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Abstract

Barium strontium titanate (BST) thin films are studied with respect to their application as tunable dielectric at microwave frequencies. BST thin
films are deposited by means of radio-frequency magnetron sputtering on platinized Si substrates. The substrate to target distance during sputter
deposition is varied and the effect on structure, topology, composition and electronic properties is monitored using X-ray diffraction, atomic
force microscopy, Rutherford backscattering spectrometry and X-ray photoelectron spectroscopy. These findings are related to the dielectric
measurements, which are carried out at 1 MHz and in the microwave range up to 8 GHz using metal-insulator-metal structures with Pt electrodes.
For further device evaluation, leakage current measurements are carried out. Changing the process parameter strongly affects the composition of

the films. The results emphasize the possibility for enhancing the microwave properties by fine-tuning of the chosen process parameter.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

For upcoming microwave applications, capacitance tun-
ability is one key-functionality to adjust components and
systems like phase-shifters,!? tunable filters>* and match-
ing networks>%’ to meet future requirements, e.g. for mobile
communications up to 10 GHz.® In comparison to already estab-
lished technologies using semiconductor varactors, ferroelectric
(FE) varactors offer the ability to passively tune the capaci-
tance (C).? In FE varactors the tuning is achieved by applying
an electrostatic field to the film to reduce the dielectric per-
mittivity by hardening of the soft phonon mode.!® Using a
metal—insulator-metal (MIM) topology for such varactors the
electrostatic tuning field can be applied by a tuning voltage U.
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The resulting capacitance tunability T can be expressed by:

c)—-cu
() = ()C(O)u

For an application of FE varactors in the microwave domain,
the electric quality factor (Q-factor) and the tunability of
capacitance are the most important parameters discussed in
the literature.”!"12 These are directly related to the dielec-
tric loss factor (tané) and tunability of the film. In addition,
piezoelectric and acoustic properties as well as the leakage cur-
rent for applied tuning voltage are also of importance for the
application of FE varactors in microwave circuits. Acoustic
resonances in the microwave domain excited by electrostric-
tion leads to a reduced Q-factor of the varactor in narrow
frequency bands'3 in dependence of the related piezoelectric
and acoustic properties. The voltage dependent leakage cur-
rent (I/V) has to be taken into account for the application of
ferroelectric varactors. In addition to the related power con-
sumption, the leakage current has also an influence on their
lifetime and reliability.!* Based on the evaluation of all these
specific properties of the ferroelectric film as well as of the
device, an optimal trade-off can be found for the different
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possible microwave applications to build high performance com-
ponents.

For microwave applications below 10GHz the most
promising material for passive tunable components is
Ba,Sr1_yTi14y03+; (BST).!>? For this study BST with x = 0.6
as target material was used, which shows a phase transition
between the ferro- and paraelectric phase at Tc & —2° C in
bulk ceramics.'® The deposition of the BST thin films is done
by radio-frequency (RF) magnetron sputtering. This versatile
method allows the control of the thin film properties as com-
position, morphology and structure. The dielectric properties of
the BST thin film varactors!”-1%19 are affected by the deposition
parameters as target composition, sputter power, sputter pres-
sure and gas atmosphere as well as target to substrate distance
and substrate temperature.

Depositing stoichiometric films (y = 0) by sputtering from
ternary oxides and their mixtures can be challenging as shown
for strontium titanate (STO)!”-?%2! and BST.!® Typically an
excess of Ti is observed in these oxide films which could be
counterbalanced by using SrO enriched targets and by increas-
ing the sputter pressure. Yamamichi et al. assigned the Ti excess
to an amorphous TiO;_, phase. Stemmer et al. have found in
chemical vapor deposited BST thin films a partial accommoda-
tion of the excess Ti in the grain interior as well as in the grain
boundaries by high spatial resolution electron energy loss spec-
troscopy. In addition, an amorphous TiO,_, phase was found
between the grains for high Ti excess (y = 0.15).2> The cause
for the excess Ti appearing in the BST thin films is believed to
be resputtering and/or re-evaporation.!’

Yamamichi et al. have found a pronounced dependence of
the dielectric properties of BST thin films on stoichiometry.?!
Increasing the Ti excess of a sputtered BST thin film from
y~0 to ~0.33, a decrease of & from ~ 500 to &~ 250 could
be observed. The origin of this effect is still not fully under-
stood. Stemmer et al. suggested that the lowering of the relative
permittivity is linked to the distortion of the Ti—O octahedra in
the BST structure either directly by point defects created through
the excess titanium or indirectly as for example by strain in the
BST thin film.?

