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High tunability barium strontium titanate thin films for rf
circuit applications
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Large variations in the permittivity of rf magnetron sputtered thin-film barium strontium titanate
have been obtained through optimization of growth conditions for maximum dielectric strength and
zero-field permittivity in a parallel-plate capacitor structure. Using nominal target compositions of
Bay sSihsTiO3, and Pt electrodes on-plane sapphire substrates, adjustment of thep@rtial
pressure during deposition was used to vary the excess Ti incorporation into the films, which
influenced the low-field permittivity, loss tangent, and dielectric strength. By balancing the benefits
of a high permittivity with dielectric strength and loss, we have produced films capable of sustaining
short-duration fields greater than 4 MV/cm with over 18:90%) change in dielectric constant,

and greater than 5:1 tunability in bias fields under 1 MV/cm2@4 American Institute of Physics
[DOI: 10.1063/1.1818724

Barium strontium titanat€BST) is a solid solution per- The BST films used in this work were deposited by rf
ovskite with a field-dependent permittivity. In recent years,magnetron sputtering. The films were simultaneously co-
there has been a strong interest in thin-film BST, first forsputtered from two 3 in. ceramic targets on to both platinized
dynamic random access membryand later rf or and barec-plane sapphire substrates in an Ap/@mbient.
microwavé" applications. While much work has focused on The two targets had slightly different compositions, one be-
reducin? material losses in thin films for microwave ing Ba,Sr,sTiO; (stoichiometrig and the other
devices, the tunability (change in dielectric constant with Bg, S, Ti; 005 (2% excess i The targets were located
biag is also a critical parameter in determining overall cir- 30° off axis and the target-to-substrate distance was 4.25 in.
cuit loss in an application. Figures of merit involving prod- The Ar and Q flow rates were adjusted for a total pressure of
ucts of intrinsic material quality and tunability are sometimesas mTorr for all growths in the series; the Arj@ow rates
proposed for comparing materials, but these are not alwaygy the films in this set were 90/10, 80/20, 70/30, 60/40,
useful predictors of circuit performance. At high frequencies,nq 50/50 scem corresponding te artial pressures of 4.5,

(in the microwave rangeohmic losses in the capacitor elec- g o 135 18.0, and 22.5 mTorr, respectively. The substrate
trodes become a significant loss contributor, mitigating th%mperature(?OO °0), rf power (150 W on each gun and
advantages of low loss-tangent films. Higher tunabilities al- ' '

low for designs with fewer cascaded tuning elements Oli_growth time(64 min) were held constant. The resulting film

rectly reducing the net circuit loss. Phase shifter circuits, f0|1h|cknesses were determined by surface profilometry, and

example, require a predetermined amount of phase delay, af@"9€d from 113 to 145 nm with lower,@artial pressures
a number of individual phase shifting units are cascaded tGoresponding to higher deposition rates. ,
achieve this goal. When the film tunability is increased, the ~ Parallel-plate capacitors were fabricated using the
amount of phase shift per unit is increased, thereby decrea§@mMPples grown on platinized sapphire in a two-layer mask
ing the total number of units requiréd. process. Th_e first layer defined BST mesas for a device iso-
Sputtered BST films have been investigated by severdftion etch in buffered HF. The second mask layer opened
researchers®2 The role of the G ambient during growth windows for lift-off of mesa and ground plane electrodes.
has been specifically studied for its influence on leakage, 150 nm thick Pt electrodes were deposited by electron-beam
lifetime,}° and film texturing™ In this letter, the electrical €evaporation. No specific processing steps were taken to im-
tunability of BST capacitors with Pt electrodes was opti-prove the electrode—film interface properties.
mized with respect to © partial pressure during sputter Capacitance an@-factor (inverse loss tangentuning
deposition, leading to significantly higher tunabilities thancurves were measured using an Agilent 4294A impedance
previously reported. The effects of,@oncentration during analyzer for low-voltage measurements at 1 MHz and
sputtering appear to be complex; the ambiepp@rtial pres- 100 MHz with a 500 mV oscillation amplitude. High-voltage
sure influences not only the oxygen incorporation into the(>40 V) measurements at 100 MHz were obtained using an
films, but also the Ti nonstoichiometry and théB site ratio  HP 8722D network analyzer with an external bias tee. The
Whiclt; are strongly linked to the zero-field permittivity and high voltages were sourced using a Keithley 6517A elec-
loss:“ Additionally, evidence of changes in the Pt electrodetrometer with a series resistance of approximately 80 k
morphology W3hen exposed to,Git high temperatures has \easurements of dc leakage currents were performed using
been reporte&, thus, the resulting film texture and interface gp Agilent 4155B semiconductor parameter analyzer. Com-

quality are influenced by the Lpartial pressure. positional data were determined through Rutherford back-
scattering spectroscopyRBS) analysis on the samples

¥Electronic mail: nadia@ece.ucsb.edu grown on bare sapphire.

