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ABSTRACT: In this work dielectric and electrical properties of Al-doped
HfO, layers deposited by plasma-enhanced atomic layer deposition in
dependence on the thickness and the added Al amount in the films have
been investigated. Special attention is dedicated to C—V and I-V hysteresis
analysis as a measure for trapping phenomena in the films. A detailed study of
conduction mechanisms in dependence on the composition of the layers has
also been performed. The densities and spatial and energy positions of traps
have been examined. It is found that only a small amount of Al-doping
decreases the trapping which is assigned to a reduction of oxygen vacancy-
related traps in HfO,. On the contrary, higher amounts of Al introduced in
HfO, films increase the trapping ability of the stacks which is due to the
introduction of deeper Al,Oj-related traps. The results imply that by adding a
proper amount of Al into HfO, it is possible to tailor dielectric and electrical
properties of high-k layers toward meeting the criteria for particular

applications.
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B INTRODUCTION

In past years, significant progress has been made in the
screening and the selection of high-k gate dielectrics for their
integration into current and future CMOS technologies. The
intensive studies identified HfO, as one of the most promising
dielectrics to replace SiO, in MOSFET applications. Never-
theless, the successful implementation of HfO, as a gate
dielectric was hampered by its low temperature of crystal-
lization, thermal instability in contact with Si, and high defect
densities which cause threshold voltage instabilities. Increased
scattering and degradation of carrier mobility as well as
accelerated wear-out and breakdown'™* are further issues of
concern. Respectively, the possibility to modify physical,
electrical, and dielectric properties of HfO, layers by doping
with different elements or mixing with other dielectrics was
considered as a crucial approach toward their implementation
as gate dielectrics in MOSFETs. The problems with
crystallization and interface quality can be circumvented by
alloying the desired oxide with a good glass former—SiO, or
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AlL,O;—giving either silicate or aluminate.”~” This occurs
because the dopant atoms (Si, Al, N) distort the originally more
ordered structure and thus increase entropy, which suppresses
the crystallization process.

The enormous progress in technology and deposition
techniques as well as the substantial knowledge acquired on
the properties of HfO,-based high-k dielectrics formed the
needed background and opened up new frontiers in
considering these dielectrics and their modifications as viable
candidates and implementing them in a number of emerging
nanoelectronic devices and applications. In particular, Hf-
aluminates and HfO,—Al,O; nanolaminates have been
investigated for applications as charge storage and blocking
oxide layers in charge trapping flash memories;’ interpoly
dielectrics in floating gate flash memories; " in high voltage
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charge storage devices for flat panel displays;'' as dielectric
layers integrated with III—V compound substrates for high
electron mobility transistors; "* ferroelectric memories;'* and
resistive switching devices."”

One big challenge proves to be the varying demands on the
high-k dielectrics for different fields of applications. For
example, while charge trapping is strongly undesirable and
harmful for the operation of logic CMOS devices, it is of vital
importance for some memory devices. In this case the dielectric
layers should be engineered in order to obtain high charge
trapping efficiency, long retention times, and improved
endurance and programming efficiency. The optimization of
the fabrication process (method of dielectric deposition and
annealing steps) turns out to be very strongly dependent on
dielectric material and doping elements used to modify its
properties and vice versa—the properties of the films depend
strongly on the fabrication technology. In recent years high-k
dielectrics have attracted increasing attention as charge storage
layers in charge trapping flash (CTF) memories. A
comprehensive review on this subject could be found in ref
16. In CTF memories the charges are located at spatially
discrete traps distributed in the bandgap of the charge trapping
layer, unlike the conventional floating gate memories where
charges are stored in the conduction band of the floating gate.
Because of this, localized charge storage CTF is considered as
one of the most promising memory technologies.'” Up-to-now
silicon-oxide-nitride-oxide-silicon (SONOS) structures with
SizN, acting as a charge storage layer have been mainly used
to realize CTF memory.'®"” High-k dielectric materials have
relatively high dielectric constant, large conduction band offsets
with Si and tunnel oxide, and high trap densities, which made
them a very attractive alternative to supersede the conventional
Si;N,-based CTF."” Respectively, HfO,-based dielectric stacks
have been considered and investigated as charge trapping layers
in CTF. You etal.”® have found that HfO, has better charge
trapping efficiency than SisN, and a 2 nm HfO, layer stored
almost the same charges as a 7 nm Si;N, layer. Different
approaches (e.g, annealing steps, doping or stacking with
another dielectric, and so on) have also been suggested to
increase the charge storage properties of HfO, layers. It has
been shown”' that postdeposition annealing at 1030 °C
improves the trapping performance of HfO, layers, and this
is due to increased diffusion of Al from the blocking Al,O; layer
and its incorporation in HfO,. HfO,/Al,O; laminated stacks
with different numbers and thicknesses of layers have also been
investigated as a charge trapping layers for CTF memories.”””
The enhancement in memory performance and reliability has
been attributed to the modulation of charge distribution by the
bandgap engineering of the trapping layer.” It has been also
reported”” that increasing the number of the HfO,/AL,O,
interfaces could enhance the charge trapping capability of
devices which is due to an interdiffusion at the HfO,/Al, O,
interface that creates additional defects. The thickness of the
layers and number of interfaces should be carefully optimized as
the electrostatic repulsion between the trapped charges could
deteriorate the performance.”” Despite the intensive inves-
tigations, it is still unclear where and how the charges are
stored—at interfaces or in the bulk traps; is it necessary to use
engineered laminated stacked trapping layers or the required
trapping efficiency could be achieved with a single layer high-k
dielectric. To answer these questions, more detailed informa-
tion and deep insight into Al-related traps in HfO, should be
acquired. In this work, the influence of the concentration of Al-
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doping on the electrical properties and trapping phenomena in
the doped HfO, layers deposited by remote plasma-enhanced
atomic layer deposition (PE-ALD) is investigated.

