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Ti doped Ta,Os stacked capacitors®
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Ti-doped Ta,Os (10; 30 nm) films obtained by rf sputtering are studied with respect to their dielectric and electrical
properties. The incorporation of Ti is performed by an original method, (surface doping where a Ti layer is deposited on the
top of Ta;0s). It is established that the doping is successful for thin-film stacks, (the current is lowered by ~ 1-1.5 orders of
magnitude). In the context of advanced high-k dielectrics, the surface doped Ta,Os has a potential as an active dielectric in
storage capacitors of nanoscale dynamic memories. The incorporation of Ti into Ta,Os causes the generation of negative
oxide charge, and the mechanism of current reduction is considered to be due to Ti-induced compensation of existing

oxygen vacancies.
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1. Introduction

High-dielectric constant (high-k) materials are being
actively researched to enable the continuous down scaling
of ultra-large-scale-integrated circuits. Ta,Os has been
considered as one of the best active dielectrics in dynamic
random access memories, DRAMs [1-3]. The essential
parameter which favors Ta,Os in terms of memory
applications is its value of stored charge, usually several
times higher than the other candidates [1]. Ta,Os has also
its challenges typical of the most of the high-k dielectrics
[1-4], and mixing with another oxide(s) is a way for
improving the properties of pure Ta,Os. The concept of
doping is related to the assumption that the dopants act as
network modifiers and therefore quench the dangling
bonds of excess oxygen in metal oxides [5], reducing the
leakage current and trap density. The dielectric properties
of films with the addition of TiO,, Y303 or WO; to Ta,0s
have been found to be improved, and the mechanism of
improvement is considered to be compensation of oxygen
vacancies by the dopant ions [6,7]. It has been also
reported [8] that although the Ti incorporation in Ta,Os
results in an increase in the dielectric constant, the
amorphous to crystalline transition temperature as well as
the leakage current were degraded by the doping. These
results imply that the doping-induced variation of the
parameters presumably depends not only on the amount of
dopant but also on the method of doping, as well as on the
fabrication method of Ta,Os itself. The objective of this
work is to investigate the variation in the electrical
characteristics of stack capacitors, with Al as the top

electrode, as different levels of Ti are added into radio-
frequency (rf) sputtered Ta,Os (10; 30 nm), by a new,
original method of doping.

2. Experimental procedure

The films were deposited on chemically cleaned p-
type, 15 Qcm (100) Si wafers. 10 and 30 nm Ta,Os films
were deposited by reactive sputtering of Ta in Ar + 10 %
O, ambient [3]. The Ti-doped Ta,0s layers were obtained
by surface doping of Ta,Os, consisting of the deposition of
a sputtered Ti layer with two thicknesses 0.7 and 2 nm on
top of the Ta,Os. Ti was deposited by sputtering of a Ti
target in an Ar atmosphere, (gas pressure 0.5 Pa; rf power
density 3.9 W/cm?). Post-deposition annealing was
performed in N, at 400 °C for 30 min, in order to mix the
films after the doping. The total film thickness, d, and the
refractive index, n, were measured by ellipsometry (A =
632.8 nm). The values of n were ~ 2 for thin and ~ 2.1 for
thick pure Ta,Os. No variation in n after doping with the
smaller Ti content, (0.7 nm Ti layer) was observed. n
increased slightly after the higher Ti incorporation, and the
values of n were 2.15 for thin and ~ 2.3 for thick films. It
was not possible to distinguish ellipsometrically the
difference in the thickness of the pure and 0.7 nm Ti doped
Ta,Os. The thickness of the Ta,Os with a 2 nm Ti layer
increased by about 1.5-2 nm. According to X-ray
diffraction analysis both the virgin and the doped films
were amorphous. The test structures were MIS capacitors
with a gate and back side electrode of evaporated Al (gate
area, 1x10* cm?®). The structures were electrically
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characterized by means of high frequency (1 MHz)
capacitance-voltage (C-V) and current-voltage curves (I-
V). The effective dielectric constant, e, of the films was
determined from the capacitance under accumulation,
using the ellipsometricaly measured values of d. Leakage
currents were measured with a voltage ramp rate of 0.1
V/s, using a Keithley 236 source meter.
3. Results and discussion

