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Medium permittivity bismuth zinc niobate thin film capacitors
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Thin films were fabricated via metalorganic decomposition methods with three compositions:
Biy sZn; Nby 507, Bij 5ZngsNb; 5065, and BbZnysNb,s0;,. The Bip 5Zng gNby Og 5 composition

is a low temperature phase with the cubic pyrochlore structure. This phase may undergo a
peritectoid decomposition at 700°C to the high temperature phases;@ZrBiyNb; sO; and
BiNbO, . Both the B} sZn; Nb; s0; and Bi; 5Z2ng sNb; 505 5 cubic pyrochlores show medium room
temperature permittivitie$150 and 180, respectivglyith negative temperature coefficients of
capacitance and a low temperature dielectric relaxation. Both sZBj Nb; 0; and

Bi; 5ZNng sNb; =05 5 films showed substantial dielectric tunability with electric field 30%). The

field dependence of the dielectric permittivity of the zirconolite structured@mjNb,;;0; thin

films demonstrates an unusual field induced transition at high fiddd1V/cm, with a maximum
tunability of 20%. It is hypothesized that this is associated with field forced ordering of the Zn atoms
between two closely spaced, partially occupied sites.2@3 American Institute of Physics.

[DOI: 10.1063/1.1590415

I. INTRODUCTION TCC'’s (+ 150 to—400 ppm/°C) which can be tuned to near
zero either by modulating the processing temperature or by

making a phase mixture of the two end membeEpitaxial

ge:/elgt)r}:]) lmatterlals th?t are rr;fgdmr? tof high pfrgt@tlgﬁ)ﬁ films of (Ca _,Sr)Bi,Ti,O5 have also been shown to have
ut with low temperature coetficients of capacita S permittivities of ~200 and TCC'’s varying from—147 to

and low dlglectrlc loss valu.es. Such materials would be im-, oo ppm/°C8 Of these reports, the family of bismuth-based
portant for integrated passive components, such as resistor-

capacitor arrays, for on-chip applications including inte_pyrochlores offers a combination of comparatively high per-

4 . L 2 .. mittivities, coupled with tailorable TCC's and the possibility
grated decoupling capacitors, and in microwave applications. .
of low processing temperatures.

e ot Th genral cuic pyoclre e, 0,0 i
P Y. considered to be a derivative of the fluorite structAi@,,

be possible to aCt'.Ver tune the cwcwt.. where the unit cell is doubled in all dimensions and fe
Several materials have been considered for these appli-

. N . . ... . site is split into bothA andB sites. The largeA cations are
cations. Considering only materials with a permittivity in ~. . . o .
Jo o : . eightfold coordinated with oxygen, yielding distorted cubes.
excess of 20, the following information is available in the Th lerB cati fold dinated with
literature. Nakagawarat al. demonstrated thazr,SnTiO, € smallers cations are sixfold coordinated with oxygen,

films could be prepared with,=38 and TCG=20 ppm/°C yielding distorted octahedra. One of the seven oxygens is
r

H 9,10 :
and low dispersion in the properties out to the microwavebonded only toA cations.” “Based on the refinement of the

frequency rangé. Ba(Mgy/sTays)Os films were shown to crystal structure of bulk bismuth zinc niobates, there are two
haves.—22.2. tare0 0033 anij TCSI% — 145 ppm/°C, with ™ain phases of interest for high frequency dielectrics: a cu-
=22.2, .009, :

negligible bias dependence of the permittiitjodified bic pyrochlore phase with space groig3m [shown in Fig.

Ta,O5 films have also been shown to have permittivities in1(@ for .Bi1-5zn°-96'\lb1-505-9£ anq a monoclinic zirgonolite
the range of 20—43 for TCE11—14 ppm/°C5 Klee and phase with space grou@2/c, which has been described as a

co-worker§ demonstrated that BiNbCfilms doped with va-  derivative of the pyrochlore structuféig. 1(b)]* Accord-
nadium or copper oxides showed =50—58, tans ing to structural refinements using neutron diffraction data
r ’

~0.003—-0.03, and TCC's within the range 660 ppm/°C. from monoclinic BpZn,,sNb,0,, Nb preferentially occu-

