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Implementation of high-k dielectrics on InGaAs for CMOS technology requires capabilities to
predict long-time degradation and the impact of process changes on degradation processes. In this
work, the degradation under constant voltage stress of metal gate/Al,O5/InGaAs stacks is studied
for n-type and p-type As, passivated InGaAs substrates. The results show that the degradation for
both positive bias and negative bias did not produce Al,O; oxide traps, while the distribution
of interface states increased. In particular, the distribution of interface states, calculated by the
distributed impedance equivalent circuit model, increased significantly after positive bias stress
regardless of the doping type of the substrate. The injection of carriers from the semiconductor
conduction band into the gate dielectric enhanced the generation of interface states but not the
generation of oxide traps, suggesting that the interfacial degradation is related primarily to the

InGaAs surface and not to the oxide layer. Published by AIP Publishing.

[http://dx.doi.org/10.1063/1.4982912]

I. INTRODUCTION

Scaling conventional MOSFET requires innovations to
circumvent barriers due to the fundamental physics that con-
strains the conventional MOSFET. One of the options consid-
ered is to replace the channel material. An InGaAs material is
considered as a potential candidate for replacement of Si in
the channel of NFETs due to its high electron mobility.'

Implementation of new materials in actual devices
requires capabilities to predict long-time degradation and
the impact of process changes on degradation processes.
Recently, some papers have reported on studies of the degra-
dation of high-k dielectric (HK)/InGaAs stacks,”” but much
more knowledge is needed to understand the degradation
mechanism and the influence of the fabrication process.
Although recent studies of the HK/InGaAs stacks indicate
that interface states within the InGaAs band-gap are donor
traps,®” the physical origin of the interface states after elec-
trical stress in HK/InGaAs stacks is not clear. Among the
recent results, Jiao e al.” reported stress-induced traps in the
Al,O3/InGaAs interface including recoverable donor traps
and permanent acceptor traps in the range of energies above
the conduction band of InGaAs, meaning that such traps can
function as oxide traps located very close to the HK/InGaAs
interface (i.e., border traps) that interact with the conduction
band electrons.'® On the other hand, Tang et al.’ who used
an As,-capping layer to avoid surface oxidation of the
InGaAs surface reported strong differences regarding those
results, indicating that achieving a chemically abrupt Al,O3/
InGaAs interface using an initially As,-capped InGaAs (100)
surface produces a different population of near-interface
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defects during electrical stressing. In this work, for the first
time, the physical origin of stress induced Al,Os/InGaAs
interface states is studied in detail using an abrupt Al,O3/
InGaAs interface produced by As, de-capping for n-type and
p-type InGaAs-based MOS stacks. The use of n-type and
p-type substrates allows a complete view of the interface
traps across the entire band-gap of the semiconductor.

Il. EXPERIMENTAL

In this work, we used for the semiconductor active
region n-type and p-type InGaAs epitaxially grown by metal-
organic molecular beam epitaxy (MOMBE) on InP wafers.
The epitaxial Ings53Gag47As(100) layers with Si doping
(~2 % 10" em ™) for n-type or Be doping (~1 x 10" cm ™)
for the p-type were covered with an amorphous As, capping
layer, 80-100nm thick, to protect the InGaAs surface from
oxidation during air exposure.

The dielectric was deposited by atomic layer deposition
(ALD) on the semiconductor active region (n-type or p-type
InGaAs). The arsenic capping layer was completely removed
by thermal desorption (de-capping) at 370 °C in situ of the
high vacuum ALD chamber. Al,O; was deposited using
TMA and H,O (TMA-first in the sequence) at a substrate
temperature of 270 °C. The dielectric thickness (8 nm) was
measured by Transmission Electron Microscopy (TEM) and
calibrated ellipsometry. The gate electrode (10* cm?),
Au(40nm), was deposited by an electron beam (e-beam)
evaporator and patterned using a shadow mask. The study of
the physical origin of the stress induced Al,O3/InGaAs inter-
face states requires a controlled process on the interface. The

Published by AIP Publishing.
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latter can be obtained by the As, capping technique men-
tioned above without post metallization annealing to prevent
In and/or Ga out-diffusion that can affect the generation rate
and nature of the stress induced HK/InGaAs interface
states.''™"°

