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Polycrystalline BaSr,_,, TiO3 (BST) thin films were processed on Pt-coated glass
substrates at temperatures below 100 °C by reacting Til@s in alkaline solutions
containing B&" and/or Sf*. The TiO, was deposited by spin-casting a titanium
metalorganic precursor onto Pt-coated glass substrates, followed by pyrolysis in air at
400 °C. Film stoichiometry deviated from the initial solution composition, with a
preferred incorporation of &F into the perovskite lattice. The BST thin films had
dielectric constants ranging from 100 to 185 and dielectric loss values below 0.25.
Capacitance—voltage and current—voltage relationships were examined to determine the
effect of phase stoichiometry and processing route on dielectric properties.

[. INTRODUCTION influence of processing parameters on the interactions

The properties of dielectric and ferroelectric powders2mong film composition, microstructure, and properties
and thin films make them attractive for a variety of ap- Must be assessed to ensure device reliability.
plications including the following: nonvolatile ferroelec-  Processing routes to BST, including sputtering, laser
tric memories; microwave devices; dynamic randomablation, MOCVD, and chem|'c'al solution deposition
access memories (DRAMSs); multilayer capacitors; mi-(CSD). generally require deposition temperatures or heat
croelectromechanical systems (MEMS); pyroelectrict’éatments in excess of 500 "C. In contrast, hydro-
detectors; piezoelectric actuators; optoelectronic dethermal processing provides a low-temperature route
vices2~® For example, random access memories (RAM)(<100 °C) to synthesize crystalline ceramics in an aque-
using SiQ/Si;N, dielectrics have matured from planar OUS medium. Control over hydrothermal solution cond|_—
capacitors into complicated three-dimensional structured0nS, such as composition, pH, and temperature, is
(stack and trench geometries) in order to increase thgfitical to ensure the stability of the desired phébas
capacitor area as memory requirements have growrWe” as to _control the mlcrosltruc'turse ?Bnd composition of
However, application of high dielectric constant materi-the resulting powder or thin film>=*° For example,
als like BgSr,_,, TiO; (BST) allow more charge storage Roeder and Slamovich stugled the formatlon of B_ST
per unit area, further decreasing the size of memory cellgOWders processed at 80 °C by reacting nano-sized
while facilitating the return to planar geometries. Fur- 102 powders in alkaline, aqueous solutions of BACl

2 :
thermore, planar design allows the use of less compliS'Ch, and NaOH:® In all cases, St was more readily

cated and less costly fabrication processes. incorporated into the BST powders than’Bahe extent

High dielectric constants, low leakage currents, and/@7ying systematically with the processing conditions.
high dielectric breakdown strengths are characteristic of [N the present study, a method similar to that used to
perovskite materials such as BST. For applications as gynthesize BST powderdwas used to produce BST thin
capacitor (e.g., DRAM), BST must exhibit a sufficiently fllm§ W'Ith arange of composltlons. A titanium metalor-
large polarizability and a sufficiently low leakage current9anic liquid precursor was first pyrolyzed to produce a
such that the capacitor does not discharge before it idense TiQ film, which was subsequently reacted in al-
refreshed. Further, since devices are generally run und&@line agueous solutions containing’Band Sf*. This
an applied dc bias voltage, the effects of electric fields orftudy had two main objectives. The first was to deter-

the dielectric properties cannot be ignored. Therefore, th8'in€ if the preferred incorporation of Srobserved for
BST powders was also observed in hydrothermally de-

