Integrated Ferroelectrics, 2001, Vol. 39, pp, 313-320 © 2001 Taylor & Francis
Reprints available directly from the publisher
Photocopying permitted by license only

DISTRIBUTED PHASE SHIFTERS USING
(Ba,Sr)TiO; THIN FILMS ON SAPPHIRE AND GLASS
SUBSTRATES

YU LIU*, BAKI ACIKEL®, AMIT S. NAGRA", TROY R. TAYLOR®,
PETER J. HANSEN®, JAMES S. SPECK®, and ROBERT A. YORK®

“Electrical and Computer Engineering Department,
bMaterials Department,
University of California ot Santa Barbara, Santa Barbara, California, 93106

(Received March 14, 2001; In final form August 20, 2001)

In this paper, we present distributed phase shifter results employing voltage tunable
(Ba,Sr)TiO; (BST) thin film capacitors deposited by RF magnetron sputtering. Both
parallel-plate and interdigital structures are investigated for different application
requirements. The parallel-plate capacitor based circuit on glass (Vycor) substrate
has a continuous 0-1807 phase shift at 30 GHz with an insertion loss of 4dB and
return loss better than 12 dB. A similar K-band phase shifter on a sapphire substrate
was also demonstrated with a 0-2707 differential ‘phase shift and an insertion loss of
6.1dB at 20 GHz. The circuit using interdigital BST capacitors on sapphire substrate
shows a continuous 0-3607 phase shift at 8.2 GHz with an insertion loss of only 4.9
dB. These results show the feasibility of using BST thin film technology in
microwave and millimeter wave phase shifter applications.
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INTRODUCTION

Low-cost and high-performance phase shifters are crucial
components in modern phased array antenna systems. In recent years,
ferroelectric technologies have received extensive attention because of
their suitability for tunable microwave applications [1-4]. Integrated
capacitors using Barium Strontium Titanate (BaySr14TiO3) thin film,
which has high tunability, low loss tangent and high power handling
capability, are very promising as a replacement for traditional
semiconductor devices. In addition, the films can be deposited
inexpensively using sputtering or MOCVD and processed using
standard monolithic fabrication. These capacitors are used to
implement millimeter wave phase shifters. Among recent
demonstrations, phase shifters consisting of BST thin film capacitors
have demonstrated about 30%dB for K/Ka band operation [5,6].

In this paper, both parallel-plate and interdigital structures are
investigated for different application requirements. Parallel-plate
capacitors can effectively tune BST thin film and require low tuning
voltage, which is desirable for low power applications. Interdigital
capacitors, as compared with parallel-plate capacitors, are less
effective in tuning range but much easier in fabrication and are capable
of high power operations since the bias voltages can be as high as
100V. Distributed phase shifters have been fabricated on highly

insulating and low-cost sapphire and glass substrates using novel
processing methods. Preliminary measurement results on initial
prototypes are reported in the following sections.

DEVICE FABRICATIONS

Sapphire and glass were chosen as the substrates for BST deposition
because they are cost-effective substrates that have very good
insulating properties and consequently low loss tangents. BST thin
film capacitors were fabricated using standard monolithic fabrication
techniques, The BST thin films used in this work were grown using
RF magnetron sputtering. The film stoichiometry was optimized for

both tunability and microwave loss performance concerns. Devices
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parameters, such as device capacitance and quality factor, are extracted
from high-frequency s-parameter measurements.

A. Parallel-plate Structures

One of the biggest challenges for the BST growth on different
substrates is to find suitable electrode stacks for the bottom electrode,
appropriate for parallel-plate devices, which will survive the high
growth temperatures of BST and maintain good adhesion during
subsequent processing. In this work, a working solution involved the
use of Pt on sapphire substrates, and Ti/Pt/Au electrode stacks on glass
substrates. A low-Barium BST film composition (Bag St gTiOs) was
grown (3100?) for good loss performance. The circuits were
fabricated using standard monolithic fabrication techniques. Details of
the fabrication can be found elsewhere [7,8].

RF characterization was made by one-port reflection measurements
on a HP 8722D network analyzer with on-wafer open and short
calibration to account for the pads and parasitics correctly. The
measured s-parameters were then used to extract the quality factor and
the capacitance value [9]. For microwave phase shifter applications,
parallel plate capacitors were fabricated with capacitance values of
0.15pf-2pF. Discrete capacitors showed a tunability of 2:1 with a
quality factor of 18 at 20 GHz. The parallel plate geometry provides a
higher tunability at low voltages relative to interdigital capacitor
structures since the electric fields are better confined in the film.,