Capacitance—Voltage (C-V) measurements were carried
out at different frequencies (200Hz—2MHz) using an
Agilent 4285A LCR meter. Constant-voltage-stress (CVS)
measurements were performed using an Agilent 4155C
parameter analyzer. The Flat-Band Voltage (Vgg) was calcu-
lated by the recently introduced inflection point technique.'®
This technique obtains the Vg from the second derivative of
the C-V curve (i.e., d*C/dV?). In depletion, when Vg is
between inversion and flat-band conditions, the MOS capaci-
tance is obtained from the serial connection of the oxide
capacitance and the capacitance of the depletion layer, where
the transition between these two regimes occurs at the flat-
band voltage. Winter et al.'® demonstrated that the flat-band
voltage corresponds to the point of transition in the C-V
curve from a convex curve (in depletion) to a concave curve.
Mathematically, Vgg corresponds to the voltage where
the second derivative of the C-V curve is equal to zero (i.e.,
d’C/dV?=0). Figure 1 shows an example of how Vgg is
extracted from C-V curves at | MHz for both semiconductor
types. The overlap between the C-V curves and the second
derivatives of the capacitance as a function of gate voltage,
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FIG. 1. C-V curves at 1 MHz and the second derivatives of the capacitance
as a function of gate voltage for Al,O3-based MOS stacks using n-type (a)
and p-type (b) InGaAs substrates.
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where the inflection point, dZC/dV2:O, points out the Vgg,
is observed. Further details can be found in Ref. 16.

It is worth mentioning that excellent correlation between
the flat-band voltages calculated by the inflection point tech-
nique and by the “flat-band capacitance method” has been
demonstrated. Moreover, this method does not require the
knowledge of material or experimental parameters and can be
used on high interface state density and high border trap den-
sity MOS structures at all frequencies.'® Therefore, although
the absence of post metallization annealing increases the HK/
InGaAs interface states density, the parameter extraction
from the C-V curves is not affected.

lll. RESULTS AND DISCUSSION

A. Multi-frequency capacitance-voltage curves under
stress

Figure 2 shows multi-frequency C-V curves (200 Hz
—2MHz) for Al,O3z-based MOS stacks using n-type and
p-type InGaAs substrates before electrical stressing. The C-V
characteristic of the fresh MOS stacks shows a strong capaci-
tance frequency dispersion from the inversion region into the
accumulation region. In the case of n-type InGaAs-based
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FIG. 2. Multi-frequency C-V curves (200 Hz—2 MHz) for Al,05-based MOS
stacks using n-type (a) and p-type (b) InGaAs substrates before constant-
voltage-stresses (CVS).
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stacks (Fig. 2(a)), the frequency dispersion of the capacitance
in the accumulation region (positive-bias-voltage region) can-
not be explained by the conventional interface states since
their time constant in the accumulation region is far too short
for the frequency in the range of 1kHz—1 MHz in typical
measurements.'”'® Since trap states inside the gate insulator,
called border traps, do have long time constants as they inter-
act with the conduction band electlrons,10 some authors have
proposed that these oxide traps are responsible for the fre-
quency dispersion.'”* As the surface potential moves into
the lower half of the band-gap, the semiconductor minority
carriers start to interact with interface states.”’** Therefore,
the effect of border traps weakens, and the frequency disper-
sion of the capacitance in the inversion region can be attrib-
uted to the interface traps inside the band-gap taking over the
dominant role.'”?%**? Note that the measured capacitance
in the accumulation region exceeds the theoretical value of
ideal samples (i.e., without traps) (0.0075 F/m? according to
Refs. 8 and 9). Such higher experimental values can be attrib-
uted to the influence of near-interface traps aligned with the
InGaAs conduction band.?®

In the case of p-type InGaAs-based fresh MOS stacks
(Fig. 2(b)), in the accumulation region (negative-bias-voltage
region), we observe a much larger capacitance frequency dis-
persion than for n-type InGaAs-based stacks. Brammertz
et al."” demonstrated that such an enhanced frequency
dispersion in the accumulation region for p-type InGaAs is
due to an asymmetric interface trap distribution in the semi-
conductor band gap. By taking into account simultaneously
the effects of the border traps and the interface states, it was
demonstrated that in the accumulation region for p-type
InGaAs-based MOS stacks, the capacitance is completely

MG / Al,O; (8nm) / n-InGaAs
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dominated by a very large interface state response, which
leads to a very strong frequency dependent flat-band voltage
(Vgp) shift.'”?* In p-type InGaAs stacks, the measured accu-
mulation capacitance does not reach the theoretical value
(0.001 F/m? according to Ref. 8), indicating Fermi level pin-
ning before the surface potential reaches the valence band
edge energy. "’

A short comment regarding Fermi level pining in our
sets of samples is necessary. To establish that the Fermi level
is not pinned at midgap, affecting the calculation of the Vg,
the minimum capacitance is analyzed. On both sets of sam-
ples (n-type and p-type), it is observed in Fig. 2 that the high
frequency C-V curve reaches the ideal depletion capacitance
determined by the doping level, indicating that the Fermi
level movement is not pinned at mid-gap.?* The theoretical
minimum capacitances are C.;,=1.6 X 10 3F/m? for
n-type InGaAs (~2 x 10" em ™) and C,y, = 1.8 x 1072 F/m?
for p-type InGaAs (~1 x 10" 7cm ™).

