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ac transport studies of La-modified antiferroelectric lead zirconate thin films
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In recent times antiferroelectric thin-film material compositions have been identified as one of the most
significant thin films for development of devices such as high charge storage, charge couplers/decouplers, and
high strain microelectromechanical systems. Thus, understanding the dielectric and electrical properties under
an ac signal drive in these antiferroelectric thin-film compositions, such as lead zirconate thin films, and the
effect of donor doping on them is very necessary. For this purpose, thin films of antiferroelectric lead zirconate
and La-modified lead zirconate thin films with mole % concentrations of 0, 3, 5, and 9 have been deposited by
pulsed excimer laser ablation. The dielectric and hysteresis properties have confirmed that with a gradual
increase of the La content, the room-temperature antiferroelectric lead zirconate thin films can be modified into
ferroelectric and paraelectric phases. ac electrical studies revealed that the polaronic related hopping conduc-
tion is responsible for the charge transport phenomenon in these films. With a La contehhudle % in pure
lead zirconate, the conductivity of the films has been reduced and followed by an increase of its conductivity
for a =3% addition of La to lead zirconate thin films. The polaronic activation energies are also found to
follow a similar trend as that of the conductivity.
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I. INTRODUCTION such as polarization switchirlg, charge-carrier mobility?
and breakdown strengtfi-**The interests of a large number

Ferroelectric Pb-based perovskite oxides such as Pof research groups have centered on thin films of ferroelec-
(Zr,_,Ti,) O3 (PZT) exhibit large varieties of structural and tric PZT solid solutions. Tamt al. investigated comprehen-
dielectric properties. Ferroelectric solid solutions are of greasively the effect of LA" and K" on domain structure and
technological importance for a variety of applications suchsubsequent hysteresis properties in ferroelectric PZT
as memory devices,infrared detectord, microelectrome-  Systems?® Klissurka et al. investigated the effect of NDs
chanical system$? and electro-optical devicésMost of the ~ on dielectric and switching properties in PZT thin-film
applications are based on spontaneous polarization switchirgystem:” It has been proposed that in solgel and laser ab-
of the ferroelectric medium by an electric field. On the otherlated PZT thin films, with the greatest uncertainty, polaronic-
hand, the end member of the PZT solid solution is PhzrO hopping  conductivity is  responsible  for  charge
(P2), which is a room-temperature antiferroelectric Compo_transportatiorjr.8 However, because of the small nhumber of
sition and has an orthogonal crystal structufglectric-field- ~ reports on ac conductivity phenomena studied in Pb-based
induced phase switching between ferroelectric and antiferroferroelectric thin films, so far, the nature of the polaronic
electric phases makes this particular class of thin-filmconductivity mechanisms remained unclear. Earlier attempts
compositions very attractive for the development of highhave been made to explain transport phenomena in perov-
charge storage devicds and microelectromechanical Skite BaTiQ ceramic from the polaronic point of vietd.
systems:'° From a technological point of view, understand-  In addition to the studies on ferroelectric thin films, there
ing the transport properties in pure and modified antiferroiS @ need for the parallel growth of research into the electrical
electric thin-film compositions will endeavor to convey their properties of antiferroelectridAFE) thin films. At the
physical significance in a concise way. Modification of local- present time, a large collection of reliable experimental data
ized states in microscopic levels reflects in various macroof the processing of these AFE thin films has been made
scopic properties of solids, such as electric and optical propavailable by many research grouf¥s>* The results of
erties. Consequently, one of the most important problems iRresent investigations have shown that the incorporation of
the dielectric thin films is to find the relation between thedopant can have a remarkable beneficial effect in controlling
microscopic nature of the charge transport phenomenon arifie dielectric and electrical properties in antiferroelectric PZ
the macroscopic properties of solids. Thus, understanding tH&in films.
high-sensitivity properties such as polarization, dielectric re-

Iaxatilon, and charge tranqurt_ mechanisms i_n these oxide Il EXPERIMENTAL DETAILS
thin films can lead to the optimization of functional proper-
ties through the appropriate choice of materials. Ceramic targets of pure and La-modified lead zirconate