0003-6951/2004/85(19)/4451/3/$22.00 4451 © 2004 American Institute of Physics

Downloaded 10 May 2005 to 128.111.239.128. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.1818724

4452 Appl. Phys. Lett., Vol. 85, No. 19, 8 November 2004 Pervez, Hansen, and York

TABLE |. Compositional and electrical film properties for five films grown at the same total pressure of
45 mTorr, but with different Ar/Q flow rates.

Ar/O, Po2 Ba/ (Ba+Sp/ Q Tunability

(sccm (mTorn Sr Ti € (1 MHz) (100 MH2)

90/10 45 0.94 1.00 571 41 11.3601.2%
80/20 9.0 0.93 0.93 455 75 13.7192.7%
70/30 135 0.92 0.88 241 161 7.881.3%
60/40 18.0 0.89 0.82 194 159 4.9079.6%9
50/50 22.5 0.87 0.78 134 42 3.7418.3%

Table | summarizes the electrical measurement and RBSignificant leakage in the 90/10 film at lower fields, so its
analysis results. Electrical data in each row were verified orfuseful” tuning range is smaller as well. Although additional
multiple devices from each sample. In materials such as BSimprovement in the breakdown voltage and leakage resis-
with the ABO; perovskite structure, the ratio éfto B site  tance was observed with the further incorporation of excess
ions is an important predictor of the defect density and qualTi into the film, the significant decrease in the zero-field
ity of the film structure* RBS sensitivity to oxygen is poor, permittivity limits the usefulness of such an approach for
making the most useful results of the analysisAh®-B site  high tunability applications. Thus, the 80/20 film appears to
ratio, and in the case of a solid solution such as BST, th¢e an optimum combination of tunability and dielectric
ratio of the different cations occupying tiesite as well. strength for this series.

As the O partial pressure was increased from  The large tunabilities in Table | exceed other reported
4.5 mTorr to 22.5 mTorr, the Ti nonstoichiometry in- data*®'®due to the simultaneous improvement in both zero-
creased, as indicated by the decrease inAtte-B site ratio  pjas permittivity and dielectric strength. In addition to sto-
from unity to 0.78. Figures 1 and 2 show the effect of thejchiometry, interface quality is thought to play a strong role
excess Ti on the electrical properties of the film. T@eE  jn these results. The so-called “dead-layer” effect—a nontun-
curves in Fig. 3 were obtained by progressively increasingple interfacial capacitance—appears to be influenced by in-
the voltage sweep until catastrophic device failure. The tunterfacial roughness and surface contamination, and this in
ability figures reported in Table | were then determined byt influences the apparent zero-bias dielectric conétdnt.
taking the ratio of the maximunero-biag permittivity to  |nterface quality also influences the effective Schottky bar-
the minimum permittivity at breakdown. This follows the rier at the contact, which determines the amount of charge
convention in the literature, but it is not a practical methodinjection at high fields. Thus the maximum sustainable volt-

for characterizing the “useful” portion of the—E curve.  4ge and, therefore, tunability is also influenced by interface
Figure 2 gives some insight in this regard; devgdactor  qygajity.

decreases dramatically above a certain critical field, which s’ Figyre 4 shows the transient leakage behdvigrthe

associated with an exponential increase in leakage currentgims at a constant electric field of 200 kV/cm. Three differ-
Determination of the maximum sustainable field in the filmsg types of transient behavior were observed, with the most
for a practical application would require careful long- gysichiometric film having the sort of long transient we have
duration stress testing, but a rough approximation would bgeyiously reported® Note that there was no further de-
the field at which the leakage losses approach the intrinsigyease in leakage at this field for, artial pressures above
dielectric loss. For the best films in our series, this happengs g mTorr (Ar/O, 70/30, with the measurements on the
around 1 MV/cm. films with the three highest Opartial pressures being essen-

Maximum t_ungibility measurements dgpicte_-d in I_:ig. 3tially indistinguishable. The initial benefit was quite dra-
show that despite its more desirable zero-bias dielectric prop: atic, with an order of magnitude difference in leakage be-
erties, the 90/10 film ultimately had a lower tunability '

(11.6:1 or 91% than the 80/20 film(13.7:1 or 93% due to

its lower dielectric strength. All of the films in the series 300 300 .
asymptotically approach the same high-field permittivity @ ®
limit, as shown in Fig. 1, but the 90/10 film broke down °2°° °2°°
before approaching this limit. Figure 2 indicates the onset of 100 \/ﬂ 100
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FIG. 2. 1 MHz Q-factors for four of the films from Fig. 1:(a)
FIG. 1. 1 MHz tuning curves for films grown with different Ari/Glow Ar/0O, 90/10 sccm(b) Ar/O, 80/20 sccm(c) Ar/O, 70/30 sccm, angd)

rates(sccm. Ar/O, 60/40 sccm.
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FIG. 3. 100 MHz maximum tuning curves for two most stoichiometric
films, Ar/O, 90/10 and 80/20 sccm.

tween the two films with the lowest{partial pressures. One
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excess Ti incorporation, resulting in lower tunabilities but
higherQ-factors. For applications such as phase shifters, the
benefits of high tunability dominate over the drawbacks of
increased film loss, making our films well suited to such
applications.
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