In this study we demonstrate the effect of the substrate
to target distance during sputter deposition on the BST thin
film properties. The changes of the stoichiometry of the thin
films are monitored by Rutherford backscattering spectrom-
etry (RBS). Structure and morphology are studied by X-ray
diffraction (XRD), atomic force microscopy (AFM) and scan-
ning electron microscopy (SEM). We have further analyzed the
dielectric properties at 1 MHz and in the lower GHz regime as
well as the leakage current (I/V) characteristic. The I/V proper-
ties are brought in conjunction with the electronic properties of
the BST thin film surfaces as measured with XPS.

2. Thin film deposition and characterization
2.1. Experimental setup

The BST thin film deposition was performed by RF mag-
netron sputtering in a custom made ultrahigh vacuum (UHV)

chamber using a 2in. diameter ceramic Bag ¢St 4TiO3 target
in an on-axis geometry. BST thin films of ~ 300 nm thick-
ness, as verified by ultraviolet-ellipsometry, were deposited
on commercially available Si(0.3 mm)(100)/SiO2(300 nm)/
TiO2(20 nm)/Pt(150 nm) substrates from Inostek. A sputter
power density of 2.5 W/cm?, a working pressure of 5Pa with
an Ar/O; ratio of 99:1 and a substrate temperature of 650° C
were used. The substrate to target distance d was varied between
5cm and 10 cm, leading to deposition rates between 7 nm/min
and 0.85 nm/min, respectively. 400 nm thick RF sputtered Pt
top electrodes were structured by lift-off lithography. After top
electrode processing, a first set of dielectric and I/V measure-
ments were conducted. Subsequently, the samples were annealed
for 30 min at 600 °C in ambient air in an alumina tube furnace
followed by a second set of dielectric and //V measurements.

The structure of the thin BST films was analyzed by X-
ray diffraction in Bragg Brentano geometry using a Siemens
D5000 diffractometer with Cu K o radiation. The morphology
was probed by an atomic force microscope ThermoMicroscopes
Autoprobe CP research in contact mode. The composition of
the films was analyzed by Rutherford backscattering spectrom-
etry using 2.0 MeV 4He™ ions and a backscattering angle of
171°. Rutherford backscattering allows for precise determina-
tion of the thin film stoichiometry without calibration standards
required in contrast to methods like wavelength dispersive and
energy dispersive X-ray spectrometries (WDS and EDS).?? For
probing the surface composition and electronic properties of
the BST thin films, XPS measurements were performed using
a Physical Electronics PHI 5700 multitechnique surface analy-
sis system. The sputtering chamber is connected to the surface
analysis system via a UHV sample transfer to exclude con-
tamination of the BST thin film surface. X-ray photoelectron
spectra were recorded with monochromatic Al K« radiation
having an energy resolution of ~ 0.4 eV, as determined from the
Gaussian broadening of the Fermi edge of a sputter cleaned Ag
sample.

2.2. Results and discussion

A cross-sectional high resolution scanning electron micro-
scope (HRSEM) picture of a Si/SiO,/TiO,/Pt(1 1 1)/BST layer
stack is shown in Fig. 1(a). The sample has been deposited at
a substrate to target distance of 8.8 cm. The different layers of
the thin film stack can be identified. Unfortunately, the Pt is torn
apart due to its high ductility and covers the Pt/BST interface in
the image. The BST film shows no morphological defects (pin-
holes), a homogeneous thickness and low surface roughness in
accordance with the AFM measurement (see Fig. 1(b)).

The lateral grain size and root-mean-square roughness (Ryms)
deduced from the AFM measurements of samples prepared with
different substrate to target distances are presented in Table 1.
The morphology of the BST thin film surface changes strongly
with variation of the sputter distance. The roughness decreases
monotonically from Ry =4.5nm at d = 10cm to Ry =
1.7nm at d = 5 cm while the lateral grain size D increases by
roughly a factor of 2.
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Fig. 1. (a) High resolution scanning electron microscope image of the cross-
section of the Si(1 0 0)/SiO,/TiO,/Pt(1 1 1)/BST layer stack deposited at a target
to substrate distance of 8.8 cm and (b) an atomic force microscope image of the
BST thin film surface of the same sample.

