Journal of The Electrochemical Society, 156 (8) H661-H668 (2009) H661
0013-4651/2009/156(8)/H661/8/$25.00 © The Electrochemical Society

Charge Trapping Related Degradation of Thin HfA10/SiO,
Gate Dielectric Stack during Constant-Voltage Stress
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Charge carrier generation/trapping and the related degradation of a thin HfAIO/SiO, stack in n-type metal-oxide-semiconductor
capacitors have been investigated under constant gate voltage stress. The results show that dielectric degradation is a composite
effect of neutral trap creation, surface state generation at the Si/SiO, interface, and positive charge trapping in the bulk. The
neutral traps created during stress are homogeneously distributed across the oxide following Poisson’s random statistics. A
significant amount of border-trapped charges was observed in both as-deposited and poststressed devices. The kinetics of genera-
tion of both oxide-trapped positive charges and interface trapped charges are found to be similar. Both these defects are possibly
created by the hydrogen-related species. We demonstrate that compared to HfO, devices, HfAIO devices with an equal equivalent
oxide thickness (EOT) show better performances in memory and logic applications. On the contrary, at a given stress voltage, the
threshold voltage degradation AVy and stress-induced leakage current degradation in HfAIO samples are larger, indicating a
shorter device lifetime compared to the HfO, samples of the same EOT.
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Scaling down the conventional silicon dioxide (SiO,) film thick-
ness below ~2 nm in complementary metal oxide semiconductor
(CMOS) devices leads to excessive leakage current due to the direct
tunneling of electrons between the electrodes and device reliability
problems. To provide sufficient gate control with reduced gate leak-
age current, alternative high-k dielectrics having a permittivity
higher than SiO, are be1n1g7 extensively investigated for future gen-
eration CMOS devices. Among the various high-k dielectrics
being studied, hafnium oxide (HfO,) has emerged as the most prom-
ising candidate due to its relatively high dielectric constant
( ~ 22), large bandgap ( ~ 5.25eV), large conduction- and
valence-band offsets, and compatlblhty with the polysﬂlcon gate
process. 2717 However, the major drawback of HfO, is that pure
as- dep051ted amorphous HfO, crystalhzes 7 at 400-450°C, result-
ing in a large leakage current and the paths for oxygen or dopant
diffusion in the dielectric via gram boundaries, threshold voltage
instability, and defect generatlon Recently, Zhu et al.® showed
that alloying of HfO, and Al,O5 increases the crystallization tem-
perature up to 1000°C compatible with the thermal budget in stan-
dard CMOS process. In the past few years, considerable progress
has been made in understanding the effect of aluminum inclusion on
electrical and material propemes of hafnium aluminate (HfAIO)
films.®'® However, little work'""'> has been done in assessing the
reliability of HfAIO films with a tantalum nitride (TaN) gate. We
therefore attempt to investigate charge-carrier generation/trapping in
HfAIO dielectrics during constant voltage stress (CVS) to gain bet-
ter physical insights into the generation mechanism of oxide
charges.

Experimental

Following the standard RCA cleaning process, (100)-oriented
boron-doped p-type Si wafer of 15-25 () cm resistivity was ther-
mally oxidized in dry oxygen at 800°C to form an interfacial SiO,
2 nm thick as measured by spectroscopic ellipsometry. A 2 nm thick
HfAIO film was deposited on the SiO, layer using atomic layer
deposition from a HfO,—Al,0; combination with a 1:1 weight ratio.
After formation of the gate stack, a 100 nm thick TaN metal gate
was deposited by reactive sputtering on top of the high-k layer. All
n-type metal-oxide-semiconductor (nMOS) capacitors received
postmetallization rapid thermal annealing at 750°C in N, gas for
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30 s and back side aluminum deposition for ohmic contact. Several
identical test capacitors with gate areas of 150 X 150, 100 X 100,
and 50 X 50 wm were used in this study. Devices were subjected to
dc CVS under negative bias on the TaN gate, keeping the p-type Si
in accumulation. Stressing and sensing measurements were done on
several identical test structures at room temperature in a dark-
shielded chamber using a Keithley 4200 semiconductor character-
ization system (SCS) and Keithley 236 source measure units.
Capacitance—voltage (C-V) measurements were done using an Agi-
lent 4284 A precision LCR meter controlled by SCS via a Keithley
708A switching matrix.

