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Electrically Programmable Bistable Capacitor for
High-Frequency Applications Based on Charge
Storage at the (Ba,Sr)TiO3/Al,O; Interface

Shunyi Li,* Yuliang Zheng, Rolf Jakoby, and Andreas Klein

Hysteresis is induced in paraelectric (Ba,Sr)TiO; (BST) thin-film capacitors
by inserting an Al,O; barrier layer of a few nanometers in thickness between
the BST layer and the electrode. The observed hysteresis is explained by
ambipolar charge carrier injection through the Al,O; layer and charge storage
at the BST/Al,O; interface. The magnitude of the hysteresis can be directly
adjusted by manipulating the thickness ratio between BST and Al,O;. Taking
into account the low loss of (Ba,Sr)TiO; capacitors, the observed switching
and retention characteristics are suitable for application as non-volatile pro-
grammable high-frequency devices, e.g., in radio-frequency identification.

1. Introduction

In the last decades the applications of (Ba,Sr)TiO; (BST) are
mainly focused on tunable microwave components,l!l and fer-
roelectric random access memories,”?! since BST exhibits a
strongly field dependent dielectric constant and a low dielec-
tric loss in its paraelectric phase, which is essential for high-
frequency applications. The polarization hysteresis in the
ferroelectric phase for higher Ba content enables non-volatile
binary data storage. A promising new memory concept based
on resistive switching,’l has been recently demonstrated by
using perovskite oxides, which opens a new field for non-
volatile memory technologies. However, up to now there exists
no direct combination of microwave and memory functionali-
ties. The tunable capacitors built on paraelectric materials have
no intrinsic memory function and therefore rely on external
peripherals to store their operation point. On the other hand,
the memories based on ferroelectricity or resistive switching
are not suitable for high-frequency applications due to the high
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insertion loss and frequency dispersion of
ferroelectric materials as well as the com-
plexities for circuitry integration.

A stable hysteresis with highly distin-
guishable states depending on the his-
tory of the device is considered as one of
the essential requirements for the binary
data storage. There have been a number
of observations of hysteretic behaviors
reported in paraelectric BST thin films,
which have been attributed to lattice
stressP! or intrinsic charged defects.® But
this kind of hysteresis is normally very
weak and depends strongly on substrates,
deposition methods and deposition conditions. Since the exist-
ence of the hysteresis is due to intrinsic mechanisms, the hys-
teresis cannot be easily adjusted at will and is therefore not
applicable for memory purpose.

In the present work, we demonstrate a pronounced hyster-
esis in non-ferroelectric BST thin film capacitors induced by the
insertion of a thin Al,O; layer between BST and the electrode.
Al,Oj; layers also strongly affect the hysteresis of ferroelectric
Pb(Z1,Ti)O3 and BiFeO;.% The hysteresis reported here differs
from these observations as the (Ba,Sr)TiO; layers are not ferroe-
lectric. The high-frequency insertion losses are even reduced by
the Al,O3 layer. Detailed investigations of the CV (capacitance-
voltage) and Ct (capacitance-time) characteristics will be pre-
sented, showing a high flexibility for hysteresis manipulation as
well as good switching and retention properties. A mechanism
based on quantum mechanical tunneling and interface charge
storage is proposed for explaining the phenomena.

2. Results and Discussion
2.1. Capacitance Hysteresis of BST/AIl,O; Capacitors

Figure 1 shows the CV characteristics of three Baj¢Sry4TiO3
capacitors with increasing Al,0O; thickness. The BST layers were
prepared under identical deposition conditions and have nearly
the same thickness around 260 nm, determined by ellipsom-
etry. Two of the samples are covered with 2.5 and 10 nm Al,O;,
respectively. The overall capacitance decreases with increasing
thickness of Al,0;, which is caused by the lower permittivity
of Al,0; compared to BST.”# The bilayer structure can be con-
sidered as two capacitors connected in series. All three samples
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Figure 1. CV characteristics of BagSry4TiO; capacitors with 0 (a), 2.5
(b), and 10 nm (c) Al,O3, at f=1 MHz. The arrows indicate the direction
of the voltage sweeps.

exhibit a voltage dependence of capacitance, which is explained
by the field dependent permittivity of the BST layer.’) Dielectric
calculations based on a bilayer capacitor model reveal that the
permittivity and tunability of BST are not affected by the Al,O3
film. The apparent differences in Figure 1 are fully explained by
the reduced electric field in BST.