The fresh MOS stacks were stressed by constant voltage
for 10 min at constant voltage (Vg-Vgg) for both polarities.
The effects of the stress pulses were monitored by multi-
frequency C-V curves (200 Hz—2 MHz) as can be observed
in Fig. 3. Recent results show that the HK/InGaAs MOS
stacks usually show a fast recovery of trapped charge after
stress pulses.6’7’27 In this work, the time between the stress
pulses and the multi-frequency C-V measurements is long
enough (minutes) to neglect any fast-recovered effects.?’

Figures 3(a) and 3(c) show the multi-frequency C-V
curves for the n-type InGaAs-based stacks before (blue
continuous lines) and after (red symbols) applying a stress
voltage (Vg-Vgg) of +4.3Vand —4.5V, respectively. The
dispersion magnitude at weak inversion conditions is
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substantially increased, while the frequency dispersion in the
accumulation region is unchanged. Although the main fea-
tures are similar for both cases, we observe some differences
in the magnitude of the frequency dispersion between posi-
tive and negative stress biases. The observed differences
in the multi-frequency curves are an indication of the differ-
ences in the energy distribution of the interface states after
the stress pulses. Figures 3(b) and 3(d) (p-type InGaAs-
based stacks) show that the capacitance frequency dispersion
remains the same after the stress in the accumulation region
(negative bias), while it is substantially increased at weak
inversion conditions (positive bias).

Figure 4 shows the Vgg for both set of samples, calcu-
lated by the inflection point technique,'® as a function of the
frequency of the C-V measurement before and after the elec-
trical stress at constant voltage (Vg-Vgg). At positive stress
polarity (Figs. 4(a) and 4(b)), a shift towards positive bias
for all frequencies is observed, indicating the accumulation
of negative charge. This result indicates the passivation of
positive charge due to electron trapping injected from the
semiconductor into the dielectric. This positive oxide charge
at the oxide-semiconductor interface can be generated from
the deposition process of the metal gate by e-beam.?® It is
worth noting that the Vg shift between stress and unstressed
is roughly the same for n- and p-types, with a significant
change in the frequency dependence between substrate types
as mentioned above. At negative stress polarity (Figs. 4(c)
and 4(d)), a different scenario is observed where the shift of
Vg due to stressing is almost negligible.

A comment regarding the repeatability of the results is
necessary. Several stress experiments were performed on
multiple devices on the same sets of samples. Fig. 4 shows

MG / ALL,O; (8nm) / n-InGaAs

J. Appl. Phys. 121, 174105 (2017)

the variations of the Vg for each stress condition and sets of
samples. Although some variations are observed (~10%), it
is clear that the results are not affected.

The overall results so far show that the stress at constant
voltage (Vg-Vgg) affects the multi-frequency C-V curves of
Al,O5/InGaAs stacks by increasing the frequency dispersion
in the weak-inversion region, which is a clear indication of
generation of interface states. In particular, it is observed
that the polarity of the stress voltage affects the magnitude
of stress-induced frequency dispersion and the occurrence
of electron trapping in the MOS stack. These results will be
discussed in Secs. III B and III C.

B. Quantification of interface states at flat band
conditions

In this section, the integrated interface state density
across the energy gap (Ny in units [cm >]) was quantified
based on the experimental Vg for n- and p-type InGaAs-
based MOS stacks; this technique was reported in Ref. 29.
The charge associated with interface states at the flat-band
conditions will depend on the type of charge traps (donor or
acceptors), density, and the position of the Fermi level at the
HK/InGaAs interface.

