TTIPUJIO3U, OnneneHue 3a MpUPOAHO-MATEMATHIKH ¥ OHOTeXHWYKH Hayku, MAHY, Tom 34, 6p.1-2, ctp. 7-17 (2013)
CONTRIBUTIONS, Section of Natural, Mathematical and Biotechnical Sciences, MASA, Vol. 34, No. 1-2, pp. 7-17 (2013)

Received: July 9, 2013
Accepted: September 18, 2013

ISSN 1857-9027
UDC: 539.23-022.532:537.32

Original scientific paper

HYSTERESIS-LIKE FLATBAND VOLTAGE INSTABILITIES IN Al/Ta;0s-Si0,/Si
STRUCTURES AND THEIR CONNECTION WITH J-V CHARACTERISTICS

Nenad Novkovskil*, Albena Paskalevaz, Elena Atanassova’

'Institute of Physics, Faculty of Natural Sciences and Mathematics, Ss. Cyril and Methodius University,
Skopje, Republic of Macedonia
*Institute of Solid State Physics, Bulgarian Academy of Sciences, Sofia, Bulgaria

*Corresponding author, e-mail: nenad@iunona.pmf.ukim.edu.mk

Flatband and current-voltage instabilities in unstressed Al/Ta,05-Si0,/Si structures were studied in details. It
has been found that, after an initial run left on fresh samples, both C-V and J-V characteristics exhibit repeatable
patterns. Precisely repeatable counterclockwise hysteresis-like loop in C-V characteristics occurs, while no significant
hysteretic behaviour is observed in static J-V characteristics. The reduced instability in J-V characteristics is explained
by mutual compensation of two opposite effects owing to the presence of trapped positive charges on slow traps in
the interfacial SiO,-like layer: (i) flatband voltage shift and (ii) lowering of Fowler-Nordheim tunnelling barrier for
holes injected from the Si substrate. Correct determination of equivalent oxide thickness and fast interface state
densities requires using the C-V curves obtained during the runs right, because progressive trapping on slow states
occurs during the runs left. Value of the oxide charge is to be determined using the value of the flatband voltage
obtained from the run left (after an initial run right), since it corresponds to the state of empty slow traps.
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INTRODUCTION

High permittivity (high-k) dielectrics attracted
important research interest in view of their appli-
cation as replacements for silicon dioxide films in
nanoscale devices [1]. An important issue related to
the quality of high-k dielectrics is the presence of
threshold and flatband voltage instability when
sweeping the gate bias from negative to positive
voltages and then back [2-11]. The nature of these
instabilities is still matter of debate. Instabilities can
be related to transition currents [12, 13], dielectric
relaxation current [14, 15], dipole formation at the
high-k/SiO, interface [16], Maxwell-Wagner insta-
bility in bilayer dielectric stacks [17] and trapping of
electrons or holes on various types of traps [18, 19].
Although some attempts were made to explain all
these phenomena with a unified model, as due to
the bilayer structure itself of the high-k dielectrics
[20], it appears that the mechanisms affecting the
instabilities depend on the specific high-k dielectric