rived thin films. To this end, BST thin films were proc-
“present address: Department of Orthopedic Surgery, Indian@SSed under conditions 5|m||a[' to _those used in the B_ST
University Medical Center, Indianapolis, IN 46202. powder study. The second objective was to characterize
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the dielectric properties of the hydrothermally derivedthrough a Buchner funnel to remove any precipitates.
BST thin films with and without an applied bias voltage. The solutions were sealed in polyethylene bottles and
To this end, the processing conditions were modified testored in an oven at 80 °C.
achieve dense, continuous films suitable for dielectric The pyrolyzed TiQ films were reacted for 36 h in
characterization. Ba?*- and Sf*-containing solutions of mixed chlorides
and hydroxides at %&;30 and ?0 °C, respectively. The total
concentration of Ba and Sf* initially in solution was
II. EXPERIMENTAL PROCEDURE kept constant, while the mole fraction of Bavas varied
BST thin films were processed using titanium dime-from 0 to 1.0. The experimental parameters were kept as
thoxy dineodecanoate (TDD) synthesized by the methodear the previously reported BST powder synthesis con-
described by Shaikh and VeXTDD was chosen for the  ditions'® as possible. The only significant exception was
Ti metalorganic precursor film because of a high resisthe initial ratio of B&* and Sf* in solution relative to Ti,
tance to cracking during dryif§ relative to other Ti  which was much larger (approximately a factor of 1000)
metalorganic precursors:?? Glass substrates were due to the small amount of Ti in the precursor film. After
coated with an approximately Oylm-thick layer of Pt immersion of the substrates in the reaction solution, the
by dc sputtering (Hummer VI, Anatech, Ltd., Alexandria, polyethylene bottles were backfilled with Ar, sealed, and
VA). Pt was the chosen electrode material for its largeplaced in a preheated forced convection oven for reac-
work function, which creates a large potential barriertion. After reaction, bottles were transferred into a nitro-
between the film and the electrode, thereby minimizinggen atmosphere glove box (Kewaunee Scientific
capacitor leakage during electrical property measureEngineering, Adrian, Ml) to avoid formation of BaGO
ments?® TDD was diluted withp-xylene to a viscosity of  upon removal from the solution. The films were removed
approximatel 5 x 10°Pa s and pipetted onto the met- from solution and immediately rinsed in a solution of
allized substrate. Spin-coating was carried out atleionized water adjusted to pH 12 using NHOH
8000 rpm for 20 s, yielding TDD precursor films in the (Mallinckrodt Chemical Inc.), followed by rinsing in
range 0.4—0.5:m average thickness. The TDD film was ethanol (200-proof, McCormick Distilling Co., Inc.). The
then pyrolyzed in air at 400 °C for 20 min, after which a washing solutions were warm, having been stored in an
second TDD layer 0.4—-0.pm thick was applied and oven at 80 °C during the reaction. The films were re-
pyrolyzed. Layering was necessary to avoid precursomoved from the glovebox while in the ethanol wash and
cracking during firing and to provide sufficient Ti for removed from the ethanol while blow-drying with air.
conversion to a continuous BST film. The final thickness X-ray diffraction (XRD) was used for phase identifi-
of the bilayer TiQ film was approximately 0.2um as  cation and quantitative compositional analysis. Powder
determined by surface profilometry and cross-sectiordiffraction (D500, Siemens Analytical X-ray Instruments
scanning electron microscopy (SEM). Inc., Karlsruhe, Germany) was performed using Gu K
Alkaline aqueous solutions containing Baand Sf*  radiation & = 1.54 A). All BST thin films were exam-
were prepared by first boiling deionized water for at leastined over 20-60° @ at 10°/min, 20-35° @ at 1.2°/min,
20 min to remove dissolved carbon dioxide. The watefand 30-34° 2 at 0.2°/min. Lattice parameters were de-
was maintained at 80 °C under moderate stirring whilgermined from the (110) peak, fitting the data using a
adding the appropriate amounts of reagent gradsplit Pearson VII functiof? The composition of BST
BaCl, - 2H,0 (EM Science, Gibbstown, NJ), thin films was measured from a linear fit to the lattice
SrCL - 6H,0 (Aldrich Chemical Co., Inc., Milwaukee, parameters of the pure BaTi@nd SrTiQ, films using
WI), and NaOH (Mallinckrodt Chemical Inc.) or Vegard's law. These measurements were confirmed by
Ba(OH), - 8H,0 (Mallinckrodt Chemical Inc., Paris, separate composition measurements using wavelength-
KY) and Sr(OH) - 8H,0 (Aldrich Chemical Co., Inc.). dispersive-spectroscopy (WDS) (SX-50, Cameca In-
Solutions of mixed chlorides were used to reproducestruments Co., Courbevoie, France). Scanning electron
processing conditions previously reported for BST pow-microscopy (SEM) (JSM-35CF, JEOL Ltd., Akishima,
der synthesis? Solutions of mixed hydroxides were used Japan) was used to examine the microstructure and de-
to avoid the potentially adverse effects of Nar CI”  termine the film thickness from film cross sections. The
contamination on dielectric properties. The waters ofthin-film grain size was measured from the breadth of the
hydration of the B&" and Sf* sources were taken (110) BST reflection using the Scherrer equation and
into account when calculating the volume of water andfrom stereological analysis of SEM images using the
mass of chlorides required for a desired molarity. Thdine-intercept method.
total concentration of B4 and Sf* cations in solution Planar capacitors were assembled using photolithog-
((Ba*'] + [Sr*"]) was 0.4 and 0.5M for solutions of raphy to sputter 1Dpum? Pt electrodes onto the film sur-
mixed chlorides and hydroxides, respectively. After dis-face. The capacitance and dielectric loss (8anwvere
solution of the reagents, the solutions were filteredmeasured over the frequency range 10 kHz to 10 MHz
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using a Hewlett-Packard 4275A LCR (Palo Alto, CA)
meter. All reported values for the dielectric constant and
tand were measured at 10 kHz. After the dielectric prop-£
erties were recorded at room temperature for the as
formed films, the films were heated in air to 200 °C for
30 min and the properties were measured as a functiogs
of temperature over the range 25 to 200 °C. Capacitancdi®s
as a function of applied voltageC{V) was measured .

