectric spectrum is analyzed assuming a
local compensation of the polarization gradient by an appro-
priate charge densityρ = dP/dz.5,7,8According to Eq.(3), this
leads to the simple caseEint = 0 and consequentlyr(z) =p(z).
However,

(i) the existence of space charge layers at the sur-
face of ferroelectric crystals is known for half a
century,9

(ii) a depolarization field always occurs in thin insulating
ferroelectric films due to the existence of a finite sep-
aration between the polarization charge and the com-
pensating free charge,10 if a gradient in the polarization
exists over some appreciable distance near the electrode
interface, if the compensating charge in the electrodes is
distributed over a finite screening distance, or especially

lm

( the
of

( lec-
con-

ses
a rface
o icon-
d kites.
S hieve
e and
s per-
a ation
fi

or
t g of
l tric
a pace
c o the
c ons
a ited
s odel
m g of
P ZT
(

2. Theory

The pyroelectric coefficient of a thin film laterally per-
fectly clamped in the substrate plane is given by12

p3 = pT3 − 2d31α1

s11 + s12
, (4)

where

pT3 = pS3 +
∑
j

e3jαj, (5)

is the pyroelectric coefficient determined for uniform heat-
ing, constant mechanical stressT, and low electric fieldE,
pS the constant strain pyroelectric coefficient (called also
primary pyroelectric coefficient),αi the thermal expansion
coefficients,sij are the elastic compliance constants,dij the
piezoelectric strain constants, andeji the piezoelectric stress
constants. Pyroelectric coefficientsp3 =p(z) determined by
LIMM for ferroelectric thin film on thin membranes are
within the limits between the constant strain and the ideal
clamping cases. They should be discussed individually.

The dielectric constant of ferroelectrics depends both on
frequency and applied electric field. Therefore, the tempera-
ture dependence of the dielectric constant in Eq.(2) should
be determined in a suitable way. Although there is an inher-
ent relation between large-signal parameters (hysteresis) and
s ignal
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h nding
if there are nonswitching layers in the ferroelectric fi
near the interfaces,

iii) a space charge layer is artificially introduced during
initial film growth to produce self-polarized elements
pyroelectric sensor arrays,8

iv) a space charge layer is formed at the metal e
trode/ferroelectric interface which depends on the
tact potential difference.11

The electric polarization in the ferroelectric layer cau
lso depletion or accumulation of carriers near the inte
f heterostructures composed of ferroelectric and sem
ucting, superconducting, or magnetoresistive perovs
uch heterostructures are promising candidates to ac
lectric-field tuned ferromagnetic metal–insulator,
uperconductor–insulator phase transitions at room tem
ture. Moreover, due to the existence of a depolariz
eld, there is always a lack of compensation.

In this work, the LIMM problem is reconsidered f
he generalized case of a multilayer structure consistin
ayers with ferroelectric polarization, with both ferroelec
nd space charge induced polarization, and with solely s
harge induced polarization. The problem is reduced t
alculation of the internal electric field. Boundary conditi
re derived from the electric displacement of a short-circu
tructure. The calculations were compared with a m
etal–ferroelectric–semiconductor structure consistin
t–ferroelectric PZT (perovskite)–semiconducting P

fluorite).
mall signal parameters (dielectric constant), the small-s
ielectric constant is not mere differential polarization
lectric field change. By the application of small ac fields
omain walls within the crystallite remain freely movea
nd they perform wall oscillations on a microscopic scale

ng rise to an extrinsic contribution to dielectric propert
he relative temperature coefficient of the dielectric cons
ε in Eq. (2) is related to the small signal value of an un
sed sample.13 Recently, we could show that in special ca
elated to ferroelectrics comprising space charge layer
nstance self-polarized PZT thin films deposited by reac
puttering, the extrinsic contributions to piezoelectric an
lectric properties are small.14 In this case, the domain wa
otion is negligible because of the domains are “locked

pace charges compensating the depolarization field a
ain boundaries. However, domain wall oscillations are
resent. For charge injection across interfaces the optica
ittivity should be used since the injected electrons or h
re hot carriers, their transition time is too short to cause
nd domain wall contributions to the dielectric constant.