The flatband voltage (Vpp), midgap voltage (Vyyo), and the chan-
nel threshold voltage (Vy) were estimated utilizing the measured
high frequency (100 kHz) C-V data (swept from inversion to accu-
mulation) and theoretical simulation incorporating the quantum me-
chamcal (QM) effect including the wave function penetration in
8102 ¥ From QM simulation, the extracted equivalent oxide thick-
ness (EOT) of the stack was =~2.63 nm (within 5% variation in
several devices). The capacitance equivalent thickness extracted
from the measured capacitance in accumulation was =~2.83 nm. The
calculated dielectric constant of the deposited HfAIO was about
12.4.

Results and Discussion

Device characterization.— The measured C-V characteristics
with as-deposited HfAIO films exhibit a good saturation behavior in
accumulation of p-Si at the ac signal frequencies in the range be-
tween 1 and 200 kHz, as shown in Fig. 1a. In Fig. 1a the frequency
dispersion in the effective dielectric constant of the HfAIO stack
was insignificant, indicating a low series resistance associated with
the device structure. This is further supported by the identical values
of the capacitances measured in the accumulation regime in both
series and parallel mode at a given bias and frequency, as depicted in
Fig. 1b. Therefore, hereafter in assessing the dielectric quality dur-
ing stress, the C-V curves were measured in parallel mode at an ac
signal frequency of 100 kHz. A low series resistance of the device
structure was achieved due to the ohmic contact of the back side of
the wafer. The energy band diagram of the nMOS capacitors with a
HfAIO/Si0, stack is shown in Fig. 2a taking the work function of
TaN on HfAIO as 4.5 eV."> The important energy parameters, viz.,
conduction- and valence-band offsets, bandgap of HfAIO as de-
picted in Flg 2a, were estimated according to the prescriptions by
Yu et al.'” and taking mole fraction of HfO, in (HfO,), (Al,03);_,
as 0.5.
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Figure 1. (a) A typical multifrequency capacitance-voltage (C-V) plot of an
nMOS capacitor with a HfAIO/SiO, gate stack. (b) C-V plot of a HfAIO
MOS capacitor in series and parallel modes at an ac signal frequency of
100 kHz. All measurements were recorded by sweeping the gate bias from
inversion to accumulation of the p-Si.

From the full QM simulation of the measured C-V results, the
estimated Vpg of the as-fabricated capacitors was =+0.19 V. The
positive Vg caused due to incorporation of Al into HfO, was also
reported by several researchers. 2 Considering the work function
difference between the p-type Si substrate and TaN metal gate, Vg
should be about —0.25 V. Consequently, negative fixed charges
were present in the HfAIO/SiO, stack and its density was estimated
to be about 3.5 X 10'2 cm™2. As-fabricated HfAIO capacitors ex-
hibit a significant hysteresis during double-bias sweep measurement,
as depicted in Fig. 2b. About 138 mV of negative Vgp shift was
observed after the second sweep, i.e., when going back to inversion
from accumulation, as illustrated in Fig. 2b. We believe that the C-V
hysteresis in the metal-oxide-semiconductor (MOS) capacitor is at-
tributed to electron charging and discharging by direct tunneling
through the ultrathin SiO, to the substrate. From the above value of
Veg shift, the effective density of detrapped electrons was found to
be about 1.1 X 10'2 cm™2.

Figure 3a shows the tunneling current density J, as a function of
applied gate bias keeping p-Si in accumulation. Multiple break-
downs were not observed in the HfAIO devices up to the voltage
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Figure 2. (a) Schematic energy band diagram of nMOS capacitor with
HfAIO/SiO, stack. (b) Bidirectional HFCV characteristics of a virgin nMOS
capacitor with a HfA1O/SiO, stack dielectric. Data were recorded from in-
version to accumulation (solid circles) and back to inversion (open circles).
Solid lines are from QM simulation.
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Figure 3. Absolute magnitude of gate tunneling current density J, as a
function of (a) applied gate bias and (b) electric field across the HfAIO layer.

