APPLIED PHYSICS LETTERS 89, 182907 (2006)

Polycrystalline Bag Sr 4TiO3 thin films on r-plane sapphire: Effect of film
thickness on strain and dielectric properties

E. A Fardin,"‘) A. S. Holland, and K. Ghorbani

School of Electrical and Computer Engineering, RMIT University, Melbourne, Victoria 3001, Australia

E. K. Akdogan, W. K. Simon, and A. Safari

Department of Materials Science and Engineering, Rutgers-The State University of New Jersey, Piscataway,

New Jersey 08854
J. Y. Wang

Centre for Atom Optics and Ultrafast Spectroscopy, ARC Centre of Excellence for Quantum-Atom Optics,
Swinburne University of Technology, Hawthorn, Victoria 3122, Australia

(Received 15 August 2006; accepted 25 September 2006; published online 1 November 2006)

Polycrystalline Ba¢Sry4TiO5 (BST) films grown on r-plane sapphire exhibit strong variation of
in-plane strain over the thickness range of 25-400 nm. At a critical thickness of ~200 nm, the films
are strain relieved; in thinner films, the strain is tensile, while compressive strain was observed in
the 400 nm film. Microwave properties of the films were measured from 1 to 20 GHz by the
interdigital capacitor method. A capacitance tunability of 64% was observed in the 200 nm film,
while thinner films showed improved Q factor. These results demonstrate the possibility of
incorporating frequency agile BST-based devices into the silicon on sapphire process. © 2006
American Institute of Physics. [DOI: 10.1063/1.2374810]

Barium strontium titanate (BST hereafter) thin films are
promising candidates for the realization of reduced size dc
blocking capacitors1 and varactors for reconfigurable micro-
wave circuits.>® One of the challenges, which have so far
limited the implementation of BST in commercial radio fre-
quency integrated circuits (RFICs hereafter), is the poor
compatibility of BST with conventional semiconductor pro-
cesses. A significant problem is the high deposition tempera-
tures (typically 650—800 °C) required to form the paraelec-
tric perovskite phase of BST. In the parallel-plate capacitor
architecture, it has been shown that platinum bottom elec-
trodes on silicon are prone to hillock formation, leading to
short circuit devices.* Furthermore, the low resistivity of sili-
con makes the realization of low loss microwave transmis-
sion lines and passive components on silicon challenging.

Silicon on sapphire (SoS hereafter) technology presents
a possible solution to the integration of BST with semicon-
ductor devices. In the SoS process, a thin (~0.5 wm) het-
eroepitaxial layer of Si is deposited on an r-plane sapphire
substrate. Although high tunability BST films grown on
c-plane sapphire have been reported,5 this substrate orienta-
tion is not suitable for the growth of silicon on sapphire. The
main advantage of SoS over traditional bulk Si integrated
circuits is the high isolation between devices, which allows
higher operating speed and lower power dissipation, and also
minimizes the formation of parasitic semiconductor
junctions.6 Sapphire has excellent microwave properties
compared to silicon, with a loss tangent tan §<<10™* at
3 GHz and resistivity p=10"* Q) cm (Ref. 7). This allows the
formation of improved Q-factor on-chip inductors, thus over-
coming a significant problem in bulk Si-based RFIC. By de-
positing a BST layer on sapphire early in the SoS process
(before contact metallization), the high temperatures can be
tolerated without affecting the Si epilayer. Therefore, the ad-
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vantages of SoS and tunable BST-based components can be
combined to realize high performance RFICs.

Li et al. have demonstrated high tunability
Bay 551 sTiO5 thin films on SiO, on r-plane sapphire.2 The
BST film was grown on Si/Al,O3, and the underlying Si
layer was converted to amorphous SiO, by annealing at
1000 °C for 48 h in an oxygen atmosphere. The microwave
properties of Bay s51)35TiO5 films grown on r-plane sap-
phire with a SrTiO5 buffer layer have also been reported by
Hollmann er al.® Recently, the properties of a 1 um thick
BST film deposited by rf magnetron sputtering on r-plane
sapphire were investigated and compared to identical films
on MgO, Si, and c/r-plane sapphire substrates.” However,
there has been no comprehensive investigation into the thick-
ness dependent properties of BST films grown directly on
r-plane sapphire.