The CV curves show a large difference in
the hysteretic behavior. The sample without
Al,O; shown in Figure la has only a weak
hysteresis between the forward and back-
ward voltage sweep in the vicinity of V = 0. =
This hysteresis has often been observed in =

SISIciclc)

sputtered Pt/BST/Pt capacitors,”) and has [ssr
been attributed to different interface proper-

ties of the top and bottom contacts:['% ion-
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of the voltage sweep.'!l Contrasting this very weak hysteresis, a
pronounced and symmetric hysteresis is observed for the sam-
ples with Al,O3, particularly for the sample with 10 nm Al,O;.
The voltage difference between the two capacitance maxima
clearly increases with the thickness of the Al,O; layer, indi-
cating a strong correlation between the hysteresis behavior and
the Al,O;. Since the Al,O; layer is grown on the top of the BST
at room temperature, neither the lattice stress nor the defect
concentration in BST is expected to be significantly influenced
by the Al,O5 layer. Thus, the hysteresis is considered to have
another origin.

2.2. Origin of the Hysteresis

Similar hysteretic behavior of ferroelectric thin films with Al,O;
layer has been reported by Lee, Jiang and coworkers.'”l The
hysteresis of the ferroelectric Pb(Zr,Ti)O3 or BiFeO; films are
magnified by the insertion of Al,O; layers, which results in an
almost linear increase of the apparent coercive voltage across
the thickened Al,O; layer. However, there exists an essential
difference to the hysteresis shown in this article. The hyster-
esis of the BST/Al,O; bilayers is not related to ferroelectricity.
In order to confirm this, a series of samples with different Ba/
Sr ratios have been prepared, ranging from SrTiO;/Al,0; to
BaygSty,Ti03/Al,03. One example is illustrated in Figure 4 (the
CV measurements of BaygSr,TiO;, Bag3Sry,TiO; and SrTiO;
are given in Figure S1 in the Supporting Information). We have
mainly chosen those compositions, whose Curie temperatures
are below room temperature, so that any ferroelectric origin of
the hysteresis can be unambiguously excluded. X-ray diffraction
data also confirm the cubic (non-ferroelectric) crystal structure
of our BST films. Since the Al,O5 layer is grown on the top of
the BST, it is not expected to induce ferroelectricity in the BST
films. However, independent on the Ba/Sr ratio, all of these
samples show a similar hysteresis after the insertion of Al,O;
layer.

A schematic illustration of the mechanism proposed as
origin of the hysteresis, involving ambipolar charge injection
and interface charge storage, is shown in Figure 2. The energy

(a) (b) BST ALO, Pt

ized defects such as oxygen vacancies form
a space charge layer and act like an inter-
face capacitor. The capacitance of this space
charge layer depends on the applied electric
field and is determined by the Schottky bar-
rier which is under reverse bias. Since the
defect concentration of the two interfaces is
different, the overall capacitance exhibits a
slight difference depending on the direction
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Figure 2. Schematic illustration of the energy band diagram and the ambipolar charge injection
for a Pt/BST/Al,O;/Pt structure under different DC bias in relation to the CV hysteresis. Dots
and circles indicate electrons and holes, respectively.
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band alignment determined by in situ photo- 500

electron spectroscopy was described in the

previous work.’3l Because BST and Al,O;

have a large difference in the relative permit- 450
tivity, a significant part of the total applied
voltage drops on the Al,O; layer according
to the serial-capacitor structure. Therefore
the energy bands of the Al,O; and the Fermi
level of the Pt electrode shift significantly
upwards with respect those of the BST when
a negative voltage (V) is applied, as indicated
in Figure 2a. As soon as the Fermi level of (a)
the Pt overlaps with the conduction band of 200+
the BST, electrons will be injected into the
BST by tunneling through the Al,O; layer.
Such tunneling process was confirmed by the
current-voltage measurements,3] and also
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observed by other authors in similar metal- 0 1