X-ray diffraction patterns of the BST thin films are presented
in Fig. 2 showing all major reflections of the cubic perovskite
structure. The relative integrated intensity of the BST (111)
reflection after subtraction of the nearby Pt (111) reflection
is slightly stronger than expected for a BST powder sample.
This indicates a weak texture of the BST film with a preferred
(111) orientation being predetermined by the (1 1 1) texture of
the platinized silicon substrate. The full width at half maximum
(FWHM) gives an indication of the grain size normal to the sur-

Table 1
BST thin film properties in dependence on the substrate to target distance d
during sputter deposition

d (cm) D (nm) Rims (nm) Ba/Sr y R (nm/min)
5 190 1.7 0.57/0.43 0.26 7
6.3 190 1.8 0.56/0.44 0.27 45
75 213 2.5 0.57/0.43 0.09 2.4
8.8 135 3.8 0.56/0.44 0.07 14
10 108 4.5 0.56/0.44 0.04 0.85

The lateral grain size D and the root-mean-square roughness Ry are deter-
mined from AFM. The Ba/Sr ratio and the Ti excess y = (Ti/(Ba+ Sr)) — 1
are deduced from RBS measurements. The deposition rate R is determined from
film thickness as derived from ultraviolet-ellipsometry and deposition time.

(110)
(111)

(100)

log(Intensity) [arb. units]

|
20 30 40 50 60 70 80
20 [degree]

Fig. 2. X-ray diffraction patterns of the BST thin films deposited at substrate
to target distances of 5cm (a), 6.3 cm (b), 7.5 cm (c), 8.8 cm (d) and 10cm (e)
on Si(100)/SiO,/TiO,/Pt(111) substrates. Substrate related peaks are identified
by asterisks. The intensities of powder diffraction data for BST taken from PDF
034-0411 are added for comparison. The intensity is shown in logarithmic scale.

face when measured in Bragg—Brentano geometry. The FWHM
is increasing significantly with larger substrate to target distance
during sputter deposition, particularly for the samples deposited
at d = 8.8cm and d = 10 cm. This points to a reduction of the
grain size normal to the surface plane for large substrate to
target distance. This corresponds well to the decrease of the
lateral grain size with increasing substrate to target distance d
as measured by AFM.

A RBS spectrum of the ~ 300 nm thick BST layer deposited
at d = 7.5 cm on the platinized Si substrate is shown in Fig. 3.
In RBS spectrometry, the different chemical elements can be
separated by their different onsets, which are shifted to smaller
energies for buried layers as, e.g. Pt. The composition is deduced
from the integral intensities of the RBS peaks. RBS measure-
ments of &~ 100 nm thick BST films deposited on Si substrates
were performed for comparison. The corresponding spectra
shows no peak of the substrate Pt and the Ba, Sr, and Ti peaks
show no overlap. The composition deduced from these films
were identical to those obtained from films used for dielectric
measurements.

The Ba/Sr ratio and the Ti excess y = Ti/(Ba+ Sr) — 1
determined from RBS are summarized in Table 1. While the
Ba/Sr ratio stays rather constant at a value close to the nominal
target composition, an increase of the Ti excess in the deposited
BST thin films from y = 0.04 for d = 10cm to y = 0.26 for
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Fig. 3. Rutherford Backscattering spectrum of the BST thin film deposited at
7.5 cm sputtering distance. The simulation has been performed with the RUMP
software. The edges of the respective elements are marked in the graph. For Ti
the onset for the BST layer and the TiO; layer are marked separately.

d = 5cm is observed with decreasing substrate to target dis-
tance. For small Ti excess (y < 0.15), the Ti excess can be
accommodated in the grains and grain boundaries. Amorphous
TiO,_, precipitations occur between the grains for larger Ti
excess.”? Such precipitations might also explain the smoother
BST surfaces at smaller sputter distances (see Table 1).

Supplementary evidence for the accommodation of Ti in the
grain boundaries can be deduced from the surface composition
as measured by XPS. For the rather stoichiometric BST films
deposited at d = 10, 8.8 and 7.5 cm (Ti/(Ba + Sr)) (TBS) ratios
of 0.79, 0.81 and 0.9 are found while the films deposited at
smaller d = 6.3 and 5cm show TBS ratios of 1.39 and 1.41
(equals y = 0.39 and 0.41), respectively. The TBS ratios < 1
can be explained by an underestimation of the Ti-content using
the sensitivity factors given by the manufacturer of the surface
analytic system?* for intensity calculation. Strontium titanate
single crystals annealed for 30 min at 650 °C in 0.05 Pa oxygen
show Ti/Sr ratio of ~ 0.9. As no enrichment of SrO at the surface
is expected at such low temperatures>>-2° a segregation of Ba and
Sr at the BST surface can be excluded. The drastic increase in
the Ti content at the BST surface as compared to the RBS-results
of the BST bulk (see Table 1) for the BST thin films deposited
at d = 5 and 6.3 cm is therefore attributed to an accumulation
of Ti at the surface or grain boundaries, respectively.

