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Positive charge trapping phenomenon in n-channel thin-film transistors
with amorphous alumina gate insulators
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Giuseppe Cantarella,’ Mathieu Luisier,® Giovanni A. Salvatore,’ and Gerhard Troster’
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3Im‘egrattea’ Systems Laboratory, ETH Ziirich, Ziirich 8092, Switzerland
(Received 2 September 2016; accepted 5 December 2016; published online 22 December 2016)

In this work, we investigate the charge trapping behavior in InGaZnO, (IGZO) thin-film transistors
with amorphous Al,O5; (alumina) gate insulators. For thicknesses <10nm, we observe a positive
charge generation at intrinsic defects inside the Al,Oz, which is initiated by quantum-mechanical
tunneling of electrons from the semiconductor through the Al,Oj3 layer. Consequently, the drain current
shows a counter-clockwise hysteresis. Furthermore, the de-trapping through resonant tunneling causes
a drastic subthreshold swing reduction. We report a minimum value of 19 mV/dec at room temperature,
which is far below the fundamental limit of standard field-effect transistors. Additionally, we study the
thickness dependence for Al,O5 layers with thicknesses of 5, 10, and 20 nm. The comparison of two
different gate metals shows an enhanced tunneling current and an enhanced positive charge generation
for Cu compared to Cr. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4972475]

I. INTRODUCTION

In the last 60 years, silicon metal-oxide-semiconductor
(MOS) field-effect transistors (FETs) have been employed as
the main workhorse of the electronics industry. Traditionally,
gate insulator/semiconductor interface traps and bulk insulator
charges in MOSFETSs have mainly played a role while testing
the device reliability under high-electric field stress. In this
context, the subthreshold swing (SS) increase as well as the
threshold voltage (V) shift have been used as tools to inves-
tigate the charge trapping mechanisms.'

Charge trapping has been utilized for information stor-
age in the field of floating gate memory technology® (i.e.,
ﬂash4). In such devices, the charge is stored on a floating
metal layer by tunneling of channel carriers through a thin
SiO, barrier at high electric fields. Ideally, all charge carriers
are transferred back and forth between the semiconductor
and the floating gate. However, defect generation and charge
trapping in the thin SiO, tunnel layer have been observed,
which caused reliability issues.” Thus, the physics of charge
generation in SiO5 has been intensively investigated.®™

In 2007, high-k dielectrics have entered the silicon elec-
tronics industry with the aim to reduce the power dissipation
in MOSFETs.? In the meantime, they have gained popularity
for high mobility semiconductors such as Ge and II-V,'"
oxide semiconductors,11 and organic semiconductors.'?
Nevertheless, their larger ionic bonding character compared
to SiO, results in an increased number of interface and intrin-
sic defects, especially oxygen vacancies (Vp),"> which are
highly susceptible to charge trapping.'* Particularly in flexible
electronics, defects in high-k dielectrics have to be carefully
considered due to the low temperature process requirement of
most substrates,'> which can result in larger intrinsic defect
concentrations.
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In this work, we investigate the charge trapping effects
in flexible InGaZnO,4 (IGZO'®) top-gate thin-film transistors
(TFTs) based on thin Al,O3 (alumina) gate insulator layers
deposited by low temperature atomic-layer deposition
(ALD). For 20nm thick Al,O3, we observe a typical inter-
face charge trapping behavior' "' with a clock-wise hystere-
sis of the drain current I, and a SS degradation. When the
Al,Oj5 thickness is scaled down to 5 nm, channel carriers can
tunnel into the gate electrode leading to a positive charge
generation inside the gate insulator and counter-clockwise
hysteresis of Ip. Moreover, the de-trapping of these
charges reduces the SS below the conventional FET limit of
60 mV/dec at room temperature.>"** Since the trapping/de-
trapping is reversible upon cycling, we assume that the
intrinsic defect states in the low-temperature, amorphous
Al,O3 are responsible for the observed behavior. We find
that charge trapping and de-trapping is increased for devices
with Cu gate metals compared to Cr gate metals, which we
attribute to the larger work function of the former.