B EXPERIMENTAL SECTION

Al-doped HfO,/SiON/p-Si dielectric stacks were grown by PE-ALD.
Interfacial SiON layers were deposited by a remote plasma process for
10 s at a plasma power of 400 W using O, and N, flows of 15
cm*(STP) min~" each. The resulting thickness of the interfacial layer
was about 1.5 nm. After SiON layer formation the pure or Al-doped
HfO, layers were deposited at a temperature of 300 °C. Tetrakis-
(diethylamino)hafnium and Trimethylaluminum were used as Hf and
Al precursors, respectively. The O, plasma pulse time used for
deposition of HfO,-based dielectric layers was 3 s. Postdeposition
annealing (PDA) of all of the samples was performed in O,
atmosphere at 700 °C for 15 s. Samples with different deposition
cycles (i.e., different thicknesses) and different doping were fabricated
(Table 1).

Table 1. Composition and Designation of Samples
Investigated

designation of sample HfO, (cycles) ALO; (cycles)

HfO,, 50cy 50
HfO,, 75cy 75
HAH(25/5/25) 50 S
HAH(36/2/36) 72 2
HAH(36/5/36) 72 5
HAHAH (24/2/24/2/24) 72 4

The designation of the samples in Table 1 represents the sequence
of HfO, and ALO; cycles (cy) used to deposit a given sample (e.g.,
HAH(36/5/36) represents a sequence of 36 cy of HfO,, followed by §
cy of ALO; and another 36 cy of HfO,). Since the highest
concentration of Al incorporated is only 5 cy of Al,Os, it is not likely
that a closed layer, showing properties of pure Al,O; like a bandgap,
was formed. Therefore, we suggest that it is more proper to consider
the films rather as Al-doped HfO, than as laminated HfO,/Al,O;/
HfO, structures. The implication of this is that the HAH structures
should be regarded as single inhomogeneous layers and not as three-
layer structures. To form MOS capacitors, as a top electrode first a 20
nm thick layer of TiN and followed by a thick layer of AlSi were
sputter deposited and patterned by photolithography. The area of the
capacitors was 4 X 107 cm® The thicknesses of the HfO,-based
dielectric layers were measured after PDA by a Plasmon SD 2000
ellipsometer and are given in Table 2.

TEM images of 75(72) cy pure and Al-doped HfO, layers revealed
that they are crystalline after PDA at 700 °C. Electrical characterization
of the MOS structures was performed by measuring high-frequency
capacitance—voltage (C—V) at 100 kHz and 1 MHz (HP 4277A LCZ
meter) and temperature-dependent current—voltage (I-V—T) curves

Table 2. Thickness of High-k Layer (dy; Ellipsometrically
Measured), Equivalent Oxide Thickness (EOT), Effective
Permittivity (€. Obtained from C—V Measurements), and
Calculated Permittivity of High-k Layer (&) of Different
Samples

sample dyx (nm)  EOT (nm) Eof Eni
HfO,, 50cy 7.6 3.07 9.68 155
HfO,, 75cy 10.6 3.57 11.57 172
HAH(25/5/25) 7.5 2.66 10.95 19.7
HAH(36/2/36) 9.6 3.22 11.57 183
HAH(36/5/36) 9.9 2.94 13.12 22
HAHAH(24/2/24/2/24) 9.7 2.85 13.34 22.6
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Figure 1. (a) C—V curves of the HAH(36/5/36) sample measured in different voltage ranges (—V g = +Veq =
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AV,_y is shown. (b) Dependence of memory window AV_, on V,,4 for different samples.

(HP 4156C or HP 414SA semiconductor parameter analyzers). All
voltages are given with respect to a grounded substrate.

B RESULTS AND DISCUSSION

C—V Measurements. In Table 2 the thickness of the high-k
layers measured by ellipsometry (dy,), equivalent oxide
thickness (EOT), and effective dielectric constant (e.q)
obtained from C—V measurements as well as calculated
permittivity (ey) of the HfO,-based high-k layer are presented.
&y was calculated by the assumption of a two-layer stack
dielectric SiON/high-k, where the thickness and permittivity of
the interfacial SiON layer are dy = 1.5 nm and & = §,
respectively. Because the composition, thickness, and permit-
tivity of the interfacial layer after deposition of high-k and PDA
are not known, the extracted values of &, should be considered
only as giving a qualitative estimation and the trend of change.
In all the cases Al-doping decreases the ellipsometrically
measured thickness of the dielectric layer. As all relevant
parameters of deposition and annealing processes are identical
for pure and Al-doped HfO, stacks, the thickness decrease
implies that the adding of several cycles of Al during the HfO,
growth produces more dense films. The incorporation of Al in
HfO, results also in a substantial decrease of EOT, and the
thicker the layer, the larger the EOT decrease is; e.g., for the
thinnest (50 cy) sample the decrease is 0.4 nm, while for 100 cy
HfO, (not shown) it is 0.8 nm. This results in a higher &, of
Al-doped HfO, films compared to their pure counterparts.
Eventually, the extracted values of &y are also higher; i.e., e, =
15—17 for pure HfO,, whereas for Al-doped films e}, = 18—22.
An increase of the dielectric permittivity of HfO, by doping
with lower permittivity oxides (e.g, Y,0O; and ALO;) was
reported also by other authors®”* and was explained by a
shrinking of the molar volume as the dielectric constant (&) and
the molar volume (V) are related through the well-known
Clausius—Mossotti equation:

e=(V,+2a/3)/(V, — a/3) 6))

where «a is the molecular polarizability. Therefore, a possible
explanation is that the incorporation of a small amount of Al in
HfO, causes some local rearrangements and densifications of
the dielectric layers, which results in a smaller molar volume,
hence a higher permittivity of the dielectric. The results
presented in Table 2 give evidence that EOT decreases
progressively with the increase of Al content (at least in the
range of the small amounts of Al used here, ie., 2, 4, or 5 cy). It
seems also that it is important how Al is incorporated, and the
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HAHAH(24/2/24/2/24) sample, where a total of 4 cy Al are
incorporated at two positions equidistantly from the two
surfaces, produces slightly smaller EOT compared to HAH(36/
5/36) where S cy of Al is incorporated at one position in the
middle of the film.

