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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
PZT (fluorite).
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Ferroelectric properties; PZT; Perovskites; Pyroelectric spectroscopy

1. Introduction wherelp is the complex amplitude of the pyroelectric current,
zthe depth coordinaté the time,T the complex amplitude
The laser intensity modulation method (LIMM) was de- of the temperatureis the heated area of the samptithe
veloped in the 1980s of the last century by Lang and ferroelectric film thickness;(2) the response function. The
Das-Gupté as an extension of Collin’s temperature pulse pyroelectric response function
method and Chynoweth’s technique for dynamic pyroelec-
tric measurement$ A similar to LIMM approach was first
proposed by Bezdetny et &lThey considered a lossy ferro-
electric, derived a Fredholm integral equation similar to that ) ) o
of the LIMM problem, and used sinusoidally modulated non- IS détermined both by the pyroelectric coefficip@ and the
coherent light at frequencies up to 1 kHz for measurement. internal e_Iect_nc fieldEjn:. This internal field is generated in
LIMM determines the spatial polarization profile fromthe & Short-circuited samplée=0 at electrode surfaces) by the
pyroelectric current spectrum caused by the interaction of a Présence of space charges and the depolarization field,
thermal wave generated by an intensity modulated laser and
the unknown polarization distribution. If the incoming laser z 1 (7

r(z) = p(z) — (x: — ae)ecoEint(2). )

light is modulated with a circular frequenay, the complex Eint(z) = 1 /p(;») de — }/ /p(g) de | dz’
pyroelectric current yields fo 20 ) d A
i As (4 9.
I(o.1) = [,d” = 22 / @)~ T(w, z, 1) dz, 1) ,
d 0 8t 1 , , (SP
- P(Z)_g P(Z)dz ZSESC—E,
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whereq; is the relative thermal expansion coefficiantthe 2. Theory
relative temperature coefficient of the dielectric constant,

the dielectric constanB(2) the spatially dependent sponta- The pyroelectric coefficient of a thin film laterally per-
neous polarization, ang(z) the spatially dependent space fectly clamped in the substrate plane is giveddy

charge density. Without a priory knowledge of the space

charge distribution, a separation of the pyroelectric responseps = pg — M, (4)
and the space charge distribution is not possible by using S11+ 512
LIMM alone ® Thus, the internal electric fielq(z) must be where
determined separately.

Usually, the pyroelectric spectrum is analyzed assuming apg - p§ + Z €3j%)> ()
local compensation of the polarization gradient by an appro- /
priate charge densiy= dP/dz.>"-8 According to Eq(3), this is the pyroelectric coefficient determined for uniform heat-
leads to the simple ca&g,: = 0 and consequenthfz) = p(2). ing, constant mechanical stregsand low electric fieldE,
However, pS the constant strain pyroelectric coefficient (called also

