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Thickness dependence of leakage currents in high-permittivity thin films
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The leakage current through high-permittivity perovskite thin films in the nanometer range is of
great technological interest because of the possible applications of these insulating films in future
submicroelectronic devices such as dielectrics in Gbit dynamic random access memories or gate
oxides in metal–oxide–semiconductor field-effect transistors. The experimental result of decreasing
leakage current with decreasing thickness of the dielectric for the same externally applied field can
be described by using a model combining thermionic emission at the electrode/dielectric interface
and a low-mobility, high-permittivity dielectric with low-permittivity layers at the interfaces, the
so-called dead layers. ©2003 American Institute of Physics.@DOI: 10.1063/1.1629141#
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Thin films of high-permittivity perovskite materials, rep
resented by the ‘‘model’’ alloys SrTiO3 ~STO! and
(Ba,Sr)TiO3 ~BST!, are discussed as substitutes for lo
permittivity Si-oxide/-nitride~ON! films in future ultra-large-
scale integrated electronic circuits, e.g., as dielectrics in
capacitor of Gb-generation dynamic random access mem
~DRAM! cells1 or as gate oxides in metal–oxide
semiconductor field-effect transistors~MOSFETs!.2 One of
the reasons for seeking replacements for the very thin
films is the unacceptably high leakage current through th
films resulting in charge, and thus in information loss in t
DRAM or in a too high zero current of the MOSFET in th
‘‘off’’ state. Therefore, the understanding of the leaka
mechanisms in perovskite materials also has an impor
technological aspect, especially the question of how the le
age current density in the these thin films will behave in
case of decreasing thickness.

Only a few results have been published in the literat
on systematic investigations of the thickness dependenc
the leakage current in perovskite thin dielectric films.3 Re-
cently, some very interesting experimental results have b
published,4–9 all showing that the leakage current density
a fixed mean applied field,^E&5Uappl/t, decreases with de
creasing dielectric thickness,t, in planar metal–insulator–
metal capacitors.Uappl is the externally applied voltage. Al
the groups used Pt for the metal electrodes and BST~with
different compositions and deposition methods! for the di-
electrics. An example is shown in Fig. 1. The leakage curr
density, j , is plotted versus mean applied field,^E&, for
samples with different dielectric thicknesses, in this case
tween 30 and 150 nm. At constant^E& the leakage curren
density is clearly much lower for smaller thickness. For e
ample, at a field of 900 kV/cm the leakage current densit
about 0.1 A/cm2 for the 150-nm-thick sample, but less tha
1025 A/cm2 for the 30-nm-thick sample. This means mo
than four orders of magnitude of current reduction for t
thinnest sample.

Some of the experiments mentioned5–7 were performed
in our laboratory with Pt/Ba0.7Sr0.3Ti O3 /Pt capacitors. The

a!Electronic mail: he.schroeder@fz-juelich.de
b!Present address: Stiftung Caesar, D-53175 Bonn, Germany.
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BST is polycrystalline with columnar grains. More details
the metal–organic chemical vapor deposition conditions
resulting microstructure as well as chemical characteriza
and experimental setup are published in Refs. 5–7 an
The dielectric thickness was varied between 14 and 111
the leakage current experiments were usually performe
ambient temperature@room temperature~RT!# with applied
voltages of up to 3–7 V. Some characteristic results are p
ted in Fig. 2~a! versus the square root of the applied fie
i.e., a ‘‘Schottky’’ plot. Using this plot most of the curves a
linear over a wide range. Clearly, the leakage is lowest
the thinnest and highest for the thickest film at all fields.

In addition to the experiments at RT, we also inves
gated the thickness dependence of the leakage curre
higher temperatures. It is worth noting that the minimum
the current–time curve~measured for 1000 s! was always
used for the leakage current. An example is shown in F
2~b! for the test series at 425 K, which is probably above
highest temperature for the applications mentioned. The l
est applied voltages were between 2 and 4 V. At a field
300 kV/cm, for which all curves are in the almost straig
region in this plot, the difference is more than three orders
magnitude between the thickest and thinnest specimens.
curves for the samples with thicknesses between the thic
and thinnest specimens have leakage currents in between
their order is not as perfect for all fields.