For n-type InGaAs-based MOS stacks, the Fermi energy
level (Ep) at flat-band conditions is close to the conduction
band (Ec), while for p-type InGaAs-based MOS stacks, the
Ek is close to the valence band (Ey). Consequently, the Fermi
level position at the Al,O5/InGaAs interface in the flat-band
conditions for n- and p-doped InGaAs MOS structures
spans across most of the semiconductor energy gap, where
the interface states are primarily unoccupied for a p-type
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substrate and primarily occupied for an n-type substrate. This
provides an approach to quantify the interface state density
contribution, considering the equations of Vgg for the respec-
tive p- (Vgsp) and n-type (Vegy) substrates

VFBP = (¢m - ¢sp)_q ) Nfixed/cox—q : Nit/com (N
VFBn = (d)m - ¢sn)7q . Nfixed/coxa (2)

where ¢, ¢gn, and ¢, are the work functions of the metal
gate, the n-type InGaAs, and p-type InGaAs, respectively.
N;, is the magnitude of interface states integrated across the
energy gap, Ngxeq 1S the density of fixed charge in the Al,O3/
InGaAs interface layer, and C,, is the oxide capacitance.

In these equations, the interface states (N;,) are assumed
to be of donor type. Therefore, in MOS stacks with an n-type
substrate, the Nj, is predominantly occupied and hence neu-
tral.>’ Moreover, it is reasonable to assume that the fixed
oxide charge density and distribution in the Al,O3 layer will
not depend on the dopant type of InGaAs, as the dopant con-
centration of ~1 x 10""cm > represents one dopant atom for
approximately every 10° In, Ga, or As substrate atoms.

By subtracting Vggp from Vgg,, the fixed oxide charge
term and the metal work function in contact with the oxide
are eliminated, resulting in the following equation: N;; = C,,/
q-[(Vesn-Vesp)—(Psp-dsn)]. Therefore, the magnitude of the
difference between Vgg, and Vg, yields Nj, It is worth not-
ing that the sign of [(Vegn-VErp)—(¢sp-Psn)] indicates if the
interface states are of net donor or net acceptor type.

Based on the technique described above, the experimen-
tal data in Figs. 3 and 4 are analyzed before and after the
electrical stress. Using Vgp,=1.85V and Vg, =0.72'V at
1 MHz for fresh devices (see Fig. 4) and ¢, =4.60V and
¢sp=>5.14V according to Ref. 30, the integrated interface
state density across the InGaAs energy gap, N, is 4 X 102
cm 2, and the sign of [(Veen-VEsp)—(¢sp-Psn)] is positive,
which indicates that the interface states are of net donor
type, in agreement with previous papers.*'?

The same methodology can be used for the same sets of
samples after stress pulses with positive and negative polari-
ties. For the case of Vg-Vgg=+4.3V, the corresponding
Vegn=2.15V and Vgg,=0.9V at 1 MHz (see Fig. 4) indi-
cate N;;=5 X 10'"? cm 2. On the other hand, for the case
of Vg-Vgg=—4.5V, the corresponding Vgg,=1.80V and
Vegp=0.65V at 1MHz (see Fig. 4) indicate Nj =42
x 102 cm ™2 It is worth noting that the sign of [(Vgg,
—Vesp)—(Psp-¢sn)] is positive in both cases, indicating that
the generation of interface states is dominated by the donor
type independently of the polarity of the stress bias. Finally,
knowing the effective work function of the metal on the
oxide (Au/Al,O3)¢p,,=5.2 V,*° the fixed oxide charge den-
sity (Nfxeq) can be determined to be 8.2 x 102 em™2 for
fresh devices, 1.07 x 10" cm™? after positive stress, and
8.6 x 10'? cm ™2 after negative stress pulses.

The generation of donor interface states during the stress
pulses is consistent with the observed shift of the Vgg. After
stress at positive polarity (Figs. 4(a) and 4(b)), we observe a
shift towards positive bias for all frequencies, which is an
indication of passivation of the e-beam induced positive

J. Appl. Phys. 121, 174105 (2017)

charge (as mentioned above in Sec. IIIA). For n-type
InGaAs-based stacks, the Fermi level (Eg) at flat-band condi-
tions is close to the conduction band edges. Consequently,
the donor interface states are primarily occupied and without
net charge contribution. Under such a bias condition, Vgg
shifts toward positive bias due to electron trapping (as
observed in Fig. 4(a)) without charge contribution of inter-
face states. On the other hand, for p-type InGaAs-based
stacks, the donor interface states are primarily unoccupied
since the Fermi level (Eg) is close to the valence band, con-
tributing with positive charge. However, the observed Vg
shift is toward positive bias (Fig. 3(b)), indicating that elec-
tron trapping takes over the dominant part of the Vgg shifts
even in p-type InGaAs-based stacks.

