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a b s t r a c t

AlGaN/GaN high electron mobility transistors (HEMTs) are favored for the use in high-power and high-
frequency applications. Normally-off operation has been desired for various applications, but proved to
be difficult to achieve. Recently, a new approach was proposed by Mizutani et al. [Mizutani T, Ito M,
Kishimoto S, Nakamura F. AlGaN/GaN HEMTs with thin InGaN cap layer for normally-off operation. IEEE
Elec Dev Lett 2007;28(7):549–51]: a thin InGaN cap layer introduces a polarization field, which raises the
conduction band of the AlGaN/GaN interface. As a result, the threshold voltage is shifted in positive direc-
tion. Relying on the experimental work of Mizutani et al. we conduct a simulation study of the proposed
devices. Our device simulation tool is expanded by material models for InN and InGaN and also an
improved high-field mobility model accounting for the specifics of the III-N materials. Using this setup,
we further explore the device specific effects and conduct an analysis of the AC characteristics.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

As AlGaN/GaN depletion mode (D-mode) HEMT technology has
been significantly improved in the recent years, no comparable
progress of the enhancement counterparts (E-mode) could be
noted. However, the latter exhibit features, which give them
advantages over traditional D-mode HEMTs in some applications.
In low-power digital circuitry they allow HEMT-based direct-cou-
pled FET logic. In analog circuits they offer reduced complexity
due to the elimination of the negative voltage supply and fail-safe
power-switching. Several groups have proposed different ap-
proaches to the design of E-mode HEMTs in the past years. Khan
et al. described a device featuring very thin AlGaN barrier layer
with a threshold voltage V th ¼ 50 mV and gm ¼ 23 mS=mm [2].
Kumar et al. reported V th ¼ 75 mV and fT ¼ 8 GHz for a recessed
gate device [3]. Cai et al. relied on fluoride-based plasma treatment
to achieve a threshold voltage V th ¼ 900 mV, gm ¼ 148 mS=mm,
and fT ¼ 10 GHz [4]. While the last method delivers excellent re-
sults, stability concerns remain. The most recent approach (pro-
posed by Mizutani et al.) adopts a thin InGaN cap layer, which
raises the conduction band, thereby achieving a normally-off oper-
ation [1].
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In this work, we study structures incorporating InGaN cap layer
by the means of two-dimensional numerical device simulation.
The material models employed for GaN and InN are described.
Relevant physical effects are accounted for, such as thermionic
field emission, self-heating, etc. Also an improved high-field
mobility model considering the specifics of the III-N materials is
employed. After an initial calibration against the DC characteris-
tics of a traditional device as reported by Mizutani et al., we dis-
cuss the peculiarities of the recessed structure and perform AC
analysis.
2. Device structure

The investigated InGaN/AlGaN/GaN device structure as de-
scribed in [1] is shown in Fig. 1. A 3 lm thick GaN layer is grown
on a sapphire substrate. A 20 nm thick Al0:25Ga0:75N layer is depos-
ited next: the first 5 nm undoped, 10 nm highly doped
(2� 1018 cm�3) supply layer, and 5 nm undoped material. On-
top a 5 nm thick In0:2Ga0:8N layer is deposited. All layers are non-
intentionally doped, except the supply layer. The gate length
lg ¼ 1:9 lm, source-gate distance is 1.5 lm, and gate-drain dis-
tance is 2.4 lm. We study three different HEMT structures: the
proposed novel normally-off device (Fig. 1), a device with the In-
GaN layer removed in the access regions (only the InGaN film un-
der the gate is left), and a conventional normally-on device (as in
Fig. 1, but without the InGaN layer). We assume a diffusion of
the metal source and drain contacts reaching the highly doped
layer.
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Table 1
Summary of band structure parameters

Material Eg;0 (eV) ag ð�10�4 eV=KÞ bg (K) mn er

GaN 3.4 9.09 800 0.2m0 8.9
InN 0.9 4.14 454 0.04m0 15.3
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i−AlGaN

n−AlGaN (2e18 cm   )
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Gate

Drain
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Fig. 1. Schematic layer structure of the three HEMTs under investigation.
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3. Physical and material models

Our two-dimensional device simulator MINIMOS-NT [5] has proven
to be a suitable tool for the analysis of heterostructure devices [6].
Recently, it has been used for the study of a whole generation of
AlGaN/GaN-based HEMTs [7]. Since the longitudinal electric field
in the channel reaches peak values of above 500 kV/cm, the hydro-
dynamic transport model is used to properly model electron trans-
port and energy relaxation. Self-heating effects are accounted for
by using a global self-heating model, which calculates a spatially
constant lattice temperature. This model has been chosen for the
reasonable computational effort and convergence behavior. We
further assess the impact of thermionic emission and field emis-
sion (tunneling) effects which determine the current transport
across the heterojunctions. The energy barrier reduction is mod-
eled based on the electric field perpendicular to the interface and
the effective tunneling length [8].