Paraelectric and ferroelectric compositions typically Showpies sixfold coordinated sites in octahedral sheets parallel to

much larger temperature coefficients, unless the film prepa® (001 planes, while Zn is distributed between two five-
ration method results in unusually low permittivitt&Ren fold coordinated sites near the centers of the six-membered

et al. described the family of bismuth zinc niobatBzN) NS of [Nb(Zn)Og] octahedral layers. The Nb/Zn cation

thin films, with compositions of BiZn, Nb, O, and layers alternate_ along theaxis with Bi Iaye_rsl. .
Bi,ZnysNb,0; . It was shown that these films have permit-  1he bulk Bi pyrochlores have a low sintering tempera-

tivities in the range of 80—150, ta#0.005 with modest ture, below 950 °C*" Biy Zn; Nby O; has a permittivity
Of 150 and TCC Of\“ _400 ppm/oc, Wh”e &Zn2/3Nb4/307

has a permittivity of 80 and TCC of 200 ppm/°C. Addition-
dElectronic mail: stmckinstry@psu.edu ally, bulk Bi; &Zn; Nb,; :O; shows a low temperature dielec-

In thin films, as in bulk dielectrics, there is a need to
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[Zinc Acetate Dihydrale] [Niobium Ethoxide]

Bismuth Acetate|

[Z-methowethanol ] [ 2-melhoxyethanol]

Pyridine / Acetic Acid

Dehydrate at 110° C Multiple Coating
L@

Stir Lhr at RT Reflux 1 hr at 120°C
Reflux 15 minat 120°C
Distill off by-products at 120° C Fire in RTA

0.3 M BZN solution BZN Films
0.3-0.5 pm thick

FIG. 2. MOD processing route for the BZN films.

Spin coat
3000 rpm, 30 sec
Pre-fire at 250° C

II. EXPERIMENTAL PROCEDURE

Three  compositions of BZN  thin  films:
Biy.sZny Nb; 507, Biy 5ZNg sNby £O0g 5, and BbZngaNby 50,
were prepared by metalorganic decompositipfioD) on
platinized silicon wafers. The solution was prepared in a
manner similar to that previously reported for BZN filths.
The precursors used were bismuth acetate, zinc acetate dihy-
drate (Aldrich Chemical Company, Inc., Milwaukee, WI
and niobium ethoxidéChemat Technology, Inc., Northridge,

(b) CA). The solvents used were 2-methoxyetha(@MOE),
FIG. 1. (8) Schematic struct t the cubi " bl it pyridine, and glacial acetic aci@ldrich). Zinc acetate dihy-
- 1. (8) Schematic structure of the cubic pyrochlore hjizirconolite rate and 2-MOE were combined, then heated to 120°C, and

structure. The zinc/niobium centered oxygen octahedra are shown. Bi is th = . )
larger dark atom; O is shown as white; Zn is the smaller gray atoth)in ~ vacuum distilled in a rotary evaporator in order to remove

any water. Niobium ethoxide was mixed with 2-MOE and
then added to the zinc solution and refluxed under argon at
) ) . o ] ) 120°C for 1 h and then vacuum distilled to remove by-
tric relaxation. Kambaet al. studied this dielectric relaxation products. Bismuth oxide was introduced into the system by
from 10 tfs‘llgo K, and in the frequency range from 100 Hz tfirst combining bismuth acetate and pyridine and stirring for
100 THz:>" From the dielectric dispersion data, the distri- 5 min. Glacial acetic acid30 vol %) was added, and the
bution functions of the relaxation frequencies were modeledsq|ytion was stirred for 0.5 h until it became clear. This bis-

Over this temperature range, the relaxation, as assessed frqff};in solution was then added and refluxed under argon at

the maximum in tag, follows the Arrhenius law, 120°C for 15 min. Finally, the solution was vacuum dis-
tilled; then 2-MOE was added to ti{&n,Nb) solution until a
v=1vg exp(—E4/kgT), (1) concentration of 08! was obtained. To prepare thin films,

the precursor solution was spin coated at 3000 rpm for 30 s
wherev is the characteristic relaxation frequeney, is the  on Pt-coated Si wafers Pt(175nm)/Ti(20nm)/
attempt jump frequencyg, is the activation energy, arkk Si0O,(500nm)/Si (Ramtron International Corp., Colorado
is the Boltzmann constant, withy=6.13x 10> Hz andE,  Springs, CQ. The substrate was then placed on a hotplate at
=0.202 eV. 350°C for 1 min to remove organics from the film. This