Il. EXPERIMENTAL DETAILS
A. Fabrication

The TFTs were fabricated on a flexible free-standing
50 um thick polyimide foil. The device schematic and the
process flow are depicted in Fig. 1(a). The inset on the top
right shows an optical micrograph of a TFT and the inset on
the bottom right shows a photograph of a fully processed
substrate. The fabrication process was performed as follows:
First, the substrates were cleaned in acetone and 2-propanol
by sonication in an ultrasonic bath for 5 min. Afterwards the
substrate was annealed in an air oven at 200°C for 24 h.
Before the definition of the active layers, a 50 nm thick SiNy
passivation layer was deposited on both sides of the substrate
by plasma-enhanced chemical vapor deposition at 150°C.

Published by AIP Publishing.
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FIG. 1. Characteristics of a Cu/Al,05/InGaZnO, thin-film transistor with an Al,O5 thickness of 5nm. (a) Device schematic and fabrication flow. The top-
right inset shows a microscope image and on the bottom-right a photograph of the fully processed flexible thin-film transistors is displayed. (b) Transfer
characteristic with drain current I, and absolute gate current |Ig|. The drain-source voltage is constant at 100 mV. (c) Subthreshold swing SS of the charac-

teristic shown in (b).

The first functional layer was Ti/Au/Ti (5/30/5nm) which
served as source/drain contacts. It was electron-beam evapo-
rated and structured by optical lithography and lift-off. Then,
a UV-ozone cleaning for 1 min was performed in order to
remove any organic residues. The 15nm thick semiconduc-
tor was RF magnetron sputtered at room temperature from
an InGaZnO, target and structured by optical lithography
and wet chemical etching. The Al,O3 gate insulators with
different thicknesses were deposited by thermal atomic-layer
deposition at 150 °C. Contact holes were defined by optical
lithography and wet chemically etched. Finally, a 20nm
thick Cu or Cr layer was electron-beam evaporated (substrate
rotating at an angle of 30°). The layer was structured thereaf-
ter by optical lithography and wet chemical etching to define
the top gate contacts.

B. Electrical characterization

All electrical measurements were performed on a probe
station at ambient conditions with a semiconductor device
analyzer (Agilent technologies, B1500A). The TFT transfer
characteristics were acquired in the linear transistor opera-
tion regime at a drain-source voltage Vpg = 100 mV. For the
display and calculation of the SS, the moving average with a
series of n =35 data points was applied. To reliably measure
the gate bias stress (Section III B), the maximum gate-source
electric field Egg for pre-bias stress transfer characteristics
was set to 1 MV/cm. This resulted in an initial I hysteresis
below 100mV. Each gate bias stress test was performed on
virgin devices. The gate bias stress was applied for 10s at a
constant Vpg of 100mV.

lll. RESULTS AND DISCUSSION

In the beginning of this section, the positive charge gen-
eration and subsequent de-trapping in the Cu gate TFTs with
a 5nm thick Al,Oj3 is displayed and explained. Afterwards,
the charge trapping behavior in Cu gate TFTs with different
Al,Oj3 thicknesses is investigated. Subsequently, the Cu and
Cr gate metals for 5nm thick Al,O5 thick TFTs are com-
pared. Finally, the device stability of Cu gate TFTs with
5 nm thick Al,O3 is analyzed.

RIGHTSE LI MN iy

A. Thin-film transistors with 5 nm thick alumina gate
insulators and Cu gate electrodes

The transfer characteristic of Cu gate TFTs with 5nm
thick Al,O5 gate insulators is displayed in Fig. 1(b). The I
shows a counter-clockwise hysteresis which indicates the
trapping of positive charges at positive gate-source voltages
Vgs. The tunneling of electrons through the Al,O5 gate insu-
lator at positive Vgg is visible in the gate current Ig. Similar
positive charge generation close to the anode in the presence
of electron tunneling has previously been reported in MOS
structures.””® During the Vgs back sweep, the positive
charges are neutralized by electrons from the gate. The
occurrence of a broad I peak in the range of Vgg=*0.5V
indicates that the de-trapping happens through resonant
tunneling.%’26 The charge generation mainly occurs when
the semiconductor is in accumulation, whereas the de-
trapping happens simultaneously with the TFT switching
transition. This effect is visualized by the SS with a mini-
mum value of 153 mV/dec in the Vgg forward sweep, which
then reduces to a minimum value of 44 mV/dec in the Vgg
back sweep because of simultaneous de-trapping. Thus, the
back sweep SS overcomes the fundamental limit of standard
FETSs at room temperature.ZI’22 Here, the SS acts as a mea-
sure for the de-trapping behavior. The SS decrease indicates
an electron movement into the gate insulator during the Vg
back sweep. This movement is opposite to the commonly
reported SS increase from charge trapping where the elec-
trons are trapped in the Vgg forward sweep and released in
the Vgs back sweep.'®!?

