HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS®7, 034102(2005

Giant dielectric permittivity of electron-doped manganite thin films,
Ca;_,La,MnO5; (0=x=<0.03)
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A giant low-frequency, in-plane dielectric constané~10°, for epitaxial thin films of
Ca,,LaMnO; (x=<0.03 was observed over a broad temperature range 4Tk 300 K. This
phenomenon is attributed to an internal barrier-layer capaciRirC) structure, with Schottky
contacts between semiconducting grains. The room-temperatumereases substantially with
electron(La) doping, consistent with a simple model for IBLCs. The measured valueerteed
those of conventional two-phase IBLC materials based B, S)TiO; as well as on recently
discovered CaGTi,04, and(Li,Ti)-doped NiO. ©2005 American Institute of Physics

[DOI: 10.1063/1.1834976

I. INTRODUCTION 3.00£0.01. Thin films were grown by pulsed laser deposition

High-permittivity dielectric materials play an important using a 248-nm KrF excimer laser, with an energy density of
gn-p y play P ~0.8—1.2 J/crfy pulse repetition rate of 10 Hz, and target-

role in electroceramic devices such as capacitors and memo-

. . L . Substrate distance, 4 cm. The films were deposited on
ries. Recent reports of giant permittivity have directed ! . . .
considerable attention to several new material systemg"aAIO3 (LAO) substrates of100] orientation, with substrate

nonferroelectric CaCﬂi4012,l percolative BaTi@—Ni temperature of 750 °C, and oxygen pressure of 200 mTorr.

composite§, and (Li,Ti)-doped NiO® Of particular interest Following the depositions, the chamber was filled to 700-

for applications is the weakly temperature-dependent permitTOrr oxygen, held at 500 °C for 30 min, and subsequently

tivity of these materials near room temperature. The enorge0led to room temperature. Fim = thicknesses were

mous dielectric constant of these materials; 10°, appears 750_170 nm. X-ray diffractipr@XRD) ingicated thg epitax.—
| growth of the pseudocubic perovskite for all films, with

to be' a consequence of an internal barrier-layer capa(:itc:_l;i ; .
(IBLC) structure, composed of insulating layers betwee attice parameteq=3.72 A for CaMnQ. The full widths at

semiconducting grains. IBLCs with effective~10° based halt maximum of the(200) film reflections were typically
on (BaS)TiOs are well knowr? but their usefulness is lim- 0.4°. Scanning electron microscopy indicated an average

ited by a strong frequency and temperature dependence gfain size of 0.5-Jum.

their dielectric constant. Thus the newly discovered materials MPedance measurements were performed with a
suggest that increases invalues and/or simplification of HeWlett-Packard model 42638 LCR meter in the frequency
processing could yleld new and useful IBLC materials. range 100 Hz—-100 kHz. A model HP16034E test fixture was

Here we report on giant values of the effective die-Used at room temperature, and a coaxial-lead, four-terminal

lectric constant, e~10°, observed at low frequencies pair arrangement in a cryostat for low temperatures. Silver
(f<100 kH2 for thin films of the electron-doped manganite, Paint electrodes, annealed at 300 °C, were applied on oppos-
Ca,_,LaMnO; (0<x=<0.03. The large and weakly- and N9 edges of the specimens so that t_he ac voI(@gé\( for
f-dependente near room temperature is attributed to an@ll measuremenisvas applied in the film plane. In this con-
IBLC microstructure, comprising a network of depletion lay- figuration, the film and substrate capacitances are additive;
ers between semiconducting grairsis enhanced by elec- the equivalent circuit for contacts, film, and substrate is

tron doping via La substitution for Ca or oxygen reduction. shown in the inset of Fig. 1. A contact capacitance can lead
to apparently large valuéof e and thus great care is re-

quired to distinguish the true response of the sample. To
II. EXPERIMENTAL METHODS address this issue, contact contributions to the impedance

Polycrystalline targets of GalLa,MnO; (x<0.03 were  Wwere eliminated at room temperature for some films by mea-
prepared by solid-state reaction as described previuslysuring the length dependence of the impedarifign
X-ray powder diffraction revealed no secondary phases an#Substratg Z=R+jX, on a series of films deposited simul-
iodometric titration, to measure the average Mn valance, infaneously onto precut substrates of different lengdthSince
dicated an oxygen content for all targets within the rangeéhe contact capacitance and resistance should be independent
of |, the measured reactance and resistance should be linear

?Electronic mail: cohn@physics.miami.edu in 1, X=X~ 4l and2 R=R0+B . respectlyely. Xp= ol
Ppresent address: Physics Department, University of Pennsylvania, Phila wR<2:(_:C/[1+(wRCCC) Jisa ConSta_-m determined by a small

delphia, PA. serial inductancd, (also assumed mdependenﬂ}ﬁ and the
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FIG. 1. (a) X(I) and (b) R(I) for a 170-nm CaMn@/ LAO film at room =
temperature. The inset shows the contact configuration and equivalent
circuit. 10° ¢
capacitive reactance of the contacts. These relations are fol
lowed well by the raw dat@Fig. 1). The dielectric constant
of the film was computed as 107!