composition and fabrication conditions. In this paper
we study the issue of flatband voltage instability in
the case of Ta,Os. The above material was chosen
since it is a high-k dielectric particularly appropriate
for capacitors of dynamic random-access memories
(DRAM) [21, 22]. Ta,Os is also used as gate insulator
in organic thin-film transistors [11]. The method of
characterization used in this study is based on
hysteresis in C-V characteristics of metal-insulator-
Silicon structures containing the considered dielectric.
Much earlier, an exhaustive study on capacitance-
voltage properties of Ta,Os based layers as thick as
70 nm was done by Oechrlein [23], by whom three
hysteretic patterns were observed and attributed
either to hole capture (or electron emission) or to
electron capture. The clockwise hysteresis observed in
[24] was attributed to the charging of the Ta,Os/SiO,
interface in a metal-Ta,Os/SiO,-Si structure. Specifi-
cally, 62 nm thick Ta,Os layer over an unintentionally
grown 4nm thick SiO, interfacial layer was
experimentally studied. Theoretical model explains
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very well the obtained experimental results. Charg-
ing of the TayOs/Si0O, interface is explained to
occur by electron current flowing from the metal
gate through a leaky Ta,0s layer. Particularly im-
portant improvements of tantalum oxide insulating
layer properties have been achieved since then [25],
and hence the results obtained earlier could not be
applied to nowadays structures. Therefore, only the
films obtained by optimized processes deserve further
attention and the instabilities observed in them have
to be studied. The usual assumption that the general
conclusions obtained on much thicker high-k or
SiO, films can be used for thinner films is to be
exploited with due consideration. Having that much
thinner films are nowadays required, in this work
we study films as thin as 10 nm containing an SiO,-
like interfacial layer as thin as 2 nm or thinner. In
such thin interfacial layers tunnelling occurs even
at voltages as high as 1 V, and hence the structures
studied here will manifest substantially different
behaviour in the low voltage range, up to
approximately 3 V. In addition, we intend to clearly
distinguish between the degradation and charge
trapping effects, based on results of our previous
works where a comprehensive leakage current model
was developed [26, 27] and origin of stress-induced
leakage currents [28] was identified. Under some
circumstances, instability in J-V characteristics has
also been observed [2]. It is not clear whether these
two types of the instability have similar or different
nature and behaviour. In this work we also aim to
study simultaneously J-V and C-V instabilities, as
well as the connection between them, in order to
establish whether the mechanisms leading to these
two instabilities are similar or different. In order to
avoid bulk trapping and trap creation in the bulk of
the insulating film at high fields, only voltages of
absolute value up to 3V were applied. For the
considered dielectric with comparable thicknesses
no significant bulk trapping effects were observed
while studying stress induced traps in Al/Ta,Os-
SiO,/Si structures [29]. In addition, no significant
current instability was observed for comparable
fields on Ta,Os layer in the time scale up to 10° S,
when studying current instabilities on metal-Ta,0Os-
metal structures [30]. It is thus expected the effects
observed sweeping the voltage between positive and
negative values to be dominated by trapping on
existing interfacial traps and charging/discharging of
the interfaces. Under these conditions the alterations
of J-V and C-V characteristics from one sweep to the
next are expected to be small enough, thus allowing
studying the instabilities as manifested predomi-
nantly by repeatable patterns.

EXPERIMENT

Chemically cleaned p-type (100) 15 Qcm Si
was used as substrate. After cleaning a Ta film was
deposited on Si by sputtering of Ta target in Ar at-
mosphere. Subsequently, the Ta film was oxidized in
dry O, at 550°C. More details on the sample prepa-
ration can be found in reference [21]. The oxidation
temperature was chosen to be low enough to mini-
mize the substrate oxidation and to prevent the for-
mation of tantalum silicides. The thickness of the
Ta,Os and the refractive index were measured ellipso-
metrically (A =632.8 nm). Layers with thickness of
10 nm were studied. The refractive index is 2.1. The
test structures were MOS capacitors with Al elec-
trodes. Al electrodes were thermally evaporated by
a conventional technique. The square capacitors
with gate areas (S) of 2.5x10° cm” were defined by
photolithography.

The high frequency C-V measurements were
performed at 100 kHz with a HP 4284 A LCR meter,
in the voltage range from —3 V through +1 V. The
saturated capacitance value C,. at accumulation was
obtained by applying the extrapolation method used
in [30]. This method provides an extrapolated value
of saturated capacitance practically independent on
the maximum gate voltage and hence on the vari-
ations of the flatband voltage. By using the standard
methods [36], the values of the flatband voltage were
subsequently determined.

The leakage currents were measured by using a
HP 4140 A picoampermeter/DC voltage source, in the
gate voltage (V,) range from -3 V through +1 V.
Current was measured in steps of 0.1 V, with a hold
time of 5's, enabling conditions of negligible dis-
placement current.

RESULTS AND DISCUSSION

C-V characteristics

First, we studied C-V characteristics on fresh
samples in the case where the first run consists of
varying the gate voltage from +1 V to -3 V in steps
of 0.1V (run left). In the second run, performed
10 s after the end of the first one, the voltage is
swept back from =3 V to +1 V (run right). The third
run starts 10 s after the end of the second one from
gate voltage of +1 V and goes to -3 V (Figure 1).
Altogether, eight runs in alternate directions were
performed. It is seen that the first run differs sub-
stantially from the third. The differences between
the third run and the next runs left are much
smaller, and hence they are not shown in Figure 1.
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The same is valid for all the runs right. We can also
speak about four consecutive sweeps composed of
runs left followed by runs right. In order to give
more precise description of the variations in the
C-V characteristics, corresponding values of the
flatband voltage for different sweeps for both the
runs left (L) and the runs right (R) are given in
Table 1. Values for d.,, AV}, for a given sweep and
the corresponding variations in AQ, are also
shown.