For microelectronic device applications, various dopant§PLZ) were prepared via a conventional solid-state synthesis
have been used in highlighting specific properties. As a resulinethod. Dense ceramic targets of 0, 3, 5, and 9 moldéé
of doping, the electrical properties change drastically alonghoted as PLZ-0, PLZ-3, PLZ-5, and PLZ-9, respectiyely
with the lattice structure of the host material. It has beerwere prepared according to the chemical formula
shown that donor dopings such as’taand N&* with Pb-  Pb,_; 5La,ZrO;. An excess of 10% PbO was taken in the
based oxide thin films have a significant effect on propertieseramic target in order to avoid volatilization of PbO during
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FIG. 1. X-ray-diffraction patterns ofi) PLZ-O0, (ii) PLZ-3, (ii) FIG. 2. Polarization hysteresis measurements in the thin films of
PLZ-5, and(iv) PLZ-9 thin films. (a) PLZ-0, (b) PLZ-3, (c) PLZ-5, and(d) PLZ-9.

N . . . Ill. RESULTS AND DISCUSSION
the thin-film processing. Details of the target and the thin-

film processing procedure could be found elsewi2fEhin
films of various La contents in PZ were deposited on Pt- | ead zirconate is a room-temperature antiferroelectric
coated Si substrates at a substrate temperature of 550 °C wigamposition with the phase-transition temperature of
an oxygen partial pressure of 10—100 mTorr. Physical char~232 °C The role of L&" substitution in PZ thin films has
acterizations, such as x-ray diffracti¢8cintag 2000, CiK,  shown significant change in the polarization hysteresis and
radiation and energy dispersive x-ray analysis, were em-phase transformation characteristics. TReE hysteresis
ployed for the identification of the perovskite phase forma-measurements are shown in Fig. 2 for PLZ-0, PLZ-3, PLZ-5,
tion and compositional analysis, respectively. The complexand PLZ-9, respectively. The presence of double hysteresis
dielectric permittivity and ac electrical properties were mea-n pure PZ(PLZ-0) confirmed the field-induced antiferro-
sured using an automated Keithley LCZ 3330 meter with arelectric phase transition. The gradual vanishing of double
alternating oscillation level of 50 mV over a temperaturehysteresis behavior followed by a ferroelectric single hyster-
range of 50—300°C in a frequency range of 0.1-100 kHz.e5'35 loop a}nd. requctlon of the maximum p.olarlz_at|o_n with
Polarizations vs applied electric-field hysteresis measuré-& substitution in PZ suggests that domain switching has
ments were done using a ferroelectric test systBadiant become easier with the same electric-field strength. On dop-

; ; ; i ith La the majority of the aliovalent La ions are known
Technologies RT-66A The x-ray-diffraction patterns of pure N9 Wit maj . S ;
and La-modified lead zirconate thin films are shown in Fig.t0 go onto the A’ sites, replacing Pb catior®:* The addi-

1. Thin films of PLZ-0 have shown polycrystalline structure, tion (.)f La to lead zirconate _red_uced the d|electr|c_ phase-
o . . ! transition temperature, changing it from a ferroelectric phase
whereas with increase of La content in lead zirconate thi

films, the films have shown a high orientation along theqo a paraelectric phase as shown in Fig. 3. Th(_e transition
’ : L temperature shifted towards lower temperature with increas-
pseudocubi¢11]) direction. . ing La>* concentration, and for PLZ-9 thin films, the dielec-
The Raman measurements were performed using an ISgy. shase transition is found at almost room temperature.
T64000 triple monochromator. An optical microscope with However, on increasing the B4 content in the films, the
an 8(x objective was used to focus the 514.5-nm line of aneignt of the dielectric maximum decreased gradually. Shift-
Coherent Innova 99 Ar laser on the sample. The same mi- ing the transition temperature towards a lower value with the
croscope objective collected the backscattered radiation. Theqdition of La to pure PZ thin films can be attributed to
scattered light, dispersed by the spectrophotometer, was dgoftening of the ferroelectric phase, i.e., the orthorhombic
tected by a charge-coupled device detection system. Thentiferroelectric phase to a cubic paraelectric phase through a
spectral resolution of the Raman system was less than tktragonal ferroelectric phase. According to lattice dynamics
cm~ L. A microscope compatible heater from Leitz Welzlar by Cowley, the dielectric properties and phase transitions in
was used for temperature-dependent Raman measuremefZ are governed by four modé&,i.e., antiferroelectric
in the range 24—400 °C. modes> ; with vectorsq (3,3,0)m/a andM/ q (1,1,0)r/a,