range studied here. The overlapping of the postbreakdown sweep
J-V characteristics in Fig. 3a indicates hard breakdown. At an elec-
tric field Ey above 4 MV/cm in the HfAIO layer and before dielec-
tric breakdown, the current through the HfAlO layer is due to
Fowler-Nordheim (FN) tunneling,1 as seen from the straight-line fit
to ln(Jg/Eﬁk) vs 1/Ey plot of the measurement results illustrated in
Fig. 3b. The FN slope during gate injection in as-fabricated HfAIO
devices was 73 MV/cm as estimated from numerical fit of the mea-
sured data with the well-known FN equation19 given by

Jen = AFNEﬁk exp(— Bpn/Ey) [1]

where Apy and Bgy are constants and Ey is the electric field across
the HfAIO layer as calculated from

th Vdi

Eyy = T_ = e [2a]
S (ﬁ)T

00X
0ox

Vi = Vg — Vis — s [2b]

where Vy, is the voltage drop in the high-k layer, 7, and T}, are the
physical thicknesses of SiO, (permittivity &,,) and high-k dielectric
(permittivity ey, respectively, and Vy; is the voltage drop across the
dielectric stack. V,, Vgg, and {sg; are the gate voltage, flatband volt-
age, and surface potential in silicon, respectively.

To study the wafer level reliability, we have performed the
ramped voltage stress (RVS) measurement with a step size of 0.03 V
corresponding to a linear voltage ramp rate of about 0.75 MV/cm s
in several identical capacitors of various gate areas. The statistics of
dielectric breakdown voltage Vgp obeys the Weibull distribution

given by
B
F(Vgp) =1 - exp{— (%) } (3]

where F is the cumulative failure probability, Vgp is the random
variable for breakdown voltage, o is the breakdown voltage at the
failure percentage of 63.2%, and B is the shape factor or Weibull
slope. In Fig. 4a, the time-zero dielectric breakdown voltage (Vgp)
distributions are shown for various capacitor sizes. The gate volt-
ages to breakdown V, gp were taken from the sweep /-V character-
istics during RVS. Using Eq. 2b, Vgp was estimated from the mea-
sured values of V, gp, Vg, and dg; of each individual capacitor. If
the bz%eakdown distributions follow Poisson’s random statistics, we
have
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Figure 4. (a) Individual Weibull distributions of breakdown voltage Vgp, of
HfAIO capacitors for different areas. (b) Normalized Weibull plot of Vgp
with the identical data from (a) by using Eq. 4 at a reference area of 2.5
X 107 cm?. Line is the fit to Weibull statistics. The dielectric breakdown
voltage at 63.2% of failure percentile was estimated at 5.42 V.

il {1 = F(Vap)} — I 11 = F(Vaa)) = 10 ) 14
2

where Vgp; and Vgp, are the dielectric voltages to breakdown for
capacitors with areas S; and S,, respectively. Figure 4b shows area-
scaled Weibull W = In[-In(1 — F)], where the individual Vg dis-
tributions for different gate areas are normalized to 2.5
X 107 cm? using Eq. 4. In Fig. 4b the normalized Vg, distributions
of various capacitor areas merge to a single Weibull breakdown
distribution, indicating20 that the defect-related dielectric breakdown
is intrinsic and can be explained by the precolation model.” Fur-
thermore, the overlap of the area-scaled Weibulls of capacitors of
various sizes, as shown in Fig. 4b, reveals that the defects in the
dielectric are homogeneously dlstrlbuted across the oxide area fol-
lowing Poisson random statistics.”” From the merged Weibull distri-
bution of Vgp, the estimated dielectric breakdown voltage at 63.2%
failure percentile was —5.42 V which corresponds to 20.6 and
6.5 MV/cm of the electric fields across the interfacial SiO, and
HfAIO layers, respectively.

Charge carrier trapping.— To study the stress-induced charge
generation/trapping in the gate stack, high frequency capacitance—
voltage (HFCV) measurements were performed before and after
CVS. In our devices, HFCV curves shifted toward more negative
voltage after CVS, as depicted in Fig. 5a, indicating positive charge
bulldup in the gate dielectric. Positive oxide charge trapping was
further confirmed (Fig. 5b) from the negative shift AV, of the
midgap voltage after electrlcal stress relative to the fresh device
following the relationship™ 214

AN, = - AVmsfox (5]

qTeq

where g is the magnitude of electronic charge, T, is the EOT of the

gate stack, and AN, is the variation in the density of stress-induced

oxide-trapped charges. The variations in the density of stress-

induced oxide-trapped positive charges AN?, are shown in Fig. 6 as

a function of stress time during CVS at various stress voltages. C-V

measurement is sensitive to the charges trapped closer to the Si/SiO,

interface.” Consequently, the positive oxide charge is located close
to the Si/SiO, interface. !

