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We investigate the impact of interface traps and bulk traps on the performance of n**GaN/InAIN/AIN/GaN
high electron mobility transistors (HEMTs) using two-dimensional Sentaurus TCAD simulation. The
device uses lattice-matched wide bandgap Ing;7Alpg3N as a thin barrier layer. The simulations are per-
formed using the thermodynamic transport model. Interface and bulk traps are accounted for in our
simulations. The results indicate a significant influence of both acceptor and donor traps on device oper-
ation, as long as the traps are considered in the barrier layer. On the other hand, simulations with donor
traps specified at the Ing;17Alpg3N/n**GaN cap interface show no influence on the transfer characteristic.

© 2014 Published by Elsevier B.V.

1. Introduction

InAIN/GaN high electron mobility transistors (HEMTs) with
lattice-matched InAIN barrier layer show higher polarization
charge in the quantum well in comparison with more conven-
tional AlGaN/GaN HEMTs. Consequently, InAIN/GaN HEMTs are
less vulnerable to relaxation-related degradation mechanisms and
also this system can be easily scaled down to deep submicron
gate-length devices. Due to mentioned properties, they became
a good alternative of conventionally used AlGaN/GaN HEMTs in
a wide range of RF and power applications [1]. While substantial
progress has been made in InAIN/GaN HEMTs, only a few pub-
lications [2-4] are available to explain or describe the influence
of deep-level traps in these structures. To bring an understand-
ing of deep-level traps behavior, we investigate the impact of the
interface traps and bulk traps on n**GaN/InAIN/AIN/GaN HEMT
performance using two-dimensional Sentaurus TCAD simulation
employing the thermodynamic transport model [5]. Since EHEMTs
(enhancement-mode HEMTs) are becoming very popular especially
for RF applications and logic circuits [6], the structure proposed by
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Kuzmik et al. [7] was chosen as a subject of our investigation. Traps
specifications are adopted from a recent work of Sasikumar et al.
[4].

2. Device structure

The device under investigation is normally off HEMT, which
consists of a 2-pum GaN buffer, 1-nm AIN, 1-nm lattice-matched
Ing 17Algg3N barrier, and a 6-nm-thick GaN cap. The cap doping
density is ~2 x 1029 cm~3, the source-to-gate distance is 1 jum, the
source-to-drain distance is 4 um, and the gate length is 0.25 um
(Fig. 1). The gate recess through the GaN cap down to the InAIN
barrier, as well as only 2-nm thick barrier layer, secures a positive
threshold voltage ~0.25V.

For the normally off operation, it is reasonable to propose the
channel-to-gate separation 2-nm, consisting of a 1-nm InAIN bar-
rier and a 1-nm AIN spacer to enhance the quantum well electron
mobility [7]. There is no direct contact between the gate and the cap
layer in our simulation structure and also in case of experimental
devices. The resist for etching the GaN cap under the gate elec-
trode is undercut. Together with assumed partial isotropic etching
of GaN because of the low self-induced bias it ensures the sepa-
ration between the gate and n** GaN cap. Investigated structure
and experiment is described in detail in Ref. [7]. The gap between
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Fig. 1. Schematic view of the investigated EHEMT structure. The device dimensions are given in microns.

the gate and n** GaN cap seems to be in order of a few tens of
nanometers according to AFM measurement. The thickness and
the doping of the GaN cap influence the HEMT direct current and
microwave performance. Individual layers exhibit high n-type dop-
ing concentrations also shown in Fig. 1. These values used in our
simulations are harmful and may indeed generate considerable
HEMT off-state leakage, taking into account 2 micrometers thick
buffer. Usually, additional p-type doping (Fe-doping or C-doing)
are used to compensate unintentional n-type doping. Schottky con-
tact barrier height ~1.4 eV is assumed in our simulations [8]. More
details about the device fabrication process and performance are
reported in [7,8].