C (nF)

Figure 1. C-V characteristics obtained for three consecutive
runs performed on fresh samples, first one starting
from positive gate bias

Table 1. Flatband instability parameters for sweeps left-right

Sweep Vi (V) dequ (nm) Vor (V) degr(m) AV (V) AQu (cm™)
First -0.832 2.53 ~1.006 2.45 0.174 15.7x10"
Second -0.911 2.46 ~1.007 2.40 0.096 9.2x10"!
Third -0.920 2.44 ~1.010 2.39 0.090 8.6x10!"
Fourth -0.925 2.44 -1.011 2.39 0.086 8.3x10"

Significant decrease of AVyp and AQ. is
observed between the first and the second sweep. In
addition, the equivalent oxide thickness decreases
for about 0.06 nm. The decreases of d., after that
appear to be not significant. It appears that
saturation occurs after few sweeps at the values of
AV, AQox and deq close to the values obtained in
the second sweep. We made measurements for up
to nine successive sweeps and observed that no
further significant changes of C-V characteristics
occur; since the differences for next sweeps are not
significant, only the results for three to four first
sweeps are shown here. The assumption that there is
no further modification of the curves for next sweeps
is valid in the limits of error of 5mV for AVy,
5%10" cm™ for AQx and 0.02 nm for d,. Since these
errors are between the lowest for determination of
the considered quantities, we may conclude that
after the first sweep a repeatable hysteresis-like
pattern is obtained when sweeping the voltage in a
range without significant degradation (+1V to -3 V
for films as thin as 10nm). Curves for further
sweeps are not shown here since they can not be
distinguished from the presented in the Figures 1
and 3. Additional feature to be noted is the
difference between the values obtained for runs left
and runs right of about 0.05 nm that do not fall in

the error limits. It is possible that the origin of this
difference is the effect of slow states on the extra-
polated value of capacitance in accumulation
obtained by the method used in this work. Namely
the method provides correction for leakage currents
and fast interface states, but the slow interface states
causing the hysteresis may produce some errors in the
determined value of d.,. Later we will discuss whether
deqr OF degr 1s more influenced by the presence of
slow interface states.

Initial degradation occurring during the first
run left appears to be irreversible. In order to
confirm this assumption, we repeated the above
experiment, on a fresh capacitor, with a pause of
24 h between the first and the second sweep. No
visible changes were observed compared to the
case without long pauses.

Second, we measured the C-V characteristics
on another capacitor for the case where in the first
run the gate voltage varies from -3 V to +1 V and
in the second run the voltage varies back from +1 V
to =3 V (Figure 2). Repeatable hysteresis-like loops
were obtained for three successive sweeps. The
results for the second and the third sweep are not
shown here, since there are no visible differences
between the first and other hysteresis-like loops.
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C (uF)

Ve (V)

Figure 2. C-V hysteresis-like loop obtained when sweeping the
gate voltage from —3 V to +1 V (right — R, thick line) then
from +1 V to —3 V (left — L, thin line): only results for
the first sweep are shown, the differences between the

successive sweeps being very small

The corresponding values of the flatband
voltage (V) for different sweeps for both the runs
right (R) and the runs left (L) are given in Table 2.
As is seen from this table, the differences between
the first and the second sweep are much smaller
than in the case of sweeping first left then right. The
situation is similar with the values for d.,, AVy and
AQ,x. Variations in the values of dq of about 0.05 nm
between these two capacitors appear. Measurements