1 1 Il

insulator-semiconductor systems.!'*1 The i
potential drop on the Al,O; layer depends 0
largely on the thickness ratio of the BST/
Al,O5 bilayer structure. As long as the Al,0,
layer is thin, although the potential drop on
Al)O; is relatively low, charge carriers can
be injected by direct tunneling. When the
barrier layer gets thicker, the portion of the
potential drop on Al,O3 becomes also larger. This leads to a dif-
ferent mechanism, the Fowler-Nordheim process, where the
charge carriers only need to tunnel a triangle potential barrier
of the Al,03, which is only a part of its thickness (a simulated
band diagram under such condition is provided in Figure S3 in
the Supporting Information). Some injected electrons might be
trapped at the interface between BST and Al,0; and form a neg-
ative charge layer. This interface charge builds up an internal
electric field in both layers and will only then be removed or
compensated when a positive voltage (V) is applied, as shown
in Figure 2b and c. At V =V, the flat-band (zero-field) situa-
tion is established in the BST film and therefore the CV curve
shows a maximum. If the positive voltage is further increased
(V3), the Fermi level of the Pt will be shifted towards the valence
band of the BST and a positive interface charge is built up by
means of tunneling of holes, as illustrated in Figure 2d. This
positive interface charge leads then to a mirrored course of the
CV curve resulting in the observed hysteresis.

The trapping of charge carriers at the interface can be dem-
onstrated by time-dependent capacitance measurements shown
in Figure 3. With such measurements the capacitance is meas-
ured continuously over time while the DC voltage can be simul-
taneously switched on and off within various time segments.
When a voltage is applied, the capacitance shows a sudden drop,
which corresponds to the tuning of the relative permittivity of
the BST. Compared to the sample having only BST, the sample
with 10 nm Al,O; exhibits a distinct transient behavior. After
a voltage is applied, the capacitance shows a decrease in addi-
tion to the drop although the voltage within this time segment
is kept constant. When the voltage is removed, the capacitance
does not recover to its original value as the sample without
Al,O5 does. Similar to the decrease under applied voltage, the
capacitance shows a gradual increase with time at V= 0. It can
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Figure 3. Capacitance vs time of Bag ¢Sro4TiO3 capacitors with 0 (a) and 10 nm (b) Al,O; under
increasing DC bias at f =1 MHz. The arrows indicate the interface charge which causes the
decrease of the capacitance.

be seen in Figure 3b, that the higher the applied voltage, the
stronger is the transient behavior. This is related to the field
dependence of the tunneling current.'®! According to the model
outlined above, the decrease and increase of the capacitance are
associated with charging and discharging of the interface (i.e.
trapping and detrapping of charge carriers). The difference of
the capacitance between the initial and final time segment at
V = 0 corresponds to the total stored interface charge.

2.3. Dielectric Model and Hysteresis Manipulation

If we consider the interface charge as a homogeneous sheet
charge with an area charge density o, application of Gauss law
leads to

€ € E1+o0= €y 6 E (1)

where the indices 1 and 2 represent the BST and Al,O; layer,
respectively. After applying a voltage V, the field distribution in
the bilayer capacitor is

V= Eldl + Ezdz (2)

Combining those two equations above gives the electric field
in the individual layer:

v — (dyo)/(€ €)

Fi= i+ (dy €1)/ €2 (3)

€oe E1+
E, = 0€&1 £E1+ O 4)
€ €2

where € and d are the permittivity and thickness, respectively.
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Figure 4. CV characteristics of BagSrg4TiO3 capacitors having different
BST-to-Al,O3 thickness ratio measured at f=1 MHz.

As illustrated in Figure 2b, the CV curve reaches the max-
imum when the electric field in the BST is zero (E; = 0), leading
to the flat-band voltage

dzO'
€0 €2

Vig =

®)

The voltage difference of the capacitance maxima (AV =
* Vgp) is therefore determined by the thickness of the Al,O4
layer (dy) and by the interface charge density (o). In principle
the hysteresis should become larger with increasing Al,0O5 layer
thickness, which agrees with the observed tendency in Figure 1.
However, the thickness of the Al,Os layer also affects the inter-
face charge density o, because the interface charge density
depends on the interplay between the electric field and the tun-
neling probability. A too thick Al,O; barrier layer is not favo-
rable for inducing hysteresis since the tunneling process will be
weakened. On the other hand, for the same thickness of Al,Os,
the thickness of BST plays also an important role, because the
thickness ratio between BST and Al,0; determines the potential
distribution in the bilayer capacitor. This effect is demonstrated
by another series of capacitors with Bag;Sr,TiO3, as shown in
Figure 4. Here the composition with only 10 at% Ba was chosen
in order to rule out the ferroelectricity as the origin of the hys-
teresis, since the Curie temperature of Baj;Sry¢TiO3 is much
lower than room temperature.'”l Three different BST-to-Al,O;
thickness ratios are applied. The first sample has no Al,0; and
serves as the reference. The other two samples contain 200 and
350 nm BST respectively, both covered with 5 nm Al,Os. The
capacitance also decreases with increasing BST thickness after
insertion of the Al,O; layer. The sample without Al,O; exhibits
a quite similar CV curve as the BagSr,4TiO; sample shown
in Figure 1a. Only a slight difference between the forward and
backward sweep, especially at V=0, is observed. In comparison
the sample with 200 nm BST and 5 nm Al,O; shows a much
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pronounced symmetric hysteresis with a voltage difference
(AV) between the maxima of capacitance of about 5 V. However,
the CV curve of the sample with 350 nm BST and 5 nm Al,O,
exhibits not only a smaller voltage difference between the two
capacitance maxima (AV = 3 V), but also a considerably lower
absolute difference in capacitance (AC) for forward and reverse
voltage sweep compared to the sample with thinner BST.

