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Pulsed-laser deposition was employed to grow epitaxial thin films of the oxynitride perovskite paTaO
on a conducting SrRubuffer layer deposited on a 100-cut SrEi€ingle-crystal substrate. Phase purity
and epitaxy were optimized at a substrate temperature of°Z6ih a mixed gas atmosphere of 100
mTorr N/O, (~20:1). The dielectric permittivityx, of the BaTaGN film was large, exhibiting a slight
frequency dependence ranging from about 200 to 240 over the frequency rah@e kRHz. Furthermore,
over the temperature range-800 K the permittivity showed minimal variation as a function of
temperature. The temperature coefficient of the dielectric consataris, estimated to be in the range of
—50 to —100 ppm/K. The coexistence of high dielectric permittivity and weak temperature dependence
is an unusual combination in a single-phase material.

Introduction centrosymmetric atomic arrangements and therefore rely on
the induced electronic polarization as the primary component
of their dielectric response. As a consequence, they tend to
8xhibit relatively low values of, typically <50. On the plus
side, they tend to have fairly low valuesqfandts and can

be tailored to give low values of tan.® In contrast,
ferroelectric materials have residual dipoles that result from
static atomic displacements. This leads to much larger values
of « that can run into the thousands. However, the high-
ferroelectric behavior is invariably accompanied by phase
transitions triggered by changes in the crystal structure and
ionic polarization mode. As a resultjs prone to significant
and sometimes abrupt changes as a function of temperature.
Typically, the dielectric losses are also considerably larger
in ferroelectrics.

Dielectric materials play an integral role in modern
electronic devices. They are employed in capacitors, trans-
ducers, actuators, random access memories, and microwav
filters.1* Dielectrics can be assessed by figures of merit,
the most important of which include dielectric permittivity
(x), dielectric loss (tand), temperature coefficients of
dielectric constantz() or of resonant frequencyz, and
electric field tunability K).* Improved device performance
can be achieved not only from higherbut more importantly
from lower values ot,, t;, and/or tand. This is particularly
true when it comes to the increasingly sophisticated functions
that are required by modern devices

It would be ideal if a single dielectric material could satisfy
all the above criteria simultaneously, but attempts to design _ ) o _
such materials are hindered by tradeoffs inherent to the AS described above, the desirable combination of kigh
dielectric polarization mechanism itself. Dielectric solids can @nd low values is rarely found in a single material, but
be broadly divided into two subgroups according to the nature several intriguing exceptions have been reported recently.

of polarization” Most insulating dielectric materials have An extraordinarily high« of ~80000 was observed in
ceramic samples of the centrosymmetric compound GaCu
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or a barrier-layer capacitor effect originating from the
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In this work, we report the preparation of BaTADthin

presence of semiconducting grains separated by insulatingfilms, using pulsed-laser deposition (PLD) technigtfesnd

grain boundarie?

Another intriguing group of materials consists of the
ATaON (A = Ba, Sr, Ca) oxynitride perovskité$®These
phases are the oxynitride equivalents of the extensively
studied titanate perovskites, which include the prototypical
ferroelectric BaTiQ and the intriguing incipient quantum
ferroelectrics SITigH and CaTiQ.Y” Recently, ceramic
samples of BaTaél and SrTa@N were reported to possess
large dielectric permittivities 0f5000 and~3000, respec-
tively, while at the same time adopting centrosymmetric
crystal structures and exhibiting fairly weak temperature
dependences (over the temperature range-380 K)1° A
possible explanation for this seemingly contradictory com-
bination of properties is that extrinsic effects, such as the

internal barrier-layer capacitor mechanism, are responsible

for the high dielectric permittivity. However, the electrical

the characterization of these films. The results provide
additional insight into the dielectric properties of this
compound. This study also provides an opportunity to explore
the influence of heteroepitaxial constraints imposed by the
substrate on the unit cell dimensions, the crystal symmetry,
and potentially the dielectric properties of BaTAD Such
effects have been exploited to produce a number of interest-
ing results in recent experimental and theoretical studies on
thin-film perovskite oxideg$26

