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Intentionally Inserted Oxygen Depleted

(Bag 5Sr( 5)TiO3 Layers as a Model of
DC-Electrical Degradation

Toru Hara, Member, IEEE

Abstract—The relative dielectric constant versus voltage
(e, — V) characteristics and the current density versus elec-
tric field (J — E) characteristics of (Bao.5Sro,5)TiO3 films,
which have intentionally inserted oxygen depleted layers near the
bottom electrodes, were investigated as a model of dc-electrical
degradation phenomena. Our investigation demonstrated that the
intentionally inserted oxygen depleted layer is the cause of the
tunneling conduction.

Index Terms—Dielectric devices, dielectric polarization.

1. INTRODUCTION

HE (Ba, Sr)TiO3 (BST) thin films have attracted great at-

tention for practical use in capacitors of dynamic random-
access memories (DRAMs) in future gigabit DRAM genera-
tions. To use BST films for DRAMs, leakage currents must be
kept sufficiently low such that capacitors do not discharge before
they are refreshed. It is well known that the insulation resistance
of BST thin film deteriorates due to oxygen vacancies.

A lot of work has been reported on leakage behaviors of BST
thin films. Tsai and Tseng reported that the leakage currents
of BST thin films abide by the interface-limited Schottky
emission in a low-electric-field region, and by the bulk-limited
Poole-Frenkel conduction in a high-electric-field region [1].
Furthermore, Shye et al. reported that the applied electric
field boundary between the Schottky emission region and
the Poole—Frenkel region shifted to a higher electric field
as the Oy/(Ar+ O3) mixing ratio (OMR) during sputtering
increased, due to the compensation of oxygen vacancies [2].
It is assumed that the OMR of 20% is the threshold for
the fabrication of high-quality BST films [2]. Shin er al
suggested the combined injection currents over the Schottky
barrier (Schottky emission) and through the Schottky barrier
(tunneling) [3]. According to this combined mechanism, it is
predicted that the contribution of tunneling will increase if
oxygen vacancies in BST films increase. We investigated the
leakage behaviors of the dc-electrically degraded BST film
and the BST film with intentionally inserted oxygen depleted
layer, and confirmed that the dc-electrically degraded BST
film exhibited analogous leakage behaviors with the BST film
with intentionally inserted oxygen depleted layer [4].
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A lot of work has been reported on the capacitance versus
voltage characteristics of BST thin films. Maruno et al. fabri-
cated Pt/BST with intentionally introduced oxygen vacancies at
the surface of BST film by annealing under high vacuum con-
dition/Pt capacitor, and confirmed the peak shift of a voltage,
at which a capacitance has its maximum value, toward the neg-
ative-bias region [5]. Zafer er al. confirmed the peak shift of
a voltage, at which a capacitance has its maximum value, to-
ward the positive-bias region for the degraded specimen after
applying constant voltage stress at a top electrode [6].

In order to fabricate high-quality BST films, it is important to
understand the influence of oxygen vacancies near the interface
between BST films and electrodes. Therefore, we fabricated
Pt/BST with intentionally inserted oxygen depleted layer/Pt ca-
pacitors, and investigated their electrical characteristics. The
present discussion concentrates on the effect of the intentionally
introduced oxygen vacancies near the interface between BST
films and electrodes.

II. CAPACITOR FABRICATION

Pt/(Bag 5Srg.5)TiO3/Pt capacitors and Pt/(Bag 5Sr.5)
TiOs/oxygen-depleted (Bag.5Srg.5)TiO3/Pt capacitors were
prepared for electrical characteristics measurements.

The 250-nm-thick Pt films were deposited as bottom elec-
trodes on TiO2 (2 nm)/SiO2(80 nm) /Si substrates at 250 °C by
dc sputtering.

The single-layered (Bag 5Srg.5)TiO3 films without intention-
ally introduced oxygen vacancies were deposited to the thick-
nesses of 40, 62, 89, 102, 117, 166, 185, 308, and 405 nm by RF
magnetron sputtering. The (Bag 5Srg 5)TiO3 films without in-
tentionally introduced oxygen vacancies were deposited on the
Pt bottom electrodes. Oxygen mixing ratio (OMR) was main-
tained at 50% when the (Bag 5Srg 5)TiO3 layers were deposited.
To investigate the influence of (Bag 5Sr 5)TiO3 thickness on
the relative dielectric constant, the 40-, 62-, 89-, 102-, 117-,
166-, 308-, and 405-nm-thick (Bag 5Srg 5)TiO3 films without
intentionally introduced oxygen vacancies were deposited.
These results are shown in Fig. 4(a). Experimental details are
described in [10]. The 185-nm-thick (Bag 5Srg ;5)TiO3 film
without intentionally introduced oxygen vacancies is a control
for the comparison with the (Bag 5Srg5)TiO3 films, which
have intentionally inserted oxygen depleted layers, with the
total thicknesses of 185 nm.