Dielectric and polarization hysteresis properties
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ferent microscopic heterogeneities in Pb and O vacancies

450 L PLZ-3 PLZ-0 will definitely decide the divergence of various macroscopic
properties.

Ferroelectricity results from condensing a transverse

400 PLZ.5 optical-phonon mode at the center of the Brillouin zone, re-

sulting from long-range Coulombic interactions between
atomic dipole moments, whereas antiferroelectricity results
350 |- from condensing a transverse optical phonon at the boundary
of the Brillouin zone, resulting from nearest-neighbor inter-
actions between dipole moments. La modification of PZ may
300 - not have an intrinsic effect of stabilizing the antiferroelectric
state. Rather it might enhance the competition between the
short- and long-range dipolar interactions. From the present
set of results it is clear that the addition of¥‘aintroduces
! ! - ! the lattice defects, such as cation and anion vacancies, reduc-

0 S0 100 150 200 250 ing the size of the cell volume, and it might suppress anti-
ferroelectricityvia reducing shorter-range columbic interac-
tions. Earlier, Dai, Xu, and Viehlat have explained that

FIG. 3. Dielectric phase transition in La-modified lead zirconateLa “impurities” could induce competing antiferroelectric
thin films. (i) PLZ-0, (i) PLZ-3, (iii) PLZ-5, and(iv) PLZ-9, re-  and ferroelectric ordering due to the disruption of long-range
spectively. dipolar interactions. Because of this, the components of
spontaneous polarization on theb plane may align antipar-

a ferroelectric modd ;s with a vector at the center of Bril- allel due to strong short-range antiferroele%torigcl couplings and
louin zoneq (0,0,0)7/a, and al',s with q (1,1,1)7/a at the along thec axis pgrpendlcular to tmp plane’™ The spon-
R corner of the Brillouin zone. Out of these, the major anti-taneous polarization by a ferroelectric mode exists, and is not

ferroelectric and ferroelectric modes &g andT';5, and the ~ Significantly affected by the AFE couplings in theb plane.
respective mode equations are Very recent studies on barium-modified lead zirconate ce-

ramics have shown a reduction ©f with an increase of the
) Ba contenf? These dielectric phase-transition studies are
we(q=0)=K(T-To), (1) found concurrent with the reduction of tetragonality with an
increase in the La content.

Raman spectroscopy results of these films favor the bulk
nature of the phenomena involved in the dielectric phase
transition. Raman-scattering results show that the La dopant
whereT , is the transition temperature to the antiferroelectricinfluences strongly the lattice dynamics. At room tempera-
phase and g is the Curie-Weiss temperature. ture PbZrQ (P2) has an orthorhombic structure belonging to

