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1. Introduction

In recent years, there has been a significant increase in the need for, and applications of,
microwave circuit technologies. The progress in the communication application area has
resulted in a demand for miniaturized components, which are a key factor for low power
and integratable microwave devices (1-4). Ferroelectric films have attracted
considerable attention for applications in computer memory elements, frequency-agile
microwave components, pyroelectric sensors, and voltage tunable capacitors (3-8). For
tunable device applications, the ferroelectric material should possess low dielectric loss,
low leakage current, and high-voltage tunability (4). A promising candidate material is
Ba; «SrTiO; (BST). BST is a continuous solid solution between barium titanate and
strontium titanate over the entire range of concentration. The Curie temperature of
Ba; St TiO; decreases linearly with increasing strontium titanate concentration. As a
result, the transition temperature and, hence, the dielectric and optical properties of

Ba; «SrTi0O;3 can be tailored over a broad range to meet the requirements of various
electronic device applications. Ba;SryTi03-MgO-based bulk and single-layer composite
materials have shown excellent dielectric loss and dielectric tunability characteristics at
X-band and K-band frequencies compared to those of pure BST bulk ceramics (7-11).
However, a major drawback of these bulk ceramics for tunable devices, such as phase
shifting elements, is the large drive voltages required for phase shifting (2). Thin films,
with optimized dielectric and insulating material properties, are required to significantly
lower the operating voltages. Such optimized thin films will also offer the additional
advantages of a light weight, compactness, and intergratebility (2, 4, 6).

2. Experiments

The BST-based thin films were fabricated via the pulsed laser deposition (PLD)
technique. Details of the PLD technique has been described elsewhere (4). High-density
stoichemetric sintered ceramic targets of Ba( 6 Sr94T103 and 5 mol% Mg-doped
Ba.6)S10.4T103 were used to fabricate the thin films. Optimizing condition for PLD were
investigated using four different sets of films. Each were deposited at different
parameters condition then characterized by XRD in conjunction with residual stresses.
Parameters condition, including changing in power density (J/cm?), partial oxygen
pressure (mTorr), time of deposition (minutes), and substrates temperature (Ts) were
observed. Final films were grown on (100) MgO single crystal substrates with a
substrate temperature of 700 °C. The films were deposited using a 248-wavelength
Lambda Physik excimer laser with an energy density of 2.5 J/cm” and an oxygen pressure



of 70 mTorr. The nominal film thickness was 600 nm. Subsequent to deposition, the
films were annealed at temperatures ranging from 550 to 1000 °C for 1 hr in oxygen.
glancing angle x-ray diffraction (GAXRD), using a Bruker D5005 diffractometer with
CuKa radiation, was employed to assess film crystallinity. A Digital Instruments
Dimension 3100 Atomic Force Microscope and a Hitachi S4500 field emission scanning
electron microscope (FESEM) were utilized to assess film surface morphology and
cross-sectional microstructure, respectively. The dielectric properties, at low frequency,
were obtained in the metal-insulator-metal (MIM) capacitor configuration. The MIM
capacitors were fabricated by sputtering 0.2-mm Pt dots separated by 0.5-mm spacing
through a shadow mask over a 1 x 1 cm”area of the film surface. The dielectric
properties were measured with an HP4194A impedance/gain-phase analyzer. The
microwave frequency dielectric characterization, via interdigitated capacitors (IDCs), was
obtained using standard photolithography and metal-liftoff patterning (4, 5). Subsequent
to cleaning the samples in trichloroethane, acetone, and DI water, the interdigitated
pattern was developed as a window in a three-layer resist consists of 1.5-um
polymethylmethacrylate (PMMA), a 1000-A layer of copper, and 1.5-um Microposit
1818 photoresit. The pattern was printed on the film by the screen-contact print method,
and the 1818 resist was removed by UV flood exposure and developed using the 351
developers. A diagram of the IDC device design is shown in figure 1. A C+ program
was used to control the internal bias and obtain the S;; parameters from the HP 8510
network analyzer. The devices were contacted by means of a signal-ground Picoprobe
microwave probe. The initial pre-bias condition included a sweep bias from —40 to 40 V
at 5-V/step functions. The dielectric constant was extracted using a modified conformal-
mapping method using the dimension of the capacitors (6, 12).
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Figure 1. Diagram of IDCs with microwave probe in contact. Finger length of the device is
80 um, and finger width spacing is 6 pum.