3.1. Semiconductor equations

The basic equations solved in a device simulator are the Poisson
equation and the current continuity equations for electrons and
holes (1)–(3). The unknown quantities are the electrostatic poten-
tial w and the electron and hole concentration n and p. Cnet denotes
the net concentration of the ionized dopants, e is the dielectric per-
mittivity of the semiconductor, and R is the net recombination rate.
EC and EV are the position-dependant band energies, NC;0 and NV;0

the effective density of states, and ln and lp are the carrier mobil-
ities. The basic equations are completed through two additional
equations describing the conservation of the average carrier ener-
gies, (4) and (5). Tn and Tp denote the carrier temperatures, sw;n

and sw;p are the energy relaxation times, Sn and Sp the energy
fluxes, Jn and Jp the carrier current densities.

divðe � gradwÞ ¼ q � ðn� p� CnetÞ ð1Þ
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Since HEMTs are unipolar devices, computational effort can be re-
duced by neglecting the equations for holes (3) and (5). The system
of differential equations is solved self-consistently. The material
parameters, such as dielectric constant, band energies, carrier
mobilities, and energy relaxation times, are properly modeled.

3.2. Band structure

While the band structure of GaN has been studied profoundly,
recent reports have questioned the alleged bandgap of 1.89 eV
for InN. Therefore, the band structure and electron mass had to
be reconsidered. Table 1 summarizes the values of the bandgap
at 0 K (Eg;0), electron mass (mn), and dielectric constant (er) for
GaN and InN. The resulting parameters for InxGa1�xN are linearly
interpolated, except for the bandgap. The temperature dependence
of the bandgap is calculated first by

Eg ¼ Eg;0 �
agT2

L

bg þ TL
ð6Þ

with Varshni parameters for GaN [9] and InN [10] as shown in Table
1. The bandgap of InxGa1�xN is then interpolated by

EInGaN
g ¼ EInN

g ð1� xÞ þ EGaN
g xþ Cgð1� xÞx ð7Þ

with a bowing parameter Cg ¼1.4 eV in agreement with
Walukievicz et al. [10]. An energy offset (Eoff ) is used to align the
valence band of different materials. For InxGa1�xN it is calculated by

EInGaN
off ¼

EInN
off ðE

InGaN
g � EGaN

g Þ � EGaN
off ðE

InGaN
g � EInN

g Þ
EInN

g � EGaN
g

ð8Þ

where the offset energies for GaN and InN are EGaN
off ¼ 0:0 eV and

EInN
off ¼ 1:05 eV, respectively (the valence band edge of GaN is chosen

as reference) [6]. The barrier height of the Schottky contact to
AlGaN is 1.5 eV [11] and 0.5 eV to InGaN [12], respectively.

3.3. Mobility model

The low-field electron mobility lLI is modeled using the expres-
sion proposed by Caughey and Thomas [13] with coefficients
which depend on the lattice temperature TL:

lLI ¼ lmin þ lL � lmin

1þ CI=Cref
� �c0

; where ð9Þ

lL ¼ lL
300

TL
300K

� �c1 , lmin ¼ lmin
300

TL
300K

� �c1 , and Cref ¼ Cref
300

TL
300 K

� �c2 � CI

denotes the concentration of ionized impurities. Figs. 2–4 compare
the models for GaN and InN to our Monte Carlo (MC) simulation re-
sults and experimental data as a function of free carrier concentra-
tion and lattice temperature TL. The model for GaN is calibrated
against the MC data [14], which exhibits a mobility slightly higher
than suggested by most experimental results. The latter show
increasing values in recent years, due to the improved quality of
the material samples. The model for InN is calibrated against a
MC simulation, which assumes the newly proposed bandgap of
� 0:7 eV at approx. 300 K and proper band structure and electron
masses [15]. The calibrated model parameter values are listed in
Table 2. The low-field mobility (lLI) of InxGa1�xN is then calculated
by a harmonic mean:
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Fig. 2. Electron mobility versus concentration in GaN: experimental data, MC
simulation results and model used in the device simulator.
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Fig. 3. Electron mobility versus concentration in InN: experimental data, MC
simulation results and model used in the device simulator.
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Fig. 4. Low-field electron mobility as a function of lattice temperature at carrier
concentration of 1017cm�3.