The double-layered (Bag 5Srg 5)TiO3 films were deposited
to a total thickness of 185 nm by RF magnetron sputtering.
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Plots of relative dielectric constant (&,.) versus voltage (V) for test capacitors. Each plot shows €. versus V' for the specimen without intentionally inserted

oxygen depleted (Bag.5Srq.5)TiO3 layer and the specimen with intentionally inserted oxygen depleted (Bag 5 Sro.5 ) TiO3 layer with a thickness of (a) X = 0 nm,
(b) X = 10 nm, (¢) X = 20nm, and (d) X = 40 nm. X is the thickness of intentionally inserted oxygen depleted (Bao.5Sro.5) TiO3 layer. The (Bag.5Sro.5)TiO3

films were deposited to a total thickness of 185 nm.

TABLE 1
PHYSICAL ATTRIBUTES OF THE TEST CAPACITORS HAVING
THE DOUBLE-LAYERED (Bayg 5 Sro 5 ) TiO5 FILMS

Top Electrode Pt

2™ Dielectric Film : (BagsSros)TiOs

Thickness: (1) 175nm, (2) 165nm, (3) 145nm

1* Dielectric Film : (BagsSros)TiOswith intentionally introduced oxygen vacancies

Thickness: (1) 10mm, (2) 20mm, (3)40nm

Bottom Electrode : Pt

First, the 10-, 20-, or 40-nm-thick (Bag 5Srg 5)TiO3 films with
intentionally introduced oxygen vacancies [oxygen depleted
(Bag.5Srg.5)TiO3] were deposited on Pt bottom electrodes.
OMR was maintained at 0% when the first (Bag 5Srg 5)TiO3
layers were deposited. Second, the 175-, 165-, or 145-nm-thick
(Bag 5519 5)TiO3 films without intentionally introduced
oxygen vacancies were deposited on the oxygen depleted
(Bag.5S19.5)TiO3. OMR was maintained at 50% when the
second (Bag 5Srg5)TiO3 layers were deposited. Table I
shows the physical attributes of the test capacitors having the
double-layered (Bag 5Srg 5)TiO3 films.

All (Bag 5Sr¢_5) TiO3 films were prepared at a fixed RF power
of 1 kW and a fixed dc power of 200 W. A constant pressure of
0.035 Pa and a constant substrate temperature of 600 °C were
maintained during the deposition of (Bag 5Srg 5)TiO3 films.

The 250-nm-thick Pt films were deposited as top electrodes
with a diameter of 0.5 mm on the (Bag 5Sry 5)TiO3 films by
electron beam evaporation at 120 °C, using a metal shadow
mask.

After a series of depositions, the capacitors were annealed
at 600 °C in oxygen ambient for 30 min to introduce oxygen
into the surface of the (Bag 5Sr¢ 5)TiO3 films [7]. In the neg-
atively biased region [electrons are injected from the top elec-
trodes to the second (Bag 5Srg 5)TiO3 layers], leakage currents
of the specimens are decreased by post-annealing.

Thickness measurements were performed using a spectro-
scopic ellipsometer.

III. ELECTRICAL CHARACTERIZATION

The relative dielectric constant versus voltage (e,,— V') curves
at 10 kHz were obtained using an HP4284A precision LCR
meter. The measuring frequency of 10 kHz was selected to re-
duce the influence of low-frequency dielectric dispersion [9].
The sweep rate was set at 0.2 V/s, with an ac-bias of 100 mV.
The measuring ac-bias of 100 mV was selected to reduce the
influence of ac-bias on dc-bias. The dc-bias voltage was swept
from the zero-bias region to the positive-bias region, returned
to the zero-bias region, swept from the zero-bias region to the
negative-bias region, and finally returned to the zero-bias region.
The ¢, — V measurements were performed at 40 °C.