Inc., Cleveland, OH), the latter used to apply the d
voltage across the sample capacitor. Dc voltages over t
range —8 to +8 V (corresponding to fields of £170 kV/cm)
with a step size of 0.5V were used, and a constant ag#
voltage from the LCR meter was applied at a frequency
of 10 kHz with amplitude 0.01 V. Dc leakage current as 1\4
a function of applied voltagd<{V) was measured using s *
the Keithley 238 to apply a staircase series of voltage® B
steps as described by Dietz and W33and to measure (a)

the resulting current across the capacitor. Dc voltage
over the range —-14 to +14 V with a step size of 0.25V ) _
were used. The leakage current was measured 1.0 Py, IV o s
after applying the voltage to account for polarization A ; 0

currents. » .
QL. L -
[ll. RESULTS AND DISCUSSION -

A. Thin-film microstructure and composition

The effects of the mole fraction of Baand Sf* ini-
tially in solution were examined by processing BST thin
films at 90 °C for 36 h in aqueous solutions of Ba(QH)
and Sr(OH). The mole fraction of B& and Sf* cations
initially in solution was varied from 0.0 to 1.0, maintain-
ing a fixed total concentration of Baand Sf* at 0.5 M.
Plan-view and fractured cross-sectional SEM micro
graphs indicated that films were continuous (Fig. 1). The
thin-film thickness was typically approximately
0-25pm. XRD pattem.s revea.led the formation of single- IG. 1. (a) Plan-view and (b) cross-sectional SEM micrograph of
phase cubic BST _sollq solu_tlons and minor amounts o 2 25T 5 TIO, thin film processed at 90 °C for 36 h using an aque-
carbonate contamination (Fig. 2). The absence of anataggs solution of 0.25 M Ba(OH)and 0.25 Sr(OH})

TiO, reflections in XRD and a 1:1 molar ratio of Ba + Sr
to Ti measured by WDS (Table ) suggest that the JTiO
precursor film reacted to completion. intercept method were in close agreement, suggesting

The film grain size depended on the solution compo-+hat the grains in Fig. 1 were single crystals rather than
sition, ranging from approximately 90 nm for SrTyj@  composed of polycrystalline domains.