The values of & extracted from the C-V curves are
presented in Table 1. The higher level of Ti addition
results in a higher value of &, as compared to the
permittivity of undoped Ta,0Os. The lower level of Ti
addition produces films with a comparable or lower
permittivity than that of pure Ta,Os. The changes in & as
a result of doping are small, i.e. the addition of Ti to Ta,Os
does not have a strong impact on the dielectric constant.
The tendency of the changes (albeit small), however,
varies with the amount of Ti: g is less than that of pure
Ta,Os for a 0.7 nm Ti layer, and it is larger for a 2 nm Ti
one. A relatively large hysteresis (80-280 mV) is found for
both pure and doped Ta,0s. During the voltage sweep
from accumulation to inversion and back, the curves shift
to more positive voltages, indicating negative charge in the
slow states. The hysteresis is associated with the existence
of traps (poor-oxidation related defects in pure Ta,Os)
close to the interface with Si, acting as slow states. The
density of slow states, Qy, estimated from the hysteresis is
~ 1.2x10" ecm™ for 10 nm and 3.4x10"" cm™ for 30 nm
pure Ta,Os. The doping preserves the sign of the trapped
charge in the slow states and slightly changes its density.
The doping of 10 nm films lowers Qg by AQq ~ (5-8)x10"!
cm; the effect is stronger for the higher level of Ti. The
doping of thicker films causes an increase of Qg by AQg ~
1.5-2x10"" em™, suggesting the generation of additional
slow traps. The thinner films of pure Ta,Os show high
positive values of the oxide charge Qg ~3.5x10"? em™?; an
order of magnitude lower values (2x10" em™?) are found
for thicker films. The thickness dependence of Qy is well
known for high-k materials and for Ta,Os in particular
[3,9], and is assigned to a poorer quality of thinner films.
The doping reduces Q; for 10 nm films with (1.8-2)x10"
cm?; the effect is slightly stronger for the higher Ti
concentration. The oxide charge for 30 nm doped films is
negative, suggesting that doping causes the generation of
negative charge which completely compensates the
existing positive charge in the initial films. So, the final
net charge is negative, with a density of ~ 10''-10"* cm™.
The positive value of Qy is related to oxygen vacancies
which are donor-type charged defects and produce positive
oxide charge in oxygen deficient films. The oxygen
vacancies can be compensated by Ti'" ions, as they are
substitutionally incorporated into Ta’* sites in Ta,Os films
[7]. Considering this assumption (the Ti*" radius, 0.068
nm, is almost the same as that of the Ta®>" ion, 0.07 nm),
the observed reduction of the positive charge after Ti
addition can be a result of this compensation. With
increasing Ti content the negative charge increases,
suggesting that this charge is assigned to Ti-related defects
rather than to Ta-related ones. In broad terms, part of the

negative charge may be due to the OH groups in the films,
formed in some way during the doping. The main finding,
however, is that the incorporation of Ti in Ta,Os films
definitely causes the generation of negative oxide charge.
The comparison of the curves to the ideal ones indicates
that the midgap interface state density D! is high (~10"

cm?eV™) for all samples with the exception of the 30 nm
pure Ta,Os stack.

Table 1 Parameters extracted from the C-V curves. The
work function difference, ¢,,; = - 0.7 eV.

Q¢ Qq Dy x10",
sample designation | e xcl rglzl, xcl li)llzl, em2eV!
pure | 10 nm 9.8 | 345 12.5 51
TayOs | 30 nm 18.3 2 34 6
0.7 nm Ti/
10 nm Ta,0s 9.2 17 7.6 335
2 nm Ti/
doped | 10 nm Ta,Os 10.8) 14 3 12
Ta,05 0.7 nm Ti/
30 nm Ta,Os 15| -14 5.5 40
2 nm Ti/
30 nm Ta,0s 21 -18 5 45

No systematic trend with regard to Ti concentration and/or
total thickness of the films is observed. Although some
decrease of pr of the 10 nm stacks after doping is

detected, the density of interface states remains high. The
observed high DT is due to the absence of post-metal

