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Abstract— Different causes of the gate leakage origin in
AlGaN/GaN HEMTs on Si have been studied through
numerical simulations. Based «on DC measured results and
employing Sentaurus Device; different trap effects under the
Schottky gate must be included to reproduce the measured
transfer characteristics in subthreshold regime. Additionally,
numerical simulation aspects for GaN-based HEMTs are also
detailed.

Keywords—TCAD, AlGaN/GaN HEMT on Si, trapping
effects, Schottky gate

1. INTRODUECTION

III-V semiconductors areithe basis of high-frequency;
high temperature and high power applications in the power
inverters and power amplifiers to come/1-3]. Thus, in order
to achieve the expected results by the telecommunication and
electronic industry, an in-depth knowledge.of TCADjuse is
fundamental in radio frequency and high power circuitry.

Obtained results on GaN manufacturing, are’ being
encouraging. However, defects and traps still may appear in
the epitaxial processing and crystal growth, which leads to
undesired collateral effects such as current collapse and
leakage current, among others [4]. Particularly, diminishing
of the off-state leakage current in HEMT devices conditions
their integration into circuits, in which low noise and low
power consumption are important figures of merit. Accurate
determination of trapping effects is an appropriate way to
ensure the electrical functionality of these devices, in order
to engineer reliable circuit designs [5-7].

Trapping effects can be caused by the etching process for
Schottky gates, together with electrical stress during normal
device operation that entails to provoke traps in barriers.

In this work, the HEMT structure is presented in Section
2. A trapping effect review is exposed in Section 3. TCAD
simulations are explained in Section IV, together with the
evaluation of trap concentration and distribution. Finally,
conclusions are summarized in Section 4.

II. ALGAN/GAN STRUCTURE

In this work, the study is focused on a normally-on
HEMT on silicon [8], based on the AlGaN/GaN system,
1000 um wide, with the technological processing carried out
at LAAS. Source-to-gate and gate-to-source distances are,
respectively, 2 and 5 um, with a Schottky gate 2 pm long.

The layer stack of the device is shown in Fig. 1, where
the donor doping concentration, Np, and the layer thickness
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Fig. 1. Simulated normally-off HEMT based on GaN.

of the different layers are indicated in Table I. Notice that
below the AlGaN barrier and GaN channel, a practically
undoped. GaN buffer (with similar electrothermal
performance) substitutes the transition layers for simulation
purposes.

IH. TRAPPING EFFECTS REVIEW

Three notable mechanisms exist for gate leakage current,
according to the diterature. Fowler-Nordheim (FN) [9], the
simplest tunneling model, is given by:
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where jpg 1s the tunnel current density, F|the electric field at
the interface unden the gate, and 4 and B are physical
constants depending on’the materialsand.dts melar fraction,
Alp2sGag7sN iour ease, as in [10], with 4'= 1.53-10° A/V?
and B=2.17-10® ¥/cm.

Poole—Frenkel emission (PF) [11] is an emission transport
through a continuum of trapfstates, which is sensitive, to_the
temperature and the electric field and, therefore, difficult to
identify at low bias in the subthreshold region. It is modeled
as:
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TABLE 1. THICKNESS AND DOPING OF THE DEVICE.

Thickness n-doping
Layer (nm) (em™)
AlGaN 30 10"
UID-GaN 1100 10'°
GaN buffer 500 10

where the emission probability for charged trap centers is
given by I, 0x°™ and o, are the donor and electron-neutral
concentration” traps, respectively, and ¢y is a characteristic
permittivity for the PF model. All these parameters are set by
default by the simulator [10].

Finally, in' Trap Assisted Tunneling (TAT) emission [12]
most of tunneling takessplace through a two-step tunneling
via a mid-band state-layer of scattered traps within the
AlGaN barrier layer([13]. The lifetime, 7, and capture cross
section, o, become funetion of the trap-assisted tunneling
factor, /s, as

t=10/(1'%+ L)
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where m; is the carrier tunneling mass and E, is a
characteristic energy depending on the Fermi level position
as in [10].