The reduced roughness and the increase of the Ti excess with
increased sputter distance are in accordance with the findings
presented by Im et al.'® They prepared BST thin films with sim-
ilar sputter conditions using a fixed sputter distance of d = 10 cm
and varying the total pressure during deposition. A roughness
of Rims = 3.2nm and a Ti excess y = 0.02 are observed for a
pressure of 7.7 Pa. Using a pressure of 2.9 Pa, a roughness of
2.1 nm and a Ti excess of y = 0.37 are observed. Increasing the
target to substrate distance or the total pressure during sputter
deposition leads to a similar decrease of the deposition rate (see
Table 1 and Ref. 18). For comparison of the sputter conditions,
the product of sputter pressure and distance have to be taken
into account?’ explaining the similar effect of reducing sputter
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Fig.4. Composition of the BST thin films deposited at substrate to target distance
of 5 cm with varying substrate temperature as measured by XPS. The Ti excess
increases with rising Ty, while the Ba/Sr ratio stays rather constant.

pressure (as done by Im et al.) and sputter distance (as done in
this work) on composition and roughness.

The crystallinity of the BST thin films is improved by low-
ering the sputter distance as can be seen from the narrowing
of the reflections in the X-ray diffractograms in Fig. 2. These
results contrast the findings of Im et al. who observed a decrease
in crystallinity with decreasing sputter pressure and do not find
any BST-related reflexes for their films containing a Ti excess
of y =0.37 and 0.17. This indicates that changing the sputter
pressure or the distance are not completely equivalent.

For further understanding of the formation of the Ti excess
the composition of BST thin films is studied with variation of
the substrate temperature Ty, using a substrate to target dis-
tance of 5 cm. When increasing the substrate temperature from
200 to 650 °C the TBS ratio increases from 0.97 to 1.47 while
the Ba/Sr ratio is nearly independent on Ty, as measured with
XPS. The dependence of the composition on Ty is shown in
Fig. 4. According to the observed dependence on substrate tem-
perature, the increase of the Ti content is most likely explained
by re-evaporation of Ba and Sr from the substrate surface dur-
ing growth. Ba and Sr exhibit considerable lower evaporation
enthalpies and higher vapor pressures compared to Ti and are
therefore more likely to re-evaporate with increasing substrate
temperature.”® The dependence of the Ti excess on the sputter
distance can then be explained by the influence of the deposition
rate. Decreasing the sputter distance leads to an increase of the
deposition rate while the oxygen content in the sputter gas stays
constant. As the oxygen pressure is not changed, a faster depo-
sition rate leads to an increased excess of metal atoms on the
surface and consequently to an increased re-evaporation of Ba
and Sr. A similar observation has been made for Al-doped ZnO
films, where an increased Al content is observed with increasing
substrate temperature during deposition.?’

The binding energy (BE) of the valence band maximum
(VBM) BEypMm with respect to the Fermi energy (Ef) is
extracted from the leading edge of the valence band measured by
XPS. At the interface between the Pt bottom electrode and BST
as deposit BEypm=2.2 eV is found. This height corresponds to a
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Table 2
Leakage current density and dielectric behavior at 1 MHz of annealed Pt/BST/Pt capacitors
d[cm] £:(0) T (15V) [%] 0 (0) 0 {15V) J(=15V) [A/em?] BEvgwm [eV] n (15V)
5 213 26.2 204 131 2% 1072 2.66 343
6.3 212 28.1 318 310 7 %1073 2.65 87.1
7.5 478 65.1 47 138 2% 1074 2.49 30.6
8.8 321 52.7 51 79 <2x107? 2.36 26.8
10 355 53.4 55 88 <2x107° 2.32 29.4

The untuned permittivity (¢:(0)) and tunability at 15V of the BST films as well as Q-factors of the varactors based on these films characterized at 1 MHz are shown.
The leakage current density measured at —15V and the binding energy position of the valence band maximum BEypy are added. For an evaluation the resulting

material quality factor 7 as defined in Eq. (4) is used.

Schottky barrier for the electrons of 1.0 eV3? taking the band gap
of 3.2 eV for BST into account. For the BST thin film deposited at
d = 10cm a value BEygm ~ 2.3 eV is found at the BST surface
indicating almost flatband situation as expected for an insulator
with low charge carrier concentration. With smaller target to
substrate distance and increasing Ti excess BEypy rises up to
~2.7eV for d = 5cm. This result equals a band bending of
0.5eV in the BST thin film indicating a rise in carrier concen-
tration being in accordance with an increase of doping level with
reduced d. An increased doping level is consistent with a rise in
leakage current (see Section 3.2). The values of BEypy for the
different target to substrate distances are shown in Table 2.