3. Physics-based modeling

Two-dimensional numerical simulations are performed
employing Sentaurus Device tool from Synopsys. Due to the
divergence of the polarization fields at the InAIN/GaN heteroin-
terface, a two-dimensional electron gas (2DEG) is formed in
the quantum well. The sum of negative polarization charges at
the InAIN/AIN interface and positive polarization charges at the
AIN/GaN interface equals the polarization charges of the InAIN/GaN
heterostructure without an interlayer [9]. Thus for simplification,
in the model the AIN/InAIN barrier system is represented by
a 2nm thick InAIN. The polarization charges at the InAIN/GaN
heterointerface and InAIN/n**GaN interface are modeled as fixed
interface charges with values ojpanjGan=2.7 x 1013 cm=2 and
OmaINn Tcan =—2.7 x 1013 cm~2, respectively. This value, which
nicely coincides with calculations and also depends on the In
content in the InAIN layer, gives the best agreement with the
measured data (Fig. 2). The values of used fixed charges coming
from our own calculations and measurements. Relevant analytical
equations and material parameters were taken from [10]. Perform-
ing thermodynamic simulations taking into account self-heating
(SH), we introduce a substrate thermal contact at the bottom
of the structure (Fig. 1). We obtain the best agreement with
experimental data (Fig. 2) by using thermal contact resistance
Ry, =1073 Kcm?/W. This value lumps the thermal resistance of the
nucleation layer and the substrate, and possible three-dimensional
thermal effects [11]. Fig. 3 shows a family of simulated output
characteristics with and without SH effect taken into account, for
Vis sweep from OV to 2.5V with a step of 0.5 V. It is obvious that
the drain current is not zero at Vps=0V. This can be observed
in simulations of EHEMT structures, when the drain voltage is
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Fig. 2. Comparison of the measured and simulated transfer characteristics and
transconductances of the EHEMT at Vps=8V.

lower than gate voltage bias (drain current has a negative sign).
By increasing the drain bias sufficiently, the gate contact becomes
biased in the reverse direction. Figs. 4-5 show the energy band
alignment of the investigated structure for different Vs and Vps,
respectively. Only discrete traps were taken into account in our
simulations. Figs. 4-5 also show that position of Er for regions
between the source-gate, and the gate-drain (areas with n** GaN
cap) is only negligible modified and therefore if we consider
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Fig. 3. Family of simulated output characteristics of EHEMT with the self-heating
(SH) effect (solid line) and without SH (dashed line).
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Fig. 4. Energy band alignment at Vps =8V for different Vis. The cut is done in the
middle between the source and gate contacts.
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Fig. 5. Energy band alignment at Vs =2V for different Vps. The cut is done in the
middle between the source and the gate contacts.

discrete traps, continuously distributed traps [12] or Gaussian
distribution of traps in the energy gap, the results are the same
performing the DC simulation. To our opinion using discrete traps
is sufficient, to describe the role of traps qualitatively. Fig. 6 shows
energy band alignment at Vps=8V for different Vgs. The cut is
done under the gate contact.

In our simulations the following boundary conditions are
assumed. In the case of ohmic contact, we assume the charge bal-
ance at the interface. At the interface without contact, the screening
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Fig. 6. Energy band alignment at Vps =8V for different Vs. The cut is done under
the gate contact.

Table 1
Values of parameters for GaN and InAIN used in the simulations.

Parameter GaN Ing.17Alog3N
Permittivity 9.5 11.7
Band gap (eV) 34 4.7
Conduction band offset (eV) 0.57 -
Valence band offset (eV) 0.73 -
Electron mobility (cm? V-1s1) 940 1540

Hole mobility (cm?V-1s-1) 22 82

vsat for electrons (107 cms—1!) 2.7 45

B 17 2

method (ideal Neumann condition) is used. The thermal contact is
characterized by the value of thermal resistance [5].

The thermodynamic transport model solves the Poisson equa-
tion and continuity equation as follows:

VeV = —q(p —n+ Np — Na) — prrap (1)
Jn = —nqup(V®@y + Py VT) 2)

where ¢ is the electrical permittivity, ¢ is the electrostatic potential,
q is the electronic charge, n and p are electron and hole densities,
Np is the concentration of ionized donors, Ny is the concentration
of ionized acceptors and prap is the charge density contributed by
traps and fixed charges, @, is the Fermi quasi potential, Py is the
absolute thermoelectric power, and T is the lattice temperature.
The doping and field dependent mobility models were used in our
simulations. The doping-dependent mobility is modeled after Arora
[5]:

Hd

Mn,dop = Mmin + " (3)
1+((Nao +Np,o)/No)*
T am T ad
Mmin = Amin <300 K) Mg =Aq (7300 K) (4)
T aN T oa
NOZAN(3001<) *:A“(3001<) )

where Ui, 4, No, and A* are temperature dependent coefficients
taken from [5]. The high-field mobility is modeled as follows:

M(E) — MIOWE
(1 + ((11owE)/ (vsa0))’]

Recombination through deep defect levels in the band gap
is accounted for in the Shockley-Read-Hall (SRH) recombination
model:

7B (6)

np—n2
Tp(n+nq)+ w(p +p1)

where n;, is the effective intrinsic density, and 7, and 7, denote the
temperature-dependent lifetimes of electrons and holes, respec-
tively. Additional auxiliary concentrations n; and p; coming from
the deep levels are modeled by:
Etrap —Etrap

Ny =MNjge kKT P1=DPje€ kI (8)
where Erap is the difference between the defect level and intrinsic
level. Additional information about the models and parameters is
described in [5]. The physical properties and values of the model
parameters of GaN and Ing17Alpg3N used in our simulations are
summarized in Table 1. The table shows the maximum possible
value of mobility, which is influenced by concentration of impuri-
ties and by lattice temperature.

