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a b s t r a c t

In this paper analytical modeling for a novel three region gate dielectric engineered AlGaN/GaN Metal
Insulator Semiconductor heterostructure field effect transistor (MISHFET) device architecture is pre-
sented which shows high transconductance and enhanced cut-off frequency at quarter micron gate
lengths. Using a three region analysis along the horizontal direction in the gate dielectric region the
expressions for transconductance and cut-off frequency of the device are obtained. It has been observed
that using these gate dielectric schemes, improvements on device performance are observed over con-
ventional MISHFET structures. Relative comparison of T and C-gate shaped structures is done with uni-
form gate dielectric profile and enhancement in microwave performance is observed. The proposed
model is capable of modeling electrical characteristics like drain current, output conductance and thresh-
old voltage of various other existent structures like uniform gate dielectric MISHFETs, HFETs and T-gate
HFETs. The present model is based on closed form expression and does not involve any fitting parameter.
The results obtained are compared with experimental data and show excellent agreement, thereby prov-
ing the validity of the model.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The gallium nitride (GaN) and its related alloys based semicon-
ductor materials have been attracting attention because of their
large bandgap and their ability to operate at high power, high tem-
perature and high speed. Such qualities have led to investigation of
these material systems for various devices including metal insula-
tor semiconductor heterostructure field effect transistors (MISH-
FETs), HFETs, heterojunction bipolar transistors (HBTs), metal
oxide semiconductor field effect transistors (MOSFETs), photodi-
odes and photodetectors. Tremendous commercial applications
await any successful and desirable demonstration of these devices.
Radio frequency (RF) power amplification is one example where
AlGaN/GaN HFETs are sought after [1,2]. However, large gate leak-
age currents and inferior noise characteristics of AlGaN/GaN HFETs
led to the development of AlGaN/GaN based MISHFET structure.
The AlGaN/GaN MISHFET is characterized by a thin gate dielectric
and has received much attention recently due to its capability to
combine the advantages of dielectric layer and AlGaN/GaN hetero-
structure. The MISHFET approach allows for application of high po-
sitive gate voltages to further increase the sheet carrier density in

the 2-DEG channel and hence the device peak currents [3–6]. It has
demonstrated excellent electrical performance and applications
such as high frequency wireless base stations, broad band links,
etc. Commercial and military radar and satellite communication
could benefit from such a device. However, there are many mile-
stones to be achieved and the work in this field is far from com-
plete. In order to achieve superior RF performance for high
frequency applications, short gate length is required for compound
field effect transistors. The gain and noise characteristics of the
MISHFETs at high frequency are strongly dependent on the gate
length and the gate resistance values. Several gate dielectric engi-
neered structures like T-gate, C-gate [7] etc. are currently being
used for reliability improvement for low noise and high gain char-
acteristics. T-shaped gate structures are most extensively studied
as they are characterized by small foot which defines the small
gate length and the wide top which provides a low gate resistance
[8]. Different lithography methods have been developed for the
submicrometer T-gates in recent years [9,10]. For example, multi-
layer photo resist processes have been used to obtain submicrom-
eter T-shaped gates [11]. In order to further improve device
performance, dielectric deposition process with etching back tech-
nology have been widely used to form dielectric sidewall and
shrink the gate length that is originally limited by the lithography
resolution [12]. The thermally reflowed resist process is another
approach for gate shrinkage and has been reported by Meng and
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Lee et al [13–14]. Tightly controlled process and relatively compli-
cated steps are required for these processes. However, challenges
posed by fundamental limits have led to the continuous explora-
tion of new device structures for the technological progress of
semiconductor industry. Therefore to utilize the combined advan-
tages of both T-shaped structure and AlGaN/GaN MISHFET, we for
the first time have theoretically proposed the gate dielectric engi-
neering for AlGaN/GaN MISHFET structure and systematically
examined its effect on electrical characteristics of the proposed de-
vice. Different combinations of dielectrics like SiO2, Si3N4 have
been investigated. A closed form expression for drain current has
been formulated by taking into account the highly dominant effect
of spontaneous and piezoelectric polarization at the AlGaN/GaN
interface. The proposed model includes Ef as a function of ns by a
simple polynomial in the ns � Vgs expression and account for the
whole range of operation i.e. from subthreshold to deep saturation
region. The proposed analysis can also predict the performance of
HFETs by adjusting few parameters. The effects of parasitic source
drain resistances and velocity saturation have also been included
to accurately develop the dc model. To generalize the model, the
pulse doped structure comprising the Schottky cap layer, dopant
layer and spacer layer is employed. Other relevant parameters like
threshold voltage, 2-DEG (two dimensional electron gas) density,
transconductance and cut-off frequency have also been examined.
Results are validated by available experimental data [6]. The new
gate engineered MISHFET exhibits high transconductance and im-
proved cut-off frequency.