Experimental Section

A BaTaQN target was obtained by hot-isostatic pressing
(American Isostatic Press, Columbus, OH) of a BalM@owder
sample. A stainless steel can containing the sample powder was
evacuated and subjected to the hot-isostatic pressing cycle of
1250 °C for 4 h under 30 kpsi. The polycrystalline BaT4D
powder used to prepare the target was synthesized by heating a

characteristics of the bulk and grain boundary components mixture of BaCQ and TaOs at 1000 °C in a flowing NHs

were reported to be inconsistent with the barrier capacitor
model!®

An alternative explanation is that local deviations from

the centrosymmetric cubic structure are responsible for the

high permittivity, but the disordered anion distribution
prevents the occurrence of cooperative phase transitions

atmospheré® BaTaQN thin films were grown by pulsed-laser
deposition (PLD) on a 100-cut crystal of SrEiOTlo carry out
electrical measurements, films were deposited onto a SyRuffer
layer that had been epitaxially deposited on a Sglé@bstrate in
situ by PLD prior to growing the BaTa® film. For all of the
PLD experiments, a KrF excimer laser £ 248 nm) was used
with an energy density of2.0 J/cnd and a repetition rate of 5 Hz.

Support for this hypothesis comes from a recent extendedDuring the deposition of SrRuQonto SrTiQ, the substrate

X-ray absorption fine structure (EXAFS) spectroscopy study
of BaTaQN, which showed that the local Taenvironment

is clearly distorted from the perfect octahedral environment
of the average crystal structuf¥eComplicating matters is
the fact that the relatively high porosity of the ceramic
samples £55% of theoretical density) is less than ideal for
assessing the intrinsic dielectric properties. Unfortunately,

temperature was set to 80C and an @ pressure of 100 mTorr
was maintained.

In order to obtain phase-pure samples of the desired perovskite
phase, the chamber atmosphere was found to be critical. Initially,
the G partial pressure was kept as low as possible since oxide
ions have a greater reactivity than nitride ions at the deposition
temperature. However, deposition under nominally pusatxho-
spheres tended to produce conducting films rather than the intended

given the refractory nature of these materials as well as theinsulating dielectric films. The conductivity is thought to come, at

rather restrictive synthetic conditions needed to maintain the
ideal anion stoichiometry, all attempts to obtain highly

sintered ceramic or single-crystal samples have been unsuc

cessful. Thin-film deposition provides an attractive alternate
route to a dense, highly crystalline sample. Although no
previous reports exist for BaTaN films, deposition of
LaTiO.N films by RF-magnetron sputtering has been
reported.®-2!
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least in part, from the formation of a conducting TaN impurity
phase, which was observed in X-ray diffraction (XRD) measure-
ments. To avoid the formation of nitride phases, oxygen was
introduced into the PLD chamber during deposition. The partial
pressures of both Nand G were controlled using two separate
mass-flow controllers. It was found that single-phase perovskite
films could be deposited when the/, ratio was~20:1 and the
total pressure was 100 mTorr. The optimal substrate temperature
for deposition on SrRug)SrTiO; was also explored, and it was
found to be 760C. After deposition, the films were cooled to room
temperature, by shutting down the power supply to the heater, in
~1 atm of N.

The lattice parameters and growth orientation of the BgRaO
films were examined by X-ray diffraction (XRD) measurements
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in 6—20 and also inp-scan modes. For th@—26 scan, a Bruker
D8 powder diffractometer with the Cudg radiation (40 kV and " (a)
50 mA) was used with an incident Ge 111 monochromator and a
Braun position-sensitive detector. Tkfescan measurement was
conducted using a Philips X'Pert three-circle diffractometer with
point-focused Cu I&,/Ko, radiation (45 kV and 40 mA) and an
incident beam lens to provide parallel optics. Cross-sectional
transmission electron microscopy (XTEM)was performed to i H
characterize the microstructure of the film using a JEOL JEM 3000 g _
microscope operated at 300 kV. XTEM samples were prepared by I
trlpoq polishing followed by brief low-angle ion milling, W.hICh. . 2'0' o '3'0' o '4'0' i '5'0' T '6'0' T '_;,'0' T '8'0' T '9'0" 160
provides very large electron-transparent sample areas while mini-

mizing preparation-induced structural modifications. Dielectric 20 (degree)

measurements were conducted in the temperature range3ffo4
K, using a method similar to previous repotsThe relative (b)
dielectric constant was determined from capacitance values mea-
sured using a parallel-plate capacitor structure. A portion of the
BaTaQN film was etched by HF acid exposing the bottom SrRuO
layer. This enabled the SrRy@yer to serve as an electrode. The
other electrode was created by evaporating a small-area gold contact
on top of the film with a mask. The ac bias voltage for the electrical J l A 1
measurements was 50 mV. T y T — T T *
0 90 180 270 360
Results ¢ (degree)