0 50 100 150 200 250 300
€ = l B —€ ASUb (1)
oA BB A T (K)

where w=27f is the angular frequency of the applied volt- FIG. 2. (8 &T) and (b) tan&T) at three frequencies for a 170-nm
age,As (Agyp is the film (substratg contact area, anel,is CaMnG;/LAO film. The solid curves in(a) are for bulk CaMnQ at the

. . . ame frequencies. The inset (@) showse(f) at room temperature for a
the_ Slfletrate dl,elecmc constant. The latter, determme.d fro econd piece of the same film. The insethin shows Arrhenius behavior of
a similar analysis oZ(l) for blank substrates, wag,,;=24 in  relaxation times determined from peaks in for both pieces of the film
good agreement with published vaIL?eSIncertainty in and corresponding average activation energies.

determined from Eq(l), arising principally from the scatter . 6
in the data, was typically +20%. The values fer deter- further enhances, especially at lowT.” e could be deter-

mined from the length dependence analysis were consistenfp'ned fe"ab'i’f.o.”'y laﬂl's 1000K1 ghere thedcapa%tl\ée rearl]c-
larger than those determined from direct measurements, i ance was sufficiently large=0.1()). e was described as the

dicating a predominance of the inductive reactance over thg"" of a constant _term~25—5(_) (the high-frgquency and
capacitive reactance of the conta¢t®., X,>0). The &(T) lattice termg and a dipolar contribution associated with hop-

data presented below from the direct measurements thus uR""9 charge carrierS. Th_e latter gives rise to steps W1

derestimate the true magnitude. The uncertainty for the which oceur at Iqweﬂ' with o_Iecreasmg fre_qgen_cy, as shown

direct measurements near room temperataere Cy for CaMnQ; in Fig. 2a) (solid curves. This indicates a re-

> Cy,p is given by that of the film thicknes&10%). At the laxation process associated with thermal activation of local-
Su )

lowest temperatures, whe@ < C,,,, the uncertainty ire is ized charge carriers, c.haracterized_by a relaxation time,
+50%, largely due to a +5% uncertainty @, For all =70 exp(U/kgT). Analyzing the maxima inde/dT (corre-

measurements, the impedance was independent of ac volta 80”01'1{‘9 to wr=1) we find U=103 meV and 7=7.5
(50 mV—1 V) and applied dc biag—2 V) 10 s. These parameters are typical of polaronic relax-

ation in LaMnG; (Ref. 11 and other perovskité§. For com-
parison, U=54 meV, 7,=8.4x10°s were reported for
single-crystal CaCyTi, Oy, and U=313 meV, 7,=8.5

The impedance of the target materials was measured ix 1023 s for (Li, Ti)-doped NiO® Relevant to the subsequent
separate experiments. CaMp@ an antiferromagneti€Ty  discussion of films, it was found that increasing the electron
~125 K) semiconductor with a small electron density asso-density, either through oxygen reduction or La doping, re-
ciated with native defects, particularly oxygen vacanciessulted in a decreag@creasgin U(7). Further details of the
that yield a substantial room-temperature conductivity, measurements on the polycrystalline bulk materials will be
~1000Q"m™% Electron doping via La substitution for Ca presented elsewhet&.

Ill. RESULTS AND DISCUSSION
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Figure 2a) showse(T) at three frequencieg<20 kH2)