The change in the conductance peak value after CVS relative to
the virgin device shown in Fig. 7a indicates interface state D;, gen-
eration during stress.” Estimated midgap surface state density D;, in
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Figure 5. (a) HFCV characteristics of an nMOS capacitor with a

HfAIO/SiO, stack dielectric measured before and after CVS at —=3.8 V for
different times. Solid lines are from QM simulation. 16 (b) Stress time depen-
dence of midgap voltage shift during CVS with stress voltage V3" as a
parameter. Solid lines are from power-law fit.

as-fabricated devices was (2-3) X 10' cm™2 eV~!. The instanta-

neous value of D; was calculated from the single high frequency
(100 kHz) C-V and G-V data according to>>

Dh — { 2(Gm,max/m) } |: ( Gm,mﬂx)2 + (1 -_ ﬁ)z]l [6]
qS U)C()x Cox

where Gy, 1, is the maximum ac conductance with its correspond-
ing capacitance C,,, C,, is the oxide capacitance as measured from
the QM simulation,'® and S and  are the capacitor area and ac
signal frequency in rad/s, respectively. Figure 7b shows the variation
in the density of stress-induced interface states AD; at various val-
ues of VStresg Similar to the oxide-trapped positive charges, interface
state generatlon is accelerated with increasing V5", which in turn
is related to the electron energy reaching the anode.

SILC.— The gate current density at a given sensing gate voltage
Vi ™ increases after CVS. This increase AJ, in gate current from its

prestress value Jy is called the stress-induced leakage current
(SILC) and is often described by the “normalized SILC” defined as

AJg/Jg. Figure 8a is a typical plot showing the normalized SILC
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Figure 6. Variation in the density of oxide-trapped positive charges AN,
with stress time during CVS at different voltages. Symbols are from experi-
ment. Curves are fits to various theoretical models.
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Figure 7. (a) High frequency conductance-voltage characteristics (parallel
mode) of an nMOS capacitor with a HFAIO/SiO, stack dielectric measured

before and after CVS at —4.0 V for 5000 s. (b) Variation in the density of

surface states AD;, with stress time during CVS at different voltages. Sym-
bols are from experiment. Curves are from power-law fits.

spectra measured immediately after CVS at —4.0 V for different
times. The normalized SILC spectra show two distinct peaks at
V3eme = —2.175 and -2.625 V, indicating two distinct conductin ng
paths. To explain the SILC conduction mechanism, Ghetti et al.

proposed trap-assisted tunneling (TAT) via surface states in control
oxide devices. However, although a significant amount of interface
states is generated during CVS, TAT via surface states cannot ex-
plain the observed SILC in our HfAIO devices as explained below.
First, TAT via D, to be the conduction mechanism of SILC, normal-
ized SILC at a given V™, should exhibit a propomonahty to the
surface state density Dlt as proposed by Ghetti et al.>* However, no
proportionality between either of the two peak values in the normal-
ized SILC spectrum and D, is observed in our devices, as demon-
strated in Fig. 8b. Second, stress-induced interface traps are the
trivalent Si; = Si* danghng bonds, so-called Py centers® exhibit-
ing U-shaped distribution®® in the 1.12 eV bandgap of Si. Therefore,
for TAT via interface states to be a possible mechanism of SILC, the
normalized SILC spectrum should exhibit several peaks contrary to
the observed two peaks shown in Fig. 8a. In view of the above, we
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Figure 8. (a) Normalized SILC measured after CVS at —4.0 V for different
times as a function of gate sensing voltage in an nMOS capacitor with
HfAIO/SiO, gate stack. (b) Plot of two peaks in the normalized SILC spec-
trum (open symbols) measured after CVS at —4.0 V (left y-axis) and gener-
ated surface state density normalized to its initial value Dy (filled symbols)
(right y-axis) as a function of injected electron fluence Q;,;. Curves are from
power-law fits.
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Figure 9. (a) Stress time dependence of the increase in absolute magnitude
of tunneling current density J, relative to the fresh device observed during
CVS with stress voltage as a parameter. Solid and dashed lines are fits to Eq.
7 and the first term on right side of Eq. 7, respectively. (b) Normalized trap
generation rate per injected electron as a function of stress voltage in a MOS
capacitor with a HfAIO/SiO, stack. Solid line is fit to Eq. 8.