The antiferroelectric mode 5 is controlled by all the the space groubgh.33 Raman spectra from single-crystal PZ
atomic displacements in specific directions, whereas théave shown certain external modes in the low-frequency re-
ferroelectric phase is governed by the displacements of thgion (¥<<100cm!) related to Pb lattice modé$. The
oxygen atoms in the direction of theaxis. Thus, placing temperature-dependent Raman spectra of PLZ-0 films are
aliovalent atoms in PZ4such as La on the Pb site, in the shown in Fig. 4.
present cagdeads to formation of defects, which will further A sharp mode at about 136 cthsoftens noticeably with
influence the vibrational frequencies of both the ferroelectriancreasing temperature. The decreasing mode intensity with
and the antiferroelectric modes, particularly with the influ-increasing temperature in the pure lead zirconate thin films
ence of oxygen vacancies. Dai, Xu, and Viehf&rmbserved reflects a phase transition. This mode has been associated
an earlier hardening of the ferroelectiEE)?® mode with ~ with the antiferroelectric(orthorhombig to ferroelectric
La-modified lead zirconate ceramics with the chemical for-(rhombohedral phase transition at 234°C in PZ single
mula PQ_,LaZr, 403, i.e., under stoichiometric condi- crystals® and PbZggelipoO; ceramics® The low-
tions. On the other hand Pb and O vacancies have an oppfrequency ¢<100cm ') PZ modes are very sensitive to
site effect on the vibrational frequency of the FE mode, i.e.the temperature and reflect a ferroelectric rhombohedral to
they cause a “hardening” of 15, leading to a lowering of paraelectric cubic phase at about 245 °C in bulk mat&ti.
paraelectric to ferroelectric phase-transition temperatures. lfhese modes were not resolved in Raman spectra of the
the present case with the chemical composition ofpresent set of La-modified PZ films due to the quasielastic
Pb;, 1 5La,ZrO;, the controlled formation of Pb and O va- scattering. The changes near the rhombohedral to cubic
cancies also causes changes in the vibrational frequency phase-transition temperature, therefore, are not distinct in the
the AFE mode3 ;. From the present set of analyses, thefilm spectra. Kojima and Dori§ explained the presence of
antiferroelectric mod& 5 is “hardening,” which favors low-  high-frequency Raman modéasbove the transition tempera-
ering of the antiferroelectric to ferroelectric phase-transitionture) of PbZp, o5Tip =05 ceramics in terms of defects and
temperature. Hence, it can be asserted that samples with difbcal distortions near the grain boundaries. The micro-Raman

PLZ-9

Dielectric constant

250

Temperature (°C)

wa(q#0)=K'(T—Tp), 2
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material were not observed in these films. Additionally, weak
and broad bands appear in the high-frequency region. This is
due to the lower scattering volume and film substrate inter-
actions in the present films. The investigation of these
phases’ coexistence by Raman-scattering measurements indi-

cated that the transition temperatures decreases as the lantha-
0 50 100 150 200 . . . .

Temperature ('C) num content increases, indicating that the character of the
transitions becomes more diffuse with increasing lanthanum
concentrations. Earlier, coexistence of antiferroelectric,
ferroelectric, and paraelectric phases in La-modified PZT
bulk ceramics was reported by Pasto and CondYafhe
existence of two phase transitions and the intermediate ferro-
electric phase between the antiferroelectric and paraelectric
phases in PZ have been evidenced from x-ray-diffraction and
neutron-scattering investigatioffs>® Light scattering in
single-crystal PZ was studied in the vicinity of the interme-
diate phasé’ However, no such information of phase transi-
tions exists for thin films of PZ and La-modified PZ thin
films. Thus, from the dielectric, hysteresis, and micro-Raman
. ) ) \ ) ) studies it is clear that the addition of La to orthorhombic
0 100 200 200 400 500 600 PLZ-0 thin films transforms from a tetragonal to cubic struc-

. 1 ture (with 9 mole % of La gradually.
Raman Shift (cm )

Frequency (cm")

Intensity (arb. units)

ac electrical properties
FIG. 4. Micro-Raman spectra of pure Rie., PLZ-0Q at various

ambient temperatures. The variation of the ac conductivity with frequency at

different temperatures is shown in Fig. 6. The conductivity

results therefore, confirm the intermediate ferroelectric phas as increased monotonically with frequency in the measured
fequency range from 0.1-100 kHz. A feature common to ac

as observed from polarization measurements in these films.
No high-frequency Raman band was detected above 250 °
in our films, which indicates a microlevel homogeneity of
the material. The temperature-dependent micro-Raman re-
sults, therefore, confirm the intermediate ferroelectric phase

as observed from polarization measurements. In the higi]-t has been observed that the parametfit: the frequency

frequ_ency region, mternallmodes relatgd to certain poly-d pendence of conductivity is related to doping and stoichi-
atomic groups of the material appeared in the spectra. BaseO etry of thin films. The exponentS’ is estimated as the

ggeséngigg’ast?é V\\//v(i)trrl:,zt:‘-%bt?gr?jir?t zt?fé abr;dndzgza fgg\ée 33 lope of logo(w) vs logw and it is found that S’ increases

and 344 cm® have been assigne?j, to ZyQorsions ar{d vith decreasing temperature as shown in Fig. 7. It may be

those at 501 and 532 crhare due to the Zr-O stretc'hir?é noted that the varied nature of the parametf with dif-