Unlike most ferroelectric thin films, it was found that the procedure was repeated to build up the film thickness, typi-
dielectric properties of BZN thin films on the order of 0.3 cally to a thickness of 0.3—-0.4m, after 3—4 layers were
um in thickness are comparable to those reported for bullkdeposited. A rapid thermal annealer was used to crystallize
BZN.”!" The similarity between the values for bulk and thin the films, with a heating rate of 100 °C/min and a soak time
film BZN contrasts to that normally observed in ferroelec-of 120 s in flowing air. Figure 2 summarizes the basic pro-
trics such as BgSry 3TiO5, in which thin films tend to have cessing route for the MOD films fabricated in this study.
severely suppressed permittivities compared to bulk In order to measure electrical properties, an array of Pt
specimens® The objective of this paper is to further inves- dots ranging from 0.5 to 1.15 mm in diameter were sputtered
tigate the phase formation of the BZN materials and to charento the films through a shadow mask to form the top elec-
acterize the field dependence of the dielectric permittivitiesrodes in a Pt/BZN/Pt configuration. The films were then
in thin film form. annealed 50—100 °C below their crystallization temperature
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for 45-60 s to improve the Pt/BZN interface of the top elec- «—326°C
trode. If a much lower temperature or a shorter anneal was
used, the value of the loss tangent was higher, while higher
temperatures and longer times did not affect the loss tangent.
The areas of the top electrodes were measured using an op-
tical microscope. To gain access to the bottom electrode, a
corner of each film was etched with a 15% HF solution until
the bottom Pt layer was exposed, then rinsed with ethanol.
After etching, the film thickness was measured by an Alpha- . . . . ‘ .
Step 500 surface profildifencor, Portsmouth, NH 100 200 300 400 500 600 700 800

The crystallinity and phase content of the films were
characterized with a Scintag DMC-105 x-ray diffractometer
(Scintag, Inc., Sunnyvale, QAusing CuK«a radiation at a FIG. 3. DTA curve of Bj iZn, :Nb, :Og s MOD solution.
scan rate of 1° @/min.

The low field dielectric properties of the BZN films were

measured with a Hewlett-Packard 4192A LF Impedance e for the interdiffusion of the reactants between particu-
Analyzer(Agilent Technologies, Inc., Palo Alto, QAwith an late precursor%‘.1 Differential thermal analysigDTA) was

ac oscillation voltage of 0.03 V_rn_15 over the fr_equency rang&hen performed on a BZN gel, which was formed by heating
1-100 kHz. Temperature coefficient of capacitance measure; \1op solution to 120 °C to remove liquid organics. A typi-

ments utilized the HP 4274A Multl-FrequenF:y LCR Meter .o pTA curve is observed in Fig. 3. The exothermic peak at
(Agilent). The temperature was controlled using a Delta De-360 °C corresponds to the decomposition of the remaining

sign 2300 oven(Delta Design, Inc., Poway, OA During organics. The second exothermic peak at 540 °C corresponds
these TCC measurements, the samples were heated to 120{ ¢y stallization of the BZN. These DTA data are qualita-
(to remove moisture from the chamh?emd the ca(t)pacnance tively very similar to the earlier studies of BZn, b, O,
and loss were measured.on cooling t0—-50°C. The ;4 Bib,Zn,sNb,s0, by Renet al” Figure 4 shows the x-ray
samples were measured using a sample holder that ConneCt&‘ﬁ’fraction patterns of BisZn, Nb, g5 films following
to the LCR meter through the oven door. The sample itself ;i5,s heat treatments between 500 and 700°C. The x-ray
was contacted using probe tips on the end of wires that coulffyi, are in good agreement with the DTA data, that is there is
be bent to change the position of the probe in order to meay, o\jgence for crystallization until a temperature of 550 °C.
sure a number of electrodes; also, the wires could be bent {9, 5n5iysis of the diffraction peaks, the structure is consis-
adjust the pressure on the electrodes to ensure a goQgnt with a cubic pyrochlore through crystallization tempera-
contact. o tures up to 650 °C. When fired at 700 °C, the film decom-
The low temperature permittivity and loss measurements o< inio two phases: BiNgGand the cubic pyrochlore
utilized the HP 4284A Precision LCR MetéAgilent) over Bi, Zn; Nby £O,. This is consistent with the high tempera-
the frequency range 100 Hz to 100 kHz. The low temperay, e hpage equilibria determined by solid state calcination

ture was reached by cooling the sample at approximatelyy,gies \which suggest that the low zinc content phase is not

2 °C/min in a Dewar filled with helium. _ stable at elevated temperatures. One possible explanation of
The hlgh dc field measurements were mad_e using the H ese data is that the BZn, :Nb, :O s phase is a low tem-
4274A Multi-Frequency LCR Meter, and a Keithley Instru- perature phase that undergoes a peritectoid decomposition at

ments 240A high voltage supplieithley Instruments, Inc., 5 ,00yimately 700 °C. A summary of the phase development
Cleveland, Oh. With an oscillation voltage of 0.03 V, a dc i, e three different compositions is given in Table .
voltage sweep was made starting at 0 V, increasing to the

maximum positive dc voltage, decreasing to the maximum
negative dc voltage, and returning to 0. These measurements
were made at room temperature, 77(sing liquid nitro-
gen, and intermediate temperatures using the Delta Design
oven.