The current density versus electric field (J — F) character-
istics was measured using a pA-meter (ADVANTEST R62469)
through a step voltage technique with stair-shaped dc-bias
voltage applied to the top electrode, while the bottom electrode
was grounded. The value of each voltage step and the hold
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Fig. 2. Plots of current density (JJ) at 40 °C versus electric field (E)
for a Pt/(Bag.5Sro.5)TiO3/Pt capacitor and for Pt/(Bag.5Sro.5)TiO3/
oxygen depleted (Bag 5Sro.5) TiO3 /Pt capacitors. The (Bag 5 St 5 ) TiO5 films
were deposited to a total thickness of 185 nm.

time were 0.1 V and 1 s, respectively. In order to minimize
the influence of the relaxation current on the leakage current
data, measurement was performed after sweeping the voltage
to the maximum value of each biased direction. The J — F
measurements were performed at 40 °C, at 60 °C, and at 80 °C.

IV. RELATIVE DIELECTRIC CONSTANT—APPLIED
VOLTAGE CHARACTERISTICS

Fig. 1 shows the plots of relative dielectric constant (&)
versus applied voltage (V).

As shown in Fig. 1(a), the voltage peak was shifted toward the
positive-bias region in the sample without intentionally intro-
duced oxygen vacancies. It is assumed that the voltage shift in
the sample without intentionally introduced oxygen vacancies
is due to the native positively charged defects such as oxygen
vacancies, and due to the ferroelectricity induced by the incor-
poration of Ba into the SrTiOg lattice.

As shown in Fig. 1(b), (c), and (d), the voltages at which
the relative dielectric constants have their maximum values of
Pt/(Bag_5S10.5)TiO3/oxygen depleted (Bag.5Srg5)TiO3/Pt
specimens were shifted toward the positive-bias region com-
pared with that of Pt/(Bag5Srg5)TiO3/Pt specimen. This
can be attributed to positively charged oxygen vacancies near
the bottom electrodes. These results were in good agreement
with the results of previous work [5], [6]. The peak shift of
a voltage toward the positive-bias region (AV},), at which a
capacitance has its maximum value, increases in accordance
with the increasing thickness of intentionally inserted oxygen
depleted (Bag 5Sro.5)TiO3 layer. However, when the thickness
of the intentionally inserted oxygen depleted (Bag 5Srg 5)TiO3
layer exceeds 20 nm, AV, tends to be saturated, as shown in
Fig. 1(c) and (d).

V. CURRENT DENSITY—APPLIED ELECTRIC
FIELD CHARACTERISTICS

Fig. 2 shows the plots of current density (.J) at 40 °C versus
mean applied electric field (F) across the (Bag 5Srg 5)TiO;3
film.

As shown in Fig. 2, in the positively biased region
[electrons are injected from the bottom electrodes to
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Fig. 3. Plots of current density (J) at 40-80 °C versus electric field (E)

for test capacitors. Each plot shows J versus E for the specimen without
intentionally inserted oxygen depleted (Bag.5Srg.5)TiO3 layer and the
specimen with intentionally inserted oxygen depleted (Bag.5Sro.5)TiO3 layer
with a thickness of (a) X = 0 nm, (b) X = 10 nm, (¢) X = 20 nm, and
(d) X = 40 nm. X is the thickness of intentionally inserted oxygen depleted
(Bag.5Sr0.5)TiO; layer.

the (Bag;Srp;)TiO3 films], the leakage currents of
Pt/(Bag 5Srg. 5)TiO3/oxygen depleted (Bag 5Srg.5)TiO3/Pt
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(a) Plots of measured relative dielectric constant versus the thickness of ( Bag 5Srg ,5)Ti03 film without intentionally inserted oxygen depleted layer. The

maximum values of relative dielectric constants were shown. Details were described in [10]. (b)—(c) Plots of electric field near the interface between the oxygen
depleted (Bag.5S10.5)TiO5 layer and the cathode as a function of positive space-charge density (Ns¢ ). The thickness of intentionally inserted oxygen depleted
( Bag 5Srg. 5)Ti03 layer (XX') is (b) 10 nm, (c) 20 nm, and (d) 40 nm. The maximum values of relative dielectric constants were used for the calculation of electric
field. (e) Plots of estimated electron depletion width (1) as a function of the positive space-charge density in the electron depletion layer (Nsc, pr ). A parameter
of Nsc, b1, which has been varied from 1 x 10?* m~3 to 1 x 10?7 m~2 in order to simulate the effects of oxygen vacancies, is external.

specimens increase more than that of Pt/(Bag 5Srg 5)TiO3 /Pt
specimen. However when the thickness of oxygen depleted
(Bag 5519 5)TiO3 layer exceeds 20 nm, the leakage cur-
rent was independent of the thickness of oxygen depleted
(Bag.5Srg.5)TiO3 layer.