After stress at negative polarity, we observe a negligible
shift of Vgg (Figs. 4(c) and 4(d)). The main reason of such
observation in comparison to the previous results is the
polarity dependent of the generation of interface states and
electron trapping. For n-type and p-type InGaAs-based
stacks, the small negative variation of Vgg is a result of a
moderate generation of donor interface states, which are pri-
marily occupied without net charge contribution. On both
cases (n-type and p-type InGaAs), there is no negative
charge contribution after stress due to electron trapping since
it only occurs at positive stress polarity.

Although the obtained values of N;, and Ng,.q agree
with some previous reports on fresh MOS stacks,®>'% we
were surprised to find out that the values have not increased
significantly after the stress pulses. For a deeper understand-
ing of the magnitude of interface states after electrical stress,
an independent technique is used.

C. Energy distribution of interface states

The C-V curves in Fig. 3 illustrate the effects of the
interface state density (Dj) and border trap density (Ngr).
The frequency dispersion observed in inversion and accumu-
lation regions arises from the charging of these traps and can
be related quantitatively to D;, and Ny, respectively.

The quantitative analysis of the capacitance and
conductance-voltage behavior of these Al,Os/InGaAs stacks,
done by using the distributed impedance equivalent circuit
model,?” gives an estimate of the energy distribution of Dy, in
the semiconductor band-gap and of Ngr as a function of
energy relative to the InGaAs band edge. In this model, the
effects of bulk-oxide traps and interface states at a specific
depth and energy on the small signal MOS admittance can be
modeled by a serial combination of capacitance and conduc-
tance. By choosing D;, and Nyt as fitting parameters, good
agreement is achieved between the model and the multiple-
frequency capacitance-voltage (C-V) and conductance-
voltage (G-V) experimental data. Further details about this
technique can be found in Ref. 20.

Figure 5 shows the energy distribution of Dj, in the
semiconductor band-gap using this technique for the fresh
and stressed devices. This technique considers different
regions of the semiconductor band-gap for n-type and p-type
InGaAs; hence, Figs. 5(a) and 5(b) include the D;, distribu-
tion calculated in n- and p-type InGaAs based MOS stacks
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FIG. 5. The energy distribution of Al,O3/InGaAs interface states in the
semiconductor band-gap, calculated by the impedance equivalent circuit
model (using the following main parameters: &, (Al,O03) =10, C,.
~0.96 uF/cm?, and C,e. ~0.75 uF/em? for n-InGaAs and p-InGaAs, respec-
tively), for the fresh and stressed devices. (a) and (b) Positive and negative
stress polarities, respectively.

for positive and negative polarities. Fig. 5(a) shows the
D;; distributions for the fresh devices and after CVS at
Vg-Veg = +4.3V for 10 min, where it is observed that the
initial D;; distribution increases significantly after the stress
regardless of the type of substrate. The D;; distribution for
the fresh device shows higher D; values around the mid-gap
region, and this result is consistent with previous stud-
jes. 3330 Fig. 5(b) shows the D;, distributions for the fresh
devices and after CVS at Vg-Vgg=—4.5V for 10min. In
this case, the D, distributions show a moderate increase,
indicating that the polarity of the CVS has a strong impact
on the interface state generation, as mentioned in Sec. III B.

Regarding border traps, no indication of their generation
was detected in analyzing the C-V data of Fig. 3 using the
distributed impedance equivalent circuit model.”° A value of
Ngt~ 10°cm > eV~! at ~0.3eV above the conductance
band was obtained for all cases of fresh and stressed devices.
Border traps in the ALD-Al,O; dielectric layer are not
formed under CVS at positive or negatives bias although
some generation of interface states is observed. Tang ef al.,?
suggested that this situation may arise from the chemical
abrupt HK/InGaAs interface created while using an initially
As; capped InGaAs surface.

The physical origin of the polarity dependence on the
generation of D; may be related to the injection of
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semiconductor carriers from the conduction band into the
gate dielectric as a result of a positive bias on the gate elec-
trode. Moreover, the lack of generation of oxide traps sug-
gests that the interfacial defects are related primarily to the
InGaAs surface and not to the oxide layer. This indicates
that defects such as dangling bonds or dimers of As, Ga, or
In and anti-site defects play a major role in the generation
mechanism of interface traps. In particular, the donor inter-
face states are consistent with As dangling bond defects
based on hybrid density functional calculations of point
defects in ITII-V compounds.**

In addition to this physical interpretation, it is relevant
to note that the presence of Dj, (either generated by the fabri-
cation process or by degradation due to electrical stress)
could pin the Fermi level at levels close to the band edges,
and this effect cannot be analyzed by reaching the depletion
capacitance as mentioned above. In our experimental condi-
tions, the initial D;; in the sets of samples is not low due to
the use of e-beam metal deposition without post metalliza-
tion annealing to avoid In and/or Ga out-diffusion.
Therefore, taking into account this observation together with
the generation of D;, due to electrical stress, it could be that
the stress at negative bias is not efficient as the stress at posi-
tive bias due to Fermi level pinning close to the band edges.