performed on other capacitors give similar values
with dispersion of around 3 %, most probably due
to the thickness nonuniformity. Based on these
observations, considering different sources of error,
the error limit for the entire wafer can be set to
about 0.1 nm. The error in AQ,, would not exceed
1x10" em ™. Therefore, the measured value for the
first sweep left then right is 1.57x10'> cm* (Table
1) and for all other values given in Tables 1 and 2,
(8.6 + 0.6) x 10" cm™). The second value ((8.6 +
0.6) x 10" cm™) is connected to a repeatable feature
of the flatband voltage instability for the considered
structure. This instability in principle can be related
either to the trapping on slow traps or to the
charging of the interface between the Ta,Os and the
interfacial SiO, layer. Since the charging of the
considered interface would result in a clockwise
loop [23], we conclude that the dominant effect is
that of charging slow states by injection of carriers
from the substrate. Mobile charge and polarization
effects are also excluded since they would result in
a clockwise loop, as well as the injection from the
gate. The first value (1.57x10'> cm™) is substantial-
ly larger and involves in addition an initial ire-
versible effect. Further, we shall discuss in more
details only the repeatable effect of charging/dis-
charging leading to the flatband voltage instability.

Table 2. Flatband instability parameters for sweeps right—left (second capacitor)

Sweep Vir (V) degr (nm) VoL (V) degr(m)  AVpr (V) AQu (cm™)
First -0.910 2.52 ~1.003 2.50 0.093 8.1x10"
Second -0.922 2.49 -1.012 244 0.090 8.4x10"
Third -0.930 2.48 -1.015 244 0.085 8.0x10"!

Next, we measured the C-V characteristics on a
separate capacitor while in the first run the gate
voltage varies from ¥ to +1 V and in the second
run the voltage varies back from +1V to Vi, for
values of V1 ranging from -3 V to —1 V (Figure 3).
Repeatable hysteresis-like loops obtained for
narower ranges are tighter than the loops for wider
ranges. Variations of the AVy, versus V|, are shown
in Figure 4. It is seen that AV increases linearly
with the absolute value of the gate voltage. The onset
appears at a value of about 0.9 V, close to Vg, r. In the
case of such thin films, it is impossible to obtain
saturation without degradation. As we found on
structures containing 50 nm thick TaOs layers,
saturation occurs at voltages 4 V to 5 V. At such high
gate voltages significant wearout and even destructive
breakdown occurs. In order to estimate the saturation

value, we made a simple linear extrapolation of the
AV value up to 4V giving AVp=0.12V, that
corresponds to a charge density of 1.28x10" cm °.

In order to describe in more details the
charging process, i.e. to determine whether the trap-
ping on slow states of electrons or holes injected from
the substrate determines the instability feature, we
determined the points where the variation of the
capacitance changes the direction (return points). In
Figure 5 an illustration for the return points for
different maximum negative voltages for sweeps
right-left is given. It is seen that the return points are
located on a curve close to the curves obtained for the
runs left. Thus, it can be concluded that for the
sweeps right-left, the runs left follow approxi-
mately a unique curve and only the runs right differ
between them.
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Figure 3. Hysteresis-like loops obtained when sweeping the
applied voltage from a given value V| to +1 V (right — R,
thick line) then from +1 V to V' V (left — L, thin line) for

two different V1 values: V' =-2.5V (a)
and VL =-1.5V (b)
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Figure 4. Flatband voltage difference between the runs
right (from V1 to +1 V) and left (from +1 V to V1) versus
V1; an almost linear increase with the absolute value of
the voltage is observed with onset at about —0.9 V

The above finding can be explained as
follows. At negative voltages holes are injected
from the silicon substrate [25]. Part of them is
captured by slow traps in the interfacial silicon
oxide layer. The density of the captured holes and
hence the positive charge on slow states increases
with the increasing absolute value of the negative

voltage during the runs left, until maximum or
saturated value. During the runs right at negative
voltages the density of trapped positive charges
remains as obtained at the maximum negative
voltage. At highest positive voltages at the end of
the run right, electrons are injected from the
substrate [25] thus neutralizing the positive charge
previously captured on slow states. Contrary to the
case of thicker films studied in [23], in our case no
effects of the hold time up to 100 s at the return
points were observed. Based on all above presented
findings we can conclude that the observed loops
are due to the trapping of holes on slow interfacial
traps, rather than to the charging of the interface
between the Ta,Os bulk and the SiO, interfacial
layer. Thus, saturated value of the AQ,x can be
regarded as slow states density Q. For our samples
the estimated value obtained by extrapolation is
Qq=1.3x10" cm . For very thin films the values of
Oy obtained directly from hysteresis-like loops appear
to be underestimated, since the voltage range for
measurement without significant degradation is
limited to values as low as 3 V or lower.