Next, forward and backward C—V curves were measured for
different voltage ranges (i.e, the measurement voltage is
changed in the range —V,4 — +V.q — —V.4) and the
dependence of the C—V hysteresis AVc_, on V.4 is
investigated. This dependence is usually used as a measure
for the ability of a stack to store a charge, and AV_y is called a
memory window. For example, in Figure la the C—V curves
with increasing V,,q are given for sample HAH(36/5/36).
AVo_(V,4) curves obtained at 100 kHz for all stacks are
presented in Figure 1b. The following features are clearly
visible:

(1) The thickness is a very important parameter influencing
strongly the effective charge storage behavior. Thinner samples
have smaller memory windows. The thinnest pure HfO, reveals
a very small hysteresis—it is below 0.15 V for V4 up to 2.5V
and increases up to 0.32 V for V.4 of S V. For the 75 cy HfO,
sample these values are AV_(2.5V) = 0.6 V and AV_,(5V)
= 1.1 V, respectively. Similarly, the hysteresis values of thicker
HAH(36/5/36) samples are much larger than those of thinner
HAH(25/5/25). It should be noticed that despite the equal
doping of the two layers, the trapping in the thicker one is more
efficient which is revealed by the larger hysteresis values. The
strong thickness dependence implies that the trapping occurs in
the bulk of the high-k layer.

(2) Another very important parameter is the level of
doping—depending on this level hysteresis could decrease (2
cy ALO;) or increase (4 and S cy AL, O;); stronger Al-doping
increases the quantity of trapped charge; thicker samples with
more AL, O; cycles demonstrate larger memory windows.

(3) Hysteresis values for V,,q up to 2.5 V are very similar for
all 72(75) cy HfO, samples; ie, AVq_(2.5V) is 0.55—0.7 V,
implying that up to 2.5 V the trapping in thicker stacks is not
influenced by Al-doping. On the contrary, trapping in thinner
(50 cy HfO,) stacks depends on the doping level, even at V4
< 2.5V and the doped samples show larger hysteresis.

(4) Substantial differences in the curves of various stacks
(Figurelb) occur at V4 ~ 2.5 V. There are two types of
AV_(V..q) dependencies. For pure HfO, samples as well as
the sample with the lowest (2 cy) Al-doping the AVe_y(Vena)
curves increase only slightly with increasing V4. For samples
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with 4 and S cy of Al,Oj, hysteresis increases significantly with
increasing V4.

(5) AV_y values are very similar for 100 kHz and 1 MHz
(not shown); ie,, AV_(V,,q) curves seem to be independent
of the measurement frequency.

There could be two reasons for the C—V hysteresis:

(1) Because C—V curves are measured in a wide voltage
range (=5 to +5 V), the high measurement voltage itself could
generate some electrically active defects; i.e., these are stress-
induced charges. This process could give rise to irreversible part
of C—V hysteresis as it is due to generation of a new (usually
permanent) damage in the films).

(2) Trapping in existing traps could contribute to the charge
storage; i.e., this is the useful trapping process in the case when
the high-k layer is considered as a charge trapping layer in
charge trapping flash memories. This process is reversible as the
electrons could be trapped and detrapped alternately in these
traps under proper biasing conditions.

Thus, we tried to differentiate between the two processes
which could give rise to hysteresis and to defining the dominant
one of them. For this purpose, two sets of experiments were
performed:

(1) C—V curves were measured in the voltage range of (—3 V
to V,.q); ie., the start voltage was fixed at —3 V, and the stop
voltage was varied progressively in the range of (+1 to +5 V).
By keeping a small start voltage, any possible effect of high
negative voltage stress is minimized and only the effect of high
positive voltage stress is studied. Then, the (=3 to +1 V) C—V
curve was measured again to establish whether the hysteresis
effect is reversible, hence whether the hysteresis is due to
positive stress-induced permanent damage or trapping in
existing sites. Finally, the (=5 to +5 V) curve was measured.

(2) The C—V curves were measured in the voltage range of
(Vyare to +1 V); ie., the end voltage was fixed at +1 V and the
start voltage was varied progressively in the range of (-3 to —$
V). Respectively, in this case the effect of high negative stress is
studied, while minimizing the effect of positive stress. The (-3
to +1 V) C—V curve was measured again, followed by the (=S
to +5 V) curve measurement. These two sets of experiments
were performed on pure 75 cy HfO, and HAH(36/5/36)
samples (Figure 2) as these two samples are representative for
the two types of the AV._(V,,4) dependencies observed in
Figure 1b.

For pure HfO, it is seen that by increasing V.4 the forward
C—V curve does not change at all (Figure 2, right-hand side) in
the first set of measurements. The backward curves move to
more positive voltages, revealing negative charge trapping. This
negative charge trapping is most probably due to injection of
inversion electrons from the Si substrate and subsequent
trapping in HfO,. It should be noted that hysteresis tends to
saturate for V4 > 3 V. The largest hysteresis is about AV_y, =
0.9 V. The (=3 to +1 V) curve measured after performing these
measurements (half-filled squares in the right-hand side of
Figure2) coincides with the initial (—3 to +1 V) curve. This
result implies that inversion injection does not create stress-
induced damage which may give rise to hysteresis; the trapping
is reversible and occurs in existing traps. In the second set of
measurements on pure HfO, (Figure 2, left-hand side) both the
forward and backward C—V curves shift in negative direction
and the shift of the forward curves is larger. This implies
positive charge trapping. Unlike the first set of measurements,
the (=3 to +1 V) curve measured after the (=5 to +1 V) curve
(half-filled squares in the left-hand side of Figure 2) is

1.2 second set of measurements first set of measurements
1 o Vstart-1V) B3 V-Vend .
0.8 .'O’
04 _ OI backward
> ] -0
« . L .-O-"
& 00 u _ ()"_ .0 n
£ 3.7 AV
G ] _,-‘O backward > (io
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Figure 2. Evolution of C—V voltage shift (open symbols) during (-3
V to V,,4) measurements (right-hand side) and during (Vi to +1 V)
measurements (left-hand side). The shift of backward curves (dashed
lines) with respect to forward curves (full lines) gives the hysteresis
AVe_y at given V4 or V... All kinds of squares represent the HfO,
(72 cy) sample, whereas circles represent the HAH(36/5/36) sample.
Semifilled symbols represent the C—V shift for (=3 to +1 V) curve
measured after performing measurements with changing V4 or Vi,
filled symbols represent (=S to +5 V) C—V curve shifts. The voltage
shifts are taken with respect to V.= 0 V.