: i : : Figure 1. XRD patterns of a BaTagl/SrRuQy/SrTiO; film measured in
In physical depositions such as PLD, lattice matching at (a) 6—26 scan, and (b) 11@-scan modes (red line: BaTal, black line:

the film—substrate interface can propagate upward to influ- srTio,). BaTaGN and SrRu@layers have the thickness 600 and~150
ence the stability, density, and the epitaxy of the film. nm, respectively.
BaTaON (a= 4.113 A)* has a relatively good lattice match X-ray diffraction measurements in conventiorta-260

to one of the most common PLD substrates, MgG=(4.21 mode were performed on BaTa®'SrRuQ/SrTiO; films
A),28 although a small amount of tensile stress is expected (Figure 1a). The BaTa! film as well as the SrRugbuffer
due to the~2% mismatch in their lattice parameters. Indeed, layer produced only Getype peaks, indicating that the both
attempts to grow both polycrystalline and 100-oriented films s were highly oriented with theiab-planes parallel to
of BaTaQN on 100-cut MgO substrates were successful. tha; of the SrTiQ single-crystal substrate. Using a three-
However, for characterization of electrical properties, films  ¢ircle giffractometer, additional diffraction peaks could be

need to be prepared on a conducting surface. It is ideal t0ye5sured from the BaTam film with Bragg indices of 101
use a highly conducting substrate, but such materials are not(d =291 A) and 1124 = 1.68 A). A least-squares
always available in practice. A common alternative is 10 refinement using the@@values of the six observed diffraction
deposit a conducting buffer layer on the substrate prior 10 heaks of the BaTaf film reveals that the cell dimensions
depositing the material of interest. One of the most widely 4. tetragonally distorted from the cubic symmetry of the
used conducting buffer layer materials is the perovskite phase, witta = 4.096(4) A andc = 4.1324(7) A ¢/a
SrRuQ, which has a pseudo-cubic parameter of 3.95 A, _ 1.009). Despite the reduction in symmetry, it should be
MeBBhOdS for depositing SrRudilms onto SITiQ (@ =3.905  5teq that the tetragonally distorted cell has a unit cell
A)* have been previously established in the literattire. \o1yme, 69.3 A, similar to the cell volume of bulk samples
Compressive stresses will result from the lattice mismatches,ith cubic symmetry, 69.6 15 Such a volume-conserving
with both SrRu@and SrTiQ. However, the lattice mismatch 4, contraction is consistent with the aforementioned com-
associated with the BaTalN/SrTiO; interface,~5.2%, is pressive lattice mismatch with the SrRu@nderlayer.
larger tha_n_that of the BaTalW/SrRuQ interface,~_4.1%. An XRD ¢-scan, withw fixed at the [110] diffraction
Not surprisingly, our attempts to deposit BaTaldirectly condition, was collected to probe the in-plane alignment of
onto SrTiQ substrates resulted in various minor phases and i, BaTaGN film. As shown in Figure 1b, both the
multiple lattice orientations, whereas the epitaxy and phaseBaTaQN film and the SrTiQ substrate proauced four
purity of the films were much imprpved when deposited on equally spaced peaks corresponding to the 110, 110,
SrRuQ. Consequently, a conducting SrRybuffer layer 44 10 reflections. The peaks from both BaTaDand
was found to be preferable 5t+0 the use of commercially giTio, are observed at nearly the sagangles, indicating
available conducting SrTiENb" substrates. an epitaxial relationship between the BaTaCfims and
(27) Sutter, E.; Williamson, DAppl. Phys. Lett2003 83, 5166, thg SrTl_Q, substrate. Although not prc_:bgd d!rectly, epitaxial
(28) Taylor, D.Trans. J. Brit. Ceram. S0d.984 83, 5. orientation of the SrRu@buffer layer is implied. The peak
(9) é°”‘is’1§gg\’&58a§2§‘ P. D.; Lightfoot, P.; Harrison, W. T.ARta  widths of the BaTagN reflections (fwhm= 2.3°) were much
ryst. . .
(30) Mitchell, R. H.; Chakhmouradian, A. R.; Woodward, P. Fhys. larger than those of the SrTiGubstrate (fwhm= 0.3°),
Chem. Miner2000Q 27, 583. R _ suggesting that the BaTal films have relatively small in-
(31) Eom, C. B.; Cava, R. J.; Fleming, R. M.; Phillips, J. M.; Vandover, plane domains+¢45 A as estimated by the Scherrer formula).