As shown in Fig. 2, in the negatively biased re-
gion [electrons are injected from the top electrodes
to the (BagsSrg;5)TiO3 films], the leakage cur-
rents of  Pt/(Bag.5Srg.5)TiO3)TiO3/oxygen  depleted
(Bag.5S19.5)TiO3 /Pt specimens are comparable with that of
Pt/(Bag 5Srg. 5)TiO3 /Pt specimen.

Fig. 3 shows the plots of current density (J) at
40-80 °C versus mean applied electric field (F) across the
(Bag 5519 5)TiO3 film. Each plot shows .J versus E for the
specimen without oxygen depleted (Bag 5Srg5)TiOs layer
[(@) X = 0 nm] and the specimen with oxygen depleted
(Bag.5Srg 5)TiO3 layer with a thickness of (b) X = 10 nm,

(¢c) X = 20 nm, and (d) X = 40 nm. X is the thickness of
intentionally inserted oxygen depleted (Bag 5Srq 5)TiO3 layer.

In Fig. 3(a), there appears an asymmetry in the temperature
dependent .J — E curves for the (Bag 5Srg 5)TiO3 film without
intentionally introduced oxygen vacancies. This is probably due
to the different thermal stresses of the top-Pt/bottom-Pt on the
deposition of the (Bag 5Srg 5)TiO3 film, and due to the differ-
ence of oxygen incorporation during the post annealing.

As shown in Fig. 3(a), in the positively biased region
[electrons are injected from the bottom electrodes to the
(Bag.5Srg 5)TiOj films], the leakage current of Pt/185-nm-thick
(Bag 5Srg.5)TiO3 /Pt depends on temperature during the mea-
surements. The leakage current in the positively biased region
of Pt/175-nm-thick (Bag 5Srg 5)TiO3/10-nm-thick oxygen de-
pleted (Bag_5Srg.5)TiO3 /Pt was less dependent of temperature
during measurements, as shown in Fig. 3(b). Furthermore, as
the thickness of the intentionally inserted oxygen depleted

Authorized licensed use limited to: TOKYO INSTITUTE OF TECHNOLOGY. Downloaded on July 24, 2009 at 01:58 from IEEE Xplore. Restrictions apply.



674 IEEE TRANSACTIONS ON DEVICE AND MATERIALS RELIABILITY, VOL. 4, NO. 4, DECEMBER 2004

SCHOTTKY
EMISSION
(RATE DE TERMINING)

OXVGEN
WACANCY (2+)

ACCEPTORLIKE
SURFACE STATES

METAL: DIELECTRIC:
3 (Ba,a)Ti0:

Fig. 5.
should be more important for leaky films.

(Bag 5Sr0.5)TiO3 layer exceeds 20 nm, leakage currents in
the positively biased region were independent of temperature
during measurements, as shown in Fig. 3(c) and (d). This can be
explained by assuming that the thermionically emitted electrons
and tunneling electrons exist [3], and that the contribution of
tunneling increases for the leaky specimens with intentionally
inserted oxygen depleted layer.

VI. DISCUSSION

Fig. 4(a) shows the plots of extracted maximum relative di-
electric constant versus the thickness of (Bag.5Srg.5)TiO3 film
without the intentionally inserted oxygen depleted layer.

Fig. 4(b), (c), and (d) shows the plots of electric field near
the interface between the oxygen depleted (Bag 5Srg5)TiO3
layer and the electrode (cathode) as a function of positive
space-charge density.