Both effects can be attributed to a much lower interface
charge density, which is caused by the modified potential dis-
tribution. According to the serial-capacitor model, the voltage
drop on each capacitor depends on the individual capacitance.
The potential drop across the Al,03, which is responsible for
the charge carrier injection, can be expressed as

C] €1
-V =V
Ci+ C,

\Z (6)

€rt+e, %

Under a certain applied voltage (V) the permittivity values
in Equation 6 are constant. The thicker the BST layer (d,), the
lower is the voltage component on the Al,O; (V,), which is cer-
tainly unfavorable for the tunneling process and leads therefore
to a lower interface charge.

2.4. Programmable Bistable Capacitor Operation

The induced CV hysteresis based on the BST/Al,O; bilayer
structure exhibits a bistability similar to ferroelectric materials,
which offers two individual states at the same voltage. The
switching characteristics of such a hysteretic capacitor is illus-
trated exemplarily with a Bag;Sro9TiO3(200 nm)/Al,O5(5 nm)
capacitor in Figure 5. The operation contains a writing and a
reading process, which correspond to a write voltage (Vi) and
a read voltage (Vy), respectively. As shown in Figure 5c¢, the
capacitor is preprogrammed with a short DC voltage (Vy =
15V, t = 2 s). The CV curve takes then the lower branch of the
hysteresis at positive voltages as indicated in Figure 5a and a
low capacitance is measured by the read voltage Vg = 2 V as
shown in Figure 5b. Now if a write voltage with the opposite
polarity (Viy = —15 V) is applied, the CV curve will take the
upper branch of the hysteresis and a high capacitance is meas-
ured with the same read voltage Vi = 2 V. For both cases the
capacitance difference is rather constant with time, showing
clearly a non-volatile repeatable programmability. The choice
of Vi and Vg is in principle arbitrary. However, Vi, should
be larger than the flat-band voltage (Vi) in order to generate
a high charge carrier injection and therefore a high interface
charge. Vi should be between 0 and Vi but preferably close to
Vep in order to get a large difference between the high and low
states. The polarity of Vyy and Vi can be arbitrarily correlated
since the hysteresis is largely symmetric.

The stability of the charge storage is crucial for the applica-
tion as passive high-frequency non-volatile devices. The inter-
face charge can disappear gradually through back tunneling or
recombination. The retention property of the BST/Al,O5 capac-
itor was characterized by the Ct measurement with an extended
time scale, as demonstrated in Figure 6. For such measure-
ments the capacitor is preprogrammed with +15 V according
to the high and low states respectively at the beginning, and

Adv. Funct. Mater. 2012, 22, 4827-4832
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between the two states is estimated tobe 15%in
1 year and 6% in 10 years. Both values show
a promising potential for long-time stability.

(b)

2.5. Dielectric Properties at Microwave
Frequencies

In order to demonstrate the suitability of the
layer structures for microwave components,
the BST/AL,O; bilayer capacitors have also
been characterized at microwave frequencies.
The CV measurements are comparable to

those carried out at 1 MHz. A clear hysteresis
is also induced in the GHz range by the thin
Al,O; layer on BST (indicated in Figure S2 in

tls

Figure 5. CV (a), Ct (b) characteristics of a Bag;Sry¢TiO3 capacitor with 5 nm Al,O3 and the
corresponding applied voltages (c). The voltages for the write and read operation are £15 V

and 2 V respectively.