significantly shifted with respect to the initial curve and is
almost coincident with the (=5 to +1 V) curve; i.e., in this case
hysteresis is not reversible and most likely it reflects the stress-
induced damage. The hysteresis of the (=S to +1 V) curve is
about AV_y, = 0.7 V and we assume that this shift is a measure
for the irreversible stress-induced damage in the HfO, layer.
The more general conclusion is that injection at accumulation
generates a positive oxide charge. Therefore, the results
obtained reveal that the first set of measurements gives
information about the reversible trapping in existing traps,
which could be used for charge storage, whereas the second set
of measurements reflects the stress-generated damage. In terms
of hysteresis values this means that AV._y, ~ 0.9 V is due to
electron trapping and AV_y, ~ 0.7 V is due to stress-induced
positive charge formation. The sum of the two is ~1.6 V, which
is consistent with the measured hysteresis of ~1.4 V of the (=S
to +5 V) curve. It should be noted that the hysteresis of (=S to
+5 V) curves for both kinds of measurements is one and the
same (full squares in Figure 2).

The two sets of measurements performed on the HAH(36/
5/36) sample (Figure 2) show the following: generally,
dependencies of AV._y on Vi, and V4 are similar to those
obtained in pure HfO,. Here, we will focus on the differences.
The first to be mentioned is that during the first set of
measurements AV._, does not saturate and increases
progressively with increasing V.4 and the AV, obtained
for the (=3 to +5 V) C-V curve is ~1.35 V; ie, it is
significantly larger than that for pure HfO,. The (-3 to +1 V)
curve measured after the (—3 to +5 V) curve is only slightly
shifted in the positive direction with respect to the initial curve
(half-filled circles in the right-hand side of Figure 2), thus
showing that in this case trapping is again reversible and occurs
in preexisting traps whose density is larger than that in pure
HfO,. The hysteresis value of the (=5 to +1 V) C—V curve is
exactly the same (0.7 V) as that for pure HfO,; ie., if we use
this value as a measure for stress-induced damage, it can be
concluded that Al-doping does not influence the stress-induced
positive oxide charge which builds-up in the HfO, matrix. It
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should be mentioned that in the case of the HAH sample the
hysteresis value in the second set of measurements shows some
(albeit small) recovery. The sum of maximal AV,_; values
obtained in the two sets of measurements is ~2.1 V which is
also in agreement with the measured value of ~2.2 V of the (=5
to +5 V) curve. These investigations show that the differences
in C—V hysteresis values between pure and Al-doped HfO,
samples at stop voltages larger than ~2.5 V are due to electron
trapping in preexisting Al-related traps; i.e., Al-doping increases
the charge storage ability of HfO, layers. The smaller hysteresis
values for thinner Al-doped oxides with the same amount of
doping (HAH(25/5/25) sample) is most probably a result of
increased leakage of trapped electrons, which is due to the
higher electron tunnelling probability in thinner layers. In other
words, the amount of Al-doping may define the number of
available traps. The amount of charge trapped in these traps
(which gives rise to hysteresis phenomena), however, is
dependent not only on the trap density but also on spatial
and energy positions of traps. Therefore, in a viewpoint of the
charge storage ability of the layers, the high density of traps is
not enough. The composition and thickness of layers should be
optimized to obtain a proper energy and spatial position of
traps and to increase the trapping efliciency. In this context, the
HAH(36/5/36) and HAHAH(24/2/24/2/24) samples are
most promising, and further we will focus our investigations
mainly on these samples to clarify the origin of their better
charge storage ability.

|-V Measurements. In Figure 3 the I-V curves of pure
and doped 75(72) cy HfO, are presented. The pure and lightly

—A— HAH (36/5/36 cy)

—4— HAH (36/2/36 cy)

—&— HAHAH (24/2/24/2/24 cy)
—e&— HfO,, (75 cy) §

J, Alem’

Voltage, V

Figure 3. J-V curves of pure HfO, and doped with different amounts
of Al HfO, films with similar thickness.

doped HAH(36/2/36) samples show similar leakage currents.
Also, the two more heavily doped (4 and S cy AL,O;) samples
reveal similar I-V curves. The leakage currents in the latter
group of samples are significantly smaller than the leakage

currents in the former group. If one compares Figure 3 and
Figure 1b, it seems that the larger the memory window is, the
smaller the current. This leads us to suggest that the lower
leakage current is probably due to the trapping of negative
charge, which changes the internal field, hence the current. To
prove this, the leakage current values are compared after
correcting the applied voltage V, with the voltage created by the
trapped charge, AV _(V,4(I-V)), so that the resultant
internal voltage is 1 V; ie, V, — AV_y(V,,q(I-V)) = 1 V.
In other words, the current values for different samples are
compared at different V,, which is chosen for each sample to
provide an equal internal voltage of 1 V, when corrected with
the field created by the trapped charge. The results are
presented in Table 3. As is seen with the correction for the field
created by the trapped charge, all of the samples reveal similar
leakage current density values of ~(1—2.5) X 1077 A/cm?® at
internal voltage of 1 V. To investigate further the influence of
the trapping on I-V characteristics, the following measure-
ments were performed. Three consecutive I-V curves were
measured for one polarity and then a set of another three
consecutive I—V curves in the opposite polarity. The results for
pure 75 cy HfO, and HAHAH(24/2/24/2/24) samples are
presented in Figure 4ab. As is seen, there is always a shift
AV,_y at lower fields when the I-V curve is measured after a
measurement in opposite polarity, whereas at higher fields the
I-V curves are almost coincident. Consecutive curves measured
in one polarity are also coincident. The procedure of alternate
positive—negative bias measurements is repeated several times,
and the obtained results are very repeatable as seen in Figure 4
(different colors and line styles).