annealing of the capacitors. Such annealing was not
performed as we aimed at clarifying the net effect of
doping. It emerges that the incorporation of Ti in Ta,Os
initiates processes and reactions which are a function of
the high-k layer thickness. What is not in doubt, however,
is that: i) Ti incorporation can increase the €. of the stack,
but only when its amount is high enough; ii) Ti definitely
generates negative charge in Ta,0s in the form of oxide
charge — when the density of positive oxide charge of pure
Ta,0s is too high, (10 nm Ta,0s capacitors), the effect of
the induced negative charge manifests itself as a reduction
of the initial positive one; when the density of the positive
charge is low (30 nm Ta,Os capacitors) the introduced
negative charge compensates it and the net effect of
doping is an increase in the negative charge with Ti
content. Presumably, when the Ti amount is too small it
virtually acts as a source of electrically active defects
which account for the observed decrease in & At present,
based on these experiments, it is not possible to provide
better insights into the specific role of Ti in this process of
structural change in Ta,Os. The promising result is that
generally the Ti doping tends to improve the
characteristics, (g, interface and dielectric properties) of
the thinner films, which are of practical interest. Fig. 1
illustrates the J-V dependence for the studied capacitors.
The leakage current characteristics of pure Ta,Os have
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been discussed in detail in [3, 9, 10]. The doping of 10 nm
Ta,Os reduces the leakage current. The current level
slightly depends on the Ti content, and the curves
corresponding to 0.7 and 2 nm Ti layers on Ta,Os, are
similar. The leakage improvement after doping is much
more pronounced at high applied voltages: J is more than
10x lower than that of pure Ta,Os at - 1 V applied voltage.
The current of the 30 nm films also decreases upon
doping. At a positive bias (electron injection from the
substrate) current saturation is obtained only for the thin
pure Ta,Os films. For thin films, the doping is beneficial
for the current, (it is ~ 50x lower than that of pure TaZOS).
Compared to that of the 30 nm Ta,Os, the doped thick film
capacitors have comparable leakages under reverse bias, it
seems that the interface region between Si and thick
enough Ta,0s does not feel this type of doping.
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Fig. 1. J-V curves of pure and doped Ta,O:s.

The next point concerns the conduction mechanism in
the films. J is almost independent of the applied electric
field E in the low field region for the most of the stacks,
suggesting the presence of transient currents. Thereupon,
the mechanisms of conductivity are discussed at higher
fields. The conduction in Ta,Os is usually interpreted with
the Poole-Frenkel (PF) effect or by Schottky emission.
Plotting In(J/E) vs. E"? (PF effect) or InJ vs. E? (Schottky
emission) should lead to a straight line, from the slope of
which the value of the dynamic dielectric constant, k;, (k.
= n?) is derived. The dominant mechanism is commonly
defined by the level of agreement between k; and n. In the
case of modified PF conduction, the effect of
compensating traps on the curves is presented by the
parameter r, (1 < r < 2). The conduction mechanism in
stacks with pure Ta,Os is governed by a normal PF effect
in thin film (r = 1 at E ~ 0.5-1.1 MV/cm) and a nearly
normal one in thick film capacitors, (r = 1.1; E ~ 0.2-0.5
MV/cm). PF with compensation (r = 1.7) controls the
current in thick pure Ta,Os at higher applied fields, ~ 0.5-1
MV/cm (Fig. 2). The PF process also governs the current
in the doped samples. In the case of thin films, however,

this is conduction with a higher extent of compensation. r
is close to its maximum (r = 2) value, suggesting a high
density of bulk traps. An opposite trend is observed in
thick film devices, (Ti incorporation resulted in films with
a smaller r). The slopes of the Schottky plots for all stacks
showing operation of the PF mechanism are
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Fig. 2. PF plot of J-V curves of stacks with pure and
doped Ta,Os: a) d ~ 10 nm, b) ~30 nm.

not consistent with the Schottky effect - the extracted k, is
not consistent with the corresponding value of n, which
rules out the Schottky mechanism. Therefore, the results
suggest that the doping affects the type and density of bulk
traps (the details of this change depend on d) causing the
variation in the degree of compensation. Ti incorporation,
however, does not change the dominant mechanism of
conduction. It should be emphasized that the conduction
mechanism in a mixed stack depends not only on the
applied voltage across the total dielectric but also on the
thickness and dielectric constant of the interfacial layer
with the Si. More detailed interpretation of the J-V curves
is hampered by the lack of the data for the chemical and
structural composition throughout the depth of the stacks.
For example, the presence of a concentration gradient of
Ti throughout the films seems quite possible. The well
pronounced tendency of a change from normal in pure
Ta,0s5 to modified PF mechanism in doped films (Fig. 2a)
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indicates that Ti occasions a build-up of compensating
centers in these films. Virtually, the existence of these
centers in doped stacks is a reason for the doping-induced
alteration of the conduction mechanism.

4. Conclusion

In exploring the concept of doping, the results indicate
that Ti doping is a way to extend the potential of pure
Ta;0;s and the technology can be optimized to achieve a
satisfactory value of leakage current. Surface doping is
effective in lowering the leakage current (10-50x), and in
slightly increasing the permittivity of thin (10 nm) film
capacitors. While showing some degree of change, the
permittivity of the stacks is virtually not sufficiently
sensitive to the Ti amounts used. It emerges that the
incorporation of Ti into Ta,Os initiates processes which
are a function of film microstructural status defined
generally by the film thickness, and there is a critical value
of the Ti amount required to cause the expected
permittivity enhancement.
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