S
E return points

C (nF)

2.0:IIII:IIII:IIII:IIII:IIII
-3 -2.8 -2.6 -2.4 -2.2 -2

Ve(V)

Figure 5. Return points for different maximum negative
voltages for sweeps right-left; return points are located
on a curve close to the curves obtained for the runs left

J-V characteristics

Similarly to the case of C-V measurements, J-V
measurements for different sweeping directions
were done. First we show J-V characteristics of the
structures on fresh samples when the first run
consists of varying the gate voltage from +1 V to
—3 V in steps of 0.1 V. In the second run, performed
10 s after the end of the first one, the voltage is swept
back from -3 V to +1 V (Figure 6). As is seen in this
figure, the curves for these two runs are substantially
different. Nevertheless, while performing following
runs, these differences practically disappear, contrary
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to the case of C-J characteristics. The only exception
is that of very low gate voltages (0.1 V) where the
current density for the run left is substantially lower
than that for the run right.

eeeee initial run (left)
100 —— second run (right)
10 L — third run (lef})
-
= E
g o1+t
~ E
0.01
0.001 £
0.0001 +
0.00001 £
0.00000] +————
3 2 -1 0 1

Ve (V)

Figure 6. J-V characteristics for first three consecutive
runs: first run from +1 V to =3 V (dots), second run from
-3 V to +1 V (thick line) and third run from +1 V
to —3 V (thin line)

Next we made the J-J measurements where
the first run on fresh samples is done while varying
the gate voltage from -3V to +1V in steps of
0.1 V. In the second run, performed 10 s after the
end of the first one, the voltage is swept back from
+1 V to =3 V. In this case, the curves for the two
runs do not differ as in the case shown in Figure 6.
Similarly, while performing next runs, no sig-
nificant differences are observed. Again, the only
exception is that of very low gate voltages (0.1 V)
where the current density for the run left is
substantially lower than that for the run right. The
graphs for these results are not shown here, since
the three consecutive first sweeps give practically
the same results as those shown in Figure 6. We
disregard the saturation part of the curve in
inversion (maximum positive voltages) since the
current there is limited by the substrate minority
carrier density, which is not of interest for this study.

Leakage current analysis based on the
comprehensive model for metal-Ta,Os/ SiO,-Si
capacitors [28] gives observable changes in the
interfacial layer thickness, dy. For the first run left
performed on fresh samples we obtain the value
diy= 1.85 nm. For the returning run right, as well
for other subsequent runs, the thickness value is
slightly lower (di;= 1.77 nm). When starting with
the run right, the thickness value of 1.77 nm is
obtained for all the runs. The above finding is in

accordance with the variations of the equivalent
oxide thickness extracted from C-J measurements,
where the highest value of 2.53 nm was obtained
for the first run right on fresh samples. The observed
decrease of the equivalent dielectric thickness of the
Ta,05/Si0, stack can be attributed to the decrease
of the effective physical thickness of the interfacial
Si0O;, layer by creation of percolation paths in a part
of the interfacial region [37]. This finding is in
accordance with the results we obtained in [28],
where at higher fields the decrease of the interfacial
layer thickness progresses very rapidly in the first
stage of few seconds.

Other related issues

Both for the C-V and the J-V characteristics it
is observed that the first run left (from +1 V to -3 V)
gives essentially different results from all other runs,
1.e. the measurements do not only sample the existing
traps (or charges) but generate new ones. This can
be explained by the degradation that occurred at
maximum negative voltages applied at the end of
the run (-3 V). At this voltage a leakage current
density of about 20 mA/cm’ is obtained due to the
injection of holes from the substrate [25]. Even if
the measurement time is short (of order of 10 s),
partial consumption of the interfacial layer occurs
by creation of conductive paths in it (most probably
composed of newly generated traps), leading to a
small decrease in the effective thickness of this
layer of about 0.1 nm [27]. This process seems to
progress rapidly at the beginning and much slower
for longer stresses, as it was observed in [27]. As a
result of this, equivalent oxide thickness decreases
also for about 0.1 nm. While performing next runs,
interfacial layer thickness is much less affected.
When starting with a run right, the same degra-
dation as above occurs during the initial stage of
the measurement (at —3 V), and hence much less
significant differences are obtained between the
first and the third run.