The key issue of the LIMM problem for ferroelectric th
lms comprising space charge layers is the calculation o
nternal electric fieldEint according to Eq.(3). As an example
e shall discuss a ferroelectric thin film with a nearly cons
olarization distribution along thez-axis (P(z) =Ps≈ const)
he film has p-type conductivity due to cation vacancies
re formed by evaporation of a volatile during film de
ition component, for instance PbO during PZT sputte
n this case, the concentration of Pb vacancies is some
igher than that of O vacancies because of the correspo
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Fig. 1. Energy band diagram and space charge distribution of a metal–
ferroelectric–semiconductor multilayer structure.

oxygen deficiency can be compensated to a certain extent by
supplying oxygen from the air during cooling down.15 The
non-ferroelectric semiconductor is assumed to be of n-type
conductivity (Fig. 1).

We consider short-circuit conditions (E(0) =E(d) = 0) and
take the potential distribution in region 1 as

ϕ1(z) = ϕ1k(z) + ϕd(z), (6)

whereϕ1k(z) the potential distribution caused by the elec-
trode/ferroelectric contact potential difference and where
the electric potential of the depolarization field

ϕd(z) = A+ bPSz, (7)

is dominated by the presence of a non-ferroelectric interface
layer. Possible origins of the presence of a low-ε layer
are size effects,16 nonstoichiometric phases,17 chemical
reactions with the bottom electrode,18 space charge layers,19

electronic interface defects formed by charge carrier
injection,20 or film stress.21 The depolarization field caused
by the non-ferroelectric interface layer can be obtained from
the additional tilting of the ferroelectric hysteresis loop and
amounts to22

Ed = − di

εiε0d
PS = − N

εiε0
PS = −bPS, (8)

w
t
t r

a moment the small changes of potential distribution intro-
duced by the non-ferroelectric interface layer. This does not
change the physical picture if we take into account the depo-
larization field according to Eq.(8), but makes the calculation
less cumbersome. The boundary conditions of Eq.(6) are


ϕ1(0) = 0; E1 = −dϕ1

dz

∣∣∣∣
z=0

= 0

ϕ1(a) = −U1k + A+ bPSa; E1 = −dϕ1

dz

∣∣∣∣
z=a

= −bP = Ed

. (9)

The potentialϕ1k(z) is obtained by solving the Poisson’s
equation in the first region (m= 1)

d2ϕmk

dz2
= − ρm

εmε0
, (10)

for the following boundary conditions

dϕ1k

dz

∣∣∣∣
z=a

= 0; ϕ1k(a) = −U1k. (11)

The space charge density in Eq.(10) is given by

ρ1 = e(N+
D −N−

A + p− n) = e(p1 − p0). (12)

p

o

p

-
t

p

l

w hin
fi

z)
√

z)

√
2

herePS is the ferroelectric spontaneous polarization,di the
hickness of the non-ferroelectric boundary layer, andd the
otal thickness of the film. We assumedi �d and neglect fo

ϕ1k(z) = −U1k + kT

e
ln

[
1 + tan2

(
e(a−

2kT

= −U1k + kT

e
ln


1 + tan2


(a−
The hole concentration in regionp1 is obtained from

1 = p0 exp

{
eϕ1k(z) − eϕ1k(a)

kT

}
, (13)

r

1 = pk exp

{
eϕ1k(z)

kT

}
. (14)

The pre-exponential factor of Eq.(14)now can be rewrit
en as

k = p0 exp

{
−eϕ1k(a)

kT

}
= p0 exp

{
eU1k

kT

}
. (15)

eading to a differential equation

d2ϕ1k

dz2
= − epk

εfeε0
exp

{
eϕ1k(z)

kT

}
+ ep0

εfeε0

≈ − epk

εfeε0
exp

{
eϕ1k(z)

kT

}
, (16)

hereεfe is the dielectric constant of the ferroelectric t
lm. Integrating over region 1 we obtain

2pkkT

εfeε0
exp

{
−eU1k(z)

kT

})]

e2p0

εfeε0kT




 = −U1k + kT

e
ln

[
1 + tan2

(
a− z
L

)]
, (17)
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where the characteristic lengthL is given by

L =
√

2εfeε0kT

e2p0
. (18)

Finally, the potential and electric field distributions in the
first region are given by

ϕ1(z) = −U1k + kT

e
ln

[
1 + tan2

(
a− z
L

)]
+ A+ bPSz,

(19)

E1 = −dϕ1

dz
= kT

eL
tan

(
a− z
L

)
− bPS. (20)

A space charge may be formed in a ferroelectric thin film
also by charge injection from metallic electrodes and trapping
in the near electrode region.23 In the case of electron trapping,
the space charge density is determined by

ρ1 = −eN−
A , (21)

resulting in an electric field of

E1 = −dϕ1

dz
= −eN−

A z− bPS. (22)
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Fig. 2. The electric potential distribution in the metal–ferroelectric–
semiconductor multilayer structure.