180 nm for BaTiQ (Fig. 3). The grain size of Sr-rich The composition of BST thin films was determined by
BST films displayed little variation with increasing Ba XRD using the (110) reflection (Fig. 4). As the mole
content until approximately BagSr, soTi05. Between fraction of B&* in solution varied from 1.0 to 0.0, the
Bag 50515501105 and Bg oSl 507105 the films exhib-  (110) reflection for BST shifted from BaTiQtoward

ited a twofold increase in grain size. These results ar&rTiO;. The lattice parameters of the hydrothermally de-
similar to observations of BST powders in which therived BaTiO, and SrTiQ, films were used as end points
Ba-rich and Sr-rich BST particles ranged in size fromand were connected by a straight line assuming Vegard's
50 to 100 nm and 20 to 30 nm, respectivéhGrain size  law (Fig. 5). The composition of each BST film was then
calculations using the Scherrer formula and the line-estimated using the lattice parameter measured from the
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(110) reflection and the linear fit between the BaJiO films and powders present a consistently larger lattice
and SrTiQ end points. The validity of Vegard’s law was parameter than films and powders processed by conven-
assessed by measuring the composition of selected filmgnal high-temperature fabrication methods (Fig. 5).
using WDS. Typical WDS data are shown in Table I. This discrepancy is most likely due to the presence
Note that the x-ray signal from the BST thin films in of adsorbed hydroxyl ions in hydrothermally derived
WDS accounted for only 25-30% of the total intensity, materials?®-2’

with the remainder of the signal coming from the bottom Figure 6 shows the B4 mole fraction in the BST

Pt electrode and the glass substrate. Figure 5 plots th@roduct {-axis) resulting from an initial B& mole
lattice parameters measured for BST thin films versudraction in the reaction solutionx{axis). Data for thin

the film composition determined using both Vegard'sfilms produced using solutions containing either mixed
law and WDS. For both sets of data, the lattice parameter
is determined from the position of the (110) reflection.
The “WDS” data obtain the Ba mole fraction by direct
measurement, while the “XRD” data are obtained by
a linear interpolation between pure BaEi@nd pure
SrTiO; consistent with Vegard's law. The difference in
film composition obtained by the two approaches was—.
less than 4% and indicates that the film composition may§
be reliably calculated from XRD data using Vegard'sg 120

law. Finally, note that JCPDS standards are also showrs 0

in Fig. 5 for comparison, but were not useful for com- .5 g U
position measurements because hydrothermally derived 809 @ ®
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FIG. 3. Average grain size as a function of compositionir
Ba, St TiO5] for BST thin films.
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FIG. 2. XRD spectrum for a Ba,Srp 507105 thin film processed at  *Z \ 0.6
90 °C for 36 h using an aqueous solution of 0.45 M Ba(QHhd § |\ ’
0.05 M Sr(OH}). = 05
04
TABLE I. WDS data for a BggsSr, 507105 thin film processed at 0.2

90 °C for 36 h in 0.50 M aqueous hydroxide solution containing a PAMAP MWW P Sy 0.0
75:25 molar ratio of Ba:Sr. 31 315 32 105 13
Ba Sr Ti Total 20 (degrees)
Weight % 12.4 7.4 8.3 281 FIG. 4. XRD spectra showing the (110) peak for BST thin films
Standard deviation (%) 0.22 0.21 0.38 . processed at 90 °C for 36 h in solutions containing varying amounts of
Normalized atomic % 255 24.4 50.6 100.0 Ba(OH), and Sr(OH). The mole fraction of B in solution is shown
on the right.
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chlorides or mixed hydroxides are shown in addition toslope. Except for solutions containing only Bar only

the data for BST powderS. If the BST stoichiometries Sr**, the overall thin-film stoichiometry exhibited a
directly reflected the initial solution composition, the preferential incorporation of &, similar to the data pre-
experimental data would follow a straight line of unit viously reported for BST powderS.The results of this
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FIG. 5. Lattice parameter—composition calibration curve, showingdi€lectric loss varied little with composition, and tén
Vegard’s law is obeyed for hydrothermally derived BST thin films. ranged between 0.18 and 0.22. The error bars represent
The lattice parameter—composition calibration curve for JCPDS stanthe scatter in dielectric data collected from five capaci-

dards is shown for comparison. The cube rootfis plotted for the
JCPDS standards for whiot®> 0.7 in BgSr;_ TiOg, since these BST

solid solutions were tetragonal.