propose that stress-induced interface traps do not play a role in the
SILC observed beyond Vg through the HfAIO stack deposrted on
nondegenerately doped Si, contrary to the article”* dealing in de-
vices on heavily doped Si.

Stress-induced neutral trap creation in our devices is evident
from the nonsaturating behavior of the time evolution of J, during
CVS for different stress voltages, as depicted in Fig. 9a. The non-
saturating behavior of J, was also observed at a longer stress time
up to 10,000 s. This increase in J, could be due to the enhanced
electric field at the cathode (TaN gate) due to the trapped positive
oxide charge and/or due to the TAT? Therefore the increment
AJy(1) in J, during CVS can be modeled by

AJ, = A[l - exp(— f)] + B [7]

where A and T are constants, d is a fraction depending on the charge
state and atomicity of hydrogen during transport, and B is the trap
generation rate during CVS and is a function of electronic energy.
The first term on the right side of Eq. 7 takes into account the effect
of oxide charge buildup, while the second term takes care of the
SILC contribution via TAT. The first term alone cannot explain the
observed AJg — ¢ variations in either of the devices, as evident from
the dashed lines in Fig. 9a. Therefore, the increase in J, is less
sensitive to the positive charge buildup in the dielectric. Rather, the
time evolution (3 dependence) of J, during CVS can be best ex-
plained by the composite effects of the above two mechanisms
(solid lines), as illustrated in Fig. 9a. Neutral electron trap creation
rate per injected electron in HfAIO capacitors is also shown in Fig.
9b as a function of absolute magnitude of applied gate voltage dur-
ing CVS. The normalized value of the trap creation rate is
Btf‘rm/me where 7. 1S the total stress time at which the gate
voltage is interrupted” and Qjy; is the injected electron flux durrng
the electrical stress. Evidently trap creation rate dN,/dt follows®

dN Vstress 2
e A, C(Lg_| _ 1) [8]
dt Ey

where C is a constant and Ey, is the threshold voltage for trap cre-
ation. The estimated value of E in HfAIO dielectric was found
22 eV.

Mechanism of charge carrier generation.— The origin of posi-
tive oxide charge in a hafnium- based %ate stack remarns controver-
sial between trapping of holes'! and protons > The above
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Figure 10. (a) Measured midgap voltage shift AV:; due to detrapping of
oxide positive charges at room temperature as a function of logarithmic time
7,. Oxide positive charges were trapped at room temperature during CVS at
—4.25 V for 600 s. (b) Density of detrapped oxide positive charge observed
at room temperature as a function of detrapping time 7,. Zero-field emission
of oxide charge was measured (symbols) after CVS at —4.25 V for 600 s at
room temperature. Curve is from logarithmic fit.

controversy is resolved in this section as follows. Zero-field detrap-
ping of oxide-trapped positive charge is studied, as illustrated in Fig.
10. The straight-line nature of the midgap voltage shift AV be-
cause of self-detrapping vs logarithmic relaxation time Tr,, 25 shown
in Fig. 10a, indicates the existence of tunnel detrapprng of bulk
positive oxide charges at room temperature. Tunnel detrapping of
proton-induced defects is not physically accegtable, rather it is con-
formity with holes from as-fabricated traps. " Therefore, hole trap-
ping might explain the oxide positive charge buildup in both de-
vices. A plot of the instantaneous zero-field emission rate of N7, vs
reciprocal of detrapping time 7, yielded a straight line, as evident
from Fig. 10b. This means that intrinsic hole traps in the dlelectrrc
stacks are uniformly distributed [ D, (E) = const] in energy % in ac-
cordance with

