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In this work, the breakdown transients of metal-oxide-semiconductors (MOS) stacks with InGaAs channels and
different oxide layers (Al,0s, HfO, and SisN4) have been studied in terms of the time-to-breakdown and the du-
ration of the progressive breakdown regime. It is observed that dielectric layers with higher thermal conductivity
show larger transient time during the progressive breakdown regime, and this provides a significant lifetime ex-

tension across the entire failure distribution. This is attributed to a lower temperature of the percolation path
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which reduces local electro-migration. Moreover, the overall results show that the progressive breakdown re-
gime is uncorrelated with the initial degradation rate, and that the bending of failure distribution at low percen-
tiles is exclusively attributed to the progressive increase of the gate current during the breakdown event.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The introduction of InGaAs as a channel material for complementary
metal-oxide-semiconductor technology (CMOS) presents major chal-
lenges in terms of the characterization of the various defects that affect
the performance and reliability [1]. It has been reported in ultra thin
gate insulators that the breakdown event (BD) is characterized by a pro-
gressive growth of the current and not an abrupt change in the conduc-
tion mechanism [2-4]. This effect occurs with Poly-Si or metal gate
electrodes, with SiO,, SiOxNy or high-k dielectrics as gate oxides, and
with Si or InGaAs substrates, and must be taken into consideration for
an accurate projection of the reliability of such technologies.

In ultra-thin gate oxide, after the BD event, there is a gradual process
with the gate current increasing in a continuous progression from insu-
lating to eventual shorting. Taking into account this progressive behav-
ior of the BD event, the chip failure is redefined as a gate leakage level
rather than the first jump in gate current, affecting the failure distribu-
tion of the gate oxide [2]. Contrary to thicker oxides, this updated cumu-
lative distribution of the oxide failure has been found to be non-Weibull
with two regions: a shallower slope at long times and a steeper slope at
short times [5,6].

At the present some aspects of such cumulative failure distribution
remains controversial. Some authors suggest that the bending of failure
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distribution at short times is exclusively attributed to differences in the
defect generation rates between the high-k layers and its interfacial
layer with larger Weibull slope at low percentiles [7,8].Although, a re-
cent paper [9] shows for Hf-based high-k/Si stacks that the progressive
BD (PBD) play a major role, it is not clear if it is a general effect observed
in different dielectrics layers. In particular, there is no experimental
data reported in the literature regarding the high-k/InGaAs stacks,
which seems to be one of the frontrunner candidates for future
CMOS nodes.

Another controversial topic is the occurrence of multiple competing
BD events during the progressive BD regime. Some authors reported for
SiON/Si stacks, that the apparent distribution of the PBD time was no
longer area independent due to the multiple-BD effect [ 10], making dif-
ficult the identification of the PBD regime, and affecting the calculation
of the failure distribution [11].

To clarify those controversial topics it is therefore interesting to in-
vestigate the behavior of the failure distributions in terms of the dura-
tion of the progressive BD. Here, we report experimental data of BD
transient of MOS stacks with different dielectric layers (HfO,, SizNy4
and Al,0s3) but similar metal gate and substrate (InGaAs). The use of di-
electric layers with different BD transient characteristics allow a deep
analysis of the influence of the progressive BD regime in the failure dis-
tribution of the gate oxide, particularly at low percentiles. Regarding the
occurrence of multiple-BD effects, a deep analysis of the physical effect
during the PBD regime is performed to clarify the main conditions of the
occurrence of multiple-BD paths.
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2. Experimental

In this work different MOS structures were fabricated with
different dielectric layers: Al,03, SisN4 and HfO,. In all cases an
n-type InGaAs substrate (epitaxially grown on InP wafers) and
gate metallization of Ti(1 nm)/Au(200 nm) were used. The area of
the devices was 1.1 x 10™4 cm?.