To identify the main contributors for the defect forma-
tion, the device morphology, alumina composition, and defect
energy distribution are examined. The device stack is studied
by scanning-electron microscopy (SEM) and the composition
of the Al,O5 gate insulator is analyzed by Rutherford back-
scattering spectrometry (RBS) and helium elastic recoil detec-
tion (He-ERD). The defect energy distribution and the Al,O;
bandgap are analyzed by optical absorption measurements.

The device cross-section is displayed in Fig. 2(a). The
gate/source overlap and TFT channel area are indicated, and
the layers exhibit a homogeneous coverage of the device
topography. Fig. 2(b) summarizes the results of RBS and
He-ERD. The O/Al ratio of 1.52 confirms the desired stoichi-
ometry of Al,Os;. About 7% of hydrogen (H/O ratio) has
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FIG. 2. Structural and elemental analysis (a) Cross-section scanning-electron micrograph of a Cu/Al,O3/InGaZnO, thin-film transistor with an Al,O; thickness
of 5nm. (b) Elemental analysis of the 5nm thick Al,O5 layer. Rutherford backscattering spectrometry (RBS) is used for aluminum and oxygen, and helium
elastic recoil detection (He-ERD) is used for hydrogen. (c) Optical absorption spectrum of a 100 nm thick Al,O5 layer.

been detected within the film, which agrees with the previous
reports on Al,Oj thin films deposited by the atomic-layer
deposition at 150°C.?” A large defect density inside the Al,O5
thin-film can be deduced from the significant H-concentration.
Fig. 2(c) displays the optical absorption spectrum of a 100 nm
thick Al,O5 layer deposited on a quartz substrate. The sub-
strate influence has been eliminated by measuring beforehand
an uncoated quartz reference. The overall absorption magni-
tude is low which is expected for a wide-bandgap insulator
material. The large peak at 0.45eV is magnified in the inset,
where the corresponding wavenumbers are displayed. The
peak can be related to Al-OH stretching vibrations.”® From
the rise in absorption at >6.4 eV, we estimated the bandgap of
ALO; to be 6.4-6.5eV assuming a direct transition.>*=>°
Additionally, two broad defect-related peaks at 5.5eV and
1.9eV can be discerned. Both could be related to electron cap-
turing and electron release of negatively charged Vg, respec-
tively. These absorption energies agree with simulated
transition levels of V¢, in amorphous alumina.*’

B. Characteristics of alumina gate insulators
with thicknesses from 5 nm to 20 nm

In the following, the influence of the alumina gate insu-
lator thickness for TFTs with Cu gate electrodes is evaluated.
For that, the tunneling currents (Ig) through Al,O3 are com-
pared, and the possible charge carrier transport mechanisms
are discussed.

Gate current IG (pPA)

0 1 2 3
Gate-source electric field E as (MV/cm)

In recent literature, various tunneling mechanisms for
Al,O5 thin-films have been considered. Among those are,
e.g., space-charge controlled field-emission,**** Poole-
Frenkel conduction®**> and multi-phonon trap ionization.*®
First, the forward conduction mechanism (Fig. 3) is ana-
lyzed. In Fig. 3(a), the forward tunneling currents for differ-
ent Al,O; thicknesses are compared. The differences
between the tunneling currents after normalization on the
electric field lead to the conclusion that classic band-to-band
tunneling like Fowler-Nordheim tunneling cannot be the
dominant conduction process.”’

The space-charge controlled field-emission model has
been studied for different Al,O5 thicknesses*> and different
ALD temperatures.> It has been found that the model signif-
icantly underestimates the current transport at low electric
fields for layers <7nm and thin-films deposited at an ALD
temperature <150 °C. Thus, we exclude the space-charge con-
trolled field-emission from our considerations. Consequently,
the enhanced tunneling currents at low Egg <3 MV/cm indi-
cate a trap-assisted tunneling mechanism through the Al,O;
insulators with thicknesses <10nm.>*>*3 The temperature
dependence (from 25 to 46 °C) of the forward tunneling cur-
rent for 5 nm thick Al,Oj is displayed in the Arrhenius plot in
the inset of Fig. 3(a). In Fig. 3(b), the forward tunneling cur-
rent is shown in a Poole-Frenkel plot. The mismatch for dif-
ferent Al,O5 thicknesses clearly shows that Poole-Frenkel
emission, although it accounts for temperature dependence,