R. B.; Marshall, J. H.; Hsu, J. W. P.; Krajewski, J. J.; Peck, W. F. et S
Sciencel992 258 1766. The presence of small domains in thl-plane is likely to
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BaTaO,N

SrRuO,
100 nm

Figure 2. XTEM images of a BaTag@N/SrRuQ/SrTiO; film, (a) low-
magnification overview of the cross-section of the film, (b) high-resolution
image from the area close to the BaBLAlIBrRuQ interface, (c) high-
resolution image from the area close to the Sr@8EYiIO; interface, (d)
low-magnification image from the BaTaR layer, (e) high-resolution image
of the BaTaON lattice, and (f) inhomogeneous channel present in the
BaTaQN layer.

originate from stress relaxation caused by the BgRdO
SrRuQ lattice mismatch.

The detailed microstructure of BaTa'SIRuQ/SrTiO;
film has been investigated by XTEM. In the low-magnifica-
tion overview image of the film (Figure 2a), the SrRuahd
BaTaQN layers can be seen clearly on top of the SkliO
substrate. Details from the BaTaSrRuQ and SrRu@

Chem. Mater., Vol. 19, No. 3, 200621

300

250

200 f*
% 150 |

100 |

» - 0D+ D> X O
wn

(®

—
5 —
0.01 P Fgpens o s
* R Xxxoo %E:fgtwo:x Xo )&(om:;g&% xx
L o X

0% 0 000, o s O
PO
x
1E-3 N 1 s s s
0 50 100 150 200 250 300

T (K)

Figure 3. Temperature-dependent (a) dielectric permittivity,and (b)
dielectric loss tard of a 600-nm-thick BaTagN film. The data legends
are the same for both (a) and (b).

interface to the surface of the film. Upon detailed examina-
tion, the areas between these lines are seen to be high-quality
single-crystalline material (Figure 2f and high-resolution
image 2e). The cubic lattice constant of BaBhiGilm was
estimated as 4.1 A, in good agreement with the XRD results.
Figure 2f shows the area of one of the lighter contrast lines
with high resolution. The lattice fringes seem to “traverse”
the region of lighter contrast without interruption. Thus, the
lighter contrast probably originates from reduced thickness
that could be associated with a void channel embedded in
the crystalline matrix or an amorphous material at a grain
boundary. The nature of those defects was not examined
further but the defects appear to be caused by the lattice
mismatch between BaTal and SrRu@ as they are seen
to propagate all the way from the interface into the top part
of the film.

The dielectric permittivity«, and dielectric loss, tan,
of the BaTaQN film were measured as functions of
temperature (4300 K) and frequency (2100 kHz), as
shown in Figure 3. The dielectric permittivity, of the

SrTiO; interfaces are shown in Figure 2, parts b and ¢. TheseBaTaQN film ranged from approximately 200 to 240,

figure parts clearly demonstrate that the SrRu&yer is

depending upon frequency, with a negligible temperature

single-crystalline and its interface to the substrate is epitaxial. dependence. The value of is estimated to be in the range

In the case of the BaTa@ film, initially small grains are

of —50 to —100 ppm/K, depending upon the frequency.

formed (Figure 2b) that already have an epitaxial relationship Compared with the results from incompletely densified

with the underlying SrRu@layer. The small grains quickly

BaTaQN ceramic sample¥,the BaTaQN film possesses

coalesce, and a well-formed crystalline structure emerges.a much smaller dielectric permittivity and shows an even

A XTEM image showing the morphology of the film away
from the BaTa@N/SrRuQ interface is shown in Figure 2d.