FIG. 1. Leakage current densityj vs applied electrical fieldE for Pt/BST/Pt
planar capacitor structures with different dielectric thickness~30–150 nm!
~from Ref. 4!.
1 © 2003 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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FIG. 2. Leakage current densityj vs square root of the applied electrical field^E&1/2, for Pt/BST/Pt planar capacitor structures with different dielect
thicknesses.~a! 14–111 nm;T5300 K; full symbols: Ti rich, open symbols:~Ba,Sr! rich ~after Ref. 6!. ~b! 20–109 nm;T5425 K; all Ti rich.
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This behavior of decreasing leakage current with
creasing dielectric thickness has been observed for a w
range of Pt/BST/Pt capacitors with different depositi
methods and parameters as well as for STO dielectric10

although there are certain differences in the absolute va
of the current densities and the form of the curves, wh
may be associated with the differences in material or tre
ment. Additionally, nearly all curves show large linear po
tions in the Schottky plot.

We recently published a model and corresponding sim
lation calculations11 that quantitatively describe the current
field curve of the 55-nm-thick specimen in Fig. 2~b!. The
same model can also predict the measured thickness de
dence of the current–field curves presented in Figs. 1 an
as shown below. The major components of that model w
be outlined briefly.

The dielectric film of thicknesst between the~Pt! elec-
trodes consists of three layers: the high-permittivity film, t
‘‘bulk’’ ~thicknesst22a; permittivity «film), and a thin layer
at each electrode/dielectric interface of thicknessa!t with a
low-permittivity « I!«film ~for convenience, the identica
‘‘dead layers’’ are assumed!. All other properties~band-gap
energy, mobility, defect densities, etc.! are identical through-
out the film. It is described as a linear dielectric, and sy
metrical electrodes are assumed. For the internal inter
dead layer/dielectric film atx5a andx5t2a, the steadiness
of the dielectric displacement,D(x), is used.

As usual, within the dielectric, both the Poisson equat
and the continuity equation with drift and diffusion term
have to be solved in the three regions of different« r . For the
three necessary boundary conditions we used the two ba
heights at the electrodes for the electric potential energ
the metal interfaces and the externally applied voltage~de-
fined as the difference of the Fermi levels in the electrod!
connected to the sum of the potential drop~integral of the
electrical field! inside the dielectric and a possible diffusio
potential. Additional ‘‘boundary’’ conditions are used to d
scribe the~electron! carrier injection from one metal elec
trode ~cathode! into the dielectric and the carrier collectio
~i.e., recombination! at the other electrode, respectively,
suggested by the recombination velocity approach by Cr
ell et al.12,13 These latter conditions lead, first, to a noneq
librium description of the current~quasi-Fermi level, Imref!
and, second, to a current limitation by the injectio
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recombination process, in this case electron injection o
the barrier reduced by the Schottky lowering.

The differential equations cannot be solved analytica
for the general case, but the resulting current density,j , fol-
lows an equation similar to that in the textbook by Sze,14 also
used by Banieckiet al.,15 except for the last term in the de
nominator:

j 5
e0vRNC exp~2e0FB,cath

eff /kT!$exp~e0U/kT!21%

11
vR

vD
1

n0,cath~x'0!

n0,anode~x'd!
exp~e0U/kT!

.

~1!

e0 is the elementary charge;vR5A* T2/e0NC is a recombi-
nation velocity;12–14 NC is the effective density of states i
the conduction band;A* the effective Richardson constan
i.e., the free electron value of 120 A/cm2 K2 possibly cor-
rected by the effective electron mass~quantum-mechanica
reflections are neglected!; T the absolute temperature;k the
Boltzmann constant,e0FB,cath

eff is the effective barrier heigh
at the injecting electrode~cathode forU,0), including the
Schottky lowering, which is dependent on the square roo
the fieldE(x'0); andU is the applied voltage (,0 for the
cases shown!. n0,cath and n0,anode are the effective electron
concentrations at the electrode interfaces, respectively:

n0,cath or anode5NC exp~2e0FB,cath or anode
eff /kT!. ~2!