Fi 5 sh th i i R i 'f i ferent mole % of La concentrations in PZ thin films indicates
igure 5 shows the room-temperature Raman spectra of gy, o 5 proad distribution of relaxation tinf&sr multiple

pregentths?thof Ls-modlged Pi .f”ms'RThe Iow-fretquer;%y ite polaronic hopping* Values of “S’ less than unity are
modes that have been observed in the Raman spectra o sociated with charge carriers or with “extrinsic” dipoles

arising from the presence of defects or impurities. The values
of “ S’ have shown a decreasing trend with rising tempera-
ture, indicating the interaction between the different charged
species decreases as the lattice scales down. The overall
trend of ac conductivity characteristics with frequency in
Fig. 6 represents a “universal” power laMig. (3)], which is
based on rigorous many-body dielectric interactithRe-
sults of ac measurements have begun to appear relating to all
manner of materials, and the type of frequency dependence
given by the above equation virtually became the hallmark of
La-0% hopping conduction® The difference in the macroscopic
0 250 500 750 1000 properties between films mainly originates from the differ-
ence in the microscopic nature of the charge carriers in each
film. It mainly comes from the outermost free-charge carriers
FIG. 5. Micro-Raman spectra of La-modified PZ thin films at and/or trapped charge carriers. The similarity of the response
room temperature. corresponding to very different La concentrations could be

tc‘pnductivity is a frequency-dependent conductivity that in-
Creases approximately linearly with frequency as

o(w)=Aw® (0<S<1). 3

Intensity (arb.units)

Wave Number (cm”)
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FIG. 7. Variation of exponentS’ with temperature at 100 kHz
in La-modified lead zirconate thin films.
~~
§ B oyttt higher than the dc conductivity and increases with increasing
- 10°r  PLZ-5 ﬁ,:quffi:::‘““ carriers within the impurity band between occupied and un-
E 10° !f!f!AlM"::....’/::-!ﬂ—so“c occupied donor sites. The ac conductivity of the thin films
2 R S ...-—/:__ " —_:wo:c can arise from both bound as well as free-charge carriers. For
ORLE S iallioeth instance, if free carriers in nonlocalized states carry the cur-
® b " —e—-250°C rent, the conductivity at frequenay is given by
10° 10° 10* 10°
Frequency (Hz) 1

U(w):O‘dcma (4)

where 7 is the relaxation time. According to the above ex-
pression[Eq. (4)], the frequency response of free carriers
diminishes with a rise in frequenay. In the present contest,

7 ’ : the increase of ac conductivity indicates that the charge
10°} e transportation must be related to the hopping of bound car-

o(0) (ohm'l. cm'l)

10° . . —v—250°C riers trapped in the sample. Such bound charge carriers on
107 10° 10° 10° the different lattices can be considered as polaférivo
major physical models have been developed to account for
Frequency (Hz) sublinear frequency-dependent conductivity:
(i) In quantum-mechanical tunnelif®MT),** a phonon-

FIG. 6. ac conductivity vs frequency response in La-modified

lead zirconate thin films assisted tunneling of charge carriers between spatially local-

ized states occurs. The energy difference between states will
) _ ) be supplied by the phonon and for purposes of discussion
due to the interactions among many bodies, such as chargeghe can view this process as tunneling through the potential
species, regardless of whether they are electrons, i0ns, gz rier separating the localized states. Following the QMT of

poles, or defects. In hopping conduction, localized charg@narge transport th8and absolute temperature are related to
carriers at each atomic site jump to another site by thermal

energy from time to time. In this case, each jump of a charge ds 4w, 1

carrier is considered to occur completely at random, without = (5)
i - i dT 2KT* [ (v Wp || %

any correlation between one jump and the next. An electric nl el P

field, however, affects the probability of jumps such that car- 1) 2KT

riers move on average, along the fiétdarrhenius plots of

total conductivity vs 1000/ for different La contents of PZ Equation(5) predicts an increase @& with increasing tem-

thin films are shown in Fig. 8. It can be seen that the respemerature. However, in the present case, as well as in earlier

tive dc activation energies for 3 mole % La-contained filmsstudies, a decrease & with increasing temperature was

have shown the highest activation energy over all other comebserved® Attempts to use the QMT model have given a

positions that have been considered here. value ofSthat is closer to 0.8 and suggests an unreasonably
At lower frequencies the ac conductivity is considerablyhigh value of phonon frequency, ¥0Hz, with a measuring
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mated from the frequency exponerng™as