It is also seen that the HAHAH sample which reveals larger
C—V hysteresis shows also larger I-V hysteresis. C—V and I-V
hysteresis values for all of the samples are summarized in Table
4 for a measurement temperature of 30 °C. In this table the
maximal hysteresis values of I-V curves AV,_,*(max) and
AV,_, (max) in positive and negative bias polarity, respec-
tively, are compared with the C—V hysteresis values measured
at Vg = =5 V and at the end voltage of the respective I-V
curve measurement, (e.g., for the pure HfO, sample it is +4 V
(Figure 4a); for HAHAH it is +5 V (Figure 4b). A comparison
of the results reveals that AV,_, values, similarly to AV_y
values, are also thickness- and doping-dependent. All depend-
encies observed for AV_y values keep valid for AV;_y, values—
the thicker layers show larger I—V hysteresis than their
respective thinner counterparts; the 4 and 5 cy Al-doped layers
exhibit significantly larger shifts than undoped HfO,
irrespectively of physical thickness; 2 cy Al-doping seems to
decrease trapping effects in HfO,, and in this case the hysteresis
is smaller than that of the undoped sample.

As in the case of C—V hysteresis, the thicker layer HAH(36/
5/36) reveals larger hysteresis values than the thinner one
HAH(25/5/25) with the same amount of Al-doping. This is

Table 3. Comparison of Current Values after Correction of Applied Voltage (+1 V) with That Created by the Trapped Charge
(AV_(V,pq(I=V))) for Samples under Investigation [V,,4(I—V), maximal Voltage to Which the I—-V Curves Are Scanned;
AV _y(V,a(I-V)), C—V Hysteresis Measured in a Voltage Range (—V,,4(I=V) to +V, ,4(I-V)]

sample Voa (I=V) (volts)
HfO,, 75cy +4
HAH(36/2/36) +3
HAH(36/5/36) +4.5
HAHAH(24/2/24/2/24) +5

A VC—V( Vend(I=V)) (volts)

J@+1V+AV_(V,q(I-V)) (A/cm?)

0.96 2.5 % 1077
0.66 1.3 x 1077
1.85 1.4 x 1077
1.9 23 %1077
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Figure 4. Consecutive J—V measurements in both polarities performed at 30 °C for (a) HfO, (7S cy) and (b) HAHAH(24/2/24/2/24) and 100 °C
for (c) HfO,(75cy) and (d) HAHAH(24/2/24/2/24) samples. The curves in different line styles and colors show the reproducibility of trapping/
detrapping processes taking place in the structures during repeated measurements.

Table 4. Comparison of the Maximal Hysteresis of I-V Curves Measured at Positive AV;_,(max) and Negative AV,_;(max)
Voltage Polarity and the C—V Curves Hysteresis Values AV_y(V.,qo(I-V)) and AV_i(5V)

sample AV;_(max)
HfO,, 50cy 025
HfO,, 75cy 1
HAH(25/5/25) 1.05
HAH(36/2/36) 04
HAH(36/5/36) 1.85
HAHAH(24/2/24/2/24) 1.8

AVI——V(maX) AVC*V(Vend(I_ V)) Achv(SV)
0.55 0.15 0.3
1.1 0.96 1.12
1.6 0.6—0.7 1.1
0.8 0.66 1.0
245 1.84 2.18
2.8 1.9 19

another confirmation of our suggestion for the more efficient
storage of trapped charge in thicker layers. For most of the
samples AV._(V,.q(I-V)) = AV}_,. This result and the
similar behavior of AV, and AV(_, in dependence on
thickness and level of doping imply that they have the same
origin. In addition, Table 4 implies that for almost all of the
samples (and especially for those exhibiting larger hysteresis),
AV _y > AV'_y; ie, hysteresis obtained at gate injection is
larger than hysteresis obtained at substrate injection.

The alternate -V measurements were performed also at 100
°C (Figure 4c,d). It is seen that a hysteresis is also observed at
this temperature, and its values are only slightly smaller
compared to those obtained at room temperature. We suggest
that the hysteresis phenomenon is a result of some kind of
equilibrium between trapping and detrapping in the structures.
It is well-known that trapping is only slightly temperature-
dependent, while detrapping is a strongly temperature-depend-
ent process.”* *® In this context, the observed weak temper-
ature dependence of the hysteresis implies that trapping/
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detrapping is performed in relatively deep traps, and an increase
in temperature could not provoke increased detrapping.
Conduction Mechanisms. The results presented up-to-
now revealed that Al-doping introduces some specific defects
which enhance the trapping in HfO, layers. The trapped charge
is most probably the reason for the reduced leakage current in
Al-doped HfO, films, and there is evidence that the charge is
trapped in relatively deep traps. To get more information and a
deeper insight into the trapping phenomena and the spatial and
energy distribution of the traps, temperature-dependent I-V
measurements were performed (Figure S) and conduction
mechanisms were investigated. As is seen there, are significant
differences between the samples, especially at negative biases
when the electrons are injected from the gate. In positive
polarity (injection from substrate) the leakage current is
dominated by the conduction through the interfacial SiON
layer which results in temperature behavior similar to that of
the I-V curves (for T < 120 °C) for all the samples. Therefore,
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Figure S. Temperature-dependent I—V measurements for (a) HfO,(7Scy), (b) HAH(36/5/36), and (c) HAHAH(24/2/24/2/24) samples.

we will focus our attention on the behavior of the I-V curves in
negative polarity.

When considering the possible conduction mechanisms, the
stacked structure of the dielectric layer should be taken into
account. The voltage drops across the high-k dielectric—Vy—
and across the nitrided interfacial layer—V;—can be obtained
by the well-known equations™

Vi Vo V Vo
Bk ™y dye 7 ey dy
+1 +1
& diy & dig (2)

The pure HfO, film exhibits a very weak temperature
dependence of the J—V curves up to 60 °C (Figure Sa) which
implies the domination of some tunnelling processes. As the
layers are relatively thick (~10 nm), the probability for direct
tunnelling is low. Therefore, we consider Fowler—Nordheim
(FN) tunnelling. The representation of the curves measured at
different temperatures in FN coordinates (i.e., In(J/Ey2) vs 1/
Ey with Ey = Vi /dy, being the electric field in the high-k
dielectric) gives straight lines for Ey; > 1.5 MV/cm (Figure 6a),
and the obtained barrier heights are in the range of 0.6—0.8 eV,
ie, ¢, ~ 0.7 eV with the assumption that the electron mass in
HfO, is 0.1m, (my, free electron mass).”® As the barrier height
at TiN/HfO, is expected to be much higher (~2.6 eV),*" we
conclude that the dominant mechanism is not Fowler—
Nordheim tunnelling but field-assisted tunnelling (FAT).
FAT is a process in which an electron tunnels from the
electrode to traps and then from the traps to the conduction
band (CB) of the dielectric. In this case, due to the high enough
applied field, the electrons experience a triangular barrier,
unlike the case of trap-assisted tunneling (TAT), where the
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Figure 6. Representation of I-V curves of HfO,(75Scy) sample in (a)
Fowler—Nordheim coordinates and (b) Poole—Frenkel coordinates.
The inset shows an Arrhenius plot (In(J/E) vs 1/T) at Ey = 2.4 MV/
cm and the extracted trap level.