Rsgu =

(7)

4. Simulation results

In our simulations acceptor traps are considered with various
trap concentrations at the InAIN barrier/n** GaN cap interface. Fig. 7
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Fig. 7. The influence of acceptor traps at the InAIN barrier/GaN cap interface on the
transfer characteristics at Vps = 8 V. Traps energy level is specified at 2.8 eV from the
conduction band of InAIN.

shows that increasing concentration of interface traps causes a
drain current decrease. Unfortunately, there are no literature data
on the acceptor trap levels at the InAIN/GaN interface. Assumed
value is based on the known value for bulk GaN. On the other
hand, simulations with donor traps specified at this interface show
no influence on the transfer characteristic (not shown). In the DC
(steady-state) simulation, acceptor traps are ionized only in the
energy levels under the Fermi level (Eg) and donor traps are ion-
ized only above Eg. The n*™* GaN cap layer is degenerated (high
n-type doping) and position of Eg is above Ec (Figs. 4-5). This
implies that consideration of donor traps is unnecessary. In case
of our study, the donor traps get ionized only for highly nega-
tive gate bias (not shown), when the Er reaches position under
the donor traps level. Next, Fig. 8 shows the influence of donor
traps located in the InAIN barrier using various trap concentra-
tions. Trap energy level Er=Ec — 0.6 eV is used in our simulations.
A drain current increase as well as a shift of the threshold voltage
to more negative value is observed. Fig. 9 shows the free carrier
concentration profiles in the n** GaN/InAIN/GaN structure for dif-
ferent concentrations of acceptor traps in the barrier layer. We
adopted the position of Er = Ey + 1 eV which, as well as the capture
cross-sections of o =3 x 10715 cm2, was identified using constant
drain-current deep level transient spectroscopy (Clp-DLTS) [4]. As
Fig. 9 shows, the presence of acceptor traps influences the concen-
tration of free carriers in the channel. The vertical cut is done in
the middle between the source and gate contacts. Fig. 10 shows
the influence of acceptor traps located in the InAIN barrier on the
transfer characteristics. Rapid decreases of the drain current and
of off-state current with increasing acceptor trap concentration
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Fig. 8. The influence of donor traps in the InAIN barrier layer on the transfer char-

acteristics at Vps =8 V. Trap energy level is specified at 0.6 eV from the conduction
band of InAIN.
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Fig. 9. Simulated free carrier concentration profile in the n** GaN/InAIN/GaN struc-
ture for different concentrations of acceptor traps in the barrier layer. The vertical
cut is done in the middle between the source and gate contacts.
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Fig. 10. The influence of acceptor traps in the InAIN barrier layer on the transfer
characteristics at Vps =8 V. Traps energy level is specified at 1eV from the valence
band of InAIN [4].

are observed. Comparison of the calculated characteristics with
experimental data [7,8] indicates that the reported InAIN layer was
grown with concentration of traps, which does not significantly
influence the dc performance of the HEMTSs. This result is in agree-
ment with the concentration of InAIN acceptor traps of only about
1.6 x 1019 cm~2 reported elsewhere [4].

5. Conclusion

Two-dimensional numerical device simulations employing Sen-
taurus Device were used to study the influence of interface traps
and barrier traps in the n**GaN/InAIN/AIN/GaN HEMTs. Simula-
tions with donor traps specified at the InAIN/n**GaN interface show
no influence on the transfer characteristic. Our results show that
the presence of acceptor traps affects the concentration of free car-
riers in the channel. Rapid decreases of the drain current and of
the off-state current are observed with increasing acceptor trap
concentration.

Acknowledgements

This work was supported by the ENIAC JU project no.
324280/2012 E2COGaN, by the grant VEGA 0866/11, by the Slovak
R&D Agency grant APVV-0367-(11) and by the competence center
for new materials, advanced technologies, and energy, Project No.
26240220073.

References

[1] J. Kuzmik, S. Vitanov, Ch. Dua, ].-F. Carlin, C. Ostermaier, A. Alexewicz,
G. Strasser, D. Pogany, E. Gornik, N. Grandjean, S. Delage, V. Palankovski,


http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005

M. Molndr et al. / Applied Surface Science 312 (2014) 157-161 161

Buffer-related degradation aspects of single and double-heterostructure quan-
tum well InAIN/GaN high electron mobility transistors, Jpn. J. Appl. Phys. 51
(May) (2012) 054102.