A comment regarding the usage of room temperature
(RT) C-V data is necessary since in the quantification tech-
nique of Dy, using the Vgg for both types of substrates,
reported in Ref. 24, the C-V measurements were performed
at low temperature in order to minimize the interface defect
capacitance contributions to the measured capacitance.

The rationale behind the use of C-V curves measured at
RT is based on the fact that the experimental data must be
simultaneously appropriate for the requirements of each
technique used to evaluate the HK/InGaAs interface. As
mentioned, the frequency dispersion observed in inversion
and accumulation regions arises from the charging of bulk
oxide traps (NpT) and interface states (Dj;), and this feature
can be related quantitatively to the D;, and Ngr, respectively.
If the measurements were performed at low temperature, the
frequency dispersion of C-V and G-V curves will be sup-
pressed, and thus, the distributed impedance equivalent cir-
cuit model could not be implemented. Moreover, the
quantification of interface states at flat-band conditions is not
severely affected if the C-V measurements were performed
at RT. The main contribution of this methodology® to the
present work is the determination of the physical origin
of the defects generated by electrical stress. The sign of
[(Vegn—VEBp)—(¢sp-¢sn)], Which indicates if the interface
states are of net donor or net acceptor type, is not affected by
the use of C-V measurements at RT.

It is worth noting that the magnitude of D; is much higher
than that calculated using the Vg for n- and p-type substrates.
In addition to the use of C-V measurements at RT mentioned
above, another reason for the discrepancy of the two models
may be due to the different range of frequencies for the inter-
face traps extracted by the two models. The D; calculated
using the Vgg for n- and p-type substrates extracts the static
charge trapping of D;,, which gives an underestimation of Dj,,
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while the distributed model extracts the AC response of charge
trapping and releasing of D;,.

The discrepancies in the D;, values extracted from the
same device but using different methods are also reported by
others.?* The determination of the precise energy distribution
of D;, for HK/InGaAs stacks, is an area where further
research is needed, and there is no consent about it.

IV. SUMMARY

In this work, the degradation of Al,O3/InGaAs stacks by
electrical stress pulses was studied in detail considering an
Al,O5/InGaAs interface generated by As, de-capped
InGaAs. Both negative and positive bias stress experiments
resulted in the generation of interface states, with no increase
in oxide traps (i.e., border traps). However, stress at positive
bias was more efficient for the generation of interface states
and passivation of positive charge, indicating that the injec-
tion of semiconductor carriers from the conduction band into
the dielectric-semiconductor interface plays a major role in
the enhanced generation of interface states.

Regarding the physical origin of interface states, the
lack of generation of oxide traps suggests that the interfacial
degradation is related primarily to the InGaAs surface and
not to the oxide layer. Interface states with donor-type prop-
erties were observed from the shift of the Vgg for the respec-
tive p- and n-type substrates in both stress polarities.
Among all the defects such as dangling bonds or dimers of
As, Ga, or In and anti-site defects, the As dangling bond
defects are consistent with the occurrence of donor interface
states.

ACKNOWLEDGMENTS

The research leading to the above results was performed
at the Technion-Israel Institute of Technology. This work
was funded by the Argentinean Ministry of Science and
Technology (MINCyT) under Contract No. PICT2013/1210,
the National Council for Scientific and Technical Research
(CONICET) under Project PIP-11220130100077CO, and
the Buenos Aires Regional Faculty of the National
Technological University (UTN.BA) under Project PID-
UTN2014/UTI2423. This work was supported by the US-
Israel binational science foundation (BSF).

'J. A. del Alamo, Nature 479, 317 (2011).

2G. Jiao, C. Yao, Y. Xuan, D. Huang, P. D. Ye, and M.-F. Li, IEEE Trans.
Electron Devices 59, 1661-1667 (2012).

K. Tang, R. Droopad, and P. C. McIntyre, ECS Trans. 69(5), 53-60
(2015).

4N, Wrachien, A. Cester, Y. Q. Wu, P. D. Ye, E. Zanoni, and G.
Meneghesso, IEEE Electron Device Lett. 32(4), 488 (2011).

SF. Palumbo, L. Krylov, and M. Eizenberg, J. Appl. Phys. 117, 104103
(2015).