In this study, we investigate the properties of
Bay 50S19.40TiO3 (BST 60/40 hereafter) films grown on
r-plane sapphire by pulsed laser deposition (PLD). A KrF
excimer laser (\=248 nm) with 2 J/cm? fluence and 2 Hz
repetition rate was used for the experiments. Prior to depo-
sition, the substrates were in situ annealed in flowing oxygen
for 60 min at 100 mTorr, in order to remove organic con-
taminants from the film surface.'” The substrate temperature
was 700 °C and the oxygen pressure in the chamber was
100 mTorr during deposition. All of the samples were post-
deposition annealed inside the chamber at 700 °C under
1 atm oxygen pressure for 6 h before cooling to room tem-
perature. Interdigital capacitors (IDCs hereafter) with adja-
cent open and short-circuit calibration standards were fabri-
cated on the film surface by e-beam evaporation of a
Ti/Ni/Au seed layer and electroplating of 2.5 um Au,
respectively.5 The finger width, finger spacing, and finger
end gap were 5 um, 2 um, and 10 wm, respectively. For
different devices, the finger overlap length ranged from
80 to 100 um. To enable probing in the ground-signal-
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FIG. 1. (Color online) X-ray diffraction (XRD) patterns for polycrystalline
BST thin films of thickness 25—400 nm on r-plane sapphire.

ground configuration, the IDCs were designed with two sets
of eight interdigital fingers.

Atomic force microscopy was used to assess the surface
roughness and grain size of the films. The average roughness
parameter (R,) varied from 2.2 nm in the thinnest (25 nm)
film to 8.2 nm in the thickest (400 nm) film, which are con-
sistent with epitaxial BST films deposited on MgO, LaAlOs;,
and NdGaOj substrates using similar PLD parameters.”_13 It
was found that the grain size increased with film thickness,
from ~50 nm in the 25 nm film to ~100 nm in the 400 nm
film.

Qualitative x-ray phase analysis indicated that films of
all thicknesses were single phase and polycrystalline. Epitax-
ial film growth is precluded since the r-plane sapphire does
not provide a lattice-matched growth surface for BST. Fur-
thermore, it was found that the films are increasingly (111)
oriented by monitoring the intensity of the (111) reflection as
the thickness increases from 25 to 200 nm, as shown in Figs.
1(a)-1(d). However, in Fig. 1(e) a strong (110) BST peak is
evident for the 400 nm film, indicating that the texture be-
comes bimodal at higher thicknesses in such polycrystalline
BST films.

Many reports have demonstrated a link between tunabil-
ity and strain in BST thin films, both experimentally13_15 and
theoretically. o High tunability is typically achieved when the
residual stress in the film is vastly relaxed as the film thick-
ness is increased.”>™® It has also been suggested that small
grain size, which leads to greater grain boundary area, and
the associated interfacial capacitance are major contributing
factors to the lower permittivity observed in BST thin films
relative to bulk ceramics of the same composition.l7

The x-ray diffraction (XRD) sin? ¢ technique'® was em-
ployed to determine the effect of the film thickness on the
in-plane strain. Scans performed in two mutually perpen-
dicular in-plane directions (¢=0",90") revealed no signifi-
cant difference in the slope of the d-sin® ¢ characteristic
traces. Therefore, both the in-plane and perpendicular shear
stress components were inferred to be zero, resulting in an
equal biaxial state of stress in the 50—200 nm films.' Using
the linear theory of elasticity in conjunction with elasticity
data®® for BST 60/ 40, the in-plane strains were computed, as
depicted in Fig. 2. For the series of films, the strain was
calculated according to"?
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FIG. 2. (Color online) In-plane strain and capacitance tunability as a func-
tion of film thickness. The measured values and trend lines are represented
by points and dashed lines, respectively.
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where d,, is the measured interplanar spacing, dj is the un-
strained lattice parameter, and s;; are elastic compliances.
The tensile residual misfit strain varies from 2.0% at 50 nm
film thickness to ~0.5% at 100 nm, followed by a decrease
to ~0% at 200 nm. Films greater than 200 nm in thickness
are under a compressive state of strain, which reaches a mag-
nitude of —0.6% at 400 nm. No strain data for the 25 nm film
are reported herein due to the lack of a sufficiently strong
high-angle diffraction peak suitable for stress measurement.