The thickness of space charge layers in the ferroelec-
tric (d1 = l − z1) and the semiconductor (d2 =z2 − l) at the
ferroelectric–semiconductor junction is determined by the
boundary conditions atz= l{
D3 = D4

ϕ3 = ϕ4
(27)

whereD is the electrical flux density, resulting in

PS(1 − εfeε0b) − ep0(l− z1) = −en0(z2 − l)
A+ bPSl− Uk + ep0

2εfeε0
(l− z1)2 = − en0

2εscε0
(z2 − l)2 .

(28)

Fig. 2 summarizes the electric potential distribution
in the considered metal–ferroelectric–semiconductor multi-
layer structure.

3. LIMM of ferroelectric PZT (perovskite)–
semiconducting PZT (fluorite) structures

We have fabricated PZT/SnO2 and PZT/SiC ferroelectric–
semiconductor heterojunctions by either depositing a SnO2
thin film onto a PZT/Pt/SiO/Si substrate24 or by deposit-
i by
n in-
t t was
v her
a PZT
( de-
p te
( sub-
s
o
t tain
e n
The potential and electric field distributions in the sec
egion are described by Eqs.(7) and(8), respectively.

In Fig. 1, the third and fourth regions form t
erroelectric–semiconductor contact. The potential distr
ion is obtained by solving the Poisson’s Eq.(10) for m= 3,
and the corresponding boundary conditions

ϕ3(z1) = A+ bPSz1 − Uk; dϕ3

dz

∣∣∣∣
z=z1

= bPS

ϕ4(z2) = 0;
dϕ4

dz2

∣∣∣∣
z=z2

= 0
. (23)

In the case of depletion, we use of the approximation

ρ3 = −ep0 (z1 ≤ z ≤ l)
ρ4 = en0 (l ≤ z ≤ z2)

. (24)

Thus, the solutions of the Poisson equations are

ϕ3(z) = ep0

2εfeεo
(z− z1)2 + A+ bPSz− Uk

ϕ4(z) = − en0

2εscεo
(z− z2)2

, (25)

nd the electric field distributions in the third and fourth
ions are given by

E3(z) = −dϕ3(z)

dz
= −bPS − ep0

ε1ε0
(z− z1)

E4 = −dϕ4(z)

dz
= en0

ε2ε0
(z− z2)

, (26)

hereεsc is the dielectric constant of the semiconductor
2
ng a PZT thin film on a SiC substrate heavily-doped
itrogen.25 However, in both cases a large density of

erface states was present, and the pyroelectric curren
ery low. A pyroelectric current spectrum suitable for furt
nalysis was obtained for (1 1 1) oriented ferroelectric
perovskite)–semiconducting PZT (fluorite) structures
osited by sputtering.13,26 The perovskite (300 nm)–fluori
400 nm) heterostructure was fabricated by lowering the
trate temperature in a second step down to 450◦C. Details
f the deposition process can be found elsewhere.26,27 Low

emperature deposited PZT thin films are known to con
xcess lead of the form Pb2+Pb4+O3 with a 4-valent Pb io
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on the B-site.28,29However, if a small part of B-site Pb4+ ions
are reduced to Pb2+, oxygen vacancies and mobile electrons
appear forming a n-type semiconducting region in the fluo-
rite sublayer. Indeed, the Seebeck coefficient was found to be
negative, indicating a n-type conductor.

Film characterization by LIMM was described in detail
in ref. 8. Briefly, we obtained the pyroelectric current spec-
trum generated by an semiconductor laser (LASER 2000,
λ= 1.55�m,P= 10 mW) and modulated with frequencies up
to 10 MHz. The pyroelectric current was transformed into a
voltage by a I-U-converter (HCA-40 M, FEMTO Messtech-
nik GmbH, Berlin) and amplitude and phase are determined
by an impedance-phase analyzer (SI1260, Solartron). The
current spectra were corrected by reference measurements
with an InGaAs photo-diode. The numerical reconstruction
of the pyroelectric coefficient profile was based on a eight-
layer thermal model. The profile reconstruction was per-
formed using MATLAB software containing algorithms for
the inverse solution of the appropriate Fredholm integral
equation and a Tikhonov regularization method for stable
numerical solutions.