For the case of C-V characteristics the first
run gives flatband voltage (—0.832 V) much lower
than the following run left (about —0.92 V). This
irreversible change could not be accounted for by
the change in the interfacial layer thickness. Most
probably during the first run left some slow state
charges are compensated by electrons injected from
the gate into the tantalum pentoxide layer. Again,
when starting at highest negative voltages, this
degradation occurs at the beginning of the measure-
ment, and hence does not produce differences
between the different runs.
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It is seen that the determined equivalent
oxide thickness values are different for runs left and
right, although the maximum capacitances are
practically the same. The above is due to the fact
that we determine the thickness by an extrapolation
method and hence the extrapolated saturated values
differ because of the differences in the other parts
of the curves. The correct curve to be used in
determination of the equivalent oxide thickness is the
curve for the run right, since there is no detrapping of
the charges on slow traps during the part of the run
in accumulation, which is the part used in the
extrapolation method. Similarly, the determination
of the fast interface state densities has to be done
while using the curves obtained at runs right.

100

Di (10"%ev'm?)
=
1

Figure 7. Fast interface state density distribution
determined from the C-V curves obtained at a run right

The result for the distribution of fast interface
state densities (Dj) over the forbidden band, obtained
by a standard Terman method [36] from the high-
frequency C-V characteristic, is given in Figure 7.
Zero energy (E) level corresponds to the top of the
valence band. The tails of the U-D;; curve close to
the forbidden band edges can be explained by the
"U-shaped" continuum of band edge states typical
of Si/SiO, interfaces [31]. Usually observed flat
part close to the midgap was not found (broken
line). Instead of that, there are two relatively well
defined peaks. The peak at 0.53 eV corresponds to
a trap level located in Ta,Os dielectric 0.68 eV
below the conduction band edge. Practically the
same value (0.7 eV) was found in [32] for the
electron trapping centres responsible for the
leakage currents in Ta,Os. This value is close to the
value of the activation energy of the traps of type D
(0.8 eV), found in [33] using zero-bias thermally
stimulated current spectroscopy and attributed to
the first ionization level of the double-donor

oxygen vacancy and later theoretically explained in
[34]. The second much broader peak is located at
approximately 0.9 eV from the valence band of
silicon, which corresponds to approximately 0.3 eV
from the conduction band of Ta,0s. It corresponds
to the trap that has been attributed to the Si/O-
vacancy complex shallow single donor (type A, 0.2
to 0.4 eV) [35]. Doted line corresponds to an idealized
U-shaped distribution without peaks, with a flat part in
the middle of the bandgap at about 2.2x10" eV “cm ™.

In regard to J-V characteristics, one would
expect to observe simillar hysteretic behaviour as in
C-V characteristics. Namely, if the sole reason for
modification of J-V characteristics was the variation
of Vg, due to trapping of charges on slow states as in
the case of C-V characteristics, according to (1) the
J-V curve for runs left had to be simply shifted for
the value AVg on the voltage axis. Indeed, the po-
sitive charge in the interfacial layer affects si-
milarly the leakage currents as it affects the capa-
citances. This effect is explained further. For
negative oxide voltages, injection of holes from
silicon substrate occurs [26, 38]. During the run left
at highest negative voltages trapping of holes in the
interfacial layer occurs, as manifested by the Vg
shift. During the run right, negative oxide voltage
decreases and the trapped charge remains
unaffected. Leakage current is a function of the
voltage drop on the stacked insulating layer (Vo).
This voltage is determined by using relation
involving the flatband voltage (V5,) and the voltage
drop in the semiconductor (V) [39]:

Vox = Vg ~Va =V (1)

Flatband voltage for the runs left is negative
and its absolute value is lower than for the runs
right, due to the positive trapped charge on slow
states. As a result, voltage drop on the insulating
layer is bigger for the runs right than for the runs
left, for the same applied gate voltage. Therefore, if
there are no other differences, it is expected the
leakage current to be higher for the runs right than
for the runs left. On the other hand, the positive
trapped charge in the interfacial layer (Figure 8)
modifies the barrier for Fowler-Nordheim and
direct tunneling injection of holes. Due to these
charges, a modified barrier with lower trans-
missivity than in the case of absence of charges in
the interfacial silicon oxide layer is obtained. Thus,
a second effect leading to a decrease of the leakage
current with the presence of positive trapped charge
on slow states in the interfacial layer is present.
These two effects modify the leakage current in
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opposite directions. Due to mutual compensation of
these two contributions, the J-V characteristics for
the runs left and the runs right look quite similar.
Nevertheless, there are visible differences for gate
voltages close to zero. For these voltage values the
leakage currents for the runs right are higher than
for the runs left. However, these currents are very
low and it is possible to be due to some transient
effects. Nonetheless, these differences are very small
(less than 0.1 fA/um®) and can be neglected for
practical purposes.