It can be seen that large parts of the film are uniform.

smaller temperature dependence.
The dielectric loss of the film also showed a weak
dependence on temperature. The losgitan50 kHz is~0.1,

However, in some regions, contrast variations are visible. and it monotonically decreases with the lowering of fre-
These areas (lines) of lighter contrast on the otherwise quency to fall below 0.01 at 5 kHz. The loss measured for
uniform film propagate vertically from the SrRyBaTaQN ceramic BaTa@N samples exhibited an opposite frequency
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dependence and was larger by more than 1 order of significantly reducedfromvaluesobtainedin bulk sampiés3
magnitude. It is well-known that microstructure (grain Several causes have been called upon to explain the reduced
boundaries, etc.), as well as both extended and point defectspermittivity of thin films, including interfacial dead layer
can play a dominant role in determining the dielectric loss. effects® and epitaxial strain effecS.Given these factors,

As the bulk measurements were carried out on ceramicthe true intrinsic dielectric permitivitty is likely to be
samples which had attained only55% of their theoretical  intermediate between the value obtained from thin-film
density®® it is perhaps not surprising that the films would samples« ~ 220) and the value obtained from incompletely
show lower losses. It is expected that the losses of BaWlaO  sintered ceramici(~ 5000) samples.

films can be lowered significantly if the film growth process  ajthough the absolute values of the dielectric permittivity
can be further optimized. Most significantly, a reduction in for thin-film and ceramic samples differ considerably, there
the concentration of the defect or void channels revealed in gre 3 number of similarities in their behavior. Both samples
XTEM investigation would be expected to reduce the losses. possesg values that are significantly larger than expected
The most obvious route to reducing such defects is throughor normal insulating solids such as &, SiO,, Al,Os, and
better lattice matching between the Bathidilms and the  so forth® Neither thin-film or bulk samples undergo any
underlying conducting layer. Additionally, a portion of the  stryctural or electrical phase transitions, which are charac-
loss could originate from contact resistance, which was not teristic signatures of ferroelectrics and relaxors. Furthermore,
separated out in the present measurement. The contacihe temperature dependence of the dielectric permittivity is
resistance is known to be proportional to frequency, which not characteristic of an incipient ferroelectric, such as SgTiO
is consistent with the frequency dependence of the loss seenn fact, estimates of the, values for BaTagN are both of
in Figure 3b. the opposite sign and much smaller magnitude than even
the rutile form of TiQ, which has one of the smallest
Discussion values among incipient ferroelectricg & 432 ppm/Kx =
104)37 This suggests a potentially novel atomistic mechanism

As stated in the introduction, one of the goals of this work ¢, the dielectric behavior of BaTa®l, which merits further
was to better characterize and understand the intrinsicgyqy.

dielectric properties of BaTa. One of the most obvious
results is the observation that the dielectric permittivity for
thin-film (« ~ 220) and incompletely sintered ceramic~+
5000) samples are different by more than an order of
magnitude. Which of these values, if either, is more
representative of the intrinsic value? While it is difficult to
answer that question unequivocally, it is worthwhile to
consider the reasons why the two values differ.

The appearance of a tetragonal distortion of the crystal
structure induced by epitaxial strain effects is another
intriguing result of this study. Because the locaFand
Ta—O bonds are not expected to be identical in length, it is
possible for the anion distribution to couple with the epitaxial
lattice match. While there are no reports of anion ordering
in bulk samples of BaTafl, oxygen/nitrogen ordering has
been reported for related phases such as SflaGinther

The possibility that a boundary-layer capacitor mechanism g¢ 5| reported a fully anion-ordered structure for SO
is responsible for the high permittivity was raised in the \ith nitride ions occupying trans- positions in each Ta-
introduction. If such a mechanism is responsible for the high centered octahedron. This is accompanied by a subtle
permittivity, a reduced concentration in planar defects and tetragonal distortiona/a = 0.9978)3 In contrast, Clarke et
grain boundaries (parallel to the substrate) in thin-film 5, found the oxygen and nitrogen atoms to be almost
samples could explain the reductionofHowever, as stated completely disordered in the same compogfhidterestingly,
in the introduction, the electrical properties of the bulk and 4 tetragonal distortionc(a = 1.0016), presumably driven
grain boundary components in BaTaDare not consistent  py rotations of the octahedra, was observed despite the
with the barrier capacitor mod&Furthermore, such a model  general lack of anion order. The discrepancies between these
predicts that the thermally activated intradomain conductivity 0 reports may arise due to differences in synthetic route.