539 °C
¥

Exothermic —>

Temperature C)

IIl. RESULTS AND DISCUSSION

A. Crystallization and phases

Relative Intensity

Guided by earlier investigations on B;-Zn0O-Nb,O5,
compositions of BjgZn; gNb; sO; and BbZn,sNb,,:0; were
selected:®10131419-21pring this investigation, a phase
based on the composition BZn, sNb; :Og 5 was discovered
via the MOD route. This composition was pursued in an
attempt to make a sample with no Zn on #eite. It should
be pointed out that in the solid state calcination route, thissg. 4. x-ray diffraction patterns of Bizn, Nb; O s films fired at differ-
phase could not be formed at the higher temperatures rent temperatures.

29 (degrees)
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TABLE I. Phase development in BZN films.

Bi;Zny/sNby/s0; Biy sZny Nby 507 Bi1.sZNo sNb; 06 5
550°C Cubic Cubic Cubic
600°C Cubic Cubic Cubic
650°C Cubic Cubic Cubic
700°C Mixed Cubic Decomposes (BiNRO
750°C Monoclinic Cubic and cubic pyrochloye
B. Low field dielectric properties tric relaxation is observed in both materials; however, the

relative permittivity of Bi sZng sNb; :Og 5 is higher at room
temperature and the drop associated with the relaxation is
approximately 50°C lower than in BiZn, Nb; ;O; at a
given frequency. This has the attractive properties of higher
permittivity at higher temperatures and also a low dielectric
loss for a given frequency at room temperature and above. It
should also extend the available high frequency range at

Figure 5 shows the room temperature relative permittiv
ity and loss tangentat 10 kH2 of BZN thin films as a
function of firing temperature; the data for,BZn; JNb; :O;
and Bi,Zn,sNb, 0, agree well with those reported earller.
The permittivity of Bi gZnygNb; Og 5 increased with in-
creasing firing temperature, reaching a maximum room tem

erature permittivity value of 180 at 10 kHz for films fired at
perature permitivity vaid z I ! which these films will have reasonali values. The maxi-

600-650°C. The higher permittivity observed in this Com_mum in the dielectric loss data can be used to describe the

position suggests that the film is indeed a previously un-

known compound. At 700°C, the permittivity falls, as is to relaxation behavior, as with earlier studies on the bulk mate-

be expected given the decomposition to a lower permittivit;{ ﬂsfhépmé;lwZr:;tlijia?géjztrlggggs. (ulrﬂjt\;vri/si'nlésfhi t:)elgiz(t:ircl)aefor

Bi hi ith stoichi try Bi b, 0, and | . . : .
D e s oo Q_I?an_ol\'l Lo A o Bi1 52Ny sNby 506 5 (See Fig. 8 The Bi; sZng sNby 50 5 film

permittivity BINbO, (¢~42). The dielectric loss is low for h S 011+ 0.0054 eV and

all of the crystallization temperatures (t&r/0.005). For astf”lrll gcuvatflon energ;?/a~4.57 +2‘ 86 iolzanH pr_?ﬁxpo-

compounds for which bulk permittivity data are available, "eNtal JUMp Irequencyp==. (2. )>.< ) Mz Nese

the relative permittivities of BZN films are quite close to values are similar to those reported earlier in thin film and in