Ec
+
E.
Er +
+ E,
Al .
* 5102
E, Ey
+
< ®
+ hole
+
T3205
+
£ Si

Figure 8. Modification of tunnelling barrier due to the
presence of trapped positive charge in the interfacial layer

Therefore, the static J-V characteristics except
for the initial run left do not exhibit hysteretic
behaviour. Observed instabilities when measuring J-V
characteristics with rapidly changing voltages are due
to the displacements and transient currents.

It is important to emphasize the essential
difference between the results obtained for thicker
films in [22, 23] and here obtained results on films
as thick as 10 nm. In both cases samples present
Al-Ta,0s/Si0,-Si structures. The composition of
the interfacial layer in both cases is practically the
same; it is an SiO,-like layer. The dominant hysteretic
pattern in [23] is the clockwise hysteresis, while in
this work counterclockwise hysteresis is observed.
The above is due to different charging mechanisms.
In the case of thicker films the interface Ta,Os/S10,
at highest negative voltages is charged with
electrons flowing from the metal gate through the
leaky Ta,Os dielectric. In the range of applied
voltages (-3 V to +1 V) the SiO,-like interfacial
layer is non-conductive. As a result, negative
charge accumulates at the Ta,0s/Si0O, interface. In
our case, tunnelling of holes from the substrate at
negative voltages occurs. Electrons can not accu-

mulate at the Ta,05/Si0, interface since there is a
flow of holes and recombination occurs instead of
accumulation. Only the positive charge trapped on
slow states in the interfacial layer contributes to the
hysteretic behaviour. These traps being located
between two interfaces (Ta,Os/SiO, and SiO,-Si)
and energetically enough deep, retain the positive
charge trapped at highest negative voltages until
reaching certain value of the positive voltage (of
about 1 V). The electrons injected by Fowler-Nord-
heim mechanism from the substrate neutralize the
positive trapped charge in the interfacial layer. As a
result, counterclockwise hysteresis is obtained.

CONCLUSIONS

Except for the first run left performed on
fresh samples, when sweeping the voltage in a
range without significant degradation (+1 Vto -3 V
for films as thin as 10 nm), the C-V and J-V
characteristic exhibit repeatable patterns. Small
initial consumption of the interfacial layer occurs
during this first run, leading to irreversible changes.
Repeatable counter clockwise hysteresis-like loop is
present in C-V characteristics. There is no significant
hysteretic behaviour in static J-J characteristics.
Although there are some differences in leakage
currents between runs left and right for the voltages
between zero and the flatband voltage, they are
small and in accumulation they are definitely
negligible. The hysteresis-like loop in the C-V
characteristics can be entirely attributed to the
trapping of holes on slow traps in the interfacial
layer. Hysteretic behaviour is not observed in J-V
characteristics since the effect of positive charge
trapping on slow states is compensated by the effect
of modification of the barrier for Fowler-Nordheim
tunnelling of holes from the Si substrate.

Contrary to the case of thicker films studied
in [23], in our case no effects of the hold time up to
100 s at the return points between the runs right and
left for C-V characteristics were observed. The
findings here show that the general results obtained
on thicker films can not be applicable on thinner
films, as studied here. The main reason for this is
the low value of the thickness of the interfacial
Si0,-like layer (2 nm or less), in which case carrier
transport through this layer occurs also at low
voltages used in C-V measurements. Owing to the
Fowler-Nordheim, direct and trap-assisted tunnelling
as well as hopping, the charge accumulation at the
interface between the high-k Ta,0Os layer and the
interfacial SiO,-like layer is substantially reduced.