0.6

0.8

1.0

study were also in agreement with those of Kajiyoshi
et al?® (Fig. 6), who processed BST thin films from a Ti
metal precursor using an applied electric field at tem-
peratures greater than 100 °C. These results imply that
preferred ST* incorporation appears to be a feature of the
hydrothermal processing method and is independent of
the sources of Ba, Sr, and Ti.

B. Processing effects on dielectric properties
1. Dielectric constant and dielectric loss

The dielectric constant and dielectric loss of as-formed
BST thin-films are shown in Fig. 7. The dielectric con-
stant ranged from 100 to 185 and was highest for films
with a Ba mole fraction of 0.35-0.75. The data are con-
sistent with observations that the dielectric behavior of
Ba,Sr, TiO; depends on composition, although the di-
electric constant of fine-grained BST films is consider-
ably suppressed relative to bulk values for B8T3*The

tors sampled at random across the film surface. The small
scatter suggests that the films have a uniform thickness
and microstructure. The dielectric constants for the films

Y in this study are lower than generally observed for BST
A Thin-film (hydroxides) films produced using higher temperature methods.
© Thin-film (chlorides) For example, values up to 580 have been reported for
0.8 |- | =0~ Powder (chlorides) BST films of similar thickness produced by metalorganic
= X Kajioshi et al.
o
g 200 — T ———T——— 17— (.5
=06 I <} ]
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0.2 2 100? ] §
O Py -
< s . . { %00
A e -
H -
0 0.2 0.4 0.6 0.8 1 50 1
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FIG. 6. Effects of the mole fraction of B& and Sf* initially in I f=10kHz 1
solution on the BST thin-film stoichiometry from lattice parameter 0 R T S 0.0

1 1
measurements, showing theBanole fraction & in BaSr; 4 T103) 0 0.2 04 0.6 0.8 1
in the thin film (y-axis) versus the B4 mole fraction initially in
solution k-axis). The dashed line represents the best-fit curve through
the BST thin films in this study. The thin-film data from Kajioshi FIG. 7. Dielectric constant and dielectric loss as a function of
et al?® and the BST powder data from Roeder and Slamd¥Viete composition for as-formed BST thin films measured at a frequency
shown for comparison. of 10 kHz.

Film Ba content (mole fraction)
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decompositior?® Investigations of hydrothermally de- Equation (1) is valid for bulk BST in the paraelectric
rived BaTiQ; films by the reaction of titanium in state, whereg ande’ are values for the dielectric con-
solutions of Ba(OH) at 180 °C have resulted in films stant under zero bias field and under bias figJdespec-
with dielectric constants as high as 450Another study tively, and a is a coefficient which accounts for
used a combination of electrochemical and hydrothermahnharmonic ionic interactions. The solid lines in Fig. 8
processes to produce continuous BaJfins at 150 °C  were obtained by adjusting the anharmonic coefficient to
with a dielectric constant near 356. fit Eq. (1). When the anharmonic coefficients of BST
After heating of the BST films to perform measure- films of different compositions are compared, the value
ments at temperatures up to 200 °C, it was observed thaff the coefficient at (or near) the Curie temperaturg)(
the dielectric constant and dielectric loss did not returrshould be used for a fair comparisdn, for bulk BaTiO,
to the same value as the as-formed films upon cooling t@s near 120 °C?? while T, for Ba, 5SSl 3oTiO5 is close to
room temperature. In general, both the dielectric constartbom temperaturé>*® For films in this study, the val-
and dielectric loss values decreased by approximatelye of a for BaTiO; and Bg ,oSrp 50l105 at their T
25-30%. This phenomenon has been observed by otlvalues was 4.9 x ¥§ and 5.6 x 16° (cn? V™), respec-
ers?® The reduction in dielectric constant following an- tively. Values ofa for Bay 551, 5oTiO5 and SrTiQ at
nealing may be attributed to the reduction in ion jumptheir T values were not available because dielectric
polarization due to the expected decrease in the numbgroperties were not assessed below room temperature.
of vacancy compensated hydroxyl ions (Qlen oxygen The values fora follow the trend reported by Liou and
lattice sites following heating’ The time-lag of ion mo-  Chiou/*® who reported anharmonic coefficients for bulk
tion into vacant sites with respect to the applied ac fieldBST. They attributed the increasing value afvith Sr
could contribute to the high dielectric losses observed irtontent to the smaller ionic radius of ?Srrelative to
as-formed films. To avoid ambiguities associated with
this effect, the films were heated in air to 200 °C for
30 min prior to measuring th€-V and |-V behavior PLs
discussed below. This was found to produce consistent ]
measurements.