(b)

I/Es (PAV™ cm)

0 500 1000 1500 2000
EQZ (viem)'

FIG. 3. Forward gate current I of Cu gate thin-film transistors with different Al,O3 gate insulator thicknesses. (a) Log-scale forward sweep Ig. The inset

shows the temperature dependence of the forward I for 5 nm thick Al,O5. The band diagrams

313641243 51y the right schematically show the generation of posi-

tive charges at defects for 5 and 10 nm, and the electron trapping in defect states for 20 nm. (b) Poole-Frenkel plot.
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cannot be the governing mechanism in the Egg -range of inter-
est. Consequently, the strong temperature dependence as well
as the increased low-Egg current for thinner layers let us con-
clude that, although the other tunnel mechanisms may contrib-
ute, multi-phonon trap ionization®®***" is the dominant current
transport process in Al,O3 layers with thicknesses <10 nm.

The band diagram for the studied material system is
constructed based on Cu,41 A1203,36’42 and IGZO™ from lit-
erature (see Fig. 3(a) on the right). The obtained band offset
values are indicated in the sketch on the bottom-right. The
displayed defect level (dashed line) shows the neutral-to-
negative (0/—) Vo transition.>' The band diagram on the top-
right depicts the energy release of electrons upon entrance
into the Cu gate metal*** and positive charge generation.
Traditionally, the positive charge generation has been attrib-
uted to impact ionization.”® This effect is caused by tunnel
electrons and previously an energy release of >2eV has
been found to be sufficient to release electrons from intrinsic
trap states located inside the band gap of insulating materi-
als.*® Due to the broad defect energy distribution in amor-
phous alumina,*’” even smaller energies may excite bound
electrons from deep defect levels and thus promote their
release into the gate electrode. A second possible cause of
the positive charge generation may be local heating®> which
then could allow for further multi-phonon ionization pro-
cesses™ to take place at the Cu/Al,Oj5 interface.

The tunneling current for Al,O; =20nm is negligible up
to 3 MV/cm, which indicates that the trap-assisted tunnel cur-
rent is strongly suppressed when scaling up the insulator thick-
ness. Due to the existence of trap states throughout the
insulator, electron trapping is expected for traps, which are in
tunnel distance to the IGZO semiconductor. For 20nm thick
Al,O5, these trapped electrons cannot be injected into the gate
electrode due to their relatively large distance, and hence they
are temporarily stored on defect levels in the gate insulator
(Fig. 3(a), sketch on the bottom-right). This results in an effec-
tive negative charge density close to the semiconductor/insula-
tor interface, which is typically observed in IGZO TFTs.**>

Fig. 4 indicates the back sweep Ig peaks, which occur
for Al,Oj3 thicknesses <10nm. This observation leads to the
conclusion that the forward tunneling current activates the
charge trapping, and thus the positive charges are generated

6. (PA)

Gate current IG (pA)

FIG. 4. Linear-scale gate current Ig: the back sweep Ig shows negative
peaks for Snm and 10 nm thick Al,O3. The inset (top-right) shows the tem-
perature dependence of the back sweep I peaks for 5nm thick Al,O5. The
band diagram®'?**!*3 (bottom-right) schematically shows resonant tunnel-
ing of electrons from the gate electrode into positively charged defect states.
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FIG. 5. Changes of Cu gate thin-film transistor parameters after gate bias
stress measurements for different Al,O; gate insulator thicknesses. (a)
Threshold voltage shift AVy,. (b) Subthreshold swing change ASS.

when scaling down the Al,O5 thickness <10nm. Instead,
when the trap-assisted forward tunneling current is suppressed
(Al,O3 =20nm), there is no negative I peak visible. The
peaks indicate resonant tunneling into the positively charged
trap states™ >° (see sketch on the right of Fig. 4). The temper-
ature dependent measurements (see inset, top-right) show that
at >42°C, a second defect level can be ionized. We identified
dangling bonds of aluminum atoms as well as the positively
charged Vg as possible defect types responsible for the posi-
tive charge and resonant tunneling peaks.>'!