For the MOS structure with Al,O3 dielectric layer, a pre-dielectric de-
position treatment (PDT) was performed by a NH4OH solution, and then
a 9 nm-Al,03 layer was prepared by atomic layer deposition (ALD)
using trimethylaluminium (TMA) and H,0 precursors at 300 °C. For
the MOS structures with SizNy, the dielectric was deposited by plasma
enhanced chemical vapor deposition (PECVD) with NH; pre-deposition
treatments. For the MOS structures with HfO,, a pre-dielectric deposition
treatment (PDT) was performed and then a 10 nm-HfO, layer was
prepared by atomic layer deposition (ALD) with tetrakisdimethylamino
hafnium (TMAHY) as precursor. For all type of samples, post deposition
annealing (PDA) at 400 °C in vacuum (102 Torr) for 30 min was imple-
mented. In all cases the oxide thickness was measured by ellipsometry
and TEM microscopy. Further details about the samples can be found in
our previous works, Refs. 12-14.

Regarding the electrical measurements, the capacitors were subject-
ed to constant voltage stresses (CVS) where the gate current was mon-
itored as function of the time at different voltages using an Agilent
Parameter Analyzer 4155C with a resolution in time of some milliseconds.
In all cases, the measurements were performed at room temperature
(300 K), and the bias was applied on the gate with the other terminal
(wafer's back contact) grounded. Further details about the measurements
of the BD transient can be found in Refs. 2-4.

In some cases, the CVS was periodically interrupted for Capacitance-
Voltage (C-V) measurements to track the degradation of the device
parameters such as the flat band voltage (Vgg).The C-V measurements
were carried out using an Agilent 4285A LCR meter and the calculation
of Vgg was performed by the recently introduced inflection point
technique [15].

3. Results

3.1. Comparison between the initial degradation and the progressive
breakdown regime

Fig. 1 shows typical BD transients observed under a constant voltage
stress (CVS) with 100 mA current limit, for MOS stacks with different
gate dielectrics, but similar metal gate (Ti/Au) and substrate (n-InGaAs).
The layers (=~ 10 nm) of Al,05, HfO,, and SisN,4 correspond to Fig. 1(a),
(b) and (c) respectively. At least two distinctive phases can be observed
from all these curves shown in Fig. 1. The first part, which was exten-
sively studied in [12], is characterized by a decrease of the current due
to negative charge trapping, while the second part is characterized by
a progressive increase of the current [16].0nce the percolation path is
completed by generation of defects within the dielectric layer, the BD
event takes place and the gate current (Ig) changes trend and starts in-
creasing [2-4,16]. It is a noisy and progressive process well in agree-
ment with those reported in the literature for the cases of HfO, [4,17,
18] and SiO, [2-4,19]. The duration of the progressive increase of the
current (dlgp/dt) shows a strong voltage dependence (see inset in Fig.
3), and reach current levels of the order of 1-10 pA, where the gate cur-
rent jumps abruptly to very high levels in times of the order of microsec-
onds, i.e., limited by the bandwidth of the equipment. Note that the
current level where the gate current jumps abruptly is on the same
range for all cases with different CVS voltages. Therefore, as reported
in our previous work [17], if the stress voltage is high enough to increase
the background current above such level, only a fast runaway will be ob-
served. In this framework, two relevant parameters can be defined as
shown in Fig. 1(a).The time associated to the BD spot formation,
named as the time-to-breakdown (tgp);and the period between the
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Fig. 1. Typical BD transients of gate current under constant voltage stress (CVS) for metal
gate (MG)/Dielectric/InGaAs with a current compliance limit of 100 mA. The layers
(=10 nm) of Al,05, HfO, and Si3N4 correspond to (a), (b) and (c) respectively.

BD event and the jumps of the gate current to very high levels, named
as the progressive BD time (tpgp) [16,17].

Fig. 2(a) shows the evolution of tgp (i.e. the first phase of the degra-
dation) as function of the stress voltage ranging from +3 V to +6 V for
all set of samples. Although it is not a statistical analysis, the large num-
ber of measurements is enough to show the main differences within
each set [20]. For any value of stress voltage, it is observed that the set
with Al,03 layer shows the highest tgp, while the set with HfO, layer
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Fig. 2. Characteristics of the time-to-breakdown (tgp) during CVS experiments for metal gate (MG)/Dielectric/InGaAs stacks in the case of 9 nm Al,05 (square symbols), 10 nm HfO,
(triangle symbols), and 9 nm Si3Ny, (circle symbols) with a current compliance limit of 100 mA.(a) Correspond to tgp vs. the stress voltage (V¢); (b) current-voltage characteristics
(I-V) for all set of samples; (c)corresponds to the charge-to-breakdown (Qgp) during the wear-out regime, as function of the stress voltage; and (d) correspond to tgp vs. the electric

field considering the tror (equivalent oxide thickness).

shows lower values even though it is slightly thicker. Such a result may
be due to the differences in the leakage current levels, due to variations
in the semiconductor-oxide conduction band offsets. In particular, due
to a smaller barrier for electron tunneling from the conduction band,
the HfO, sample shows a higher leakage current level at low bias (see
Fig. 2(b)), explaining the lower values of tgp [20]. By studying the
charge-to-breakdown (Qgp) the same conclusion is obtained (see
Fig. 2(c)).