dN:t kBTD ox(E)
s [9]
t t
where N¢, is the area density of detrapped positive oxide charge with
density of states D, (E) in cm™ eV~!, kpT is the thermal energy in
eV, and ¢ is the detrapping or relaxation time. The constant density
of states suggests that the as-fabricated hole traps have a single time
constant®® and therefore can be characterized by a single capture
cross section. Our analysis contradicts the observations by Gusev
and D’Emic.”’ We explain this in the following way. In their work,
the interfacial dielectric was ultrathin silicon oxynitride instead of
thermal SiO, used in our measurements and the interfacial dielectric
plays the role in positive charge and/or hole trapping. Using Eq. 9,
the estimated depth of the intrinsic hole traps from the SiO, valence
bandedge was ~1.2 eV. This value is close to that reported for
intrinsic hole traps in pure SiO, devices. 28
The origin of trapped holes in the dielectric durm§ negative-bias
CVS may be elther valence band tunneling (VBT) or anode hole
injection (AHD).***! For the VBT mechanism of holes, the oxide
positive charge generation probability Py, = AN}/ ANy, should not
depend on stress voltage. This is because of ﬁllmg of the pre-
existing hole traps. Py, is also shown in Fig. 11 as a function of the
injected electron density Nj,; during the negative-bias CVS in both
capacitors. As evident in Fig. 11, irrespective of the dielectric stacks,
P, strongly depends on V;"ess, which in turn is related to the elec-
tron energy reaching the anode. Moreover, for VBT to be a possible
mechanism, trapped oxide positive charge buildup should saturate
during stress consistent with the filling of pre-existing traps. How-
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Figure 11. Oxide positive charge trapping probability as a function of num-
ber of injected electrons into HfAIO/SiO, stack during negative-bias CVS
with stress voltage as a parameter.

ever, no such saturation in oxide positive charge buildup was ob-
served in either of the devices within the stress time shown in Fig. 6.
On the contrary, AN}, monotonically increases with stress time, in-
dicating generation of defects in the dielectric during stress. There-
fore, hole trapping via a VBT mechanism during negative-bias CVS
seems unlikely in these devices. To model the positive charge
buildup in high-k stacks due to hole trapping, the stretched-
exponential A{1 — exp[—(#/7)*]} formalism has been made popular
by several researchers.”®*’ Stress time dependence of AN}, can be
mathematically well reproduced by the stretched exponential with
distribution width { = 0.22, as shown by the filled dots in Fig. 6.
However, the stretched-exponential formulation (with B < 1) is
based on the a priori assumption of continuous distribution of cap-
ture cross section of the intrinsic hole traps contrary to the single
time constant, as determined experimentally in Fi ig. 10b. Further-
more, the distributed capture cross-section model™ assumes only
trap filling without creating additional traps In view of the above,
the distributed capture cross-section model**?7 is not physically vi-
able to explain the positive charge buildup during CVS in either of
the high-k gate stacks studied here.

Hole trapping into as-fabricated hole traps of single capture cross
section obeys the simple charging equation31 p(1) = A[1
— exp(—t/7)]. However, the estimated oxide positive charge density
AN, in either of the devices does not fit with above hole-trapping
dynamics, as depicted by the dashed lines in Fig. 6. Rather, AN (7)
fits well (the solid lines in Fig. 6) with

AN, = A[1 = exp(~ t/7)] + Br" [10]

The first term on the right side of Eq. 10 is due to hole trapping in
pre-existing neutral traps via AHI, while the second term is due to
defect generation. The power-law exponent n = 0.2 in Eq. 10 repro-
duces AN?, during CVS, as depicted in Fig. 6. 8 = 0.2 is consistent
with the drsperswe transport of proton through the interfacial SiO,
during negative-bias stress in the stack.’ Furthermore, the maxi-
mum depletion capacitance is observed to decrease during CVS of
the capacitors, as depicted in Fig. 12. This decrease can be attributed
to the reduction in the density of active boron acceptor impurities in
the p-type Si substrate, resulting from the formation of B-H
complexes.33 Such complexes are induced by the transport of hydro-
gen in the Si substrate, consistent with the picture involving the
release of hydrogen during CVS. We therefore propose that bulk
oxide positive charges in the HfAIO dielectric stack are attributed to
holes and proton-induced defects. However, the contribution of
proton-related defects is significantly larger than that of holes in
oxide positive charge buildup. Recently, from the bias temperature
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Figure 12. Relative ~maximum depletion capacitance [Cy,

= Cep(0)]/Cyep(0) of an nMOS capacitor as a function of stress time during
CVS.

stress measurements in HfO, and SiO, devices, we have identified
these proton-related defects as the overcoordinated [Si, = OH]*
centers."® Both AN}, and AD;; follow a * (n = 0.2) power law for
both devices (Fig. 6 and 7), indicating the similar generation Kinetics
for these two types of defects."