The TFTs with different Al,O5 thicknesses have been
tested in gate bias stress measurements. The resulting thresh-
old voltage shift AVy, and subthreshold swing change ASS
are displayed in Figs. 5(a) and 5(b), respectively. While
TFTs with a 20nm thick Al,O5; show negative charge trap-
ping accompanied by a SS increase, the TFTs with a 5nm
thick Al,O3 exclusively show positive charge trapping and a
SS decrease. For 10nm thick Al,O;, there is a transition
between the two mechanisms at Egg =4 MV/cm. For 5nm
thick Al,O;, the strongest gate bias stress condition of 5
MV/cm results in a ASS of 70 mV/dec leading to a minimum
SS of 19 mV/dec for the measurement after bias stress.

C. Comparison of Cu and Cr gate electrodes for TFTs
with 5 nm thick alumina gate insulators

In Fig. 6(a), the minimum SS for Cr and Cu gate metals
is displayed. For both gate electrodes, the SS decreases with
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mum gate-source voltages Vgs, max- (b) Maximum forward tunnel current density and normalized de-trapping integral for the negative gate current peaks. (c)
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tunnel electrons is larger for a Cu gate electrode compared to Cr.

an increasing maximum gate-source voltage Vgs, max Which
is related to a larger charge generation at higher Egs.
However, the change is more significant for Cu gates. As
shown previously, the forward Ig is strongly related to the
positive charge generation (see Sec. III B). Here, the integral
of the negative back sweep I over Vg is taken as a relative
measure for the amount of de-trapped positive charge. In
Fig. 6(b), the forward tunneling current density and the nor-
malized de-trapping integral for the Cr and Cu gate electro-
des are compared. From both quantities, it can be deduced
that the positive charge generation is strongly enhanced for
Cu gate metals compared to Cr. The results can be related to
the work functions of both materials. The Cu work function
is ~4.65¢eV, and the Cr work function is ~4.5 eV. 4 Hence,
the energy released by tunnel electrons and the probability to
charge a defect is higher for Cu compared to Cr. This effect
is schematically depicted in Fig. 6(c). Nevertheless, it has to
be noted that an additional chemical interaction between the
electrode material and Al,O5; cannot be excluded.

D. Device stability

The device stability for TFTs with a 5nm thick Al,O3
gate insulator and Cu gate electrode has been investigated.
In Fig. 7(a), the I for different Vg, max 18 shown. At Vgs. max
==*2.5YV, the positive Ig hysteresis is reversed compared

schematically indicating the difference of the two gate materials at the same voltage drop across the insulator. The energy release of

to smaller Vs, max (see arrows at positive Vggs). A clockwise
positive I hysteresis indicates an overall capacitive device
behavior whereas a counter-clockwise positive Ig hysteresis fol-
lowed by an I crossing has been found in resistive switching
applications where the defects form a conductive filament
through the insulator.”>>* Interestingly, the center of the trap
charge distribution (negative peak of I) shifts to negative Vgg
when Vs, max 1s increased, which could be due to a greater
depth of charges inside the gate insulator or a change in the
dominant energy level of the charged trap states. In Fig. 7(b),
the convergence of the back sweep SS during 100 Vgs sweeps
is displayed. There are minor instabilities at Vg, max = =25V,
however, the devices recover during cycling with the majority
of minimum SS values around 27 mV/dec. The stability upon
cycling gives another indication that the material is not degraded
by defect generation and in contrast the defect charging is per-
formed on previously described intrinsic defect states.”°

IV. CONCLUSIONS

We reported a tunneling activated charge trapping phe-
nomenon which significantly alters the device behavior of
our IGZO TFTs. The main difference from usual charge
trapping observations is the polarity of the trap charge
inside the gate insulator. Usually, channel carriers are
trapped. However, in this case, the tunneling of channel
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carriers activates the charge trapping of the opposite sign.
This mechanism leads to two main observations: (1) a
change in the Ip hysteresis direction and (2) a reduction of
the SS of the Ip back sweep even below the fundamental
limit of 60 mV/dec. We find that the charge generation is
mainly activated at a Vgg above the transistor switching
transition. Thus, the effect on the SS in forward sweep
direction is small. In contrast, the de-trapping by resonant
tunneling into localized defect states on deep energy levels
significantly impacts the SS with a remarkable reduction
down to minimum values of 19 mV/dec at room tempera-
ture. This leads to the conclusion that resonant tunneling
may be a mechanism, which could be exploited in alterna-
tive device technologies targeting the reduction of operating
voltage for low power consumption. On the other hand, the
observed hysteresis characteristic could be investigated for
low-power memory applications. That our device may be
suitable for such application is supported by the fact that
the charge trapping/de-trapping is stable upon cycling and
does not cause a permanent breakdown from oxide degrada-
tion. Furthermore, the device fabrication process flow is
compatible with the standard technology and requires less
layers than flash technology where another floating gate has
to be implemented within the gate stack.