Fig. 3 shows the tpgp (i.e. the second phase of the degradation) as
function of the stress voltage ranging from +3 V to +6 V for all set of
samples of the previous figure. It is clear from the figure that the data
from Al,O3 shows high values of tpgp, and hence a slower progressive in-
crease of the gate current, while for the HfO, layers faster breakdown
growth rate with decreased tppp values in 5 orders of magnitude is ob-
served. A strong dependence with voltage is observed in all cases [2,
4]. 1t is widely accepted that the evolution of the progressive BD current
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Fig. 3. Time duration of the progressive breakdown regime (tpgp) as function of stress voltage (V) during CVS experiments for metal gate (MG)/Dielectric/InGaAs stacks in the case of 9 nm
Al,03 (square symbols), 10 nm HfO, (triangle symbols), and 9 nm Si3Ny, (circle symbols). The inset corresponds to the degradation rate (dlgp/dt) as function of the stress voltage for the
same data.
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may be quantified by the slope of the current during the BD event (tpgp).
For a better understanding, the inset of the Fig. 3 shows the dlgp/dt
values for different MOS stacks, of 1 nA to 10 pA. Although the leakage
current levels are different with the samples for the studied bias range
(see Fig. 2(b)), this analysis reflects the experimentally observed evolu-
tion of the current during the BD event. For example, in the case of
Al,0s, the time to reach a current level of the order of 1 pA ranges
from few seconds at +5.5 V, up to 1074 s at + 5 V, while in the case
of HfO, the time to reach a current level of the order of 1 pA ranges
from a few seconds at +3.5 V, up to 1073 s at +3 V. It is observed
that the MOS stacks with high thermal conductivity (i.e Al,03 and
SisN4) show similar dlgp/dt (inset Fig. 3), while the duration of the
breakdown transient decreases dramatically for HfO,, even though the
stress voltage is lower, and the oxide is slightly thicker. Table 1 shows
the thermal conductivity of the studied samples.

Since a high-k/InGaAs interface with low density of defects is diffi-
cult to achieve and currently under intensive investigation [12-14],
one may argue that a poor structural quality is the responsible of the re-
sults observed in Figs. 2(a) and 3, particularly in the case of the relatively
fast BD observed for the HfO,. The influence of the structural quality on
the results will be discussed in detail in the next section.

Regarding the interpretation, the results of Fig. 3 can be explained by
the thermal effect during the BD transient. It has been demonstrated
that such a drastically different behavior among these various dielectric
layers is due to the thermal conductivity of the oxide layers [16]. The
breakdown growth rate during the second phase (named dlgp/dt in
the inset Fig. 3) is related to heat dissipation properties during the
atomic diffusion of the cathode or anode atoms into the gate dielectric
in the region of the percolation path [16].Therefore, dielectric layers
with higher thermal conductivity will maintain the temperature of the
percolation path below melting for longer times, and, hence showing
smaller breakdown growth rates [16].This observation also states that
the dlgp/dt is an intrinsic characteristic of the dielectric layer, and it
doesn't depend on the quality of the interfacial layer. In this regard, it
is very important to compare our data measured on samples with
InGaAs substrates with similar cases studied on samples with Si sub-
strates. For example, the present case of the HfO, gate dielectric can
be compared with [17], referring to the case of a TiN/HfO,/interfacial
Si0,/Si substrate, with a 2.5 nm thick HfO, film and 1 nm SiO, layer.
In this case, the dlgp/dt values (about 1078 to 10~ ' A/s at 2.5-3 V)are
similar to the values plotted in the inset of Fig. 3. According to our under-
standing reported in [16,21], it is indeed expected that dlgp/dt depends on
tox. Actually dlgp/dt may also depend on the substrate, since electro-
migration may be different for Silicon vs. InGaAs (i.e. HfO, on Si different
from HfO, on InGaAs). However, according to our model, such differences
are expected to be minor as compared to the thermal conductivity of the
dielectric layers. So in the present experiment, with a limited number of
samples and with the statistical spread always observed in these cases,
it is very difficult to put it in evidence, i.e., in a first approximation the
dlgp/dt values should be similar, as shown by the data of Fig. 3.