{110

2. Capacitance—voltage behavior BaTiO, 1105
The dielectric constant of BST depends on applied ]
electric field®3"~*°Tunability, defined ase(, ., — €nin)/ 125t e 1 1y
€max May be used to quantify this dependence for a given
applied field and temperature. Commonly observed  j5gF
room-temperature tunabilities for B&r, ,,TiO; films .
formed by MOCVD or CSD methods for which
X = 0.6-0.8 are within the range 15-25% for applied &
fields of 170 kv/cm?*~*3The relationship between ca- 3
pacitance and applied voltage at room temperature wa,g
measured for BaTiQ BST, and SrTiQ thin films. The 5
data are plotted in Fig. 8 using the geometry-independenﬁ
variables dielectric constant verses applied electric fieldQ
The lower zero field dielectric constant at room tempera-
ture relative to the values reported for the as-formed
films (Fig. 7) is a result of the 200 °C heat treatment.
With an applied field of 170 kV/cm, films of
Bay 70500 3011035, BaTiO;, and Bg 505, 501105 exhib- i
ited tunabilities of 8.4%, 8.1%, and 2.3%, respectively. 951
Films with less than 0.30 mol fraction Bashowed [ -

virtually no dependence of dielectric constant on ap-  gof 0000000000000 00

plied field. 3 SrTiO,

In 1962, Johnson derived an expres$fdior the elec- P
tric field and temperature dependence of the dielectric g -100 0 100 200
constant on the basis of the theory of Devonshire: E__ (kV/em)

app

tant

115 F

110 f——— 105
1100

1 95

IOO-LAIIJLLLJIIIJIIIIIl-90

]
’ €o

=T - (1) FIG. 8. Dielectric constant as a function of applied field for BagjiO
(1 + aegE?)Y Bag 7Sy 2gTiOs, Bag 58Sl 5qTiOs and SrTiQ thin films.
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Ba?*. They reasoned that the smaller?Sion con- was relatively invariant with respect to temperature,
tracts the unit cell, resulting in a shorter distance betweesinceT. for Sr-rich compositions (as determined for the
the Ti** ion and its non-nearest neighbors, enhancing théulk) is well below room temperature, reaching 42 K for
anharmonic effect. The values reported by Liou andSrTiO,.® The variation in dielectric constant with tem-
Chiou were 1 order of magnitude smaller than theperature was reflected in the dielectric tunability. Meas-
anharmonic coefficient calculated for films in this urements of tunability as a function of temperature at an
study. Discrepancies may be due to the inherent difapplied field of 170 kV/cm exhibited the trend in dielec-
ference between thin films and bulk materials (e.g.tric behavior predicted by Eq. (1) (Fig. 10). The tunabil-
grain size, internal stress) and/or because much largéty for BaTiO; reached a peak value of 10.0% at 125 °C,
fields were applied to the films in this study f@-V and the tunability of the Ba,,Sr, 30TiO5 film increased
characterization. as the measurement temperature decreased toward room
According to Eq. (1), the quantity(ej) decreases as temperature. The 50:50 BST and SrTifdms also show
the zero-bias dielectric constagjfincreases. Becaus§ trends similar to the dielectric constant versus tempera-
is typically largest near the Curie temperature, the dielecture behavior.
tric tunability should be largest (for a given composition)
near T and should diminish as the measurement tem3. Current-voltage behavior

peratturet ;jevll3at$§ fror(fjl"% Measur(_err_rgants oftﬁleltectrlc Interpretation of the relationship between leakage cur-
constant for BaTiQand Bg 7Sl 3oT1O05 OVer the tem- oy qensity and applied electric field-y curves) for

perature range 25 to 150 °C showed very broad peaksgy thin films must be done with care, since slow
near the expected. for bulk materials (Fig. 9). The ’