ACKNOWLEDGMENTS

We want to thank Joakim Reuteler for the FIB-SEM
preparation and imaging, and Max Doebeli for the RBS and
ERD measurements. Further, we would like to express our
gratitude to Weyde Lin and Vanessa C. Wood for providing
access to their optical absorption measurement setup. The
work was funded by the Swiss National Science Foundation
(SNSF) Grant No. 2000021_149495/1.

'P. McWhorter and P. Winokur, Appl. Phys. Lett. 48, 133 (1986).
2C. Tan, M. Xu, and Y. Wang, IEEE Electron Device Lett. 15, 257 (1994).
3G. Gelinck, Nature 445, 268 (2007).

“R. Bez, E. Camerlenghi, A. Modelli, and A. Visconti, Proc. IEEE 91, 489
(2003).
3S. Aritome, R. Shirota, G. Hemink, T. Endoh, and F. Masuoka, Proc. IEEE
81, 776 (1993).
©J. McPherson and H. Mogul, J. Appl. Phys. 84, 1513 (1998).
7Y .-B. Park and D. K. Schroder, IEEE Trans. Electron Devices 45, 1361
(1998).

8]. Maserjian and N. Zamani, J. Vac. Sci. Technol. 20, 743 (1982).
°M. T. Bohr, R. S. Chau, T. Ghani, and K. Mistry, IEEE Spectrum 44, 29
(2007).

10p, Misra, Electrochem. Soc. Interface 20, 47 (2011).

""E. Fortunato, P. Barquinha, and R. Martins, Adv. Mater. 24, 2945
(2012).

'2R. P. Ortiz, A. Facchetti, and T. J. Marks, Chem. Rev. 110, 205 (2009).

13J. Robertson and R. M. Wallace, Mater. Sci. Eng., R 88, 1 (2015).

143, Robertson, Solid-State Electron. 49, 283 (2005).

'SA. Nathan, A. Ahnood, M. T. Cole, S. Lee, Y. Suzuki, P. Hiralal, F.
Bonaccorso, T. Hasan, L. Garcia-Gancedo, A. Dyadyusha et al., Proc.
1IEEE 100, 1486 (2012).

19K, Nomura, H. Ohta, A. Takagi, T. Kamiya, M. Hirano, and H. Hosono,
Nature 432, 488 (2004).

17X, Duan, C. Niu, V. Sahi, J. Chen, J. W. Parce, S. Empedocles, and J. L.
Goldman, Nature 425, 274 (2003).

'8R. Schomer, P. Friedrichs, D. Peters, and D. Stephani, IEEE Electron
Device Lett. 20, 241 (1999).

RIGHTSE LI MN iy

J. Appl. Phys. 120, 244501 (2016)

197 .P. Han, E. Vogel, E. Gusev, C. D’Emic, C. Richter, D. Heh, and J.
Suehle, IEEE Electron Device Lett. 25, 126 (2004).

20M, McDowell, 1. Hill, J. McDermott, S. Bernasek, and J. Schwartz, Appl.
Phys. Lett. 88, 073505 (2006).

2Ip. . Wouters, J.-P. Colinge, and H. E. Maes, IEEE Trans. Electron
Devices 37, 2022 (1990).

27, Ferain, C. A. Colinge, and J.-P. Colinge, Nature 479, 310 (2011).

2A L Chou, K. Lai, K. Kumar, P. Chowdhury, and J. C. Lee, Appl. Phys.
Lett. 70, 3407 (1997).

2*R. Yamada, Y. Mori, Y. Okuyama, J. Yugami, T. Nishimoto, and H.
Kume, in 38th Annual IEEE International Reliability Physics Symposium
Proceedings (Cat. No.OOCH37059) (IEEE, San Jose, CA, USA, 2000),
pp- 200-204.

2R. Yamada, J. Yugami, and M. Ohkura, in 1997 Symposium on VLSI
Technology (IEEE, Kyoto, Japan, 1997), pp. 147-148.