The ferroelectric sublayer is similar to self-polarized
(1 1 1) oriented PZT film deposited on platinized silicon
wafers by reactive sputtering with well known proper-
ties.8,14,20,27 These films comprise a space charge region
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Fig. 3. Reconstructed from LIMM measurements pyroelectric response
function profiles of ferroelectric PZT thin films in comparison with a fer-
roelectric semiconductor PZT structure. The depth is counted from the film
surface.

was determined from the series connection of capacitances
asεsc≈ 17.

Fig. 3 compares the pyroelectric coefficient profile of
perovskite PZT thin films with a thickness of 900 nm and
1800 nm, respectively, compared with the profile of a 300 nm
perovskite PZT/400 nm fluorite PZT structure. The algorithm
for solving Eq.(1) using the Tikhonov regularisation method
is described in detail in.8

With increasing thickness, the profile of ferroelectric thin
films becomes smoother due to a decreasing according to Eq.
(8) depolarization field. The internal electric field near the
bottom electrode was estimated for the 1000 nm thick sam-
ple as about 2× 105 V/cm. This explains in part the negative
value ofr(z) in this case. The negative value of the pyroelectric
response function in the semiconductor region of the ferro-
electric semiconductor structure is probably an reconstruc-
tion artifact. In fact, we have previously shown that smooth
profiles were reconstructed using an appropriate thermal mul-
tilayer model within an uncertainty of 2–3% in dependence on
the discretization approach.32 On the other hand, the uncer-
tainty of the reconstruction of a Dirac-pulse-like polarization
profile exceeds 90%. Therefore, profiles containing disconti-
nuities, for instance at interfaces, are not well reconstructed.

4. Conclusions

re
c ith
b riza-
t tion
w cal-
c wn
t ctor
s duc-
t by
t ctric
i s of
p for
In this work, the LIMM problem of a multilayer structu
onsisting of layers with ferroelectric polarization, w
oth ferroelectric and space charge induced pola

ion, and with solely space charge induced polariza
as considered. The problem was reduced to the
ulation of the internal electric field. We have sho
hat in the case of a metal–ferroelectric–semicondu
tructure—Pt–ferroelectric PZT (perovskite)–semicon
ing PZT (fluorite) the internal electric field is dominated
he depolarization field generated by the non-ferroele
nterface layer at the bottom electrode. New algorithm
rofiles reconstruction from LIMM data are required
with a thickness of about 240 nm near the bottom electrode30

First, we consider a space charge formed by the m
bile majority carriers. From a resistivity of our samples
2.5× 1013& cm and a hole mobility of 1.2× 10−6 cm2/V s
estimated by the extrapolation of high temperature dat15

to room temperature, we obtain a hole density
2.1× 1011 cm−3. A direct extrapolation of the hole concen
tration to room temperature results innh ≈5× 1014 cm−3. In
the latter case, the contribution to the internal electric field
in order of 102 V/cm and may be neglected.

The depolarization field Eq.(8)is derived from the slope of
the hysteresis curve dE/dP|Ec = 7.6× 109 cm/F (cp,13 Fig. 2).
This is an upper limit from which the slope of the bul
ferroelectric hysteresis loop should be subtracted.22 Thus,
the depolarization field isEd ≤ 2.3× 105 V/cm for the con-
sidered sample of 900 nm thickness which is in the o
der of the coercive field of the initial self-polarized film
Ec = 1.3× 105 V/cm. After a number of hysteresis cycle
the coercive field lowers to 6× 104 V/cm. Following17 we
have also determined the reciprocal capacitance of the n
ferroelectric interface layerdi /εiε0 = 3.8× 105 cm2/F from
the thickness dependence of perovskite PZT films. T
value denotes a larger contribution of interface states
film properties compared to annealed films deposited
MOCVD (di /εiε0 = 5× 104 cm2/F17), CSD deposited films
(di /εiε0 = 7.54× 104 cm2/F31), and sputtered PZT films with
SrRuO3 electrodes (di /εiε0 ≈ 103 cm2/F31). The depolar-
ization factor is in our caseb=di /εiε0d= 4.22× 109 cm/F
in agreement with the value obtained from the hyste
sis slope. The dielectric constant of the perovskite bu
amounts toεfe = 400. The value of the fluorite sublaye
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specimens containing interfaces, steep polarization gradients
and polarization discontinuities.
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