primary pyroelectric coefficiently; the thermal expansion
coefficients s; are the elastic compliance constarg the
(i) the existence of space charge layers at the sur- piezoelectric strain constants, agdthe piezoelectric stress
face of ferroelectric crystals is known for half a constants. Pyroelectric coefficients=p(z) determined by
century? LIMM for ferroelectric thin film on thin membranes are
(i) a depolarization field always occurs in thin insulating within the limits between the constant strain and the ideal
ferroelectric films due to the existence of a finite sep- clamping cases. They should be discussed individually.
aration between the polarization charge and the com-  The dielectric constant of ferroelectrics depends both on
pensating free chardd,if a gradient in the polarization  frequency and applied electric field. Therefore, the tempera-
exists over some appreciable distance near the electrodeure dependence of the dielectric constant in @y should
interface, if the compensating charge in the electrodes is be determined in a suitable way. Although there is an inher-
distributed over a finite screening distance, or especially ent relation between large-signal parameters (hysteresis) and
if there are nonswitching layers in the ferroelectric film small signal parameters (dielectric constant), the small-signal
near the interfaces, dielectric constant is not mere differential polarization and
(i) a space charge layer is artificially introduced during the electric field change. By the application of small ac fields, the
initial film growth to produce self-polarized elements of domain walls within the crystallite remain freely moveable,
pyroelectric sensor arras, and they perform wall oscillations on a microscopic scale giv-
(iv) a space charge layer is formed at the metal elec- ing rise to an extrinsic contribution to dielectric properties.
trode/ferroelectric interface which depends on the con- The relative temperature coefficient of the dielectric constant
tact potential differencé! ae in Eq. (2) is related to the small signal value of an unbi-
ased sampl& Recently, we could show that in special cases
related to ferroelectrics comprising space charge layers, for
The electric polarization in the ferroelectric layer causes instance self-polarized PZT thin films deposited by reactive
also depletion or accumulation of carriers near the interface sputtering, the extrinsic contributions to piezoelectric and di-
of heterostructures composed of ferroelectric and semicon-electric properties are smaft.In this case, the domain wall
ducting, superconducting, or magnetoresistive perovskites.motion is negligible because of the domains are “locked” by
Such heterostructures are promising candidates to achievepace charges compensating the depolarization field at do-
electric-field tuned ferromagnetic metal-insulator, and main boundaries. However, domain wall oscillations are still
superconductor—insulator phase transitions at room temperpresent. For charge injection across interfaces the optical per-
ature. Moreover, due to the existence of a depolarization mittivity should be used since the injected electrons or holes
field, there is always a lack of compensation. are hot carriers, their transition time is too short to cause ionic
In this work, the LIMM problem is reconsidered for and domain wall contributions to the dielectric constant.
the generalized case of a multilayer structure consisting of  The key issue of the LIMM problem for ferroelectric thin
layers with ferroelectric polarization, with both ferroelectric  films comprising space charge layers is the calculation of the
and space charge induced polarization, and with solely spacenternal electric fieldE; according to E3). As an example,
charge induced polarization. The problem is reduced to thewe shall discuss a ferroelectric thin film with a nearly constant
calculation of the internal electric field. Boundary conditions polarization distribution along theaxis (P(2) = Ps ~ const).
are derived from the electric displacement of a short-circuited The film has p-type conductivity due to cation vacancies that
structure. The calculations were compared with a model are formed by evaporation of a volatile during film depo-
metal-ferroelectric—semiconductor structure consisting of sition component, for instance PbO during PZT sputtering.
Pt—ferroelectric PZT (perovskite)-semiconducting PZT |n this case, the concentration of Pb vacancies is somewhat
(fluorite). higher than that of O vacancies because of the corresponding
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Pt»g Ferroclectric Semiconductor a moment the small change; Qf potential distribgtion intro-
duced by the non-ferroelectric interface layer. This does not
\J; Ec, \ \ change the physical picture if we take into account the depo-
! — i N | larization field according to E@8), but makes the calculation
| B | | b The bound ditions of(&
B ke ess cumbersome. The boundary conditions of(Ejjare
0 i F R N d do1
: Ey 12 z 91(0)=0; E1= Td =
| E I E d
| g Y p1(a) = —Un + A+ bPsa; Ey= ——* ©
dz |,_,
1 2 3| 4 5 =—-bP=Ey
’7 —‘ The potentialp1k(2) is obtained by solving the Poisson’s
equation in the first regiomg=1)
Short-circuit condition
. . o dz(pmk Pm
Fig. 1. Energy band diagram and space charge distribution of a metal— dz-2 = - s (10)
ferroelectric—semiconductor multilayer structure. 2 €mé€0
for the following boundary conditions
oxygen deficiency can be compensated to a certain extent by
supplying oxygen from the air du_nng cooling dowhThe @ =0 ould) = —Uny. (11)
non-ferroelectric semiconductor is assumed to be of n-type dz | _,
conductivity Fig. 1). L L
We consider short-circuit condition&(Q) = E(d) = 0) and The space charge density in Eg0) s given by
take the potential distribution in region 1 as pr=e(Nf — N5 + p —n) = e(p1— po). (12)
¢1(2) = ¢u(2) + ¢a(2). ®) The hole concentration in regiqm is obtained from
where ¢1x(2) the potential distribution caused by the elec- _
. o ep1x(2) — epx(a)
trode/ferroelectric contact potential difference and where p1 = poexpy —————— ¢ (13)
. . o ) kT
the electric potential of the depolarization field
or
9a(z) = A+ bPsz, (7)
= pr exp evu?) (14)
is dominated by the presence of a non-ferroelectric interface P = Pk kT '

layer. Possible origins of the presence of a lovayer
are size effect$® nonstoichiometric phasé$, chemical
reactions with the bottom electrod@space charge layet$,

The pre-exponential factor of EGL4) now can be rewrit-
ten as

electronic interface defects formed by charge carrier e (a) el
injection2° or film stres! The depolarization field caused Pk = POSXP) ——-— ¢ = Po€XP| ——~ (15)
by the non-ferroelectric interface layer can be obtained from
the additional tilting of the ferroelectric hysteresis loop and leading to a differential equation
amounts t& )
dou  epk ep1(z2) epo
d; N w2 = ex T
Eg=— Ps=———Ps= —bPs, (8) < £1ec0 £fec0
gieod £i€0