2R, O’Connor, G. Hughes, T. Kauerauf, and L.-A. Ragnarsson,
Microelectron. Reliab. 51, 1118 (2011).

M. Groner, F. Fabreguette, J. Elam, and S. George, Chem. Mater. 16, 639
(2004).

287, Dillon, A. Ott, J. Way, and S. George, Surf. Sci. 322, 230 (1995).

9B, Hu, M. Yao, R. Xiao, J. Chen, and X. Yao, Ceram. Int. 40, 14133
(2014).

30A. B. Khatibani and S. Rozati, Mater. Sci. Semicond. Process. 18, 80
(2014).

3D, Liu, S. Clark, and J. Robertson, Appl. Phys. Lett. 96, 032905
(2010).

*2A. Hiraiwa, D. Matsumura, and H. Kawarada, J. Appl. Phys. 119, 064505
(2016).

BA. Hiraiwa, D. Matsumura, and H. Kawarada, J. Appl. Phys. 120, 084504
(2016).

3*M. Specht, M. Stidele, S. Jakschik, and U. Schroder, Appl. Phys. Lett. 84,
3076 (2004).

3c.-C. Yeh, T. Ma, N. Ramaswamy, N. Rocklein, D. Gealy, T. Graettinger,
and K. Min, Appl. Phys. Lett. 91, 113521 (2007).

30y N. Novikov, V. A. Gritsenko, and K. A. Nasyrov, JETP Lett. 89, 506
(2009).

3TML Lenzlinger and E. Snow, J. Appl. Phys. 40, 278 (1969).

3P Maleeswaran, D. Nagulapally, R. Joshi, and A. Pradhan, J. Appl. Phys.
113, 184504 (2013).

3 A. Vishnyakov, Y. N. Novikov, V. Gritsenko, and K. Nasyrov, Solid State
Electron. 53, 251 (2009).

0L, Vandelli, A. Padovani, L. Larcher, R. Southwick, W. Knowlton, and G.
Bersuker, IEEE Trans. Electron Devices 58, 2878 (2011).

41D, E. Eastman, Phys. Rev. B 2, 1 (1970).

42J. 1. Brady, V. P. Jacobsmeyer e al., Phys. Rev. 49, 670 (1936).

“3T.-C. Fung, C.-S. Chuang, C. Chen, K. Abe, R. Cottle, M. Townsend, H.
Kumomi, and J. Kanicki, J. Appl. Phys. 106, 84511 (2009).

“R. Lake and S. Datta, Phys. Rev. B 46, 4757 (1992).

“E. Yalon, L. Riess, and D. Ritter, IEEE Trans. Electron Devices 61, 1137
(2014).

6D, DiMaria and E. Cartier, J. Appl. Phys. 78, 3883 (1995).

4R, Degraeve, M. Cho, B. Govoreanu, B. Kaczer, M. B. Zahid, J. V. Houdt,
M. Jurczak, and G. Groeseneken, IEEE Int. Electron Devices Meet. 2008,
1-4.

“8C. Bonnelle, Phys. Rev. B 81, 054307 (2010).

“H.-K. Noh, K. Chang, B. Ryu, and W.-J. Lee, Phys. Rev. B: Condens.
Matter Mater. Phys. 84, 115205 (2011).

0L, Petti, P. Aguirre, N. Miinzenrieder, G. A. Salvatore, C. Zysset, A.
Frutiger, L. Biithe, C. Vogt, and G. Troster, IEEE Int. Electron Devices
Meet. 2013, 11.4.1-11.4.4.

S'M. Choi, A. Janotti, and C. G. Van de Walle, J. Appl. Phys. 113, 044501
(2013).

52F. Messerschmitt, M. Kubicek, S. Schweiger, and J. L. Rupp, Adv. Funct.
Mater. 24, 7448 (2014).

33, Messerschmitt, M. Kubicek, and J. L. Rupp, Adv. Funct. Mater. 25,
5117 (2015).

Sy, Wu, S. Yu, B. Lee, and P. Wong, J. Appl. Phys. 110, 094104 (2011).

33y, Nissan-Cohen, J. Shappir, and D. Frohman-Bentchkowsky, Solid State
Electron. 28, 717 (1985).