,.E 10! 00 kHz
S .l %"ﬁ:ﬁ" - 6kT
£ "l S=1- T @)
< 200 g Wy —kTIn
o E, =0.54 oV wTo
5 2% 25 30 s
1000/T (K" and
‘TE -1% 62
LEQ 15t 100 kHz R,= ) (8
s 20 o mege| Wy —KTIn —)
1 kHz
% -25¢ E%MM kHz W7o
b) E.=0733%6¢ de ) o ) ) o
5 -30-(, ) , , , , where 75 is the characteristic relaxation time that is in the
15 20 25 30 35 order of atomic vibrations with periodicity of 103 Hz. The
1000/T (K™) parameteMV,, appearing in Eq(6) is the maximum energy
< -10 ook required for the hopping of charge species. From the above
§_ -151L ok expressions it is clear thatS' is predicted to be both fre-
_g 20! 1kHz quency and temperature dependent, and it can be seen that, at
3 _25_(M 04 khHz least for moderate temperature rangeS, ihcreases with
‘é’ E, = 0.4837 &V increasing frequency and decreases with temperature. For
3 305533 35 W,,>KT the lowest bound to the hopping distarRg is
1000/T (K"
~ 5 5 4e? 9
§ 10/ ©" meoeWy | ©
£
L '15' 100 kHz
and
T 20, () g
° 0.1 kHz
5 -25p  E=oana” 3o 6kT
15 20 25 30 35 —S=wo (10
M

1000/T (K"
The lower bound valu®,,;, (cutoff) to the hopping distance
FIG. 8. Arrhenius plots of ac and dc conductivity measurementsR,, is given by
(i) PLZ-0, (i) PLZ-3, (iii) PLZ-5, and(iv) PLZ-9 thin films, respec-
tively. 2e?

T e eWpy'’ (D

Rmin
frequency of 18 Hz. Thus, the single phonon-assisted hop-
ping theory of Pollak and G_ebe‘f_Feeprams quite well the  \yhich is necessary to preclude unphysical negative values of
ac conductivity observed in slightly compensated dopegpe hopping energyV,, . Using the experimental$’ values
crystalline semiconductors. One must conclude that the ex5; 100 kHz and using Eq3) the values ofW,, were esti-
tension of this theory to cover materials such as oxide thin,sied as a function of temperature using Ed) as shown
films is inadequate. in Fig. 9.

(i) In the co_rr_elated barrier hopp_ing <_:ondu_ction mé@el Figure 10 shows the temperature dependend® gf [es-
the ac conductivity and charge carriers in which the Charg‘ﬁmated from Eq(11)] of various L&*-concentrated PZ thin
transport between localized states mainly occur due to hogg s The activation energy showed a maximum with a
ping over the pott_ential barrier sepgrating the sites. Theninimum of correspondin®,;, for PLZ-3 thin films, which
many-body interactions between carriers postulate the COIg;yicates once again the correlation between the activation
lation in terms of a very low probability of two sites 0CCU- gnarqy and the cutoff hopping distance; i.e., the higher the
pied simultaneously, and may be accounted for by Coulomy 5 ranic coupling with the lattice, the lower the hopping
bic repulsion with polaron binding energly, . The basic  istance. Pramanik, Butchier, and Gbshowed that by us-
assumption is charge transfer by thermal activation over thg, eytended pair approximation and percolation conditions
barrier between two sites, each having a columbic wellg,e critical percolation radiusRp) in three dimensions is
overlap, resulting in a lowering of the effective barfiy, to given by
the valueW, which for the case of a single charge transition
is given by

Rp:

1/3

TEoE The corresponding activation energy for the dc conductivity

Assuming the defect centers are distributed randomly iW(Rp) is simply the averaged value of the small barrier
space, the activation energy and hopping distances are estieights separated by the critical percolation radgs
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o4l A
; FIG. 11. The variation ofM(Rp) and Rp as a function of La
y L 1 T T content in PbZr@ thin films.
0 2 4 6 8 1(
La (%mole) conduction requires migration between the long-range poten-
tial wells while ac conduction particularly at low tempera-
FIG. 9. Hopping energy as a function of La content in Pbzro tures can occur through carrier motion over a shorter range,
thin films. that being a power law of frequenty.This suggests that
though the trap site energy is constant, the hopping energy is
262 mainly determined by the La content in the films, which
W(Rp) =Wy — ————, (13 means that defect chemistry plays a major role in these films.
meeoRp Adopting Kroger-Vinks notation for the defect chemistry

of ionic defects, when oxygen is absorbed into the lattice
guring processing of films, two holes will be generated. The
addition of LgO5 to PZ affects the volatility of PbO from

the films and increases with increasing La doping. The
d La,O5 doping effect can be considered in Pb-based thin films

4 between the two casé® and(ii) as follows®0:5?

where N is the defect concentration in the PLZ films with
different concentrations of La content. For the present cas
the value ofN has been considered to bel0'%cc, from our
earlier studies on dc electrical properties of these fffns.
The variation ofW(Rp) andRp is shown in Fig. 11 an
the difference inrRp and R, clearly proves that the ac an
dc conductivities in La-modified antiferroelectric PZ thin
films are not due to the same mechanisms. This suggests that
the ac conduction mechanism is mainly determined by the
presence of defect concentration, and coupling between the
neighboring polarons. Analysis of dc and ac conductivity us-
ing the aforementioned set of expressions suggests that dc La,Oz+ S(Pkﬁ;z+)x=2(La2g2+)'+(Vpbz+)”+3PbO.

La,O5+2(PH 5 )"+ (Va- )"

2(Ladh:) + (0%, )*+2PbO, (14

(15
18 ) .
Eap— In_ the former case, the oxygen vacancies will be reduce_d
16} | _o_3%La with La occupation on the Pb site, leading to a decrease in
—A—5%La p-type concentration there by improving the resistivity of the
14 [ 9%!la material. For higher L% concentration, two La ions would
_— I replace three Pb ions creating a doubly negatively charged
°< 121 vacant Pb site. In this case, a greater number of holes can be
"‘: 1.0 | trapped and excess charge carrier onigle)' can partici-
E I pate in conduction or it can form a complex with an ionized
K sl Pb vacancy. In reality, both the defect schemes show their
] influence due to localized evaporation of PbO from the Pb-
0.6 | based thin films during processing. Thus, for larger La dop-
I ing, elimination of PbO content is more pronounced, and
0.4 b hence, a lower level 134 substitution might lead to compen-
0 100 150 200 250 sation of oxygen vacancies initially up to a certain concen-
. tration and could enhance the resistivity of the fiffns? A
Temperature (C) further increase in the 23 content could increase the con-

tribution of charge traps from cationic vacancies. Thus, a

FIG. 10. Minimum hopping distance as a function of tempera-gradual increase followed by a fall of activation energy be-
ture in La-modified PbZr@thin films. yond 3 mole % of the addition of La could be visualized in
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terms of strong polaronic coupling between the charged catric phases. ac electrical characterizations on La-modified
riers and the charge defects, i.e., they suffer an appreciablead zirconate thin films have shown that a polaronic related
charge-carrier-latticphonon interaction. Similar is the case charge-hopping mechanism is responsible for charge-carrier
of the reduction of the hopping distance up to 3 mole % oftransportation in these films. Hopping and dc activation en-
the addition of L&", and beyondx>3%, the weak po- ergies are found to be maximum for films with 3% La, with
laronic energies might be responsible for an increase in hop minimum hopping distance. Such a behavior could be at-
ping distances in La-modified lead zirconate thin films. Thetributed to either the formation of defect complexes or some
improvement in controlling the leakage current with incorpo-sort of charge-carrier compensation phenomenon at a micro-
ration of 3 mole % of LA™ in PZ thin films from the present scopic level of the films.
analysis is consistent with our earlier dc electrical studies of
La®>*-modified lead zirconate thin films and some other Pb- ACKNOWLEDGMENTS
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