electrons tunnel from the trap to the conduction band of Si not
entering the conduction band of the dielectric at all (i.e., in this
case they tunnel through a trapezoidal barrier). The equation
representing FAT is the same as the FN equation where the
barrier height is replaced by the energy position of the tra}gs
with respect to the bottom of the conduction band.”
Therefore, the obtained value of ~0.7 eV is the position of
traps (¢,) with respect to the CB of HfO,. This trap energy
corresponds to the energy position of oxygen vacancies in
HfO, which is reported at ~0.7—0.9 eV.>>* The current is
temperature-dependent for T > 60 °C, which reveals that
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another mechanism also contributes to the conduction.
Therefore, we will consider whether Poole—Frenkel (PF)
mechanism could operate in the films. The current in the PF

o o 29,35
mechanism is temperature-dependent and is given by””*

3
— TE
(’bt ek,

=CEe
J *P rkT

©)

where C is a constant depending on the density of the traps
(donor ones) participating in the process and the electron
mobility in the insulator conduction band, k, is the dynamic
dielectric constant (k, = n? n is the refractive index) and r is a
coeflicient accounting for the presence of compensating centers
(usually acceptor sites; 1 < r < 2). Figure 6b represents the J—
E characteristics of the samples in the PF plot (In(J/E) vs E'/?).
As seen for Ey > 1 MV/cm, straight line segments are indeed
observed. Hence in order to validate the operation of PF
mechanism, the obtained value of r’k, (from the slope of the
line) should be consistent with the refractive index of the
dielectric and the limitation 1 < r < 2. Assuming a HfO,
refractive index of 1.9, the value of k, is 3.6 and the resultant
values of r as obtained from the slope of the line are between
1.5 and 1, showing a temperature dependence as the increase of
T reduces the value of r. Therefore, it may be concluded that
the current is dominated by the Poole—Frenkel conduction
mechanism. The energy position (¢,) of traps participating in
PF conduction was extracted from the Arrhenius plot of I-V
curves (In(J/E) vs 1/T, inset of Figure 6b). The value of ¢, is
found to be ~0.72 eV; ie., these are the same traps which
govern the FAT process at lower temperatures. Therefore, the
results imply that the conduction is performed through the
traps situated at ~0.7 eV below the CB of HfO,. Depending on
the measurement conditions (applied voltage and temper-
ature), the dominant conduction mechanism may change. It is
worth mentioning that FAT and PF conduction should coexist
in principle as they both represent the escape of an electron
from a trap and the current is actually a sum of the currents
from both mechanisms. The domination of one of them
depends on the temperature. FAT dominates at low T, while
PF dominates at elevated temperatures.

The HAH(36/5/36) sample exhibits a slightly stronger
temperature dependence compared to pure HfO, (Figure Sb).
Similarly, the current is nearly T-independent up to 60 °C.
Therefore, to explain the current conduction in this sample, we
have considered the same mechanisms—FAT at T < 60 °C and
PF at T > 60 °C (Ey, > 2 MV/cm). The same value of k, (3.6)
as in the case of pure HfO, was used; ie., the influence of Al-
doping on refractive index is neglected. The obtained r values
are between 1.3 and 1, slightly decreasing as T increases from
30 to 160 °C. The fitting gives a trap energy ¢, ~ 1.2—1.3 eV
for the FAT process and ¢, ~ 0.4—0.5 eV for the PF process
(Figure 7). In other words, unlike the pure HfO,, in the
HAH(36/5/36) sample the FAT and PF processes are
mediated by two different trap levels. These results give
evidence that Al-doping introduces deeper trap levels than
these in pure HfO,, thus leading to substantial changes in the
leakage current levels and the trapping properties of the layers.
Further considerations of the conduction mechanisms in the
HAHAH(24/2/24/2/24) sample confirm this conclusion and
reveal that the way of Al incorporation into HfO, is also of
substantial importance. For this sample the strongest temper-
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261
-
=
-28_
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30 . . .
2.5x10°  2.7x10°  2.9x10°  3.1x107
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Figure 7. Arrhenius plot In J vs 1/T at two fields of Ey) = 2.2 and 2.8
MV/cm and the extracted trap levels for the HAH(36/5/36) sample.

ature dependence of the current is observed (Figure Sc). There
is still a weak T-dependence up to 60 °C, and above 60 °C the
current increases more strongly compared to the HAH(36/5/
36) sample. With consideration of the FAT process as a
dominant conduction mechanism at T < 60 °C, Ey; > 1.4 MV/
cm gives a trap level ¢, ~ 1.4 €V, ie,, slightly deeper than that
obtained for the HAH(36/5/36) sample. It should be noted
that at T = 60—120 °C the curves are also well-fitted by the
FAT process and the obtained trap energy is the same (ie.,
~1.4 eV). However, FAT is nearly temperature-independent,
which could not explain the strong temperature dependence
observed at T > 60 °C. Therefore, it is suggested that FAT is
still present at T > 60 °C, but some T-dependent process also
participates to the conduction. The Poole—Frenkel process
does not fit the I-V curves well even at very high temperatures
(T > 120 °C), and the obtained value for *k, is not consistent
with the refractive index (i.e., k, = n*) and the limitation 1 < r <
2. Therefore, PF is excluded as a possible mechanism explaining
current conduction at high temperatures and high fields.
Having in mind the peculiarity of the doping process of the
HAHAH(24/2/24/2/24) sample, we suggest that in this case
the conduction could be governed by Poole conduction, i.e.,
field-enhanced thermally excited electron hopping between
ionized centers with a density high enough to induce overlap in
the Coulombic fields between two adjacent sites. In the case of
Poole conduction the current obeys the equation®®

