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Abstract: The electrical properties characterization of AlGaN/GaN based Modulation Doped Field Effect
Transistor (MODFET) is reported. Threshold voltage Vth =-3.87 V, maximum saturation current Idss =122.748
mA, gate-source capacitance at zero gate voltage and also maximum gate-source capacitance= 0.161753
pF/μm, gate-source capacitance=0.157233 pF/μm at Id=0.3I dss , trans-conductance (gm ) = 31.3806 mS/mm at
zero gate voltage, maximum trans-conductance (gmax) = 31.765 mS/mm, trans-conductance(gm) =30.351 mS/mm
at Id=0.3Idss has been achieved. The dependence of Two-Di mensional Electron Gas (2-DEG) density at the
interface on Al mole fraction and thickness of AlGaN barrier layer is also presented.
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Introduction
In recent years, developments of microwave power transistors have helped to realize efficient
communicat ion systems involving a wide range of frequency of operation [1-4]. Microwave power transistors
made of conventional semiconductors have already approached their performance limit. In order to meet the
future needs of wireless communication systems, a great amount of effort is being put on microwave power
devices like MODFET, HBT (Hetero-junction Bipolar Transistor) etc. based on wide band gap semiconductors,
among wh ich the III-n itride based MODFETs are emerg ing as the potential candidate because of their
exceptional power handling capability [5]. There have been considerable efforts to scale dimensions in IIInitride MODFETs to improve high-frequency performance of the transistors. At the same time efforts are being
put on reducing the various non-ideal effects introduced due to device scaling. These include gate recessing to
increase the device aspect ratio [6], the use of a double hetero-junction structures [7], and inverted MODFET
structures based on the N-polar orientation of wurt zite GaN (which exp loits the reversed direction of
spontaneous and piezoelectric polarization effects) [8].In the last two decades, the AlGaN/ GaN MODFETs have
achieved exceptional improvements in their performance. The inherent material properties such as high
breakdown field, high mobility and saturated velocity, high thermal conductivity, and wide band gap make
AlGaN/ GaN MODFET a pro mising candidate for many microwave power applicat ions. The combination of
improved growth technology and device fabrication mechanisms have enabled devices to generate a power
density up to 9.2 W/mm at 8 GHz and 30 V b ias for A lGaN/ GaN M ODFET with SiC as substrate. This is about
ten times more than GaAs -based FETs and is thus well beyond the capability of GaAs FETs [9]. An outstanding
output power performance of 40W/ mm at 4GHz [10], a unity current gain cutoff frequency of 160GHz [11], and
a maximu m frequency of oscillat ion of 300GHz [12] are so me noteworthy features of AlGaN/ GaN M ODFET
performance. The cutoff frequency fT of state-of-the art A lGaN/ GaN M ODFETs reaches a value of 190 GHz for
a gate length L=60 n m [13]. With comb ined merits of high power and high saturation velocity [14], MODFETs
made of A lGaN/ GaN material co mbination are suitable for both electronic and optoelectronic devices. An
excellent high-frequency performance, with a current gain cut-off frequency (fT) of 153 GHz and power gain
cut-off frequency (f max) of 198 GHz for a gate length of 100 n m for an AlGaN/ GaN M ODFET using
GaN/ultrathin In GaN/ GaN hetero-junction as a back-barrier to the electrons in the structure have been reported
[15]. The realization of high-performance 0.1-μm gate AlGaN/ GaN M ODFET grown on high-resistivity silicon
substrates with features like cutoff frequencies as high as f T=75 GHz and f max =125 GHz are the highest values
reported so far for AlGaN/ GaN MODFETs on silicon [16]. Recent intensive research on AlGaN/ GaN
MODFETs has resulted in monolithic integration of two III-n itride device structures - one with enhancementmode (E-mode) and the other with depletion-mode (D-mode) AlN/ GaN/AlGaN double-heterojunction fieldeffect transistors (DHFETs) on a single SiC substrate through the use of etching and regrowth by molecular
beam ep itaxy (M BE). D-mode devices with a gate length of 150 n m had a threshold voltage Vth of −0.10V, a
peak transconductance g m value of 640 mS/ mm, and current-gain and power-gain cutoff frequencies fT and fmax
of 82 and 210 GHz, respectively. E-mode devices on the same wafer with the same dimensions had a Vth value
of +0.24V, a peak g m value of 525 mS/ mm, and fT and f max values of 50 and 150GHz, respectively [17]. Also