Since trapping on slow states occurs when
increasing the absolute value of the negative gate
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voltage, C-V curves obtained during the runs left
are distorted and hence they are not convenient for
determination of the equivalent oxide thickness and
fast interface state densities. It is better to use the
curves obtained during the runs right, since there is
no trapping or detrapping at negative voltages.
Nevertheless, the parts of the curves obtained
during the runs left up to the flatband voltage can
be used, since there is no trapping on slow states
until this value. Oxide charge is to be determined
using the value of the flatband voltage obtained
from the curve for the run left (after a run right),
since it corresponds to the state of empty slow
traps. The value obtained from the run right is equal
to the sum of the fixed oxide charge and the charge
trapped on slow states.
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HECTABUJIHOCTHU CJIMYHU HA XUCTEPE3UC KAJ HAITIOHOT HA PAMHMU 30HU
BO CTPYKTYPHU Al/Ta,0s5-SiO,/Si 1 HUBHATA IIOBP3AHOCT
CO J-V KAPAKTEPUCTUKUTE

Henag HOBKOBCKI/II, AJbeHa HaCKaJIEBaz, Exena AtanacoBa’

"MHcTuTyT 32 dusnka, [pupoaHo-maremMaTHuku dakynrer, Yansepsurer ,,Cs. Kupun u Metoanj*,
Ckomje, Pemryonmnka Maxkenonnja
*UucTuTyT 3a U3HKA Ha TBPIOTO Telo, Byrapcka akagemuja na Haykute, Coduja, Byrapuja

HecrabmiHoCTUTE BO HANOHOT HAa PAMHU 30HU U CTPYJHO-HAIIOHCKUTE KapaKTEPUCTHUKH HA CTPYKTYpHUTE
Al/Ta,05-Si0,/Si ce mpoyuenn Bo ametand. HajaeHo e Jexa, IO €THO MOYETHO ITOMHHYBAame HAlleBO Ha CBEXH
obpactu, u C-V u J-V xapakTepuCTHKUTE MpojaByBaaT MOBTOPIUBU MOCTpH. Kaj C-V kapaKTepHUCTHKHUTE CE jaByBa
IPENU3HO MOBTOPJIMBA TIETENIKA CIMYHA Ha XUCTEPE3NC, Kaj J-V KapaKTepUCTHUKHUTE He ce HaOJbymyBa 3a0eiIekIINBO
XHCTEpE3NCHO TMoBeneHne. Hamanenata HecTaOmimHOCT Kaj J-J KapakTepucTHKHTE € oOjacHeTa co MeryceOHa
KOMIIEH3allija Ha JIBa CIIPOTUBHH e(eKTa KOHMIITO Ce JOoJDKAT Ha 3adakambero Ha TMO3UTUBHH IOJHEXKH HA OABHU
CTalMIM BO MErYHNOBPIIMHCKUOT ciioj ciaudeH Ha SiO,: (1) mOMecTyBameTO Ha HANOHOT Ha pamMHU 30HHU M (ii)
HaMaJlyBameTO Ha Oapuepure 3a TyHenupame ol Tunot Ha daynep-HopaxajM 3a MIyniIMHUTE IUTO Ce WHjEKTUPAAT O]
noasorara. KopekTHOTO ompezeslyBambe Ha €KBUBAJICHTHATa JeO€/MHA HA OKCUAHUOT CJIO] U TYCTUHUTE Ha Op3ute
MeryMOBPIIMHCKU cocTojon Oapa ymorpeba Ha C-V KpuBHM NOOWMEHH NIPH NTOMUHYBame HAJECHO, 3aTO0a INTO HPHU
TIOMHHYBamaTa HAJIEBO CE jaByBa NIPOrpecHBHO 3adakame Ha OaBHU cOCTOjOM. BpeaHocra Ha MOTHEXKOT BO OKCHIOT
Tpeba J1a ce ompeAeNu o BpeIHOCTUTE HA HAIIOHOT Ha PaMHH 30HHU TOOMEHH O]l IOMUHYBambaTa HAJICBO (IO IOYETHO
TIOMHHYBamkE HAJIECHO), 3aT0a IITO TOA OJrOBapa Ha COCToj0aTa Ha Mpa3Hu OaBHU COCTOjOM.

Kayunu 36opoBu: xucrepeszuc Ha C-V kapaKkTepUCTHKHUTE, HAHOJMUMEH3MOHAIHN JHEJICKTPUYHU (DUIMOBH;
MeryMOBPIIMHA CHIINIMYM/CUITUIIAYM JTHOKCH]L
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