Model.— During negative-bias stress, the injected electrons are
transported toward the Si/SiO, interface (anode) under the electric
field in the dielectric stack. These electrons acquiring energy above
the threshold energy for the liberation of hydrogen (proton) at the
Si/Si0, interface depassivate Si; = SiH centers, leading to the gen-
eration of trivalent Si; = Si* dangling bonds acting as the interface
states and the subsequent release of hydrogen (proton) These lib-
erated protons are then accelerated toward the cathode (TaN gate)
under the oxide electric field E,,, leading to the breaking of the
bridging oxygen bonds and subsequent trapping of H* by the
strained Si-O—Si bonds™' formrng oxide positive charges. A frac-
tion of the liberated hydrogen, while accelerated toward the cathode,
generates neutral traps in the high-k layerx In the framework of
the dispersive proton transport model,**® one can model positive
oxide charge buildup by

AN&(Z‘) = ]\onT{1 - CXP[— U(H;ulk)(t)]} [1 la]
1(1)
[nglk] [Hml l 1- f G(Y)dY] [1 lb]
0
[Hi,] = [Si; = SiH][1 - exp(~ o1;Niy)] [11c]

where Nt is the total density of strained bonds in the SiO, layer, o
is their mean trapping cross section, and [Hy, ;] is the bulk concen-
tration of proton at a time ¢ and is related to the instantaneous hy-
drogen concentration at the interface [H] ] by the transport equation
(Eq. 11b). G(y) is a trial function related to the probability of finding
a proton at a given distance from the interface at a given trme t and
€(r) is related to the dispersiveness of proton transport [Slg
= SiH] is the initial concentration of passivated SiH bonds that
after depassivation yields H* with a liberation cross section o+ and
Njpj is the number of injected electrons per unit area. Figure 13
shows that the above proton transport model can well reproduce the
measured density of oxide-trapped positive charges during CVS in
HfAIO capacitors.

Comparison between HfAIO and HfO, devices— To compare
the carrier trapping related deterioration of the gate stack and device
performances, HfAIO and HfO, capacitors of equal EOT were used
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Figure 13. Variation in trapped oxide positive charge density in HfAIO
capacitors with stress time during CVS at various voltages. Symbols are
from measurements and curves are from dispersive proton transport model.

here. The jprocess flow of the HfO, devices can be found
elsewhere.” Al incorporation in HfO, introduces more oxide fixed
charge and border trap in as-fabricated HfAIO samples when com-
pared with the virgin HfO, devices of same EOT (not shown here).
Like in HfAIO devices, HfO, devices exhibit positive oxide charge
trapping during negative-bias CVS. A relative comparison of oxide
positive charge buildup rate in both devices is shown in Fig. 14a at
various equal stress voltages. The principle of operation of charge
trapping memory devices is closely related to the oxide charge
buildup in MOS capacitors.35 Therefore, the larger value of AN}, at
a given stress voltage, as depicted in Fig. 14a, indicates better per-
formance of charge trapping memory devices with HfAIO dielectric
when compared with HfO,/SiO, stack of same EOT. Unlike the
variation in AN}, with stress time during CVS at an identical V;"ess,
the amount of AD;, is more in HfO, capacitors compared to the
HfAIO capacitors, as illustrated in Fig. 14b. Nearly an equal number
[(2-3) x 10eV-!ecm™] of D; was observed in both as-
fabricated devices. Results shown in Fig. 14b indicate that addition
of Al increases the Si/SiO, interface stability in HfAIO devices
during CVS. Coulombic scattering due to interface-trapped charges
plays a vital role in channel carrier mobility degradation.36 In view
of this, stress-induced channel carrier mobility degradation and
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Figure 14. Number of stress-induced (a) positive oxide-trapped charges
AN}, and (b) interface states AD;; as a function of stress time in HfA1O0/SiO,
(open symbols) and HfO,/SiO, (solid symbols) stacks during CVS. Results
are shown relative to the fresh devices.
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transconductance (g,,) degradation in metal oxide semiconducton
field-effect transistor (MOSFETs) with HfAIO gate dielectric are
lower than that with HfO, of an equal EOT. Similar observations
were experimentally observed by Joo et al.” in their MOSFET de-
vices.

