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Oxygen vacancy migration and time-dependent leakage current behavior
of Bay3Srg,TiO5 thin films
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The leakage current response of high-permittivity columnar-gr@en Sy TiOj thin films has been
studied at elevated temperatures under dc load. We observe a thermally activated current prior to the
onset of the resistance degradation with an activation ener@yof..1 eV. A point defect model

is applied to calculate the migration of electronic and ionic defects under the dc field as well as the
current response of the system. We find that the peak in current is not caused by a
space-charge-limited transient of oxygen vacancies, but related to a modulation of the electronic
conductivity upon oxygen vacancy redistribution. Furthermore, we show that after the redistribution
of electronic and ionic defects, no further increase in conductivity takes place in the simulation. ©
2005 American Institute of PhysidDOI: 10.1063/1.1874313

High-permittivity dielectric and ferroelectric perovskite electronic defects is calculated under an external field, again
thin films (ABO3) have been studied extensively in view of with respect to blocking electrodes for oxygen. lonic and
their applicability as integrated buffer capacitors, higin-  electronic currents are monitored as a function of time and
sulators in dynamic random access memories, or as a funcompared to experimental data.
tional layer in future nonvolatile memory concepts.One Columnar-grown BST films, typically 130 nm thick, are
serious failure event of perovskite-type thin films is the re-deposited by chemical solution depositioRef. 14 on a
sistance degradation under dc load. Resistance degradatipfatinized Si wafer. The Pt top electrodes of 100 nm thick-
denotes the increase of leakage current with time leading to @ess are deposited by rf magnetron sputtering and patterned
breakdown of the insulator resistance. In perovskite-type ceby a lift-off process. The surface area of the top electrodes is
ramics, the migration of oxygen vacancies was suggested @19 mnf. Capacitors are then postannealed under,aiN
play a key role for resistance degradatfoinis likely that a ~ mosphere al=600 °C for 30 min in a rapid thermal anneal
similar effect is responsible for the long-term degradation offacility and rapidly cooled down to room temperature. The
thin films >® Several authors associate impfiand fatigu&®  dc current response as a function of time for different tem-
with the long-term migration of oxygen vacancies. In addi-peratures is acquired with a Keithley 617 picoampmeter.

tion, a current transient prior to the resistance degradationVithin the time resolution limit of 1 s of the setup and due to
also referred to as hump, was observad. the presence of high leakage currents, data acquisition starts

The focus of this letter is to compare the dc currentafter the dielectric relaxation of the capacitor. Results are
response ofBaSyTiO; (BST) thin films with model simu- shown in Fig. 1. _
lations to elucidate the nature of this current peak prior to the I the simulation, we model a cross section of the ca-
resistance degradation, and the degradation mechanism Racitor ofL=130 nm thickness along A finite differences
self. The current peak has been reported earlier b}approach is used to calculate the re<_j|str|but|o_n of_electnons
Zafar et al,*® and was attributed to a space-charge-limiteg€l€ctron holep, and oxygen vacancieé, by diffusion and
transient of oxygen vacancies. Our simulations are based difift. as well as the inner electric field and the energy band
the point defects model developed for bulk material. It isconfiguration with respect to boundary conditions of a
adapted to thin films and accounts for the particular boundSchottky contact. For the particle flux densjyof each in-
ary conditions of Schottky contacts at the Pt/BST interface.
The thin film is assumed to be impurity acceptor doped with 100
an acceptor concentration df,=5x 10'° cm38 A weak
electronic conductivity is found, since acceptor states are
mostly self-compensated by oxygen vacancies. The metal/
perovskite interface is modeled by a Schottky barrier for
electron holes with an energy barrier height for electrons of
#,=1.3 eV*Image forces and low-interfacial layers are
neglected for simplicity. In a first simulation run, the oxygen ;
sublattice is equilibrated with the atmosphere at processing -
temperatures, where oxygen exchange is expected to take s
place with the ambient. Then, the redistribution of defects is 107 . . . el
calculated at temperatures at which the leakage current ex- 0 100 200 300 400 500
periment is performed assuming that the interface is oxygen time (s)

impermeable. Finally, the transient redistribution of ionic and

FIG. 1. Current response of a Pt/BST/Pt capacitor structure of 130 nm
thickness under 1 V dc load at different temperatures. The current peak is
¥Electronic mail: r.meyer@fz-juelich.de thermally activated with 1.1 eV.
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dividual defectk, we write the Nernst—Planck equation: qple T 10?: -
dc, 10184 E :gm:T
k=~ Dka + %MkaE, ke {n,p,V5}. (1) ‘?g 1"::' / Yo\ 1 }2:: g:
; 7 1 0% 10s7
Here,D, is the diffusivity anduw, denotes the mobility of the  § 105 { 10" 1
respective defectC, is the concentration anél terms the B 1on] { 10" 208,
inner electric field. The migration of the oxygen vacancies is § 1013d \ n/ | :g:f i
thermally activated with an activation energy of § 1ot | 4qt0] &X¥gen vacandes 456
0.9-1.0 eV**® Electron and hole mobilities reveal a slight °
temperature dependence followingTa® law.*” Mobilities L I AN ol 7 cectons
and diffusion coefficients are linked by the Nernst-Einstein 10"+ 17 o i
relation. L
If we assume the dielectric susceptibility solely to 01~ E. ]
depend on temperature, the inner electric fielg given by - { 102
i 2 EFenm
X
= | 22qe 2) N ] -
0 o g S PP 4 i o [
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Here,p is the space charge, arg is the vacuum permittiv- X (nm) x (nm)

ity. Low-« interfacial layers and a field dependence:pére

neglected for simplicity. The apparent space chargeside FIG. 2. (Left) Calculated electron, hole, and oxygen vacancy distribution,

and energy band diagram inside the BST thin filmTat600 °C for pO,

the film is given by =0.1 Pa for contact barrier height of 1.3 eivight) Redistribution of elec-
trons and oxygen vacancies @260 °C under a dc bias voltage of
p(&) = —eo(2[V5l(€) + p(é) —n(é) —Na). ] =iV