In XPS the difference between the binding energies of the
core level lines and the valence band maximum is a characteristic
attribute of a material.>! With changing the sputtering distance
and therefore the Ti excess in the BST thin films, these val-
ues show no significant change assuring no fundamental change
in the deposited thin film material and reliable values for the
valence band maxima. The binding energy difference between
the Sr 3ds,2, Ti 2p3s2, O 1s emissions and the valence band
maximum amount to 130.55 £ 0.05¢eV, 455.81 & 0.07¢eV and
527.14 £ 0.06 eV, respectively. The given tolerance is deduced
by the standard deviation of the corresponding binding energy
differences of the measured samples.

3. Dielectric characterization at 1 MHz and 1I/V
measurements

3.1. Experimental setup
The realized BST varactors are measured at a controlled
temperature of 22 °C. To contact the varactor, Ground-Signal-

Ground (GSG) probes are used as shown in the cross-section in
Fig. 5(a).

@ gnd Signal gnd (b

Pt

BST (/777777 NN L shor
Pt / O

Ti0,/ gg

Si0, L

7/ o

Fig. 5. (a) Cross-section of the varactors test-structure and (b) the related equiv-
alent circuit.

The equivalent circuit of the varactor test structure is shown
in Fig. 5(b). The tunable capacitor Crr is formed by an octagon
shaped pad connected by the signal contact of the GSG-probes.
The surrounding large ground plane is represented by the capac-
itance CRrrshort Which acts on the microwave signal as a short
circuit by CrEshort 3> CrF. This CrEghort 15 hot-wired at an edge
of the substrate to be able to apply the tuning voltage only on
Crr. The influence of the inductance of the Pt electrodes Lp; con-
nected in serial to Crr can be neglected at 1| MHz while it effects
the varactor characteristics in the GHz range significantly as dis-
cussed in context with the GHz measurements (Section 4). The
shown configuration allows to equate the measured capacitance
C with Cgrr at 1 MHz.

For the characterization of the FE film behaviour at 1 MHz
as well as in the microwave range, we are using two differ-
ent geometries to reduce measurement uncertainties due to
impedance mismatch between the varactor and the optimum
impedance range of the setup. The two varactor types are shown
in Fig. 6(a) and (b).

By using a constant pad geometry and a relatively con-
stant BST film thickness of hgst = 300 nm the capacitance
measured on-wafer are directly related to the BST film prop-
erties. Using simple assumption of a parallel plate capacitor
for CRrp, the relative permittivity can be computed from the
measurement:

h
g =C—2L _ g )
80Apad

This assumption neglects fringing fields and other parasitics,
which leads to an error in ¢, of <4% for the capacitance mea-
sured at 1 MHz computed by using the equations from Ref. 32.
Using the 1 MHz suited varactor type in Fig. 6(a) the geometry
factor is g = 6.72 pF~! while using the varactor type in Fig. 6(b)
for the GHz measurements the factoris g = 60.5 pF~!. The loss-
factor (tan §) of the dielectric BST film can be estimated at 1 MHz
from the Q-factor of Crp by

3

neglecting additional losses.3 To compare the properties of the
ferroelectric film without simplification we further use the Q-
factor to illustrate the BST film loss-factor.
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(b)
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Fig. 6. Photographs of the BST thin film capacitors for (a) 1 MHz and (b) microwave measurement.

3.2. Results

After deposition of the Pt top electrodes and before the addi-
tional annealing step, we first characterize the test structures
by C/V measurements using a HP 4279A unit to measure the
varactor behavior at 1 MHz. The resulting capacitance tuning is
shown in Fig. 7. It depicts the dependence of the sputter dis-
tance on the untuned (0 V) capacitance value, which is directly
related to the relative permittivity. The capacitance is small
(C ~ 30 pF) for sputter distances of d = 5 cm and 6.3 cm, max-
imum (C ~ 70 pF) for d = 7.5cm and C ~ 50 pF for larger d.
The capacitance for the maximum tuning voltage (U = 20 V)
is C ~ 20pF and does not depend on d. Consequently, the
film deposited at an intermediate distance of d = 7.5 cm, which
exhibits a moderate Ti excess of y = 0.09, shows the high-
est untuned permittivity (¢.(0) = 468) as well as the highest
tunability (7(20 V) = 71%).

At 1 MHz the measurements are made by sweeping the tuning
voltage from U =0V to 420V, to U = —20V and again to
+20V within 40 s to get also an information about the hysteresis
behavior of the BST thin film.

