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We  investigate  the  impact  of  interface  traps  and  bulk  traps  on the performance  of n++GaN/InAlN/AlN/GaN
high electron  mobility  transistors  (HEMTs)  using  two-dimensional  Sentaurus  TCAD  simulation.  The
device  uses  lattice-matched  wide  bandgap  In0.17Al0.83N 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
eywords:
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nterface

traps specified  at  the In0.17Al0.83N/n++GaN  cap  interface  show  no  influence  on  the transfer  characteristic.
©  2014  Published  by  Elsevier  B.V.
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. Introduction

InAlN/GaN high electron mobility transistors (HEMTs) with
attice-matched InAlN barrier layer show higher polarization
harge in the quantum well in comparison with more conven-
ional AlGaN/GaN HEMTs. Consequently, InAlN/GaN HEMTs are
ess vulnerable to relaxation-related degradation mechanisms and
lso this system can be easily scaled down to deep submicron
ate-length devices. Due to mentioned properties, they became

 good alternative of conventionally used AlGaN/GaN HEMTs in
 wide range of RF and power applications [1]. While substantial
rogress has been made in InAlN/GaN HEMTs, only a few pub-

ications [2–4] are available to explain or describe the influence
f deep-level traps in these structures. To bring an understand-
ng of deep-level traps behavior, we investigate the impact of the
nterface traps and bulk traps on n++GaN/InAlN/AlN/GaN HEMT
erformance using two-dimensional Sentaurus TCAD simulation

mploying the thermodynamic transport model [5]. Since EHEMTs
enhancement-mode HEMTs) are becoming very popular especially
or RF applications and logic circuits [6], the structure proposed by

∗ Corresponding author. Tel.: +421 2 602 91 327.
E-mail address: marian.molnar@stuba.sk (M.  Molnár).

ttp://dx.doi.org/10.1016/j.apsusc.2014.04.078
169-4332/© 2014 Published by Elsevier B.V.
Kuzmík 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-�m GaN buffer, 1-nm AlN, 1-nm lattice-matched
In0.17Al0.83N barrier, and a 6-nm-thick GaN cap. The cap doping
density is ∼2 × 1020 cm−3, the source-to-gate distance is 1 �m,  the
source-to-drain distance is 4 �m,  and the gate length is 0.25 �m
(Fig. 1). The gate recess through the GaN cap down to the InAlN
barrier, as well as only 2-nm thick barrier layer, secures a positive
threshold voltage ∼0.25 V.

For the normally off operation, it is reasonable to propose the
channel-to-gate separation 2-nm, consisting of a 1-nm InAlN bar-
rier and a 1-nm AlN 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

dx.doi.org/10.1016/j.apsusc.2014.04.078
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2014.04.078&domain=pdf
mailto:marian.molnar@stuba.sk
dx.doi.org/10.1016/j.apsusc.2014.04.078
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 structure. The device dimensions are given in microns.
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simulations. Figs. 4–5 also show that position of EF for regions
between the source-gate, and the gate-drain (areas with n++ GaN
cap) is only negligible modified and therefore if we consider
Fig. 1. Schematic view of the investigated EHEMT

he gate and n++ GaN cap seems to be in order of a few tens of
anometers according to AFM measurement. The thickness and
he doping of the GaN cap influence the HEMT direct current and

icrowave performance. Individual layers exhibit high n-type dop-
ng concentrations also shown in Fig. 1. These values used in our
imulations are harmful and may  indeed generate considerable
EMT off-state leakage, taking into account 2 micrometers thick
uffer. Usually, additional p-type doping (Fe-doping or C-doing)
re used to compensate unintentional n-type doping. Schottky con-
act barrier height ∼1.4 eV is assumed in our simulations [8]. More
etails about the device fabrication process and performance are
eported in [7,8].

. Physics-based modeling

Two-dimensional numerical simulations are performed
mploying Sentaurus Device tool from Synopsys. Due to the
ivergence of the polarization fields at the InAlN/GaN heteroin-
erface, a two-dimensional electron gas (2DEG) is formed in
he quantum well. The sum of negative polarization charges at
he InAlN/AlN interface and positive polarization charges at the
lN/GaN interface equals the polarization charges of the InAlN/GaN
eterostructure without an interlayer [9]. Thus for simplification,

n the model the AlN/InAlN barrier system is represented by
 2 nm thick InAlN. The polarization charges at the InAlN/GaN
eterointerface and InAlN/n++GaN interface are modeled as fixed

nterface charges with values �InAlN/GaN = 2.7 × 1013 cm−2 and
InAlN/n

++
GaN = −2.7 × 1013 cm−2, respectively. This value, which

icely coincides with calculations and also depends on the In
ontent in the InAlN layer, gives the best agreement with the
easured data (Fig. 2). The values of used fixed charges coming

rom our own calculations and measurements. Relevant analytical
quations and material parameters were taken from [10]. Perform-
ng thermodynamic simulations taking into account self-heating
SH), we introduce a substrate thermal contact at the bottom
f the structure (Fig. 1). We  obtain the best agreement with
xperimental data (Fig. 2) by using thermal contact resistance
th = 10−3 K cm2/W.  This value lumps the thermal resistance of the
ucleation layer and the substrate, and possible three-dimensional
hermal effects [11]. Fig. 3 shows a family of simulated output

haracteristics with and without SH effect taken into account, for
GS sweep from 0 V to 2.5 V with a step of 0.5 V. It is obvious that
he drain current is not zero at VDS = 0 V. This can be observed
n simulations of EHEMT structures, when the drain voltage is
Fig. 2. Comparison of the measured and simulated transfer characteristics and
transconductances of the EHEMT at VDS = 8 V.