Table 2
Summary of electron transport parameters

Material lL
300

(cm2=Vs)
lmin

300
(cm2=Vs)

Cref
300

(�1017 cm�3)
c0
(–)

c1
(–)

c2
(–)

vsat (cm/
s)

GaN 1600 100 3 0.7 �3.0 4.4 107

InN 10400 500 3.4 0.65 �2.7 4.5 1:5� 107
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1
lInGaN ¼

1� x
lInN þ

x
lGaN ð10Þ

The high-field mobility model includes energy-dependent electron
relaxation times. A modified hydrodynamic mobility model (based
on the one proposed by Hänsch et al. [16]), which accounts for spe-
cific effects of GaN-based materials [17] is used:

lLIT ¼ lLI Tn=TLð Þc

1þ a1=bðTn � TLÞ1=b
� �b ; where a ¼ 3kBlLI

2qsw;nðvsatÞ2
: ð11Þ

Tn is the electron temperature, sw;n are the energy-dependent relax-
ation times [14]. The latter is modeled with temperature depen-
dence as given in [6]. vsat is the saturation velocity. From the
values for GaN and InN (see Table 2), the saturation velocity for
InxGa1�xN is linearly interpolated. The parameter b is used to model
the mobility for moderate carrier temperatures. The parameter c
models the decay of the electron velocity in GaN, AlGaN, and InGaN
at high electron temperatures. The conventional Hänsch model
corresponds to the b ¼ 1, c ¼ 0 parameter set. Higher b values result
in lower peak velocity, while negative c values decrease the velocity
at higher electric fields. We choose a set with b ¼ 1:2, c ¼ �0:5.

4. Simulation results

The simulation results for the transfer characteristics of the
three devices are compared to the measurements of Mizutani
et al. in Fig. 5 for VDS ¼ 5 V. Good overall agreement is achieved.
All simulations were conducted using the same parameter setup,
except for the work-function energy difference of the gate Schottky
contact (depending on the underlying material). The values for the
interface charge density are summarized in Table 3. We use a po-
sitive charge at the channel/supply layer interface, a negative
between the supply layer and the passivation (in the case of D-
mode and recessed E-mode), a negative charge between the InGaN
cap layer and the AlGaN supply layer (both E-mode devices) and a
positive between the InGaN cap layer and the passivation (E-mode
non-recessed).

Fig. 6 shows the effective conduction band energies of D-mode
and E-mode HEMTs at VGS ¼ 0 V, VDS ¼ 5 V in a vertical cut under
the gate metal, as computed by the simulator. The band diagrams
are shifted, so that both Fermi levels are at 0 eV. Indeed, as sug-
gested by Mizutani et al., a 2DEG channel is presented in the
D-mode device, while the negative piezoelectric charge at the In-
GaN/AlGaN interface raises the conduction band in the E-mode
structure. Thus, the channel is depleted even at VGS ¼ 0 V, and
the threshold voltage increases to positive values.

Fig. 7 compares the simulated DC gm for the three structures.
The drop in the measured gm at higher gate bias, might be due to
non-idealities in the source and drain ohmic contacts, which are
not considered in our simulation. A relatively good agreement
between the simulated and measured output characteristics for a
device with InGaN layer is achieved (Fig. 8).



2.0

VGS [V]

0.0

0.1

0.2

0.3

I D
 [

A
/m

m
]

exp. data
simulation

no InGaN

recessed InGaN

complete InGaN

1.0 0.0 1.0 2.0

Fig. 5. Comparison of simulated and measured transfer characteristics for the three
devices.

Table 3
Summary of values of interface charge density (cm�2)

Interface D-mode E-mode Recessed E-mode

GaN/AlGaN 1� 1013 1� 1013 1� 1013

AlGaN/InGaN – �2:2� 1013 �2:2� 1013

InGaN/passivation – 1:4� 1013 –
AlGaN/passivation �0:6� 1013 – �0:6� 1013
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Fig. 7. Simulated DC gm for the three devices.
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Small signal AC analysis using the calibrated setup delivers cut-
off frequencies of fT ¼ 7 GHz for the device featuring a complete In-
GaN layer, and fT ¼ 10 GHz for the recessed structure, respectively.
Our simulations suggest, that reasonably higher values can be
achieved by shorter gate lengths: e.g. peak fT ¼ 30 GHz for
lg ¼ 0:8 lm.
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Fig. 6. Energy band diagrams of a HEMT with (dot-dashed line) and without (solid
line) InGaN layer.
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Fig. 8. Output characteristics of a HEMT with non-recessed InGaN cap layer.
5. Conclusion

A simulation study of HEMTs featuring InGaN cap layer is pre-
sented. Proper models of the material properties are proposed
and several relevant physical mechanisms are accounted for. Good
agreement with experimental DC data is achieved by using a cali-
brated parameter setup. Theoretical expectations for the AC perfor-
mance are presented.
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