50:50 BST film shows a steady increase in dielectric

constant with decreasing temperature. At room tempera-
ture and above, the dielectric constant of the Sr-rich films 1ot o)
; 0000%0
150 [ 9 -+ 5O 0
r BaTiO 0000 E o ©
135 *  ,0000° 8t
L 7 .
1200 o® - BaTiO;
105 | 6 o o 1
i 1 L 1 1 1 1 1 1 1 1 1 1 1 1 O o O —:8
. sk °F °%o o o - 7
g I ©%00000 2 °6 16
B 120[ = E
G L . "’é Bag 70510301103 o o) 55
% 105 i Ba, ;,Sr1, 3, T10; ﬁ S/ 14
'g - 1 1 il L 1 L t ! Il 1 1 L L 2 &Q 4 :
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oyt B r O O O O
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FIG. 9. Dielectric constant as a function of temperature for BgTiO FIG. 10. Tunability at 170 kV/cm as a function of temperature for
Bag 70505 30T 103, Bag 5051, 507103, and SrTiQ thin films. BaTiO;, Bag 7055301103, Bag 50515 501103, and SrTiQ thin films.
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polarization currents can prevent observation of the trués the electronic chargds is the applied field, and, is
leakage behavior. Therefore, a voltage step measuréhe dielectric constant. If the conduction mechanism
ment approach described by Diegr al®>> was used to is dominated by thermionic emission, plots ofInyer-
separate the polarization and leakage currdaté.data  susE°>° and InQ/T?) versus 1T (Schottky plots) yield
for BaTiO;, Bag 50505 501103, and SrTiQ thin films are  straight lines. The barrier heightyy, is then extracted
plotted on a log scale to amplify the transition in con-from either the slopes or intercepts of the temperature-
duction from ohmic, below approximately 100 kV/cm, and field-dependent plof$:*® Schottky plots for the
to conduction limited by thermionic emission of films in this study under positive applied fields yield a
electrons at higher fields (Fig. 13}:**The shapes of the linear response for applied fields of 100 kV/cm and
I-V curves were not strongly dependent on compositiongreater (Fig. 12), verifying Schottky-barrier-dominated
but the magnitude of the leakage decreased with Sr corconduction. The conduction behavior for negative ap-
tent in BST. plied fields yields similar results.

On the basis of the experimental results of Dietal. The barrier heights calculated using Eg. (2) are 0.56,
for SrTiO; and Bg Sty 5TiO5 thin films, the most fa- 0.67, and 0.56 eV for BaTig) Bay 5056 501105, and
vored conduction mechanism is that of Schottky-barrier-

limited current flow®® Kotecki et al. also observed this -10 [
behavior for Bg 51, 351105 thin films deposited by - ©
MOCVD.? For this case, electronic conduction occurs 1k _,@QO
when charge carriers are thermally excited over the po- <L S o~
tential energy barrier at the electrode—ceramic interface ;= - '@@ o
The so-called Schottky effect causes a field-dependentg 14: 9.9 ©
lowering of the energy barrier, causing an increase inZz "~ | X2 A
conduction with applied field. The temperature and field =1 - & . ~O A'AA
dependence for thermionic emission over a reverse-— 6L o o .,'O_A.AA
biased Schottky barrier is given Hy/*®4° = @'"A"A.
W, q [q e & ©BTO
= A** T2 — — -18F =
J=A*T exp( ka) exp(ka 4ﬁerE) , (2) i © BST
i ASTO
where A** s the effective Richardson constant (which Y S S S
incor$o|rgt§s carrire]zr 'mrc])bili'ty)tljhis téanlwtperature\NB iSt the 200 300 400 500 600
zero-field barrier hei is the Boltzmann constand,
g tkb n @ EO.S [(V/Cm)O.S]
A -16
10- E T T T T T T :
© BaTiO; ] _ I ©BTO
OBST o ] < '8 BST
< ASITiO; o ] “g -197 '~~'.g. ASTO
5 105E q ; 3 O
=S L2 A e
= & k= T A
g - ﬁ% 1 o 22l A e
S 106F ¢®¢ E E - Y o 9.
5] F ¢ é ] = r a ~'\ "-.@
%D 4 é ] — - A .
% ’ ! | 5 t AN ~0
g o 0 1 25+ .
107 E ° 24 3 i Be. .
: ° 82/3 ] - -4
0 b _28 i [N S SN TR DRSS RN TRUUNN TR SR SN S| i L
é 4
L0 8 o L 2.0 2.5 3.0 35
10 100 1000 () 1000/T (K1)
Eapp (kV/cm) FIG. 12. Schottky plots showing (a) field dependence of leakage cur-