Finally, it is known that the etching process in GaN-
based devices, during a Schottky gate contact formation, can
lead to defective adhesion properties at the
metal/semiconductor interface, originating traps under the
gate. Additional trapping under the gate can be caused by
electrical stress [14, 15], which is present in the (across the
barrier) gate edge region of the HEMT under study. Thus, a
trap concentration ¢ depth under the gate of the transistor
investigated is considered.

IV. TCAD RESULTS

TCAD simulations have been developed with Sentaurus
Device (from Synopsys) [16]. The impact of SHEs on the
transistor DC response has been in-depth analyzed by auto-
consistently solving the heat flow equation together with the
Poisson and drift-diffusion equations, as in [17].

A thermodynamic model is used by Sentaurus Device to
compute a non-uniformity distributed lattice temperature,
whose equations are given by:
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where x is the thermal conductivity, ci is the lattice heat
capacity, Ec and Ev are the conduction and valence band
energies, respectively; G°" is the photon optical generation
rate at the frequency w, and Rnein and Ryerp are the electron
and hole net recombination rates, respectively.

Total polarization in III-V materials is determined as [18]

P:PSP +PPZ (11)

where Psp = psp-z is the spontaneous polarization, with psp
being the spontaneous polarization charge (-0.029 C/m? for
GaN in wurtzite crystal; in the case of the AlGaN value it is
assumed as an interpolation from AIN and GaN). Ppz is the
strain polarization, which can be calculated from the
piezoelectric coefficients es3 and e31, and the elastic constants
C13 and C33.

With Sentaurus solving numerically the heat equation
within a 2D drift-diffusion transient scheme (due to the traps
dynamic response) at room temperature, the physical models
must="be set considering the Schottky gate and the
AlGaN/GaN, heterostructure. Thus, the Masetti mobility
model [19] /is used for electrons at low electric fields, to

account Wfor the n-doping and lattice temperature
dependencies as follows:
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where Nao andy Npo are the aceeptor and ‘donor doping

concentrations, .respectively, sconst 18 the low-doping
reference mobility,which isdetermined by
7\ ¢
'uconst:'uL (SOOK) (13)

with 41 being the mobility due to bulk phonon scattering at

TABLE ILMODEL PARAMETERS

Parameter Electron Hole Units

UL 1500 30 cm?/Vs

Lmint 85 33 cm?/Vs

Hmin 75 0 cm?/ Vs
n 50 20 cm?/Vs
P, 6.5x10%  5x10" cm’
C 9.5x10'°  8x10'° cm
C; 7.2x10"°  8x10% cm?
a 0.55 0.55
B 0.75 0.7 1




room temperature. All parameters of this model have been
set for this HEMT, and their values are shown in Table II.

In the case of the AlGaN/GaN heterojunction, for
saturation regime, the following nitride specific field
dependent mobility model is used [20], with appropriate
negative differential mobility due to intervalley transfers at
high electric fields [21]:

FP-1
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where Eo, E) vand vg:, the saturation velocity, are the
parameters giving rise to a variation of the peak velocity and
peak electric field as,well as_the, steepness of v(F) in the
saturation region.

'ud0p+ Vsat

In order to be rigorous using thisdmodel, the parameters
for GaN and Aly25Gag7sN have béen set according to the
doping and molar fraction of this devices‘as shown in Table
1L

The thermionic current’ model for eléctrons and, holes,
(15) and (16), is activeat all, semiconducter interfaces.
Thermionic-Emission < (TE)» [22] assumes that, <at
heterointerfaces, the conductiondband energy discontinuity is
positive, AEc > 0. If J,» i§ theyelectron currentd density
entering material 2 and Jy; the electron current density
leaving material 1, the interface conditionds:

Jn,ZZJn,l (15)
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with a, being a fitting coefficient, mn; are the effective
masses of the electron, n; the electron concentration, and vy
are the electron emission velocities, which are defined as:

(17)

A gate Schottky diode with Poole—Frenkel (PF) emission
is considered for all operating regimes [23]. Therefore, the
gate current is given by:

mn,Z
Jn2=anq (Vn,ZNC,Z(n,z — Vn,lNC,lé‘nJ)

nl (18)
where N1 and N, are the effective density of states in the

TABLE III. HETEROJUNCTION PARAMETERS

Parameter GaN Aly25Gag7sN Units
E, 22.09x10* 26.56x10* V/em!
E, 220893.6 265579.4 V/em!
o 0.78 0.79 1
s 7.20 8.12 1
y 6.19 7.32 1

conduction band for both materials, and (,» and &, are
correction parameters. High carrier densities together with a
moderate density-of-states require all simulations to be
performed with Fermi statistics.

When using ohmic contacts at source/drain terminals,
nonphysical bending would take place, due to charge
neutrality condition, where the contacts cross the
heterointerface, deriving simulations without convergence
with Sentaurus Device. Thus, to avoid convergence glitches,
source/drain contacts are implemented as Schottky contacts
and carriers are allowed to tunnel into the device with a
reduced effective electron mass [10, 23], as Figure 2 shows.

It is well known that in the surface of the AlGaN layer,
the crystal discontinuity may provoke surface states. This
effect is managed as a donor sheet density of 2.3 x 103 cm™,
with an activation energy of 0.4 eV from the middle of the
band gap. In the GaN buffer, in order to form an intrinsic
material, with an insulator nature, a compensation is
performed by incorporating impurities. But this method
typically introduces acceptor traps. To consider this, an
acceptor trap concentration of 107 cm? has been
incorporated into the GaN buffer, with an activation energy
from the conduction band minimum of 3 eV [5].

In order to fit the threshold voltage as in [24], a donor
traps layer has been introduced under the gate metal. This
layer has a thickness of 2 nm, and the traps located here have
a capture cross-section of 107"* ¢m™ and an activation
energy of 3.2 eV, from the valence band maximum.

Thus, as Figure 3 shows, measured (with symbols) and
simulated (with solid line) transfer characteristics, which are
represented in logarithmic scale, coincide in strong inversion
regime;rabove threshold voltage. However, the existence in
subthreshold regime of a constant leakage current, o, of
22.5 pA /s not being numerically reproduced, even when
non-local tunneling with FN emission through the gate is
activated in simulations (with dashed lines) [22, 24].
Nevertheless, s can be better predicted if, additionally, the
donor ‘layer thickmess for traps under the gate, 7, is
incremented. This effect is observed in Figure 3, where
transfer'characteristic is represented for # = 4 nm (with dotted
line). Thuss the difference betweensmeasured and simulated
subthreshold«current is reduced in more than five orders of
magnitude.
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Fig. 2. Conduction band diagram below the source/drain contacts,
implemented as a Schottky contact with tunnel current and reduced
effective mass of the carriers.
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Fig. 3. Measured (symbols) and simulated. (solid/dashed line without/with
tunneling effect) transfer charactetistics for the AlGaN/GaN HEMT;
Vps=10 V.

In an off-stateegime, gaterand drain measured currents
coincide with all leakage current flowing through the gate
being collected by, the ‘drain terminal, across, the GaN
channel [25].

V.. CONCLUSION

A detailed explanation about numerical simulation of
DC-characteristics of AlGaN/GaN-based HEMTSs, with
Sentaurus Device, has been exposed.

All terminals were modeled as’ Schottky contacts
showing tunnel current and, in the case of the gate, additional
Poole-Frenkel and non-local tunnelings® with Fowler-
Nordheim emissions are necessary.

Trapping effects are crucial to be set.wThus, rap
concentration, distribution and activation energy’ were
determined. Below the gate, a local donor trap density was
tuned in order to reproduce the leakage current, maintaining
a correct prediction for the drain current in strong inversion
regime.
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