2. Model formulation

The basic schematic structure used in the analysis alongwith
proposed gate dielectric schemes is shown in Fig. 1. It consists of
SiC substrate, an undoped GaN layer to form 2-DEG channel, an un-
doped AlGaN spacer layer of thickness di, a n-doped AlGaN layer of
thickness dd to provide 2–DEG and an undoped AlGaN cap layer of
thickness ds. To study the effect of position of dielectric and their
thicknesses, the region between gate and the high band gap semi-
conductor viz. AlGaN is divided into three identical rectangular re-
gions. Poisson’s equation is then solved separately for each
identical rectangular region to maintain the continuity of current
flow amongst the three regions. Each region has dimensions
Lg/3 � tin where Lg is the normal gate length and tin is the thickness
of the dielectric and is characterized by electric permittivity einz

where z = 1, 2, 3 for regions I, II and III, respectively. These three
rectangular structures are then analyzed for different combina-
tions of two different dielectrics viz. Si3N4 and SiO2 as given in Ta-
ble 1. These gate dielectric schemes are then broadly categorized
into T and C shaped schemes based on performance resemblance
to T and C gate HFET structures. They are then compared with
the uniform schemes for both dielectrics. For current conduction
through the device, the current should flow through all the three
regions consistently. Hence the actual threshold voltage of the de-
vice is determined by the lowest threshold voltage amongst the
three regions. The electrical characteristics of scheme A are similar
to schemes B and C. Analogous is the case for scheme D with
schemes E and F. The expression for 2-DEG sheet carrier density
is calculated region-wise as in [15,18] and is as follows:

nszðxÞ ¼
b

qðdt þ aÞ ½Vgeff � V thz � Ef � ð1Þ

And respective threshold voltage for each region can be expressed
as:

V thz ¼ /bðmÞ � DEc �
qNdd2

d

2b
1þ 2ds

dd

� �
� qNdtindd

eoeinz

� rpzðmÞðdt þ aÞ
b

þ k1 ð2Þ

where a ¼ estin
einz

, b ¼ e0es, Vgeff ¼ Vgs � VðxÞ is the effective gate volt-
age and VðxÞ is the channel potential at any point x due to the drain
voltage, Vgs is the applied gate voltage, /bðmÞ is the Schottky barrier
height between bulk semiconductor and gate electrode, DEc is the
conduction band discontinuity, Nd is the doping concentration of
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Fig. 1. Cross-sectional view of gate dielectric engineered AlGaN/GaN MISHFET alongwith various gate dielectric schemes.

Table 1
Region-wise distribution of gate dielectric permittivities

Label Region I Region II Region III Gate dielectric scheme

A SiO2 Si3N4 SiO2 T-shape
B Si3N4 SiO2 SiO2

C SiO2 SiO2 Si3N4

D Si3N4 Si3N4 SiO2 C-shape
E SiO2 Si3N4 Si3N4

F Si3N4 SiO2 Si3N4

G Si3N4 Si3N4 Si3N4 Uniform Si3N4

H SiO2 SiO2 SiO2 Uniform SiO2
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