rent at 25 °C and (b) temperature dependence of leakage behavior for
FIG. 11. Leakage current as a function of applied field for BaJiO an applied field of 250 kV/cm, based on the leakage current data
Bag 50505 501103, and SrTiQ thin films. for BaTiO;, Bag 55505 507103, and SrTiQ thin films.
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SITiO; thin films, respectively. The nominal barrier with less than 0.30 mol fraction Bawas independent of
height of the insulator—-metal interface (assuming a fullyapplied field. Current—voltage measurements indicated
depleted insulator lay&) is the difference between the the leakage current density decreased with 8ontent.
metal work function and the electron affinity of the in- Analysis of field- and temperature-dependent leakage
sulator Wg - qx). The work function of Pt is 5.4 e¥9  current measurements suggested that Schottky-barrier-
and the values of the electron affinity for Balj@nd limited current flow was the dominant conduction
SrTiO; have been determined for bulk single crystals tomechanism for fields exceeding 100 kV/cm, regardless
be 2.5°* and 4.1 e\F? respectively. Thus, the ideal Pt/ of composition. The metal/insulator barrier height was
BaTiO; barrier height is 2.9 and 1.3 eV for Pt/SrHO lower than expected, possibly due to a high density of
the barrier height for Pt/BST is expected to be someinterface states.
where in between these values.

Kwak et al >3 showed that the interface state density inACKNOWLEDGMENTS
BST thin films with Pt electrodes decreased by one-third

following annealing in Q or N,. They observed a cor- The authors gratefully acknowledge the Earth and At-

mospheric Science Department at Purdue University and

resp_onding decrease i_n the leakage current, i”d“?"’!“”&. Hager for assistance with WDS measurements. The
that interface trap density may play a role in dEtermmmgauthors also thank the National Science Foundation for

the effective Schottky barrier height. Lower than ex'supporting this research under Grant DMR-9623744.

pected barrier height values were observed by KoteckKi
et al? and Banieckiet al>* for Pt/BST films deposited

by MOCVD; however, they observed an increase in th
barrier height from approximately 0.65 eV for as- 1.
deposited films to 1.2 eV following annealing in, @t
550 °C. Considering these results, the lower values ob-
tained for the films in this study may result from a high 4.
density of interface states in the as-deposited films, al-5.
though further studies are needed to determine the pre8-
cise cause. Interface defect density, crystalline quality,

can each affect the interface state density and the corre-
sponding barrier height. 8.
Although Schottky-barrier-limited thermionic emis-
sion appears to be the dominant conduction mechanisn?"
for films in this study, cold field emission may also con-
tribute to the total conduction. This temperature-

independent mechanism has been observed in othee.

perovskite thin-film systems, including SrTi@t electric
fields exceeding approximately 200 kV/cth,and in
Pb(Zr,Ti)O, over a wide range of electric fields.

V. CONCLUSIONS

investigated for hydrothermally derived {8, _,TiO;
thin films produced at 90 °C in alkaline solutions. Simi-

lar to studies of hydrothermally derived BST powders,16.

the film stoichiometry deviated from solution composi-
tion, with a preferred incorporation of 8t The dielec-
tric constant at 10 kHz depended on composition andg
ranged from 100 to 185, and the dielectric loss ranged

from 0.18 to 0.22. Capacitance—-voltage measurements.

showed the dependence of dielectric constant on applied
field varied with B&* content. In accordance with di-

room temperature, while the dielectric constant of films

1208

12.
13.

14.
The role of processing on phase stoichiometry was>:

17.
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