The Q-factor of the varactors are shown in Fig. 8(a). The BST
thin films deposited at varied sputter distance show significantly
different behaviour. While the samples with high Ti excess (d =

C [pF]

0 ] T L] T T T L] T 0
20 -15 10 -5 0 5 10 15 20
U[v]

Fig. 7. Capacitance tuning of BST thin film varactors for the different sputter
distances at 1 MHz before the additional annealing step. No strong change of
the C/V curves after annealing can be observed. The to the capacitance value
related relative permittivity is shown at the right axis.

5 cm and 6.3 cm) show a pronounced asymmetry of the Q-factor
and the related dielectric loss-factor, the varactors with low Ti
excess deposited at 7.5—10 cm show a symmetric behaviour with
rather low Q-factors at 1 MHz in the untuned state. In contrast,
the Q-factor of the varactor based on the film with the high-
est Ti excess (d = 5cm) is above 150 for all positive tuning
voltages.

To compare the effect of the subsequent annealing in oxygen
at 600 °C for 30 min, the Q-factor of the varactors after annealing
is shown in Fig. 8(b). The capacitances are almost unaffected by
the annealing step and therefore still largely represented by the
curves in Fig. 7. Only the hysteresis for the varactors deposited at
7.5-10cm are less pronounced after annealing. Before anneal-
ing the maximal capacitance value is achieved at —1.3 V and
decreases to —0.5 V after annealing when sweeping the tuning

—{1—5.0cm —O—6.3cm —
—/—7.5¢cm —/— 8.8cm ——10cm N

—(1+—5.0cm—O—6.3cm
—/—7.5¢cm —/— 8.8cm ——10cm

(b)

Fig. 8. Q-factor versus tuning voltage of BST thin film varactors for the different
sputter distances at 1 MHz (a) before and (b) after the additional annealing step.
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Fig. 9. Leakage current measurement (a) before and (b) after the additional
annealing step for the BST varactors prepared with varied substrate to target
distance during BST deposition.

voltage from U = 420V to —20 V. When tuning in the reverse
direction from U = —20V to +20 V the capacitances maximum
is at 0 V before and after annealing.

In contrast, significant changes are observed in Q-factor of
the films deposited at small distances (5 cm and 6.3 cm). Their
originally asymmetric dependence becomes almost symmetric.
The Q-factor for the film prepared at 6.3 cm is further improved
to QO > 250 for all tuning voltages.

To further study the impact of the annealing step on the elec-
trical properties of the capacitors, leakage current measurements
have been performed. Fig. 9(a) depicts the leakage current of the
varactors up to 20 V before annealing. The leakage current is
measured with a Keithley 2602 sourcemeter, which has an accu-
racy in the sub-nA range. Current densities J can be computed
by J = I/A = 1/5.04 x 107> cm?. The I/V characteristic after
annealing is shown in Fig. 9(b).

The measurements illustrate again the asymmetric behavior
of the BST thin film capacitors with BST films deposited at 5 cm
and 6.3 cm substrate-target distance with a pronounced slope of
the leakage current at a bias voltage of U < —8 V. The leakage
current of these films is reduced after the additional annealing
step. The onset of strong leakage of I < —350nA (J =~ —7.0 x
1073 A/cm?) is shifted after annealing to —15V (d = 6.3 cm)
and —12.7V (d = 5cm), respectively. The films deposited at
8.8 cm and 10 cm show leakage currents < 110 pA (J = 2.2 x
10~° A/cm?) within the tuning range of 20 V after annealing,
which is at the limitation of the used setup. Before annealing, the
measured currents are within arange between 2.3 nA (J = 4.6 x
1075 A/em?) at 8.8cm and 1.7nA (J = 3.4 x 107% A/cm?) at
10 cm. This findings are comparable to the literature.'8-34

3.3. Discussion

The relative permittivity of the BST thin films exhibits low
values of ¢.(0) & 210 for thin films deposited at small substrate
to target distances (d = 5 cmand 6.3 cm), reaches a maximum of
er(0) ~ 478 at d = 7.5 cm and decreases again to &:(0) &~ 321
and 355 for d = 8.8 cm and 10 cm, respectively. The tunabil-
ity shows a corresponding behaviour: 7(15V) increases from
~27% (d =5cm and 6.3cm) to 65.1% and falls to ~53%
(d = 8.8cm and 10 cm).