Charges on left the and on the right electrggl@ ciode
caused by a charge transfer between the electrode and thin
film due to the Schottky contdétare also considered. Data

jV6|x:0,LE null. (7)

. The charges of the metal electrodes are derived from the
for the relaxor hehavior of, are taken from Ref. 19. conservation of charge with respect to the applied bias. The

Bouf‘dary condltlons at the metal/thm—f!Im interface for lobal electroneutrality including the electrode charges leads
electronic charge carriers, oxygen vacancies, and the elec-.

trode charges are defined as follows. For an ideal Schottky -
contact, the electron concentration at the electrages_is L
determined by the contact barrigp,. Following Sze's f p(§dé = null. (8)

textbook'® the surface concentrations of electrons is given

by The external voltag¥,,; can be expressed as the differ-
ence of the Fermi levelEgey,; between the electrodes
eo<l5b)

keT

0

Meor =Ne X exp(- @) €oVext= Erenn(X = L) = Eremix = 0). )

Nc is the density of states in the conduction band of the thinThe Fermi energy is derived from
film and was determined by Mot al’ for SrTiO,. Simi- keT (N(X)

larly, the concentration of electron holes at the interface is  Ererm(X) = _In<N_> +Ec(x), (10)
calculated. At elevated temperatures, where the system can € ¢

exchange oxygen with the atmosphere, the interface concemhere the bending of the conduction-band is given by the
tration of oxygen vacancies is given by the defect reaction integral over the electric field in the film:

X

o= %Oz(g) +2€ + V. (5) Ec(x) = fo E(§dé. (11
The boundary condition for oxygen vacancies at the interface  The oxygen vacancy displacement current is deduced
is from the derivative of the charges situated on the electrodes

with respect to tim&pgjeciroqd ot- From the displacement cur-
. Kred rent and the electronic current into the thin films, we calcu-
[Vo]xzo'l':m' (6) late the current response which consists of electronic and
vl

displacement contribution. Details will be given elsewhere.
Here, ko denotes the mass action coefficient for the reduc-  Figure 2 shows the defect profiles of electrons, electron
tion reaction of the oxygen sublatti¢e. holes, and oxygen vacancies for an impurity acceptor con-
At temperatures where the leakage current experimentsentration of Ny=5x 10'® cmi 2 after equilibration of the
are performed, the metal electrodes are assumed to formaxygen sublattice with the atmosphere p®,=0.1 Pa at
blocking contact for oxygen in the experimental time scale600 °C. In the core, the thin film is slightly-type conduc-
The particle flux of oxygen vacancies across the metal/BSTive. In the vicinity of the electrodes, holes and oxygen va-

interface therefore vanishes cancies are depleted and an electron-enriched layer is formed
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' ' ' ' After the transient in the electronic current, migration of
. N 260°C oxygen vacancies stops and the current response becomes
1077 ' time invariant. A further increase of current, which could be
(‘\ 240°C related to resistance degradation, does not occur. This unex-
& pected result suggests that another mechanism, which has not
g M been taken into account, is responsible for the resistance deg-
X 1074 radation in thin films. One possible scenario is the loss of
= N oxygen at the positively charged electrode. Further investi-
180°C gations are essential to elucidate the nature of resistance deg-
L ; radation in thin films and to study the impact of barrier low-
1084 Ep=0.8eV : ering by image forces, low- interfacial layers, a field
0 200 400 600 800 1000 dependent dielectric constasi(E), and the presence of in-
time (s) terface states on the leakage current response.

In conclusion, the dc current response of BST thin-film
FIG. 3. Simulated current response for different temperatures. The currergapacitors is compared to numerical calculations of the re-
maximum is thermally activated witfi,=0.8 eV. distribution of electronic and ionic defects with respect to the
boundary conditions of a Schottky barrier at the electrode/

due to the contact potential at the Schottky interface as reg’r?;;né?:Lagfégs'tsaﬁzg\’\ég t?:;;gincgrrriemaﬁ’gsl;rg;o;t?ngéeu_
ported earlier by Mcintyr® and Hwanget al?! The corre- 9 9

sponding energy band diagram with the conduction t&gd lation of the electronic conductivity rather than a transient
P 9 9y ) . ionic current. The modulation in conductivity is then caused
the valence band,, and the Fermi edg&q.,, are also

illustrated in Fig. 2(left-hand sid¢ The internal electric by the migration of oxygen vacancies acting as mobile do-

. . . nors. The suggested model cannot explain the resistance deg-
field, formed by the Schottky contact, is regarded as the drlVfadation, which was found experimentally. This unexpected

ing force for the_ observeo_l m|grat|0n_ of the posm\(ely Chargei[esult indicates that the key mechanism responsible for resis-

OXygen vacancies. T.h.e final state Is .reac_:hed within seconggcq degradation in thin films has not yet been taken into

gnder process condmons or .If the film is postannealed 1 onsideration in the model.
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