FIG. 3. Simulation data of leakage current densityj vs square root of the
applied electrical field,̂ E&1/2, for different dielectric thicknesses~10–250
nm!. The full curves represent the Schottky injection limit for the thinne
and thickest samples, respectively.
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FIG. 4. Simulated thickness dependence of~a! electric fieldE(x>0) at the injecting electrode and~b! the reduction factor for the Schottky injection curre
due to current limitation by the dielectric film conduction.~This factor is proportional to the inverse of the effective Richardson constant,A** .)
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vD is an effective ‘‘diffusion’’ velocity,12–14which cannot be
calculated analytically for the general case:

~vD!215
e0

mnkT Ex'0

x'd

dx expH 2
e0

kT
@F~x'0!2F~x!#J .

~3!

F(x) is the electric potential within the dielectric andmn is
the electron mobility.

Figure 3 presents the results of the finite differen
method calculations of this model for the current dens
versus the applied electric field for various dielectric thic
nesses atT5425 K, once again as a Schottky plot. The p
rameters used are given in Fig. 3. Only the donor dens
ND , the equilibrium barrier height,FB , and the ratio of
dead layer thickness to the dead layer permittivity (a/« I) are
adjustable parameters. For the fitting of the 55 nm sampl
Fig. 2~b! slightly different values were used.11 Clearly the
currents are smallest for the thinnest~10 nm! and highest for
the thickest~250 nm! samples. This order is true for all ap
plied fields. At the applied field of 200 kV/cm, the curre
ratio between the 15 and 100 nm samples is, for exam
500 compared to about 1000 in Fig. 2~b! for the 20 and 109
nm samples at the same field.

The thickness dependence of the terms in Eq.~1! will be
discussed. The numerator represents the Schottky curre
two back-to-back Schottky diodes. Fore0U@kT this value
approaches the usual Schottky injection current limit. T
already is realized at lower fields for thicker samples~asU
5Et). The main factor in the Schottky current is th
Schottky lowering in the effective barrier height connected
@E(x'0)#1/2. Its thickness dependence is shown in Fig. 4~a!
for several cases calculated with the same parameter set
Fig. 3. At constant field̂E&523105, the enhancement fac
tor of E(x'0) compared tô E& is more than 2 for 10 nm
and more than 20 for 250 nm, leading to much enhan
Schottky current limits for thicker samples~see Fig. 3!. This
thickness dependence is observed for all fields and is du
the field redistribution because of the dead layers. For c
stant voltage the dependence is different: at 1 V~roughly
corresponding to the voltage in DRAM applications! E(x
'0) is nearly independent. At smaller voltages the mo
shows the thinner the sample, the lower the Schottky lim
and at larger voltages the situation is reversed.

The Schottky injection current limit, the numerator
Eq. ~1!, may be reduced by ‘‘bulk’’ properties, e.g., the ele
tron mobility. This is expressed in the denominator. Only
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the denominator approaches unity, is the current interf
limited. This holds forvD@vR ~the third term is negligible
for most cases!. Due to the low mobility in BST, usually,
vD(}m)!vR , i.e., there isalways a reduction factorcom-
pared to the~Schottky! current limit. Hence, thecurrent is
bulk limited. This is demonstrated in Fig. 4~b!. In case of
constant field conditions the reduction factor increases w
decreasing thickness, which is true for all fields. At const
thickness it increases with decreasing voltage. The facto
much larger for thinner samples, up to 100 for the thinn
samples shown. For large voltages (U>1 V), the thickness
dependence is small, for smaller voltages (U,1 V) the re-
duction factor is in favor of thinner samples, i.e., smal
leakage.

In conclusion, the experimental observation of decre
ing leakage currents in Pt/BST/Pt capacitors with decreas
dielectric thickness can be modeled by bulk-limited cond
tion with dead layers at the electrode interfaces and interf
injection as boundary conditions.
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