those shown in bulk ceramics. This is often not the case wittpu'k BZN ceramics:®
ferroelectric or paraelectric films, where in plane stress o
clamps polarizability and low permittivity interfacial layers C- Electric-field strength dependence of the
strongly dilute the dielectric respon&e. permittivity
The TCC’s are compared for each composition against The high field tunabilites of BisZn, (Nb; SO,
firing temperatures between 550 and 750°C in Fig. 6. EXBi; 5Zny sNb; 055, and BibZn,sNb,s0; were all investi-
tremely low TCC's can be designed into these medium pergated using a small signal ac field over a dc bias.
mittivity dielectrics. It is especially interesting that the Bi, .zn, ;Nb, {0, has previously been reported to have a
Bi; sZno sNb; 505 5 phase shows both a higher permittivity modest tunability of ~10% for applied biases of
(180 and a lower TCC ¢ 230 ppm/°C), while requiring a +830 kV/cm.” It was found here that with increasing bias
150 °C lower processing temperature thapgn; gNb; sO;. field the available tunability could be increased substantially
This combination should be especially attractive for inte-at room temperaturésee Fig. 9. Throughout the measure-
grated capacitor applications. ment, the dielectric loss of the sample remains low and no
Figure 7 compares the temperature dependence of thgysteresis was observed on retracing the curves.
permittivity and dielectric loss for the two cubic pyrochlores  To investigate the maximum tunability that can be
Bi; 5Zn; oNb; sO; and Bi sZng sNb; sOg 5. A similar dielec-  achieved, measurements were repeated at 77 K. Low tem-
peratures were selected to decrease the electronic conductiv-
ity, thereby enabling higher fields to be applied without di-

200 0.025
180
S 1601 [ 0020 s 5 10
£ ") g 5o Bi,Zn,;Nb, ;O
E - 0.015 @ 2 . 50 2£053NDy 5y
o 120 g 5,(:_) c
T 100+ = 5 & -50 |
[i}] 100 o o
2 L 0.010 g 8§
T 801 S @ -150 - '
g - 2 e Bi, sZn, (Nb, ;O,
r %07 - 0.005 % S -250 - .

401 5 2 Bi, sZng sNb, ;045

2 8 350 -
20 . : : : 0.000 g8
500 550 600 650 700 750 @ © 450 ; ; ; ;

500 550 600 650 700 750
Firing Temperature (°C)

Firing Temperature (°C)

FIG. 5. Relative permittivity and loss tangent of BZN films at different
firing temperatures, measured at 10 kHz and 0.03 V ac. FIG. 6. TCC of BZN films at different firing temperatures.
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2>
= 150 |
'g 130
[
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(@)
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FIG. 7. (a) Permittivity and(b) loss of Bi, sZny sNb; 50g 5 films (fired at
600 °C) and Bj 5Zn; (Nb, 07 films (fired at 750 °C) as a function of mea-

suring temperature. For each composition, the frequency increases from the

top curve to the bottom curve in the order 0.5, 1, 5, 10, 50, 100 kHz for
permittivity and 10, 5, 1 kHz for the loss tangent.

electric breakdown. Figure 10 shows the permittivity and

loss at a temperature of 77 K as a function of applied dc

bias  for BhsZm Nb; 507,  BiysZngsNb; 065,  and

Bi,Zn,5Nb,50,. Again, no hysteresis was observed, since
the data from each cycle can be superimposed. The shape
the curves for the field dependence of the permittivity for the
two cubic pyrochlore compositions is similar. Both show a
gradual reduction with increasing field strength. No defini-

= o -
© o = N
1 | 1 1

In(frequency), (In(Hz))
A

6]
1

16 17 18 19 20

1000/T (K")

4 . .
13 14 15

Thayer, Randall, and Trolier-McKinstry 1945
0.10
150 -
> 140 r 0.08 g
> L
£ 1301 < 0.08 &
£ 004 g
& 120 4 : §
110 | r 0.02
—>
100 ' ' ‘ 0.00
-2 -1 0 1 2
dc Bias Field (MV/cm)

FIG. 9. Permittivity and loss tangent of BZn; Nb; {O; as a function of
applied dc field, measured at 10 kHz and 0.03 V ac at room temperature.

tive saturation of the permittivity was achieved for the field
range utilized. Up to 46% tunability was obtained in
Bi1 sZn; Nb; 5O7. The resulting curve could be fitted well to

a sixth order polynomial containing only even terms in the
field. It was also found that the fractional tunability was the
same at room temperature and at 77 K, even though this
entailed measurements both within and well above the relax-
ation region. The resulting temperature stability should be
useful in designing temperature stable tunable components

130 0.5
120 loa
1101 =
21004 03 &%
::E 100 £ (2)
E 90| <— fo2
€ go/ S
704 — 1
i —
B0+ T T T T : — 0.0
8 2 1 0 1t 2 3
dc Bias Field (MV/cm)
190 0.20
180 |
170 4 +0.15 =
2 160 | o
g ] i s (b
of E 150 (_ .‘ 0.10 :
S 140+ 2
-
130 \ L 0.05
120 4 _)
Peo— .
110 T T T T T 0.00
3 2 -1 0 1 2 3
Bias Field ( MV/cm )
80
75 -<_ + 0.017 -
=2 |
z . oore £ ©
£ 65 - : f.:
o 60 @
a +0.007 ©
% \—-—'-%\J )
50 T T T 0.002
4 -2 0 2 4

dc Bias Field (MV/cm)

FIG. 10. Permittivity and loss tangent df) Bi;sZn; Nb;0;, (b)

FIG. 8. Arrhenius plot of BigZng, sNb; :Og 5 based on curve-fit data in Fig.
7(b).