¢t — Sthk

T ); sp = qd,/2

J=C, exp(—

(4)
where d, is a distance between two ionized centers. A distinct
difference between the Poole effect and Poole—Frenkel
emission emerges from different densities of ionized centers.
Due to a lower density of ionized centers for the PF emission,
the Coulombic field between two adjacent sites does not
overlap and the ionization barrier lowering for PF emission is
affected only by the applied electric field, so that the current
obeys the exponential dependence on the root square of the
electric field (see eq 3). For Poole hopping, the Coulombic
field between the adjacent sites overlaps, which leads to a
further decrease in their ionization barrier. As a result, the
leakage current obeys the simple exponential dependence on
the electric field.*® Indeed, the Poole conduction fits well the
current at T > 100 °C (Figure 8a). An Arrhenius plot of the
current (Figure 8b) reveals that the activation energy of the
process controlling leakage current is E, ~ 0.2—0.3 eV for T <
100 °C, while at T > 100 °C a larger activation energy of E, ~
0.6—0.7 eV is observed. As mentioned previously at T > 100
°C the Poole conduction controls the current and E, = ¢, —
spEng i-e, the activation energy is linearly dependent on Ey,
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Figure 8. (a) Representation of -V curves in Poole coordinates (In ] vs Ey;) of the HAHAH sample. The inset shows the dependence of activation
energy E, = ¢, — s,Ey of Poole conduction on the electric field. (b) Arrhenius plot of the current in HAHAH sample in the whole temperature range

(30—100 °C) and for different applied voltages.

and the intercept of the line with the y-axis should give ¢,
(Figure 8a). In our case, for ¢, a value of 1.2 eV is obtained, i.e.,
very similar to the trap level which controls the FAT process at
lower temperatures both in the HAH(36/5/36) and the
HAHAH(24/2/24/2/24) samples. This result supports the
conclusion that the 1.2 eV level is related to Al-doping.
Therefore, the results obtained for this sample reveal that FAT
is dominant at T < 60 °C; at 60 °C < T < 100 °C both FAT
and Poole conduction are present. With increasing temperature
the contribution of Poole conduction increases and at T > 100
°C it is the main mechanism which governs the current in the
HAHAH(24/2/24/2/24) sample. The specific way of Al
incorporation in the HAHAH(24/2/24/2/24) sample results
in a more homogeneous distribution of traps and favors Poole
conduction between them.

The conduction mechanisms considered up-to-now domi-
nate at relatively high fields, Ey > 1.5 MV/cm. As is seen in
Figure Sc there is a wide electrical field region (V < |1-3| V, Ey
< 1.3 MV/cm), where the current increases only slightly with
applied voltage and temperature. It is exactly the region where
the hysteresis of the I-V curves is observed (Figure 4). As
already mentioned, this hysteresis is most probably due to the
existence of localized traps which change their charge state
when a bias with opposite polarity is applied. Therefore, the
reasonable suggestion is that in this region the conduction is
governed by a space charge limited current (SCLC)
mechanism.”” In the case of a discrete trap distribution, the
current governed by SCL mechanism should be proportional to
VZ,37 ie.,

J & V¥ dyl (s)
and a representation of I-V curves in log—log scale should give
a line with a slope of ~2. This is indeed observed in Figure 9
where J—E curves are presented in log—log plot for the entire
applied electric field range. According to the SCLC theory, in
the presence of shallow traps (here the term shallow means that
the trap is above the Fermi level) (log J)—(log E) curves first
should have a slope ~1, corresponding to Ohmic conduction.
As the density of the injected electrons into the insulator
exceeds the thermal equilibrium electron concentration (at
voltage V), the slope of log J vs log E increases to 2, which is
observed indeed (Figure 9). Vg in Figure 9 is a trap-filled
limit at which all of the traps are filled. Therefore, in this field
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Figure 9. log ] vs log E,; curves representing the space-charge-limited
conduction at low fields in HAHAH sample.

range SCLC is the dominant mechanism in the HAHAH(24/
2/24/2/24) sample.

A schematic representation of the conduction mechanisms
and trap levels observed in the different samples in line with the
Al-doping profile is shown in Figure 10. In summary, the
detailed characterization of conduction mechanisms in different
stacks revealed the existence of traps with an energy level of 0.7
eV below the conduction band in pure HfO, (Figure 10a)
which is consistent with the energy of an oxygen vacancy in
HfO,. The conduction in HfO, is performed via these traps,
and the dominant conduction mechanism (FAT or PF
emission) is defined by the measurement conditions (applied
voltage and temperature). Similar results were observed in our
previous studies of other dielectrics.’® In all Al-doped samples
the existence of a deeper level (1.2—1.4 eV below the
conduction band) is undoubtedly revealed (Figure 10b,c).
The 0.7 eV level is not observed at all, while the HAH (36/5/
36) sample exhibits an additional trap level at about 0.4—0.5 eV
below the conduction band (Figure 10b). The disappearance of
the 0.7 eV trap level could be explained by a reduction of the
concentration of oxygen vacancies in HfO, by Al-doping, which
was observed also by other authors.” It is also supported by the
decreased trapping in the stacks with the lowest Al-doping—
HAH(36/2/36) (Figure 1). The increase of Al-doping
obviously results in the formation of deeper traps, which have
been observed also by Molas et al,,'” who found a trap level at
about 1.35 eV below the conduction band for HfAIO layers
with Hf:A1(9:1) and at about 1.55 eV for Hf:Al(1:9). Therefore,
we could conclude that the deep level is related to the Al
incorporation into HfO,. Most probably this level is due to
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Figure 10. Schematic representation of the dominant conduction
mechanisms and trap levels in different samples: (a) HfO,(75cy); (b)
HAH(36/5/36); (c) HAHAH(24/2/24/2/24).