The low relative permittivity and tunability of the BST thin
films deposited at 5cm and 6.3 cm can be related to their Ti
excess.”"1733 The decreased relative permittivity and tunability
of the BST thin films deposited at the largest distances of 8.8 cm
and 10 cm can be attributed to their smaller grain size compared
to the sample deposited at d = 7.5 cm as measured by AFM
and XRD (see Table 1). Furthermore, thin films prepared with
high sputter pressure and distance tend to have lower density
and higher porosity,*® thereby lowering the effective relative
permittivity.

For the evaluation of the different performance of the pre-
pared BST varactors, the material quality-factor n can be used
to combine tunability and the minimum Q-factor Qpi, of the
varactor, where 7 is defined as

T

= m ~ TQmin 4)

n

The resulting 1 is shown in Table 2 for a tuning voltage of
15V, which corresponds to a tuning field-strength in the BST
film of 50 V/ pm. Table 2 also shows a short summary of the
1 MHz results and the leakage currents measured on the different
annealed BST thin films.

The asymmetric Q and I/V curves for the two films exhibiting
the highest Ti excess can be explained by the different contact
properties at the back and front contact after Pt top electrode
preparation. After Pt deposition on (clean) BST thin films, small
Schottky barrier heights are found which can be increased by
an annealing step in oxygen.3*3738:30 Using I/V measurements,
Baniecki et al. have determined a Schottky barrier height for the
electrons at the Pt/BST interface after Pt deposition of 0.69 eV,
which is increased to 1.29 eV after oxygen annealing. The bot-
tom contact, however, shows a high Schottky barrier directly
after BST deposition on Pt explaining the asymmetry in Q-
factor prior and after annealing in oxygen. This has recently
been directly shown by photoelectron spectroscopy of the con-
tact formation between BST as substrate and Pt as deposit and
vice versa.3*

The behaviour of the BST thin films with low Ti excess is
not completely understood. Previous experiments with 200 pm
diameter Pt top electrodes deposited on BST thin films prepared
with d = 10 cm showed an increase of Q after oxygen anneal-
ing from 29 to 40. Prior to metal deposition, the BST surface
was cleaned by heating in the deposition chamber in low pres-
sure oxygen atmosphere. In contrast, the samples deposited at
d="7.5cm, 8.8cm and 10cm used in this study showed no
improvement upon annealing. For this work smaller Pt top elec-
trodes were structured using a photo resist. This processing
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Fig. 10. Radio-frequency capacitance characteristics of the annealed BST var-
actors.

forbids a heating step in oxygen prior to annealing. Compared
to silica or titania, the BST surface is prone to adsorption as
measured with X-ray photoelectron spectroscopy.>® Hence, the
amount of adsorption is smaller on samples having high Ti
excess. These adsorbates might protect the BST surface from
defect formation during the Pt deposition which could lead to a
higher Schottky barrier and more symmetric Q and I/V curves
for the samples with a low Ti excess.

The difference in the amplitude of the leakage current can also
be explained by the existence of the Ti excess in the BST thin
films.2!-33 The amorphous TiO>_, phase at the grain boundaries
acts as a conductor and leads to a rise in the leakage currents
of the BST films deposited at d < 6.3 cm. The increase of the
leakage current is consistent with an increased doping level of
the films, which is determined from the valence band maximum
binding energies (see Section 2.2).

4. Thin film properties at microwave frequencies

The BST thin films are furthermore characterized at radio
frequencies after the annealing step using an Anritsu 37397C
vector-network analyzer. The measured capacitance value for
OV and +15V biasing are shown in Fig. 10(a) and (b) versus
frequency.

The measured values of the untuned capacitances match quite
well the 1 MHz measurement results, when the different varactor
geometries are taken into account according to Eq. (2). The film
deposited at 5 cm shows a relative permittivity of :(0) = 213 at
1 MHz and of &:(0) = 209 at 2 GHz.

(a) 100 L L 1 " 1 i 1 i 1 2 1 " 1 L 1

(b) 1004t ey,
80- —{—5.0cm [
| —0O—6.3cm [
604 7.5¢m |
o —/—8.8cm L
40+ ——10cm L
204 R
0 —r r r & T T T - T —

0o 1 2 3 4 5 6 7 8
f [GHz]

Fig. 11. Q-factor of the annealed BST varactors in (a) untuned and (b) tuned
state at U = 415V tuning voltage.