~ Pk g [ eru() (16)

wherePs is the ferroelectric spontaneous polarizatidrthe T o T [

thickness of the non-ferroelectric boundary layer, dritle

total thickness of the film. We assurde< d and neglect for ~ Whereere is the dielectric constant of the ferroelectric thin
film. Integrating over region 1 we obtain

_ kT [ ela—z) [2pikT _eUlk(z)
o) = —Un + S In 1+tar?( %T \/Sfe80 exp{ T })]

ir | 2 kT -
— Up+“mnfistaf [ @-2y /=522 )| = —vp+ |14 (252, @)
e 2¢tec0kT e L
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where the characteristic lengths given by

2¢te0kT
L=, 25
€~ po

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

(18)

kT —
<p1(z):—U1k+7In [1+tar? <a Z>}+A+ngz,
(19)
dp1 kT a—z
Ei1=——==—tan — bPg. 20
1 & = oL ( 7 > s (20)

A space charge may be formed in a ferroelectric thin film
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Fig. 2. The electric potential distribution in the metal-ferroelectric—

also by charge injection from metallic electrodes and trapping semiconductor multilayer structure.

inthe near electrode regiddIn the case of electron trapping,
the space charge density is determined by

pl = —eNX, (21)
resulting in an electric field of
d
Ei = —% = —eN;z— bPs. (22)
Z

The potential and electric field distributions in the second
region are described by E(3) and(8), respectively.

In Fig. 1, the third and fourth regions form the
ferroelectric—semiconductor contact. The potential distribu-
tion is obtained by solving the Poisson’s Efj0) for m=3,

4 and the corresponding boundary conditions

do3
WS(Zl) = A+ bPsz1 — Uy, diwz = bPg
o (23)
. dog
@a(z2) = 0; di =
22 7=z,

In the case of depletion, we use of the approximation

(z1<z<])
(l<z<z2)

03 = —epo
p4 = eng

(24)

{

Thus, the solutions of the Poisson equations are

e
@3(z) = po (z —z1)> + A + bPsz — Uy
28fe80 25
eno ) ) (25)
@a(z) = — > (z — 22)
Esc€o

and the electric field distributions in the third and fourth re-
gions are given by

d
E3(z) = — pa(2) = —bPs— @(z —71)
dz £1€0 (26)
Ep= 4@ _eno ’
4= dz epe0 2

whereeg. is the dielectric constant of the semiconductor.

The thickness of space charge layers in the ferroelec-
tric (dy=1—2z) and the semiconductod{=2 —1) at the
ferroelectric—semiconductor junction is determined by the
boundary conditions a=|1

D3 =D
T @7)
$3 = ¢4
whereD is the electrical flux density, resulting in
Ps(1 — efeeob) — epo(l — z1) = —eno(z2 — 1)
e éen .
A+ P — Upt 5% (1 — 20 = =50 (g — I)?
2¢te80 28500
(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/Sn@nd PZT/SiC ferroelectric—
semiconductor heterojunctions by either depositing a;SnO
thin film onto a PZT/Pt/Si@Si substrat& or by deposit-
ing a PZT thin film on a SiC substrate heavily-doped by
nitrogen?® However, in both cases a large density of in-
terface states was present, and the pyroelectric current was
very low. A pyroelectric current spectrum suitable for further
analysis was obtained for (11 1) oriented ferroelectric PZT
(perovskite)-semiconducting PZT (fluorite) structures de-
posited by sputtering®2% The perovskite (300 nm)—fluorite
(400 nm) heterostructure was fabricated by lowering the sub-
strate temperature in a second step down to°4sMetails
of the deposition process can be found elsewR&fé Low
temperature deposited PZT thin films are known to contain
excess lead of the form PP+ O3 with a 4-valent Pb ion
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on the B-site?829However, if a small part of B-site Bbions 15
are reduced to P, oxygen vacancies and mobile electrons L

s -B-
appear forming a n-type semiconducting region in the fluo- Tom,
rite sublayer. Indeed, the Seebeck coefficientwas foundtobe 3 31 . % "y
negative, indicating a n-type conductor. 2 oo/ » "
Film characterization by LIMM was described in detail = ¢' e ° : _
T -05}F — - — perovskite(300 nm)+ fluorite(400

in ref. 8. Briefly, we obtained the pyroelectric current spec- ol R e

trum generated by an semiconductor laser (LASER 2000, !