The electric fields near the interface between oxygen depleted
(Bag 5Srg.5)TiO3 layers and cathodes are given by

Nsc.oprthpr
1 - 1
( + Neool? 9]

_ qNsctopr

2e0€0DL

where ¢ is the magnitude of space-charge (space charge
is the oxygen vacancy. ¢ = 2), Ngc¢ is the positive space
charge density in the remaining film without the intention-
ally inserted oxygen depleted (Bag 5Sro5)TiO3 layer, topr,
is the thickness of intentionally inserted oxygen depleted
(Bag 5S19.5)TiO3 layer, ¢q is the dielectric constant of free
space, epopr is the relative dielectric constant of intentionally
inserted oxygen depleted (Bag 5Srg5)TiO3 layer [estimated
from Fig. 4(a)], Nsc,opr is the positive space-charge density
in the intentionally inserted oxygen depleted (Bag 5Srg 5)TiO3
layer, and ¢ is the distance from the cathode, respectively
[5]. When we assume Nscopr, = 5.0 x 10 cm™3 and
Ngc = 2.7 x 1017 em—3 [5], and assume topr, = 10 nm,
the local electric field near the interface is very low, as shown
in Fig. 4(b). However, when we assume topr, = 20-40 nm,
the local electric fields near the interface increase, as shown in

LEAKY SPECIMENS

SCHOTTKY
EMISSION

TRAP-ASSISTED
®)

DIELECTRIC:
(B )0

Schematic energy-band diagrams to explain the thermionic emission mechanism and the tunneling mechanism. As mentioned tunneling contributions, it

Fig. 4(c) and (d). It is assumed that the tunneling conduction
shown in Fig. 3(c) and (d) is probably due to the electric field
enhancement near the cathode shown in Fig. 4(c) and (d).

When the positively charged oxygen vacancies exist near the
bottom electrode, the shift of the voltage (AV,,,) toward the pos-
itive-bias region, at which the relative dielectric constant has its
maximum value, is approximately expressed by

2€(NSC,DL)W2

AV, =
2505DL

(2)
where e is the elementary charge, ¢y is the dielectric con-
stant of free space, epr is the relative dielectric constant
of (Bag5Sr9.5)TiO3 films in the electron depletion layer
(epr = eopr), Nsc,pr is the positive space-charge density
in the electron depletion layer (Nsc,pr, = Nsc,opr), and W
is the electron depletion width, respectively [5]. The oxygen
vacancies assumed to be immobile under our measurement
conditions [10], [11], but the oxygen vacancies may migrate
under a constant dc voltage stress at a high temperature [4], [6].

Fig. 4(e) shows the plots of estimated W extracted from (2)
as a function of Nsc,pr.. A parameter of Nsc pr, which has
been varied from 1.0 x 10'® cm™3 to 1.0 x 10?! cm™2 in order
to simulate the effects of oxygen vacancies, is external. When
Nsc,pr, = 5 x 10 em™3, W = 12 nm. This is in good
agreement with the results in Fig. 4(c) and (d). These results
show that our model is self-consistent.

It was considered that the negatively charged acceptor-like
surface states pin the Fermi level of (Ba, Sr)TiO3 thin film
[2], [8]. Assuming the electronic structure near the cathode,
positively charged oxygen vacancies near the cathode can
compensate for the negative charges of acceptor-like surface
states [2], [8]. Therefore, the electron depletion width of the
leaky specimen may decrease due to high density of positively
charged oxygen vacancies, as shown in Fig. 5. This may
be the origin of tunneling conduction [2]. To investigate the
electronic structure of oxygen depleted (Ba, Sr)TiOj3 films, it
is anticipated that the magnetic field characterization using the
electron paramagnetic resonance spectroscopy is an effective

Authorized licensed use limited to: TOKYO INSTITUTE OF TECHNOLOGY. Downloaded on July 24, 2009 at 01:58 from IEEE Xplore. Restrictions apply.



HARA: INTENTIONALLY INSERTED OXYGEN DEPLETED (Bag 5 Srg.5)TiO3 LAYERS AS A MODEL OF DC-ELECTRICAL DEGRADATION 675

method. We hope to investigate the electronic structure of
oxygen depleted (Bag 5Srg5)TiO3 films in the future.

VII. CONCLUSION

Our investigation demonstrated that the oxygen depleted
layer near the interface between the (Bag ;Srg;)TiO3 film
and the electrode is the cause of tunneling conduction. It is
concluded that the sufficient OMR during the deposition of
(Bag 5S19.5)TiO3 films can be a process recipe guideline for
the device manufacturing so as to avoid the degradation of
capacitors with (Bag 5Srg 5)TiO3 films, as described in [1] and
[2]. We hope that the above discussion will be useful for under-
standing the physical nature of the leakage behaviors and the
dc-electrical degradation in capacitors with (Bag 5Srg 5)TiO3
films.
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