Fig. 4 shows the shift of Vgg (AVEg) as function of the stress time for
all set of samples at constant electric field (1 MV/cm).Since the recovery
of trapped charge for the InGaAs/Al,03 MOS system can be fast [22],
special attention was taken to keep constant and small (100 ms) the

Table 1
Description of samples studied.

Dielectric €ox [26] Thermal Melting Substrate Gate
conductivity temperature
[W/mK] [K]
[27-31]
Al,03 ~10 30 2300 InGaAs Au
SisNy 7 30 2100 InGaAs Au
HfO, ~20 1.1 3000 InGaAs Au
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Fig. 4. Shift of the flat band voltage (AVgg) as function of the time during CVS experiments
at constant field (1 MV/cm).

values of the delay time between measurements. It is observed that
the MOS stacks with Al,O3 and HfO, layers show similar degradation
characteristics, while the SisN4 shows a different behavior with a
much lower Vg shift.

The shift of Vg can be attributed to charge trapping in the gate oxide.
This interpretation is in a full correlation with the results in Fig. 1, where
the gate current densities, measured at various stress voltages, decrease
with the stressing time for all samples. Although it is not the topic of this
work, the difference in the degradation rate between all samples may be
due to different levels of leakage current [20] (see Fig. 2(b)). Although
MOS stacks with Al,03 and HfO, show similar degradation rates before
the BD event(Fig. 4), there are differences between the values of tpgp
after the BD event(Fig. 3).The physical origin of such behavior may be
due to different physical mechanisms in each phase. The initial deg-
radation under CVS is controlled by the trapping effects on pre-
existing and/or stress induced defects [4,12,20], while the progressive
BD regime(i.e. after the BD event) is controlled by the heat dissipation
properties during the atomic diffusion of the cathode or anode atoms
into the gate dielectric in the region of the percolation path [16].

3.2. Influence of progressive breakdown on failure distribution

The failure distributions associated to both regimes (tgp and tpgp),
named Fgp and Fpgp, are assumed to be Weibull distributions with dif-
ferent scale and shape parameters (tgp, Pep) and (tpgp, Pesp) respective-
ly. The failure distribution for the first BD times (Fgp)is well known to be
a Weibull distribution [20], and Fpgp has been recently demonstrated to
fit the Weibull model, particularly when the failure current is not too
high as in our case [6].

The existence of the progressive BD in ultra-thin gate oxides had re-
quired an updating of the definition of the oxide failure; it has changed
from the first jump in gate current to the leakage value that disrupts cir-
cuit operation [2,3,5]. In this context, the time to oxide failure (tga) is
the sum of the time to BD (tzp) and the residual time of the progressive
increase of the current (tpgp)elapsed from the BD to the final failure (i.e.
tgp + tpep = trar). The distribution of interest for reliability is the cumu-
lative distribution of the oxide failure (Fgay ) and not that of the first BD
(Fsp). It has been reported that the failure distributions considering the
progressive BD, and hence associated to tgay (i.e. Frar) are non-Weibull
distributions with a shallow region at high percentiles and a rapid de-
crease at low percentiles [6,9,10,11,23].Tours et al. [24] has proposed a
compact model for Fray, showed in Eq. (1), which is valid for any failure
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percentile and for any combination of scale and shape parameters of
each regime.

(L)BPBB (L>BBD

TPBD TBD

Tl P\ Peo M
(=) ™+ ()

This model, valid for single and multiple BD spots, reproduce very
well the main aspect of the experimental data [24]. At high percentiles,
FraiL converges toward the Weibull distribution of the first BD times,
Fgp, whereas at low percentiles, it converges toward a Weibull distribu-
tion with a slope Brai. = Pep + Pesp [10]. In this context, the first BD
framework is only a special case with PBD time being negligibly small.