3. Results and Discussion

The as-deposited film (Ts- 700 °C), was amorphous, and post-deposition annealing was
necessary to impart crystallinity. The post-deposition annealing of these films was
carried out in an oxygen ambience at temperatures ranging from 550-1000 °C for 1 hr.
At the annealing temperature of 600 °C, there were no diffraction peaks in the XRD
patterns; however, at 650 °C and higher, the films became crystalline. Figure 2 displays
the XRD pattern of the optimized 750 °C annealed-undoped and Mg-doped films. Both
film compositions were polycrystalline with no evidence of secondary phase formation.
The full width at half maximum (FWHM) of the (110) and (220) diffraction peaks for the
Mg-doped BST was broader than that of the undoped BST suggesting a smaller grain size
and for the doped film. An atomic force microscope (AFM) micrograph of the surface
morphology, of the doped BST film is displayed in figure 3a. The AFM result
demonstrates that the film is dense, crack and pinhole free. The average surface
roughness was 9.3 and 6.3 nm for the undoped and doped films, respectively. These
surface roughness values are acceptable for tunable device applications. It should be
mentioned that the surface roughness can be lowered by lowering the laser fluence;
however, this would be at the expense of decreasing the deposition rate (6). Both film
compositions exhibited a uniform grain size (78 nm for the undoped film and 64 nm for
the Mg-doped film) after annealing at 750 °C. Figure 3b displays an FESEM cross-
sectional image of the undoped BST film. The microstructure of the BST film exhibits
columnar grain structure and possesses a smooth film/substrate interface.
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Figure 2. XRD of (a) BST and (b) BST-5 mole% doped MgO annealed at 750 °C.
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Figure 3. Micrographs of the BST based film: (a) AFM plan view and (b) FESEM cross sectional.

The dielectric properties were calculated using equations 1-4 (4).

&= (Ct fim) / A &, (1)
% Tu=A & / & (0) = & (0) — & (Emar)] / & (0) , @)
C totat = I (N finger> Liengths Eetfs Cper unit length) » (3)
and
Eeft= { air € air + q film € film T q substrate € substrate - 4)

At low frequency (100 kHz), the film’s dielectric properties were measured in terms of
the capacitance C, (calculated &) and the loss tangent (tan ). A small alternate current
(ac) signal of 10-mV amplitude from the HP 4192A impedance analyzer was applied to
the MIM thin film capacitors. The permittivity and dielectric tunability were calculated
using equations 1 and 2. The tunability was found to increase with increase of the
applied electric field, for both film compositions.

At 200 kV/cm, the tunability was 50% for the undoped film and 19% for the doped film.
The tunability for the undoped BST achieved a maximum value of 68% at 400 kV/cm.
The tunability of a BST-based film can be elevated by lowering the Ba/Sr ratio; however,
the resultant highly tunable compositions also exhibit higher dielectric loss (5). The
dielectric properties of the undoped and doped BST films are displayed in table 1. At
100 kHz, the dielectric constant and dissipation factor of undoped and doped BST were
443.44/0.062 and 303.12/0.051, respectively. These results suggest a 25% reduction in
permittivity and dielectric loss as a result of acceptor doping. The microwave dielectric
properties are displayed in figure 4. The device measurement test structure, IDC, was
fabricated on the 0.6-um-thick BST and BST-5% MgO-doped films deposited on MgO
substrates. The equivalent of parallel combination of a resistor and capacitor was used
for the calculation. At 40 V, the device showed a capacitance change from 3.4 to 2.6 pF,
while device Q varied from 30 to 52. The change in capacitance translated to a dielectric



tunability of 28% with an average Q (Q = 1/tan ¢) of 40 (tan 6 = 0.20) at 10 GHz. The
conformal mapping technique was used to extract the values of & and tan 6(12). The

Table 1. Summary of dielectric and insulating properties of undoped and
Mg-doped Ba;_,Sr,TiO; thin films at a frequency of 100 kHz.

Tunability IL(A)
Mg tan (at 200kV/cm) (at 200kV/cm)
(mol%) & ©) (%)
0 443 .44 0.062 50.1 0.22 x 10"
5 303.12 0.051 18.9 0.15x 107"
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Figure 4. The microwave dielectric properties as a function of frequency at 0- and 40-V bias.

dielectric constant and loss at the sweep frequency, ranging from 5-20 GHz, were 345.0
and 0.025, respectively. It is suggested by Kirchoefer et al. (5) that the fractional change
in relative permittivity with bias is larger than the fractional change of the device
capacitance because the substrate and air contribute to the device capacitance and are in
parallel with the ferroelectrics capacitance. Similar conditions are true for tan o of the
film, which is larger than the reciprocal of the device Q. In general, the low and
microwave frequency dielectric properties of both film compositions appear desirable for
tunable device applications.

4. Conclusions

Undoped and Mg-doped paraelectric thin films deposited by PLD have been shown to
produce high-quality films on (100) MgO substrates. The films were well crystallized
after post-deposition, annealing at 750 °C for 1 hr. The undoped and doped films
possessed low dielectric loss and good tunability at both low (100 kHz) and microwave
(0.5-20 GHz) frequency. The improved dielectric properties of pure and Mg doped BST
thin films suggest their suitability for tunable device applications. Future work will focus
on identifying the key elements responsible for improved dielectric tuning and low
dielectric loss in these films.
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