Applying a bias voltage of U = 15V, acoustic resonances are
raising up at 2.35 GHz and 5.2 GHz (d = 10 cm) by a switched-
on piezoelectricity under bias. A model for acoustic resonances
on such type of BST thin film varactors has been outlined in
Ref. 13. The acoustic resonance is determined by the thickness
of all stacked layers as well as the acoustic properties of the lay-
ers themselves. The frequency dependent impact of the acoustic
resonances on the impedance of the capacitor can be modeled
by using the equations of an acoustic transmission line model
presented in Refs. 13 and 40 which enables in addition the char-
acterization of the acoustic properties demonstrated in Ref. 41.
The extracted acoustic impedance and velocity of the acoustic
wave propagation for the presented BST thin films is presented
in Ref. 41 resulting in a lowering of the acoustic impedance
and a rising acoustic propagation velocity when the deposition
distance is increased from 5 cm to 10 cm.

The microwave Q-factor measured at zero bias is shown in
Fig. 11(a). Due to the thin Pt electrodes, additional frequency
dependent losses in the metal electrodes arise at microwave fre-
quencies and are responsible for the decrease of the Q-factor
of the varactors with increasing frequency.*? Therefore, Eq. (3)
cannot be used to deduce directly the BST film properties from
the microwave measurements. The losses induced by the elec-
trodes in the microwave regime are the main factor limiting the
Q-factor of the varactor.® They can be reduced by an increased
metal thickness and/or a galvanic step for strengthening the
electrodes with higher conductive metals.

In agreement with the 1 MHz measurements, the films with
low Ti excess sputtered at d > 7.5 cm exhibit low Q-factors in
the GHz range. The films deposited at 5cm and 6.3 cm have
higher Q-factors, where the value is limited by additional losses
in the thin Pt electrodes.
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The Q-factor for applied bias voltage is shown in Fig. 11(b).
Caused by the acoustic resonances under bias the Q-factor
decreases drastically at the resonance frequencies. Furthermore,
the Q-factor for the varactors with d > 7.5 cm is increased by
biasing comparable to the 1 MHz measurement.

5. Summary and conclusion

We have studied the structure, morphology, composition and
electronic properties of BST thin films in dependence of the
distance between target and substrate during magnetron sputter
deposition using X-ray diffraction, electron microscopy, scan-
ning force microscopy, Rutherford backscattering spectrometry
and X-ray photoelectron spectroscopy. The results are linked to
the electric and dielectric properties of varactors prepared with
microstructured Pt electrodes. Dielectric characterization was
carried out at 1 MHz and in the microwave frequency range up
to 8 GHz, which is relevant for the application of this material
in tunable capacitors.

The distance between target and substrate during sputter
deposition was varied between 5Scm and 10cm leading to a
significant change in the Ti excess in the deposited films. A pro-
nounced Ti excess is observed at lower distances, which results
in a higher deposition rate. For distances d > 7.5 cm, stoichio-
metric films are obtained. Re-evaporation of Ba and Sr from the
substrate surface during deposition due to slow oxide formation
and high metal vapor pressure are suggested to be responsible
for the Ti excess in the BST thin films.

The electric and dielectric properties also change drastically
with sputter distance. At smaller distances, a reduced tunability
coupled with a very low dielectric loss factor can be achieved
whereas at larger distances a high tunability and increased
dielectric loss factor are observed. The reduction of the tun-
ability with increased Ti excess is inferior to the lowering of the
dielectric loss factor resulting in an improved material quality
factor n = t/(tan ), In contrast to this improvement, the BST
films having a high Ti excess show significantly larger leakage
currents.

Annealing in oxygen leads to a strong decrease of leakage
currents and a distinct increase of the Q-factors for the BST thin
films with a high Ti excess. Annealing in oxygen also leads to
symmetric behaviour with respect to the polarity of the tuning
voltage. This is assigned to changes of the barrier height at the
BST/Pt top electrode.

At microwave frequencies, the dielectric losses are domi-
nated by losses in the metal electrodes and not by the BST thin
film material. An improvement of capacitor layout and elec-
trode thickness is required for further optimization. The losses
are also affected by acoustic resonances of the layer stack, which
are excited by the tuning voltage induced piezoelectricity of the
BST film.

By varying the sputter distance, an appropriate material for
different microwave applications can be designed. For applica-
tions where a high material quality factor is required the film
deposited at 6.3 cm offers an outstanding n of 87 whereby the
increased leakage current has to be taken into account. Fur-
thermore, tunabilities higher than 70% at 67 V/pum with very

low leakage currents can be achieved at 7.5cm sputter dis-
tance. The structuring of Pt top electrodes on a closed BST
thin film enables dielectric measurements in the lower GHz
range in MIM topology without altering the BST thin film, e.g.
by Ar dry etching. The presented dependence of the process-
ing parameter and the related electric and dielectric properties
can be used for a further optimization of varactors in the GHz
range.
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