Hf—Al-O bonds (Figure 10b,c) assigned to AlO~ bonding
groups deriving from a breaking of the network component,
and to antibonding Hf atom d-states that form the lowest
conduction band of the alloy.'’ The existence of a 0.4—0.5 eV
level in the HAH(36/5/36) sample could be explained by
taking into account the difference in the doping approach
between this sample and the HAHAH(24/2/24/2/24) sample.
As mentioned in ref 40, Al is too small to be effectively
incorporated into the fluorite lattice and the solubility of Al in
all ZrO,/HfO, phases is relatively low leading to a segregation
of ALLO; to form separate AlL,O; phases (Figure 10b). We
suggest that the process of Al,O; segregation is increased in the
HAH(36/5/36) sample where the whole amount of Al is
incorporated at one place. Introduction of smaller amounts of
Al at two different places allows for more effective
incorporation of Al into HfO, without segregation into
ALO;. This interpretation of results is supported by the
observed*' trap level of about 0.42—0.44 eV in ALO;. It is also
coherent with the slightly lower permittivity of the HAH(36/5/
36) sample compared to HAHAH. As is well-known the
permittivity of Al,O; is about 10 and its inclusion in higher
permittivity oxides should result in a layer with reduced
permittivity.

Density of Traps. In this section we try to estimate the
density of the trapped charge N, and to obtain some
information about its spatial distribution. First, the values of
the memory window AV._(SV) are used to assess N, In
metal-oxide-high-k dielectric-oxide-Si (MOHOS) structures,
which are used for charge storage in charge trapping flash
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memories, the memory window is proportional to the spatial
homogeneously trapped charge density (N,; cm™) and could
be calculated by using the following equation:*>**

S
(62

where dog and €pp are the thickness and the dielectric constant
of the blocking oxide in MOHOS, respectively. As in our
structures there is not any blocking oxide, ie, dog = 0; the
equation transforms to

AV, = GN €ophi

2&

€08

(6b)

Another approach to obtain the density of trapped charge is
by using the hysteresis values of I-V curves in both polarities.
In this case not only N, but also the centroid of the trapped
charge (%) could be estimated by the following equations:""

e(AVL_, — AV,)

Q= i (72)
NS |
x = d(l - AV—I_;V)
AVi_y (7b)

From Q, (cm™), N, = Q,/dy; is obtained. The values obtained
by the two methods for different samples are summarized in
Table 5. As it is seen both methods reveal a larger density of

Table 5. Values of the Trapped Charge Densities and Charge
Centroid % Estimated from C—V and I-V Hysteresis
Measurements

N, X 1019gc—V) N, x 10*°(I-V)
sample (em™) (em™) % (nm)
HfO,, 75cy 1.9 1 6
HAH(25/5/25) 43 2.0 3.6
HAH(36/2/36) 22 0.6 3.7
HAH(36/5/36) 5.5 2.7 495
HAHAH (24/2/24/2/24) 5 3 44

trapped charge in more heavily doped (4 and S cy Al) HfO,
layers—about twice the trap density in pure and 2 cy Al-doped
samples. It is seen that the extracted values of N; from C—-V
hysteresis are 2X larger than those obtained from I-V
hysteresis.

We suggest that this is due to the existence of the irreversible
part in AV_y; ie, both trapped charge and stress generated
charge contribute to N, in this case. For pure HfO, the centroid
is at about 6 nm, i.e., a little closer to the HfO,/SiON interface,
which implies a slightly inhomogeneous distribution of traps.
The centroid of the charge for HAH(36/5/36) and HAH(25/
5/25) samples is estimated at 4.95 and 3.6 nm, respectively, i.e.,
just in the middle of the high-k film. This result is consistent
with the position of Al-doping in these films and gives evidence
that the trapped charge is located in Al-related traps. For the
HAHAH sample the obtained centroid at 4.4 nm (i, a little
closer to the metal interface) may be related to some migration
of the Al-dopant toward the top electrode. For the HAH(36/2/
36) sample the values of the trapped charge density and the
centroid of this charge suffer from significant error and are not
very reliable, because of the small values of the I-V hysteresis

shifts.
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Finally, the domination of SCL conduction at low fields gives
another possibility to assess the trap density. According to
SCLC theory,”” the trap-filled limit Vo (Figure 9) is related to
the trap concentration N, by

2
vEE qNdyi
TFL ~
Ep (®)

Having in mind that for the HAHAH sample Vi is about
3.1V, the voltage drop across the high-k layer is calculated by
using eq 2, and the density of traps is estimated to be N, ~ 2.4
x 10" cm™; i.e,, it is in accordance with the value obtained by
the I-V hysteresis values.

B CONCLUSION

In conclusion, the Al-doping of HfO, layers has a strong
influence on the trapping phenomena in TiN/Al-doped HfO,/
SiON/Si structures. The dedicated C—V and I-V hysteresis
measurements and analysis reveal that the amount of doping as
well as the doping approach define to a great extent the trap
parameters (e.g., density and spatial and energy location). A
small amount of Al-doping results in smaller hysteresis effects
with respect to pure HfO, layers implying a reduced density of
traps. Stronger trapping effects are observed in samples with
larger Al-doping. The results give evidence that there are two
kinds of traps giving rise to a C—V memory window—stress-
induced traps, whose density is independent of Al-doping,
which can be related to weak bonds in HfO, and Al-related
traps which can trap and detrap charge reversibly and hence can
be used for charge storage. The detailed conduction
mechanisms analysis revealed that the increased charge storage
ability of Al-doped HfO, is due to the existence of deep Al-
related traps with an energy level of 1.2—1.4 eV below the
conduction band edge of the dielectric. The 0.7 eV trap level
found in pure HfO, which is consistent with the energy
position of an oxygen vacancy in HfO, is not observed in the
doped samples. Therefore, Al-doping has two eftects on the
trap density—it decreases the oxygen vacancy-related defects in
HfO, and introduces deep traps. The doping level should be
carefully optimized to obtain the desired properties of the
dielectric layer (e.g, layers with reduced electrically active
defects or layers with increased trapping ability) suitable for the
particular application. Samples with higher Al-doping reveal a
trap density of about (2—3) X 10" cm™>. The values obtained
for the centroid of the trapped charge give further evidence that
these are Al-related traps. Al-doping (in the range of small
amounts used in this study) decreases also the EOT of the
layers, hence increasing the effective dielectric constant of the
stack. The larger permittivity values of Al-doped HfO, layers
with respect to their pure counterparts are most probably due
to an Al-induced densification of the layers.
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