°F. Palumbo and M. Eizenberg, J. Appl. Phys. 115(1), 014106 (2014).

’F. Palumbo, R. Winter, I. Krylov, and M. Eizenberg, Appl. Phys. Lett.
104, 252907 (2014).

8p. Hurley, E. O’Connor, V. Djara, S. Monaghan, I. M. Povey, R. D. Long,
B. Sheehan, J. Lin, P. McIntyre, B. Brennan, R. M. Wallace, M. E.

J. Appl. Phys. 121, 174105 (2017)

Pemble, and K. Cherkaoui, IEEE Trans. Device Mater. Reliab. 13(4), 429
(2013).

K. Cherkaoui, E. O’Connor, S. Monaghan, R. D. Long, V. Djara, A.
O’Mahony, R. Nagle, M. E. Pemble, and P. K. Hurley, ECS Trans. 28(2),
181 (2010).

1F. P, Heiman and G. Warfield, IEEE Trans. Electron Devices 12(4), 167
(1965).

1y, Krylov, A. Gavrilov, M. Eizenberg, and D. Ritter, Appl. Phys. Lett. 103,
053502 (2013).

120, Ceballos-Sanchez, A. Sanchez-Martinez, M. O. Vazquez-Lepe, T.
Duong, R. Arroyave, F. Espinosa-Magana, and A. Herrera-Gomez,
J. Appl. Phys. 112, 053527 (2012).

3A. Sanchez-Martinez, O. Ceballos-Sanchez, M. O. Vazquez-Lepe, T.
Duong, R. Arroyave, F. Espinosa-Magana, and A. Herrera-Gomez,
J. Appl. Phys. 114, 143504 (2013).

4w, Cabrera, B. Brennan, H. Dong, T. P. O’Regan, I. M. Povey, S.
Monaghan, E. O’Connor, P. K. Hurley, R. M. Wallace, and Y. J. Chabal,
Appl. Phys. Lett. 104, 011601 (2014).

151, Krylov, R. Winter, D. Ritter, and M. Eizenberg, Appl. Phys. Lett. 104,
243504 (2014).

I0R. Winter, J. Ahn, P. C. McIntyre, and M. Eizenberg, J. Vac. Sci.
Technol., B 31, 030604 (2013).

'E. H. Nicollian and J. R. Brews, MOS (Metal Oxide Semiconductor)
Physics and Technology (Wiley, New York, 1982).

'8W. Shockley and W. T. Read, Phys. Rev. 87, 835 (1952).

9G. Brammertz, A. Alian, D. H. C. Lin, M. Meuris, M. Caymax, and W. E.
Wang, IEEE Trans. Electron Devices 58(11), 3890 (2011).

20Y. Yuan, B. Yu, J. Ahn, P. C. McIntyre, P. M. Asbeck, M. J. W. Rodwell,
and Y. Taur, IEEE Trans. Electron Devices 59(8), 2100 (2012).

e Dou, D. Lin, A. Vais, T. Ivanov, H.-P. Chen, K. Martens, K.
Kakushima, H. Iwai, Y. Taur, A. Thean, and G. Groeseneken,
Microelectron. Reliab. 54, 746 (2014).

22E, J. Kim, L. Wang, P. M. Asbeck, K. C. Saraswat, and P. C. McIntyre,
Appl. Phys. Lett. 96, 012906 (2010).

21, Krylov, D. Ritter, and M. Eizenberg, J. Appl. Phys. 117, 174501 (2015).

2*R. Engel-Herbert, Y. Hwang, and S. Stemmer, J. Appl. Phys. 108, 124101
(2010).

2G. Brammertz, K. Martens, S. Sioncke, A. Delabie, M. Caymax, M.
Meuris, and M. Heyns, Appl. Phys. Lett. 91(3), 133510 (2007).

26N. Taoka, M. Yokoyama, S. Kim, R. Suzuki, R. Tida, S. Lee, T. Hoshii, W.
Jevasuwan, T. Maeda, T. Yasuda, O. Ichikawa, N. Fukuhara, M. Hata, M.
Takenaka, and S. Takagi, IEEE Int. Electron Devices Meet. 2011, 27.2.1.

27y, Franco, A. Alian, B. Kaczer, D. Lin, T. Ivanov, A. Pourghaderi, K.
Martens, Y. Mols, D. Zhou, N. Waldron, S. Sioncke, T. Kauerauf, N.
Collaert, A. Thean, M. Heyns, and G. Groeseneken, IEEE Int. Reliab.
Phys. Symp. Proc. 2014, 6A.2.1.