36J. C. Reiner, in IEEE International Integrated Reliability Workshop Final
Report (IEEE, Fallen Leaf Lake, CA, USA, 2004), pp. 37-40.


http://dx.doi.org/10.1063/1.96974
http://dx.doi.org/10.1109/55.294088
http://dx.doi.org/10.1038/445268a
http://dx.doi.org/10.1109/JPROC.2003.811702
http://dx.doi.org/10.1109/5.220908
http://dx.doi.org/10.1063/1.368217
http://dx.doi.org/10.1109/16.678579
http://dx.doi.org/10.1116/1.571448
http://dx.doi.org/10.1109/MSPEC.2007.4337663
http://dx.doi.org/10.1002/adma.201103228
http://dx.doi.org/10.1021/cr9001275
http://dx.doi.org/10.1016/j.mser.2014.11.001
http://dx.doi.org/10.1016/j.sse.2004.11.011
http://dx.doi.org/10.1109/JPROC.2012.2190168
http://dx.doi.org/10.1109/JPROC.2012.2190168
http://dx.doi.org/10.1038/nature03090
http://dx.doi.org/10.1038/nature01996
http://dx.doi.org/10.1109/55.761027
http://dx.doi.org/10.1109/55.761027
http://dx.doi.org/10.1109/LED.2004.824247
http://dx.doi.org/10.1063/1.2173711
http://dx.doi.org/10.1063/1.2173711
http://dx.doi.org/10.1109/16.57165
http://dx.doi.org/10.1109/16.57165
http://dx.doi.org/10.1038/nature10676
http://dx.doi.org/10.1063/1.119186
http://dx.doi.org/10.1063/1.119186
http://dx.doi.org/10.1109/RELPHY.2000.843915
http://dx.doi.org/10.1109/RELPHY.2000.843915
http://dx.doi.org/10.1016/j.microrel.2011.02.006
http://dx.doi.org/10.1021/cm0304546
http://dx.doi.org/10.1016/0039-6028(95)90033-0
http://dx.doi.org/10.1016/j.ceramint.2014.05.148
http://dx.doi.org/10.1016/j.mssp.2013.11.009
http://dx.doi.org/10.1063/1.3293440
http://dx.doi.org/10.1063/1.4941547
http://dx.doi.org/10.1063/1.4961520
http://dx.doi.org/10.1063/1.1703840
http://dx.doi.org/10.1063/1.2786021
http://dx.doi.org/10.1134/S0021364009100075
http://dx.doi.org/10.1063/1.1657043
http://dx.doi.org/10.1063/1.4804134
http://dx.doi.org/10.1016/j.sse.2008.07.005
http://dx.doi.org/10.1016/j.sse.2008.07.005
http://dx.doi.org/10.1109/TED.2011.2158825
http://dx.doi.org/10.1103/PhysRevB.2.1
http://dx.doi.org/10.1103/PhysRev.49.670
http://dx.doi.org/10.1063/1.3234400
http://dx.doi.org/10.1103/PhysRevB.46.4757
http://dx.doi.org/10.1109/TED.2014.2305175
http://dx.doi.org/10.1063/1.359905
http://dx.doi.org/10.1109/IEDM.2008.4796812
http://dx.doi.org/10.1103/PhysRevB.81.054307
http://dx.doi.org/10.1103/PhysRevB.84.115205
http://dx.doi.org/10.1103/PhysRevB.84.115205
http://dx.doi.org/10.1109/IEDM.2013.6724609
http://dx.doi.org/10.1109/IEDM.2013.6724609
http://dx.doi.org/10.1063/1.4784114
http://dx.doi.org/10.1002/adfm.201402286
http://dx.doi.org/10.1002/adfm.201402286
http://dx.doi.org/10.1002/adfm.201501517
http://dx.doi.org/10.1063/1.3657938
http://dx.doi.org/10.1016/0038-1101(85)90022-X
http://dx.doi.org/10.1016/0038-1101(85)90022-X
http://dx.doi.org/10.1109/IRWS.2004.1422735
http://dx.doi.org/10.1109/IRWS.2004.1422735

	s1
	s2
	s2A
	l
	n1
	s2B
	s3
	s3A
	f1
	s3B
	f2
	f3
	s3C
	f4
	f5
	s3D
	s4
	f6
	f7
	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
	c37
	c38
	c39
	c40
	c41
	c42
	c43
	c44
	c45
	c46
	c47
	c48
	c49
	c50
	c51
	c52
	c53
	c54
	c55
	c56