B, Interdigital Structures

The main limitation for BST parallel-plate capacitors is that the total
device loss at microwave frequency is quite high which is probably
due to the BST material degradation in process flow. In addition, BST
parallel-plate capacitors requires six-layer mask in fabrication which is
not desirable for low-cost circuit applications. With consideration on
these factors, BST interdigital structure is also investigated, Both glass
and sapphire are considered as candidate substrates for BST
interdigital capacitors. While glass substrate is a very good insulator
and suitable for low leakage considerations, BST thin film sputtered
directly on glass substrate demonstrates rather low tunability (<1.5:1).
In our work, BST films were grown on c-axis sapphire substrate for
higher tunability. Film deposition condition is optimized with different
Barium to Strontium ratio for better loss and tunability performances.
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Interdigital capacitors with Bag 3Sro7TiOj3 thin film showed a tunability
of 2:1 with a quality factor of 30 at 10 GHz.
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FIGURE 1la-b Parallel-plate capacitor based phase shifter circuit

results on sapphire. The circuit has provided a Igxase shift
of 265° with an insertion loss of 5.8 dB at 20 GHz,

PHASE SHIFTER RESULTS

The distributed phase shifter circuit design included a high
impedance Z; transmission line to be loaded periodically with voltage
tunable BST capacitors (Cy,,), and spacing between the capacitors is
denoted by L. The desired differential phase shift can be achieved
with minimum insertion loss for a given tunability using the optimum
phase shifter design. RF measurements were made using a HP 8722D
network analyzer that was calibrated using on-wafer standards. The

two-port s-parameters of the phase shifter circuits were recorded up to
40 GHz,

A. Parallel-plate Structures

Distributed-circuit delay lines using parallel

were designed for operation at K/Ka-band. To accommodate several
circuits in a limited 2cm x 2cm die

area, test structures were designed
for 90 or 180 degrees of delay at 20GHz, assuming a 2:1 capacitance
variation.

-plate BST capacitors
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FIGURE 2a-b Differential phase and s-parameters for the phase
shifter on glass substrate,

Fig. 1a-b show the differential phase shift (normalized to the delay at
zero bias) and insertion and return loss for the parallel-plate capacitor
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FIGURE 3 Figure of merit for the
glass substrate. 60%dB can be
achieved at 10 GHz

based circuit on the sapphire
substrate for different bias values,
The circuit was capable of
continuous 0-265° phase shift with
an insertion loss of 5.8 dB at 20
GHz. Note that the return loss was
relatively high at zero bias, a
maximum of -7.5dB, which was a
result of an unexpectedly high
capacitance density in the films.
Therefore, the results can be
improved further by simply
improving the impedance
matching,.

Fig.2a-b shows the measured
results for the parallel-plate delay
circuit on glass substrates. The

phase shifter provided a continuous phase shift of 180° with an
insertion loss of only 4dB at 30 GHz. In this case the return loss is
less than -11dB for all states. Fig. 3 shows the figure of merit, which
is defined by the differential phase shift divided by the maximum
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insertion loss for zero voltage state, for this circuit. The circuit shows a
promising 60°/dB around 10 GHz. Transmission line losses are smaller
for glass substrate because it has a lower dielectric constant than
sapphire. The primary limiting factor in insertion loss for these
circuits is the BST device loss. We are currently attempting to more
carefully identify the source of loss in these devices.

B. Interdigital Structures

Phase shifters using interdigital capacitors were designed for C/X-
band operation. Figure 4 is a picture of a 3607 distributed phase shifter
and the zoomed-in photograph of each interdigital device. The circuits
were fabricated using the same process flow as the fabrication of BST
interdigitated capacitors. Fig.5a-b shows the differential phase shift as
a function of frequency for DC biases at 40V and 100V and the
measured s-parameters of the phase shifter circuit at different DC
biases. This phase shifter provides a 0-360? continuous phase shift at
8.2 GHz with a maximum insertion loss of only 4.9 dB, which is the
state-of-the-art performance for C/X-band phase shifter using BST thin
film technology. The return loss is less than -10 dB over al] phase
states.

15mm

<

FIGURE 4 Photogr_aph_of the fabricated 360? 5phz}se shifter and the
zoomed-1n pictures of individual BST interdigital device.
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FIGURE 5a-b Differential phase and s-parameters for the interdigital
capacitor based phase shifter on sa}pghn‘e substrate, The
circuit demonstrated a phase shift of 360 degrees with an
insertion loss of 4.9 dB at 8.2 GHz.

CONCLUSIONS

Distributed phase shifters using both BST thin film parallel-plate and
interdigital capacitors were fabricated on sapphire and glass substrates.
K/Ka-band phase shifters provided 0-265° phase shifts with an
insertion loss of 5.8dB at 20 GHz and 0-180° with an insertion loss of
4dB at 30GHz,respectively. C/X-band phase shifter demonstrated a
phase shift of 360 degrees with an insertion loss of 4.9 dB at 8.2GHz.
These circuits reported here have many advantages over bulk material
devices such as moderate control voltages, room temperature operation
and compatibility with monolithic fabrication techniques which enable
them to be widely used in modern radar and communication systems.
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