2G. 1. Burek, Y. Hwang, A. D. Carter, V. Chobpattana, J. J. M. Law, W. J.
Mitchell, B. Thibeault, S. Stemmer, and M. J. W. Rodwell, J. Vac. Sci.
Technol., B 29, 040603 (2011).

R. D. Long, B. Shin, S. Monaghan, K. Cherkaoui, J. Cagnon, S. Stemmer, P.
C. McIntyre, and P. K. Hurley, J. Electrochem. Soc. 158(5), G103 (2011).

30R. Winter, I. Krylov, C. Cytermann, K. Tang, J. Ahn, P. C. McIntyre, and
M. Eizenberg, J. Appl. Phys. 118(5), 055302 (2015).

31G. Brammertz, H. C. Lin, K. Martens, A. Alian, C. Merckling, J. Penaud,
D. Kohen, W. E. Wang, S. Sioncke, A. Delabie, M. Meuris, M. Caymax,
and M. Heyns, ECS Trans. 19(5), 375 (2009).

2p, Varghese, Y. Xuan, Y. Q. Wu, T. Shen, P. D. Ye, and M. A. Alam,
Tech. Dig.-Int. Electron Devices Meet. 2008, 379.

3A. Ali, H. Madan, S. Koveshnikov, S. Oktyabrsky, R. Kambhampati, T.
Heeg, D. Schlom, and S. Datta, IEEE Trans. Electron Devices 57(4), 742
(2010).

3p. F. Zhang, R. E. Nagle, N. Deepak, I. M. Povey, Y. Y. Gomeniuk, E.
O’Connor, N. Petkov, M. Schmidt, T. P. O’Regan, K. Cherkaoui, M. E.
Pemble, P. K. Hurley, and R. W. Whatmore, Microelectron. Eng. 88(7),
1054 (2011).

BL. K. Chu, C. Merckling, A. Alian, J. Dekoster, J. Kwo, M. Hong, M.
Caymax, and M. Heyns, Appl. Phys. Lett. 99(4), 042908 (2011).

3H.-P. Komsa and A. Pasquarello, Microelectron. Eng. 88(7), 1436
(2011).


http://dx.doi.org/10.1038/nature10677
http://dx.doi.org/10.1109/TED.2012.2190417
http://dx.doi.org/10.1109/TED.2012.2190417
http://dx.doi.org/10.1149/06905.0053ecst
http://dx.doi.org/10.1109/LED.2011.2106107
http://dx.doi.org/10.1063/1.4914492
http://dx.doi.org/10.1063/1.4861033
http://dx.doi.org/10.1063/1.4885535
http://dx.doi.org/10.1109/TDMR.2013.2282216
http://dx.doi.org/10.1149/1.3372574
http://dx.doi.org/10.1109/T-ED.1965.15475
http://dx.doi.org/10.1063/1.4816588
http://dx.doi.org/10.1063/1.4751435
http://dx.doi.org/10.1063/1.4824468
http://dx.doi.org/10.1063/1.4860960
http://dx.doi.org/10.1063/1.4882645
http://dx.doi.org/10.1116/1.4802478
http://dx.doi.org/10.1116/1.4802478
http://dx.doi.org/10.1103/PhysRev.87.835
http://dx.doi.org/10.1109/TED.2011.2165725
http://dx.doi.org/10.1109/TED.2012.2197000
http://dx.doi.org/10.1016/j.microrel.2013.12.023
http://dx.doi.org/10.1063/1.3281027
http://dx.doi.org/10.1063/1.4919600
http://dx.doi.org/10.1063/1.3520431
http://dx.doi.org/10.1063/1.2790787
http://dx.doi.org/10.1109/IEDM.2011.6131622
http://dx.doi.org/10.1109/IRPS.2014.6861098
http://dx.doi.org/10.1109/IRPS.2014.6861098
http://dx.doi.org/10.1116/1.3610989
http://dx.doi.org/10.1116/1.3610989
http://dx.doi.org/10.1149/1.3545799
http://dx.doi.org/10.1063/1.4928158
http://dx.doi.org/10.1149/1.3119560
http://dx.doi.org/10.1109/IEDM.2008.4796699
http://dx.doi.org/10.1109/TED.2010.2041855
http://dx.doi.org/10.1016/j.mee.2011.03.118
http://dx.doi.org/10.1063/1.3617436
http://dx.doi.org/10.1016/j.mee.2011.03.081

	s1
	s2
	s3
	s3A
	f1
	f2
	f3
	s3B
	f4
	d1
	d2
	s3C
	f5
	s4
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36