the corresponding capacitance is measured at 2 V with logarith-
mically distributed time intervals. The initial difference of the
capacitance between the high and low state is normalized to
unity. At the beginning the capacitance difference is reduced rap-
idly, but the rate of capacitance change slows down after approx-
imately 100 s. The low state shows a more stable value because
its read voltage has the same polarity as the write voltage in this
case. The energy band under this condition favors the stabiliza-
tion of the trapped charge carriers. By extrapolating the lines

|
1.0 1, ;10
year,  years
0.8r [
> I
(;)' 0.6 I
= | O high state Y
% 0.4 O low state 15 /("_——’*6%
A
0.2 - I
| |
0.0 I
10° 10> 10* 10° 10° 10"
t/s

Figure 6. Typical retention characteristics for du,0, = 5 nm measured
at f=1 MHz. The normalized memory window (i.e., the difference in
capacitance between the high and low state) is extrapolated at 1 year and
10 years for room temperature.
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the Supporting Information).

The quality factor (Q) of the BST capaci-
tors, which is an important issue for high
frequency applications, is shown in Figure 7.
The measurements show a typical 1/f ten-
dency with increasing frequency both with
and without Al,O; layer. When a DC voltage
is applied on the sample, the Q factor shows a resonance at
f= 2.7 GHz. This corresponds to an acoustic resonance, which
is induced in the BST thin films by electrostriction.3] There
is no significant change in the quality factor for the capacitor
with Al,O; layer. As a matter of fact, the Q factor shows a slight
improvement, which is explained by the reduced capacitance.
This indicates that a bistable capacitor can be made with Al,04
layers in the microwave frequency range without having nega-
tive influence on the quality factor.

40F 40F
0nm (a) 6 nm (b)
30‘- 30
9 20 20+
ov
10F ov 10+
0oV 0¥
0_ | 1 1 1 1 0_ 1 1 1 1
1 2 3 4 5 1 2 3 5
f/ GHz f/ GHz

Figure 7. Qfcharacteristics measured at f=0.5-5 GHz with DC bias from
0to+ 10V for BST capacitors with 0 nm (a) and 6 nm Al,O; (b). The area
of the top electrodes is 2.2 x 10° um?.
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3. Conclusions

A Thysteretic capacitance behavior of non-ferroelectric
(Ba,Sr)TiO; thin films combined with low permittivity Al,O;
barrier layers has been identified by means of capacitance-
voltage and capacitance-time measurements. The occurrence
of the hysteresis in such system is explained by a mechanism
involving ambipolar charge injection through the low permit-
tivity buffer layer and interface charge storage. The BST/AL,04
capacitors show non-volatile capacitance switching, a high flex-
ibility for hysteresis tuning and low insertion loss at microwave
frequency, which should enable novel high-frequency devices.

4. Experimental Section

The BST and Al,Os thin films were prepared via RF magnetron sputtering.
BST was first deposited onto commercial Si(100)/SiO,/TiO,/Pt(111)
substrates with an RF power density of 2.5 W cm™ from a 2 inch ceramic
target at 650 °C in an Ar/O, gas mixture, which contains 1% O, at 4Pa total
pressure. The nominal target compositions for the samples shown in this
article are Bag ¢Sr4TiO3 and Bag 1Sr oTiO3, respectively. The compositions
of the deposited films were verified with XPS (X-ray photoelectron
spectroscopy) and RBS (Rutherford Backscattering Spectrometry) as
indicated in the previous work.”l After BST deposition, the sample was
cooled down to room temperature gradually with a rate of 10 K min' in
the deposition atmosphere. Al,O; was deposited onto BST via reactive
sputtering from a 2 inch metallic Al target with an RF power density of
2 W cm2 by using a gas mixture of 85% Ar and 15% O, at a total pressure
of 0.5 Pa. The Al,O; films are fully oxidized under such conditions as
confirmed by XPS.'*2% The deposition rate is about 0.5 nm min™' as
determined by the attenuation of Sr 3d and Ti 2p photoelectron emission
after Al,O; deposition.?"] For the dielectric characterization, parallel-plate
capacitors with two different electrode geometries were fabricated. For the
measurements at 1 MHz the top electrodes were deposited by using a
shadow mask with a diameter of 200 um, whereas photolithography and a
lift-off process were employed for the measurement structure used in GHz
frequency range.’l The capacitance measurements were carried out at
room temperature at 1 MHz with an Agilent 4294A impedance analyzer and
in the GHz range with a Anritsu 37397C network analyzer, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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