At a given operating voltage, the higher V1 degradation in
HfAIO capacitors, as depicted in Fig. 15a, shortens the device life-
time compared to the devices with HfO,/SiO, stack of same EOT.
In other words, for a given projected lifetime within a given toler-
ance of Vrp shift, the operating voltage of the HfAIO devices would
be lower than that of the HfO, devices with an identical EOT. AV
comprises of AN! and ADi[.35 Therefore, comparing the results
shown in Fig. 14 and 15a, AN?, significantly contributes in Vi deg-
radation. Similar to Vi degradation, SILC degradation in HfAIO
devices is also higher than that of HfO, devices of equal EOT, as
shown in Fig. 15b. It is discussed above that SILC is due to assisted
tunneling via neutral traps generated in the high-k layer during
CVS. Therefore, from the results shown in Fig. 15b we propose that
at a given V3", the neutral trap creation rate is higher in HfAIO
devices relative to the HfO, devices of an equal EOT. Neutral elec-
tron traps originated from nonbridging oxygen centers.® Al acts as a
network modifier® by breaking of Al-O-Al bonds which produce
nonbridging oxygen centers.® Therefore, the higher trap creation in
HfAIO stack might be due to larger concentration of nonbridging
oxygen centers originated from breaking of Al-O-Al bonds com-
pared to Hf—O-Hf bonds. This argument is further supported from
the lower bonding energy of the Al-O bonds ( ~ 118.5 ¢V)*’ than
that of the Hf—O bonds ( ~ 213.1 eV).3 8 Moreover, gate dielectric
breakdown occurs due to the formation of conducting path between
the electrodes when the neutral trap density reaches a critical
value.”” In view of this, the results shown in Fig. 15b immediately
imply that at a given applied voltage, the dielectric breakdown trig-
gered by neutral trap creation is facilitated in HfAIO capacitors rela-
tive to the HfO, ones of an equal EOT.

Under negative-bias stress, the stress-induced oxide positive
charge buildup is closely related to the electric field E, across the
2 nm thick interfacial SiO, layer and the trap creation is related to
the electric field in the high-k layer in either of the capacitors. For a
given V;"e”, voltage drop V,, across the interfacial SiO, in HfAIO
capacitors is higher than that in HfO, capacitors, resulting
E(HfAIO) > E (HfO,). Therefore, the density of AN, is larger
in HfAIO capacitors compared to the HfO, capacitors, as illustrated
in Fig. 14a. For a given V;"ess, voltage drop across the HFAIO layer

is approximately equal to voltage drop across the HfO, layer, while
Entaio > Enro, because of the larger physical thickness of the HfO,
layer. Therefore, at a given stress voltage, neutral trap creation rate
in the high-k layer is higher for HfAIO capacitors when compared
with HfO, capacitors of same EOT.

Conclusions

A systematic experimental investigation on the electrical stress-
induced degradation of gate dielectrics and device performances
with HfAIO gate dielectric is presented. We propose that dielectric
degradation is a composite effect of neutral trap creation, surface-
state generation at the Si/SiO, interface, and positive charge trap-
ping in the bulk. Significant amount of border-trapped charges was
observed in both as-deposited and poststressed devices. Similar ki-
netics of generation of both oxide-trapped charges and interface-
trapped charges was observed. Both these defects are possibly re-
lated to hydrogen-related species. Furthermore, the results
demonstrate that HfAIO samples are superior to HfO, samples of
equal EOT in charge trapping memory and CMOS logic applications
at the cost of shorter device lifetime and enhanced gate dielectric
deterioration due to excess oxide charge buildup and neutral trap
creation in HfAIO capacitors at a given V™. The present study
gives an important message that bypassing tghe leakage current ben-
efit due to Al incorporation in HfO,, a trade-off between the device
performance and dielectric degradation assessing the oxide reliabil-
ity must be made in selecting the appropriate gate stack of a given
EOT.
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