Bi; 5ZngsNb; 505, and (c) Bi,Zn,sNb,s0; as a function of applied dc
field, measured at 10 kHz and 0.03 V ac at 77 K.
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TABLE Il. Summary of dielectric properties in BZN films.

Firing
temperature
(°C) & Maximum tunability Structure
Biy 5Zng gNb; 06 5 600 180 26% at 1.8 MV/cm Cubic pyrochlore
Biy.sZn; Nb; 05 750 150 45% at 3 MV/cm Cubic pyrochlore
Bi,Zn,3Nby,30; 750 80 20% at 4 MV/cm Zirconolite

and is in marked contrast to the substantial temperature def 6100%. Unlike the cubic compositions, in

pendence observed in many paraelectric compositions.  Bi»Zn,;3Nb,z0; the figure of merit would likely be retained
The major source of the ionic polarizability in the Bi into the microwave frequency range.

pyrochlores with cubic symmetry come from thé-8i-O’

bonds, as discussed by Kamésiaal. and Ninoet al**The

lower frequency dipolar contributions are not fully under- V- SUMMARY AND CONCLUSIONS

stood, but the structure refinement by Lewinal. suggested Three compositions in the BDs-ZnO-Nb,Os system,

the structure has a large potential for site disotdeFhe - - -

random fields and their?nte?action between these disorder B'el'riz?ﬁ{,de\ls?ilgﬁgdEi;;f'tﬁ?]Of?m]b?g?nﬁ'Sgrzgirzgzgj/ﬁ]\f{gfﬁé anic
;ites are believed to be the major sources of the pOIarizabi"t}.’iecomposition methods. The BZng Nb, 05 s composition

in the lower frequency range. One possible cause of the tun; oo to be a previously unknown low temperature com-
?b"'ty IS that large fields ?1 MV/cm) applied to _the _t_h|n pound with a cubic pyrochlore structure, a permittivity of
fllms_ effectwely_clamp out this source of the p_olarlzablllty._ I_f 180, low loss tangents, and a suppressed low temperature
th_ls is so, then it would suggest that the maximum tunab'“tyrelaxation. This phase may undergo a peritectoid decompo-
will ‘be on the order of 50% for the B/ NDisO7  giion at 700°C to a mixture of a cubic pyrochlore and

composition. BiNbO,. A summary of the important dielectric properties is
It is possible to define a dielectric tunability figure of 4 y P prop

X given in Table 1. The relaxation behavior in
merit (FOM) as Bi1 sZng sNby 506 5 and Bi; 5Z2n; JNb; {0, follows an Arrhen-
FOM=QXAe/eX100%, (2) ius temperature dependence, with preexponentials in the

ionic vibration range and activation energies of 0.13 and 0.11
eV, respectively. The high field dielectric properties are also
similar for these two compositions, with a systematic de-
crease in the dielectric permittivity with increasing field

whereQ is the quality factor at zero field, anfle/e is the
field-induced change in permittivity relative to zero field per-
mittivity, or the tunability. For the experiments performed

here, a field of 1.8 MV/cm was used to induce a 30% tun'strength The same fractional tunability is available over at
L ) .
ability in Biy.s2N gNDy 5O, and has a FOM of 5900%. At 77 "5 oo ¢ temperature range. The field dependence on

o o ) .
K, the tunability is 45%, but at this temperature, there is Mhe dielectric permittivity in the zirconolite-structured

increase in loss associated with the relaxation, which coms,. L . .
bine to reduce the FOM to 3400%. Similarly, the BiyZny;5NDby,0; thin films shows an unusual field induced

. , S transition at high field~2 MV/cm, which might be attrib-
Biq 5Zng sNb; 05 5 films at 77 K have a tunability of 26% . :

T =0 uted to a field-forced ordering of the Zn atoms.
and a FOM of 1800%. 9

In contrast, the BiZn,Nb,O; zirconolite phase

showe_d an unusual field dependence fo the permittivity folck NOWLEDGMENTS
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