The model for Fgay (Eq. (1)) is a function of tpgp/tsp ratio and the
shape parameters 3's. In our case, the slopes (Pgp and Ppgp) for the
Fgp and Fpgp distributions can be estimated from the experimental
data. Although the number of measurements is small, it is enough to
get a rough estimation of Pgp and Ppgp. In the case of Al,03 at +6V,
Ppp and Pppp are in the range of 2-3 and 2.5-3.5 respectively. Note
that the values for the first BD times (Ppp) and progressive breakdown
(Bpep) are different corresponding to shallower slope at long times
and steeper at short times. This is similar to the case of SiO, [3] and
Al,03 [25] with Si substrates, which also exhibits different (3 values.
Since such 3 values correspond to a narrow statistical spread, it is possi-
ble to obtain a proper understanding of the failures distributions based
on few measurements.

Based on such values of Pgp and Bpgp, it is observed a strong depen-
dence of Fram with tpp/teD (F]:AH_(t =10 S) = 10_9 for tpep/tep = 1;
Fean(t = 10s) = 10~ *for tppp/tgp = 10~ 3), indicating large differences
in failure distributions for different values of tpgp/tgp.

Fig. 5 shows the tppp/tgp ratio as function of the stress voltage for
each set of samples. It is observed that the MOS stacks with Al,03 and
SisNy4 layers have higher values than those with HfO, layers indicating
the strong influence of the PBD regime. These results show that the
bending of the failure distribution at low percentiles is not consequence
to differences in the defect generation rate as suggested by others [7,8].
Fig. 4 shows that MOS stacks with Al,03 and HfO, have similar degrada-
tion characteristics before BD, however the duration of the progressive
increase such dielectric layers, tpgp, is different by orders of magnitude
(Fig. 3)generating different values of tppp/tgp. The MOS stacks with
Al,05 and HfO, show tpgp/tsp = 107! and tppp/tgp < 10~ respectively,
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Fig. 5. Ratio of the duration of the progressive breakdown regime (tpgp) and the time-
to-breakdown (tgp), marked as tpgp/tpp, as function of stress voltage (V) during CVS
experiments for metal gate (MG)/Dielectric/InGaAs stacks in the case of 9 nm Al,03
(square symbols), 10 nm HfO, (triangle symbols), and 9 nm Si3Ny, (circle symbols) with
a current compliance limit of 100 mA.

resulting in different distributions al low percentiles according to the
model of Eq. (1) [24].

This observation is not an artifact due to a poor structural quality of
the interfacial layer. The gate stack quality in terms of defects (i.e. inter-
face states, border traps and leakage current) affects only the first phase
of the current-time measurements, associated to the tgp parameter.
Since our data (see inset Fig. 3) show that the progressive BD regime
is driven by thermal conductivity and not by the quality of the interfacial
layer (IL), improving the IL will not affect the tppp.

Considering this observation, it is clear that these conclusions do not
depend on the quality of the high-k dielectric layers. In particular, it is
relevant for the HfO, that show the lower values of tgp. In the hypothetic
case of an increase of tgp for HfO,, it will not result in any change of the
main results showed in Fig. 5 (i.e. ratio of tpgp/tgp), Since an increase of
tgp for HfO, will only reinforce its differences with Al,03 and SizN,.

From the reliability point of view, even with a limited number of
measurements as in our case, an ultimate comparison of the experimen-
tal data at similar field considering the equivalent oxide thickness (tgor)
of each dielectric layer is useful. Fig. 2(d) shows the evolution of tgp as
function of Fgor (electric field considering tgor) for the cases of Al,03
and HfO, for a better understanding. Contrary to Fig. 2(a), it is observed
that the set with HfO, layer shows the highest tgp at similar Fgor. How-
ever, though within the limits of a small statistics of samples, the Al,03
shows a better trend by extrapolating to low fields.

In fact, the advantage of a higher thermal conductivity producing a
longer progressive BD time for Al,03 has to be weighted with respect to
the disadvantage of the lower dielectric constant (g(Al,03) < &(HfO,),
see Table 1) which implies lower CMOS performance.