[2] A. Chini, F. Soci, M. Meneghini, G. Meneghesso, E. Zanoni, Deep levels char-

acterization in GaN HEMTs-Part 2: experimental and numerical evaluation of

self-heating effects on the extraction of traps activation energy, IEEE Trans.

Electron Dev. 60 (October (10)) (2013) 3176-3182.

M. Faqir, M. Bouya, N. Malbert, N. Labat, D. Carisetti, B. Lambert, G. Verzellesi,

F. Fantini, Analysis of current collapse effect in AlIGaN/GaN HEMT: experi-

ments and numerical simulations, Microelectron. Reliab. 50 (August) (2010)

1520-1522.

[4] A. Sasikumar, A.R. Arehart, S. Martin-Horcajo, M.F. Romero, Y. Pei, D. Brown, F.
Recht, M.A. Di Forte-Poisson, F. Calle, M.J. Tadjer, S. Keller, S.P. DenBaars, U.K.
Mishra, S.A. Ringel, Direct comparison of traps in InAIN/GaN and AlGaN/GaN
high electron mobility transistors using constant drain current deep level tran-
sient spectroscopy, Appl. Phys. Lett. 103 (July (3)) (2013) 033509.

[5] TCAD Sentaurus, SDevice User Guide, ver. G-2012.06, Synopsys, 2012 June.

[6] R. Wang, Y. Cai, C. Wilson, W. Tang, K.M. Lau, Kevin ]. Chen, Device isolation
by plasma treatment for planar integration of enhancement/depletion-mode
AlGaN/GaN high electron mobility transistors, Jpn. J. Appl. Phys. 46 (4B) (2007)
2330-2333.

[7] J. Kuzmik, C. Ostermaier, G. Pozzovio, B. Basnar, W. Schrenk, J.-F. Carlin, M. Gon-
schorek, E. Feltin, N. Grandjean, Y. Douvry, Ch. Gaquiére, J.-C. De Jaeger, K. CiZo,

[3

K. Frohlich, J. Skriniarovd, J. Kovag, G. Strasser, D. Pogany, E. Gornik, Proposal

and performance analysis of normally off n** GaN/InAIN/AIN/GaN HEMTs with

1-nm-thick InAIN barrier, IEEE Trans. Electron Dev. 57 (September (9)) (2010)

2144-2154.

V. Palankovski, J. Kuzmik, A promising new n++GaN/InAIN/GaN HEMT concept

for high-frequency applications, in: R. Garg, K. Shenai (Eds.), Gallium Nitride

and Silicon Carbide Power Technologies 2, The Electrochemical Society, ECS

Transactions 50 (3) (2012) 291-296, ISBN: 978-1-60768-351-3.

M. Gonschorek, J.-F. Carlin, E. Feltin, M.A. Py, N. Grandjean, V. Darakchieva,

B. Monemar, M. Lorenz, G. Ramm, Two-dimensional electron gas density in

InxAl1-xN/AIN/GaN heterostructures (0.03 <x <0.23), J. Appl. Phys. 103 (May)

(2008) 093714.

[10] J. Kuzmik, InAIN/(In)GaN high electron mobility transistors: some aspects of
the quantum well heterostructure proposal, Semicond. Sci. Technol. 17 (2002)
540.

[11] S.Vitanov, V. Palankovski, G. Pozzovivo, J. Kuzmik, R. Quay, Systematical study
of InAIN/GaN devices by numerical simulation, in: European Workshop on Het-
erostructure Technology (HETECH) Book of Abstracts, Venice, 2008 November,
pp. 159-160.

[12] J. Osvald, Simulation of the influence of interface states on capacitance charac-
teristics of insulator/AlGaN/GaN heterojunctions, Phys. Stat. Sol. A 210 (March
(7)) (2013) 1340-1344.

[8

19


http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0005
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0010
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0015
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0020
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0025
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0025
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0025
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0025
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0025
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0025
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0025
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0025
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0025
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0025
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0030
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0035
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0040
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0045
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0050
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0050
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0050
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0050
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0050
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0050
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0050
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0050
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0050
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0050
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0050
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0050
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0050
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0050
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0050
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0050
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0050
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0050
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0050
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0050
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0050
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0055
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060
http://refhub.elsevier.com/S0169-4332(14)00842-3/sbref0060

	Simulation study of interface traps and bulk traps in n++GaN/InAlN/AlN/GaN high electron mobility transistors
	1 Introduction
	2 Device structure
	3 Physics-based modeling
	4 Simulation results
	5 Conclusion
	Acknowledgements
	References