Single port (S;;) measurements from 1 to 20 GHz were
used to extract the capacitance of the IDCs as a function of
bias voltage. The parasitic component values associated with
the pad metallization were calculated using open and short-
circuit calibration standards next to each IDC, in order to
accurately determine the capacitance and Q factor of the
device.”! A final capacitance value was calculated by averag-
ing the frequency dependent extracted capacitance from
1 to 20 GHz. The maximum dc bias applied to the IDCs was
40 V, corresponding to a bias field of 200 kV cm™'. A high
capacitance tunability of 64%, calculated as [C(0)
—(C(40)]/C(0), was observed in the 200 nm film. In the same
device, a zero-bias Q factor of ~8 at 10 GHz was calculated
using a series RC circuit to model the BST varactor.”! The
lowest tunability and best Q factor of the series (24% and
~23% at 10 GHz, respectively) were observed in the 25 nm
film. A summary of the IDC capacitance and Q-factor varia-
tion with film thickness is shown in Fig. 3. Comparing the
variation of tunability with the variation of residual misfit
strain (Fig. 2), one observes that it scales inversely with the
magnitude of the strain and not its sign, i.e., the lower the
strain the higher the tunability. The observed behavior paral-
lels the one observed in epitaxial ﬁlms,“"15 which indicates
that the strain effect on tunability is indeed a universal phe-
nomenon. Therefore, we arrive at the conclusion that the
polycrystalline (as opposed to epitaxial) nature of the films
does not affect the overall strain dependence of tunability in
paraelectric BST.

The dielectric permittivity &, of the films was deter-
mined by conformal mapping of the capacitance data accord-
ing to the formalism proposed by Gevorgian et al? An ap-
proximation for the elliptic integral argument [Eq. (14) of
Ref. 22] was applied to avoid numerical problems in the
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FIG. 3. (Color online) Thickness dependence of (a) IDC capacitance and (b)
in-plane dielectric permittivity &, and Q factor of the BST films at O and
40 V dc biases. The measured values and trend lines are represented by
points and dashed lines, respectively.

analysis of the ultrathin 25 nm film. As shown in Fig. 3(b),
the maximum permittivity (e,~870) occurs at around
200 nm film thickness. In the thinner films, ¢, decreases due
to higher tensile strain and reduced grain size. A reduced &,
was also observed in the 400 nm film, while the film is under
a compressive state of strain (~—0.6%), and has a larger
grain size relative to the 50— 100 nm films. This strain state
of the 400 nm film is attributed to the thermal expansion
coefficient (TEC) mismatch between the substrate and the

film. Noting that the dislocation slip system is {101}(101) in
perovskites,” the development of strong (110) texturing in
the 400 nm film should in principle be due to the TEC
mismatch-induced loss of crystallographic coherence arising
from shear stresses on {110} planes and in (110) directions.

In summary, we have presented the thickness dependent
dielectric properties of polycrystalline BST (60/40) films on
r-plane sapphire. A strain relaxation was observed at around
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200 nm film thickness, resulting in high dielectric tunability.
A trade-off between tunability and Q factor can be achieved
by reducing the film thickness. These results demonstrate the
possibility for integration of BST with SoS technology. Since
the maximum temperature reached during the deposition and
heat treatment of the BST film is 700 °C, it is unlikely that
the process would degrade the properties of semiconductor
devices on the same wafer, provided that the BST deposition
was done before interconnect metallization.
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