For reliability, as described above, the distribution of interest is
the cumulative distribution of the oxide failure of tgay (i.e. tpay =
tgp + tpep). Fig. 6 shows the time to oxide failure (tpar) — which is
the sum of the time to BD (tgp) and the residual time of the progressive
increase of the current (tpgp) elapsed from the BD to the final failure (i.e.
tep + tpep = trar) — as function of the stress voltage ranging from + 3V
to + 6 V for all set of samples. It is observed that the tgay. of Al,O5 is
many orders of magnitude higher than the rest, particularly than HfO,.
By considering the equivalent oxide thickness, however, the opposite
conclusion is obtained, since the tga; for Al,O5 is generally much
lower, except for the case of low fields (see inset Fig. 6).

The occurrence of multiple competing BD events during the progres-
sive BD event has been also a topic of debate during the last years. The
results present in this work can contribute to a better understanding
of this effect. In the simplest case, in which the tgp lifetime is longer
than the tppp time (tpgp/tsp < 1), tgp is regarded as the first BD spot for-
mation, and the PBD process represents growth of this BD spot. On the
contrary, if the tgp lifetime is shorter than the tpgp time (tpgp/tep > 1),
it is claimed the occurrence of multiple BD spots before catastrophic
BD based only on the difference between tpgp and tgp [9,11].The results
presented in this paper suggest that a different interpretation is possible
to model the dynamics of the BD of ultra-thin gate dielectrics in the case
of the tgp < tpgp. The understanding of the physical mechanism involved
that controls the progressive BD regime sets conditions of the occur-
rence of the multi-BD paths across the oxide.

As showed in Fig. 5, large ratio of tpgp/tgp ranging from 0.1 to 10 is
only observed in dielectric layers with high thermal conductivity, as
Al,03 and Si3N,4 (Table 1). As mentioned above, dielectrics with high
thermal conductivity decrease the current growth rate (dlgp/dt) in the
progressive BD regime (tpgp), since the heat dissipation in the vicinity
of the BD spot maintains the temperature below the melting point of
the dielectric for longer times. Therefore, one may consider the occur-
rence of just one BD spot if the thermal conductivity of the oxide layer
is high enough. Moreover, as the leakage current increase during the
PBD regime is limited by the increase of the temperature of the BD
spot [16], the generation rate is heavily affected within the dielectric
layer to form an additional percolation paths [4,20]. Further analysis of
the microstructure changes are needed to confirm this observation.
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Fig. 6. Time to oxide failure (tgay ), which is the sum of the time to BD (tgp) and the residual time of the progressive increase of the current (tppp) elapsed from the BD to the final failure
(i.e. tgp + tpgp = traiL) as function of stress voltage (V) during CVS experiments for metal gate (MG)/Dielectric/InGaAs stacks in the case of 9 nm Al,05 (square symbols), 10 nm HfO,
(triangle symbols), and 9 nm Si5Ny, (circle symbols) with a current compliance limit of 100 mA. The inset corresponds to the same data as function of the electric field considering the tgor

(equivalent oxide thickness).

4. Summary

In this work experimental data of BD transient of MOS stacks
with different oxide layers (Al,03, HfO, and SizN4) have been stud-
ied in detail for InGaAs as substrate. The use of dielectric layers with
different transient characteristics allowed a deep analysis of the
influence of the progressive BD regime (tpgp) in the failure distribu-
tion of the gate oxide.

Since the evolution of the BD spot, characterized by the progres-
sive increase of the BD current, plays a major role for the reliability
of MOS stacks, the failure distributions have been analyzed by the
ratio between the progressive BD time and the first BD time (tpgp/
tgp).It has been shown that the bending of failure distribution
at low percentiles is exclusively attributed to the progressive
BD regime.

The occurrence of multiple competing BD events during the progres-
sive BD event has been also analyzed. The current flowing through the
percolation path after the first BD event is entirely controlled by the
heat dissipation in the vicinity of the percolation path toward the bulk
of the dielectric layer. Hence, in dielectric layer with high thermal con-
ductivity, as in our case, it occurs at a speed large enough to maintain
the temperature of the percolation path below melting increasing the
transient time during PBD regime. Under this conditions is reasonable
assume that only one BD spot could be responsible of the failure of the
device.

From the reliability point of view, the overall results show that Al,05
presents better BD characteristics, since its high thermal conductivity
provides a significant lifetime extension.
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