for a 170-nm film of CaMn@. The inset shows(f) at room
temperature for a second piece of the same film measured ¢
100 kHz. At low temperaturess has a magnitude compa-
rable to the bulk material and small steps occur at tempera
tures similar to those at which the bulk material exhibits
dipolar relaxation. With increasing temperature a second dis-
persive step is observed near 200 K, witmcreasing by an ~ © 10° ¢
order of magnitude. FOF > 200 K, e~ 3—-4x 10* with weak
temperature and frequency dependencies. Both stepapn
pear as maxima in the dielectric logand, Fig. 2b)]. The
appearance of the high-temperature step is typical of the
IBLC materials where insulating barriers separate semicon- 10* |
ducting grain interiors. Such a system can be modeled as twt
RCcircuits in a series, one for the grain interiors and one for
the grain-boundary respon@é’.he grain-boundanRC time 102 ¢
constant=Ry,Cyy,, gives rise to a second relaxation process
that is thermally activated via the behaviorRyf, From the
temperatures of the maxima in tanmeasured for two pieces
of this film we computdinset, Fig. 2b)] the average values
for activation energiesU=45+6[81+2] meV and m,
=(1.6+1.2 X10°s [(9.4+3.5x 107° s] for the grain inte-
rior (grain-boundary relaxations. The values dfl and 7,
inferred for the grain interiors are significantly smaller and
larger, respectively, than the corresponding values deter
mined for the targets. This indicates that the grains of the
film are more oxygen deficient, and suggests that oxygen is 109 ¢
lost during deposition. Consistent with this conclusion, the

106 5

001
g 10}

films have* Ty=~200 K in accord with magnetic measure- 0 50 100 150 200 250 300
ments on oxygen deficient, bulk CaMpQ.*®
Figure 3 showse(T) and tans(T) for a 55-nm film T (K)

grown from a CglagoMnO; target. The qualitative fea- FIG. 3. (a) &T) and (b) tan&(T) at several frequencies for a 55-nm

tures of the data for the as-prepared speci@en sym-  cg 1 a, MnO,/LAO film, as-preparedopen symbolsand “aged” for
bols) are similar to that of the CaMn{film except thate is three months in air at room temperatuodosed symbols

substantially larger~6x 10° at 300 K and the lower tem-

perature step iI’E.iS absent. The higher cerrier density of the = ee,Al 2%o, WhereA is the area of contact between graies,
La-doped material suppresses the carrier freeze-out resPoiX- the bulk semiconductor dielectric constaxg=Q, /2N, is

sible for the lowd relaxation to temperatures below our ye genetion layer width on either side of the grain boundary

measurement rand_é.A greater dc con_ductivity is respon- (assumed symmetnicandN, is the donor density in the bulk
sible for the sharp increase of tamt higher temperatures. semiconducting grains. Since the grain diameeis typi-

The grain-boundary relaxation is evident as weak maxima OEaIIy >, the “brickwork” mode? can be applied to the

Elateaus in tarf. Analysfiis of the relaxation yieldsJ array of grains, such that the effective dielectric constant is
=32 meV andr=1.1x10"s. given approximately ag;qq~ (D/2X,)e=€eDNy/ Q..

After sitting in amb|en_t condlltlons for three monttesat With increased electrofLa) doping, e for the films in-
300 K for the same specimesolid symbol$ decreased by creases considerabi(¥ig. 4). These data allow for a test of

~20% —30%, but ta@ had decreased dramatically by more o gjmpje model above. Reasonably assuming that the oxy-

than four orders of magnitude at 1 kHz and nearly two 0r-ya, yacancy concentratidgy) for the films is independent of

ders of magnit_uele at 100 kl Fig. 3)'_ AL lower tempera- X, we compute the slopége/ dx, by making the substitution
tures, tars exhibits well-defined maxima, and below these Nﬁ=(x+2y)/Vf
ur

maxima matches the data in the as-prepared state. Thus muc

of the loss near room temperature in the as-prepared films is dey €D

associated with dc conduction that is substantially sup- gy = QVy,’ (2)
pressed with “aging.”

As for other IBLCs composed of compound semicon-whereVy,=51 A2 is the volume per formula untt. The line
ductors, our data can be understood by considering the filmis Fig. 4 yieldsde.;/dx~2x 10’. Using e~ 10® (Fig. 2 and
to be random arrays of close-packed, electrically active semiRef. 14 and D=0.5um (from scanning electron micros-
conducting grains. Boundaries between grains contain an irecopy), we compute an interface charge density @f&=5
terface chargeQ;, and are adequately described as doublex 107 m™2. This value is typical of those found for a variety
Schottky barrier® (DSB) with capacitance, Cpsg  Of compound semiconductot$. That € IS approximately
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8 depletion-layer width at grain-boundary contacts and a
Ca, La MnO,/LAO nearly doping-independent surface charge. Though lower di-
6t electric losses will be required for applicatioftan 6<0.05

is desirablg the considerable reduction of térupon aging
or oxygen annealing with little decrease émmotivates fur-
ther investigations of processing conditions.

£(300K) /10°
~
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FIG. 4. Doping dependence of the room temperatuag 1 kHz.
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