A=1.55um, P=10 mW) and modulated with frequencies up 15 i : :

to 10 MHz. The pyroelectric current was transformed into a 0 00 1000 1500 2000

voltage by a |-U-converter (HCA-40 M, FEMTO Messtech- Depth (nm)

nik GmbH, Berlin) and amplitude and phase are determined _ _

bv an impedance-phase analvzer (SI1260. Solartron). TheFIg' 3 Recqnstructed from ITIMM megsgremgnts pyroglectrlc_ response
y p p y ( ! ) function profiles of ferroelectric PZT thin films in comparison with a fer-

current spectra were corrected by reference measurementgeectric semiconductor PZT structure. The depth is counted from the film

with an InGaAs photo-diode. The numerical reconstruction surface.

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 Was determined from the series connection of capacitances

the inverse solution of the appropriate Fredholm integral @Sesc~ 17.

equation and a Tikhonov regularization method for stable ~ Fig. 3 compares the pyroelectric coefficient profile of

numerical solutions. perovskite PZT thin films with a thickness of 900 nm and

The ferroelectric sublayer is similar to self-polarized 1800nm, respectively, compared with the profile of 2300 nm
(111) oriented PZT film deposited on platinized silicon Perovskite PZT/400 nm fluorite PZT structure. The algorithm
wafers by reactive sputtering with well known proper- for solving Eq.(1) using the Tikhonov regularisation method
ties81420.27 These films comprise a space charge region is described in detail ifi.
with a thickness of about 240 nm near the bottom electf8de. ~ With increasing thickness, the profile of ferroelectric thin

First, we consider a space charge formed by the mo- films becomes smoother due to a decreasing according to Eq.
bile majority carriers. From a resistivity of our samples of (8) depolarization field. The internal electric field near the
2.5x 10'3Q cm and a hole mobility of 1.2 1078 cn?/V's bottom electrode was estimated for the 1000 nm thick sam-
estimated by the extrapolation of high temperature fata Ple as about % 10° V/em. This explains in part the negative
to room temperature, we obtain a hole density of vValueofr(z)inthiscase. The negative value ofthe pyroelectric
2.1x 10t ecm3. A direct extrapolation of the hole concen- response function in the semiconductor region of the ferro-

—#— perovskite (d= 1800 nm)

tration to room temperature resultsina~5 x 104 cm=3. In electric semiconductor structure is probably an reconstruc-
the latter case, the contribution to the internal electric field is tion artifact. In fact, we have previously shown that smooth
in order of 16 V/cm and may be neglected. profiles were reconstructed using an appropriate thermal mul-
The depolarization field E¢8) is derived from the slope of  tilayermodelwithinan uncertainty of 2-3%in dependence on
the hysteresis curveEddP|gc = 7.6 x 10° cm/F (cpl®Fig. 2). the discretization approad®.On the other hand, the uncer-
This is an upper limit from which the slope of the bulk tainty of the reconstruction of a Dirac-pulse-like polarization
ferroelectric hysteresis loop should be subtraéfe@hus, profile exceeds 90%. Therefore, profiles containing disconti-
the depolarization field i€q < 2.3x 10° V/cm for the con- nuities, for instance at interfaces, are not well reconstructed.

sidered sample of 900 nm thickness which is in the or-

der of the coercive field of the initial self-polarized films

Ec=1.3x 10°V/cm. After a number of hysteresis cycles 4. Conclusions

the coercive field lowers to & 10* V/cm. Following'’ we

have also determined the reciprocal capacitance of the non- In this work, the LIMM problem of a multilayer structure
ferroelectric interface layedi/sjeo=3.8x 10° cm?/F from consisting of layers with ferroelectric polarization, with
the thickness dependence of perovskite PZT films. This both ferroelectric and space charge induced polariza-
value denotes a larger contribution of interface states totion, and with solely space charge induced polarization
film properties compared to annealed films deposited by Was considered. The problem was reduced to the cal-
MOCVD (di/eieg=5 x 10* cm?/F17), CSD deposited films ~ culation of the internal electric field. We have shown
(di/eieo=7.54x 10* cn?/F3Y), and sputtered PZT films with ~ that in the case of a metal-ferroelectric—semiconductor
SrRuQ electrodes di/sicg~ 10° cm?/F3L). The depolar- structure—Pt—ferroelectric PZT (perovskite)-semiconduc-
ization factor is in our cas®=di/sjeod=4.22x 10° cm/F ting PZT (fluorite) the internal electric field is dominated by
in agreement with the value obtained from the hystere- the depolarization field generated by the non-ferroelectric
sis slope. The dielectric constant of the perovskite bulk interface layer at the bottom electrode. New algorithms of
amounts tosfe =400. The value of the fluorite sublayer profiles reconstruction from LIMM data are required for



2368 G. Suchaneck et al. / Journal of the Europeal

specimens containing interfaces, steep polarization gradientsie

and polarization discontinuities.
17
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