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 VGS and VDS,
respectively. Only discrete traps were taken into account in our
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 VDS = 8 V for different VGS. The cut is done in the
middle between the source and gate contacts.

F
m

d
d
p
i
e
d

a
a

F
t

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

Parameter GaN In0.17Al0.83N

Permittivity 9.5 11.7
Band gap (eV) 3.4 4.7
Conduction band offset (eV) 0.57 –
Valence band offset (eV) 0.73 –
Electron mobility (cm2 V−1 s−1) 940 1540

2 −1 −1
ig. 5. Energy band alignment at VGS = 2 V for different VDS. The cut is done in the
iddle between the source and the gate contacts.

iscrete traps, continuously distributed traps [12] or Gaussian
istribution of traps in the energy gap, the results are the same
erforming the DC simulation. To our opinion using discrete traps

s sufficient, to describe the role of traps qualitatively. Fig. 6 shows
nergy band alignment at VDS = 8 V for different VGS. The cut is
one under the gate contact.

In our simulations the following boundary conditions are

ssumed. In the case of ohmic contact, we assume the charge bal-
nce at the interface. At the interface without contact, the screening

ig. 6. Energy band alignment at VDS = 8 V for different VGS. The cut is done under
he  gate contact.
Hole mobility (cm V s ) 22 82
vsat for electrons (107 cm s−1) 2.7 4.5
ˇ  1.7 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:

∇ε∇ϕ = −q(p − n + ND − NA) − �trap (1)

Jn = −nq�n(∇˚n + Pn∇T) (2)

where ε is the electrical permittivity, ϕ is the electrostatic potential,
q is the electronic charge, n and p are electron and hole densities,
ND is the concentration of ionized donors, NA is the concentration
of ionized acceptors and �trap is the charge density contributed by
traps and fixed charges, ˚n is the Fermi quasi potential, Pn 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]:

�n,dop = �min + �d

1 + ((NA,0 + ND,0)/N0)A∗ (3)

�min = Amin

(
T

300 K

)˛m

�d = Ad

(
T

300 K

)˛d

(4)

N0 = AN

(
T

300 K

)˛N

A∗ = Aa

(
T

300 K

)˛a

(5)

where �min, �d, N0, and A* are temperature dependent coefficients
taken from [5]. The high-field mobility is modeled as follows:

�(E) = �lowE

[1 + ((�lowE)/(vsat))
ˇ]

1/ˇ
(6)

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

RSRH = np − n2
ie

�p(n + n1) + �n(p + p1)
(7)

where nie is the effective intrinsic density, and �n and �p denote the
temperature-dependent lifetimes of electrons and holes, respec-
tively. Additional auxiliary concentrations n1 and p1 coming from
the deep levels are modeled by:

n1 = niee
Etrap

kT p1 = piee
−Etrap

kT (8)

where Etrap 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 In0.17Al0.83N 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.
4. Simulation results

In our simulations acceptor traps are considered with various
trap concentrations at the InAlN barrier/n++ GaN cap interface. Fig. 7
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Fig. 9. Simulated free carrier concentration profile in the n++ GaN/InAlN/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.
ig. 7. The influence of acceptor traps at the InAlN barrier/GaN cap interface on the

ransfer characteristics at VDS = 8 V. Traps energy level is specified at 2.8 eV from the
onduction band of InAlN.

hows that increasing concentration of interface traps causes a
rain current decrease. Unfortunately, there are no literature data
n the acceptor trap levels at the InAlN/GaN interface. Assumed
alue is based on the known value for bulk GaN. On the other
and, simulations with donor traps specified at this interface show
o influence on the transfer characteristic (not shown). In the DC
steady-state) simulation, acceptor traps are ionized only in the
nergy levels under the Fermi level (EF) and donor traps are ion-
zed only above EF. The n++ GaN cap layer is degenerated (high
-type doping) and position of EF is above EC (Figs. 4–5). This

mplies that consideration of donor traps is unnecessary. In case
f our study, the donor traps get ionized only for highly nega-
ive gate bias (not shown), when the EF reaches position under
he donor traps level. Next, Fig. 8 shows the influence of donor
raps located in the InAlN barrier using various trap concentra-
ions. Trap energy level ET = EC − 0.6 eV is used in our simulations.

 drain current increase as well as a shift of the threshold voltage
o more negative value is observed. Fig. 9 shows the free carrier
oncentration profiles in the n++ GaN/InAlN/GaN structure for dif-
erent concentrations of acceptor traps in the barrier layer. We
dopted the position of ET = EV + 1 eV which, as well as the capture
ross-sections of �n = 3 × 10−15 cm2, was identified using constant
rain-current deep level transient spectroscopy (CID-DLTS) [4]. As
ig. 9 shows, the presence of acceptor traps influences the concen-
ration of free carriers in the channel. The vertical cut is done in

he middle between the source and gate contacts. Fig. 10 shows
he influence of acceptor traps located in the InAlN barrier on the
ransfer characteristics. Rapid decreases of the drain current and
f off-state current with increasing acceptor trap concentration

ig. 8. The influence of donor traps in the InAlN barrier layer on the transfer char-
cteristics at VDS = 8 V. Trap energy level is specified at 0.6 eV from the conduction
and of InAlN.
Fig. 10. The influence of acceptor traps in the InAlN barrier layer on the transfer
characteristics at VDS = 8 V. Traps energy level is specified at 1 eV from the valence
band of InAlN [4].

are observed. Comparison of the calculated characteristics with
experimental data [7,8] indicates that the reported InAlN layer was
grown with concentration of traps, which does not significantly
influence the dc performance of the HEMTs. This result is in agree-
ment with the concentration of InAlN acceptor traps of only about
1.6 × 1010 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/InAlN/AlN/GaN HEMTs. Simula-
tions with donor traps specified at the InAlN/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.
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