will cause a Debye-like relaxation behavior in the temper- , I . . .
ature dependence of lo&but such behavior is not observed First principles density functional theory calculations on
perfectly ordered BaTaf structures predict that oxygen/

in measurements of the thin-film specimen down to 4 K. nitrogen ordering, with nitride ions occupying trans-positions
Therefore, the experimental evidence does not support the. g 9 Pying P

boundarv-laver capacitor model as a mechanism for ex Iain-m each Ta-centered octahedron, would lead to a tetragonal
) y-layer capac o PIIN" yistortion of the unit cell witha = 4.06 A andc = 4.22 A
ing the large dielectric permitivitty.

How, then, can we explain the difference in the magnitude
L P . g, 9 . (33) Bai, G. R.; Streiffer, S. K.; Baumann, P. K.; Auciello, O.; Ghosh, K.;
of k seen for thin-film and ceramic samples? First, given Stemmer, S.: Munkholm, A.; Thompson, C.: Rao, R. A. Eom, C. B.
the high porosity of the ceramic samples, the absolute Appl-kPhys- Lett200Q 76, 3106.
accuracy of those measurements is somewhat questionabli“) Suzuki, K., Kijima, K.Vacuum2006 80, 519.

. ! 35) Zhou, C.; Newns, D. MJ. Appl. Phys1997 82, 3081.
Therefore, some degree of discrepancy between ceramic andss) Li, H. C.; Si, W.; West, A. D.; Xi, X. X.Appl. Phys. Lett199§ 73,

in-fi i 190.
thin-film samples yvould _be expe_c'Fe_d. Furthgrm_ore, it is not (37) Wakino, K.. Minai, K.. Tamura, HJ. Am. Ceram. Socl984 67,
unusual for the dielectric permittivity of thin films to be 278.
(38) Ginther, E.; Hagenmayer, R.; Jansen,AMAnorg. Allg. Chem200Q
626, 1519.
(32) He, L.; Neaton, J. B.; Cohen, M. H.; Vanderbilt, D.; Homes, C. C. (39) Clarke, S. J.; Hardstone, K. A.; Michie, C. W.; Rosseinsky, M. J.
Phys. Re. B 2002 65, 214112. Chem. Mater2002 14, 2664.




PLD Thin-Film Deposition of BaTal Chem. Mater., Vol. 19, No. 3, 200623

(c/a= 1.039, volume= 69.6 A3).4° This distortion is much  temperature of 760C in a mixed gas atmosphere of 100
larger than those reported for bulk samples of SFO  mTorr N,/O, (~20:1). Epitaxial strain effects lead to a
which raises some questions regarding assignment of com+etragonal distortion of the BaTal perovskite unit cell,
plete anion order in SrTaf.%® Calculations on an ordered  with negligible volume change. Over the temperature range
structure where the nitride ions occupy the cis-positions of 4—300 K, BaTaQN films exhibit dielectric permittivities,
each Ta-centered octahedron give a structure wher@the « of 200 ~ 240, depending upon frequency—<100 kHz),

and b axes expand while the-axis contracts q/a = andr, of =50~ —100 ppm/K. This unique combination of
0.9879)¥ It is interesting to compare these predictions with high+« and insensitivity to changes in temperature is not
the tetragonal distortion observed in this study for BalO  characteristic of any well-known class of dielectric materials.
films: a=4.10 A andc = 4.13 A (c/a= 1.009, volume= Furthermore, this combination is attractive for a number of
69.3 A%). While the agreement between observation and device applications. Further studies, with various substrates
experiment is not perfect, thearatio deviates from unity  anq puffer layer materials, are needed fully to investigate
in a direction that would seem to favor trans- ordering of {he jnfluence of lattice matching and stresses on the structure,

the nitrogen atoms so that the-Na-N—Ta— chains are  anion-ordering characteristics, and dielectric properties of
oriented perpendicular to the substrate. The possibility that BaTaON.

the anion-ordering characteristics can be controlled, or at least
impacted, by tailoring the epitaxial lattice match with the
underlying layer is an intriguing and unexplored research
direction.
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