62

Electrical Properties Characterization of AlGaN/GaN MODFET
very accurate analytical models for the device are reported in literatures [18-20]. The electrical
properties required for simu lation purpose of Alx Ga1-xN (x=0.3) and GaN is tabulated in Tables 1 and 2,
respectively [21].These reports have established that AlGaN/ GaN material system has excellent potential for
MODFET application. It has thus opened up avenues for deeper study on this material based system for
MODFET applications The main aim of this paper is to compare the results obtained through simulat ion using
SILVCO TCAD tool by taking structures of MODFET (namely a single hetero-junction AlGaN/ GaN
MODFET) with the experimental results available in the literature. The simulation has been done by changing
different parameters, DC characteristics curve, transfer characteristics curve, transconductance curves, gate to
source capacitance curve have been traced for the device. The basic MODFET structure and models used for
simu lation are described in Section 2. In section 3, the various simu lation results are discussed. The paper is
concluded in Section 4.

I.

Methods Developed For Algan/Gan Interface Properties

A novel method has been developed for the study of AlGaN/ GaN interface prop erties and is presented
in this section.Energy band diagrams and different other results obtained for the GaN-based hetero-structures are
obtained by using a computer program developed by authors. This computer program solves self-consistently
the Schrödinger’s and Poisson’s equations for the electron wave functions using Finite Difference Method
(FDM ) and LU-Deco mposition. The solution gives a detailed knowledge of electron and hole concentrations in
the hetero-structures which are used to study the energy band diagrams and interfacial characteristics of heterostructures.The finite difference method (FDM) is a simp le and efficient method for solving ordinary differential
equation with simple boundary conditions. FDM can be used to solve for the Schrödinge r’s equation. Real space
is divided into discrete mesh points and the wave function is solved within those discrete spacing. The method
requires the construction of mesh defining local coordinate surfaces. For each node of this mesh, the unknown
wave function values are found by replacing the differential equation by difference equation. These values give
the vector solution for wave function  and a matrix formu lation of the Schrödinger equation as:

A  
(1)
where A is the matrix operator and  is the energy eigen values. Usually a uniform mesh size is
selected but this method will not be effective. We need a small mesh when the wave function is changing
rapidly and a large mesh during a slow change in the wave function for the ideal solution. Moreover, careful
calculations are also required at the junction of two different mesh sizes and destroying the symmetry of
matrix A , making it more difficult to calcu late. First both the Schrödinger’s equation and Poisson’s equation are
expressed in tridiagonal matrix form using FDM technique. Then LU-Deco mposition method is being used to
get the potential solution of the Poisson’s equation. The inverse iteration method is used to solve the
Schrödinger’s equation to get the eigen values and corresponding eigenvectors. Then the solutions of the
Schrödinger’s equation and the Poisson’s equation are self consistently solved to get the final potential and
electron distribution. A brief description for solving Schrödinger’s equation and Poisson’s equation selfconsistently is given below. The one-dimensional, one electron Schrödinger equation within effective mass
theory (EMA) is given as
 2 d 
1
d 
(2)

( x )  V ( x )( x )  E( x )


2 dx  m ( x ) dx 
where  is reduced Plank’s constant, m* is the electron effective mass ,  (x) is the wave
function, E is the eigen energy and V (x) is the potential energy. Solving the equation (2) in mat rix form using
FDM technique, the wave functions (k ( x)) , corresponding eigen values ( Ek ) and fermi energy ( E f ) is
obtained. The electron concentration for kth sub-band per unit area is given by


nk 

 g( E ) f ( E )dE

Ek

(3)

where f (E) is the Fermi-Dirac d istribution function given by

f (E) 

1
1  exp[( E  E f ) / KT ]

(4)

and g(E) is the 2-D density of states for a single sub-band in a quantum well system g iven by
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m*
g (E) 
 2
(5)

Using equations (3), (4) and (5), we get

nk 

m
 2



 1  exp( E  E
1

Ek

f

) / KT

(6)

K is the Bolt zmann constant and T is temperature in Kelv in.
The wave function k (x) is related to the electron density per unit area n(x) inside the structure given by
where

m

n( x)  k* ( x)k ( x)nk

(7)

k 1

m m*K T
n( x)  
ln[1  exp( E  E ) / K T ] |  ( x) |2
f
2
k
k
i1 
where

m

is the number of bound states,

(8)

k (x) is the position dependent wave function and *k ( x) is the

complex conjugate of k (x) .
The

n(x) distribution obtained above after expressed in per unit volume as n(x) is now being put in the 1-D

Poisson equation given by

d 
d 
 qN D ( x)  n( x)
  s ( x)  ( x) 
dx 
dx 
o

where

(9)

 s (x) is the position dependent dielectric constant,  (x) is the electrostatic potential and N D (x) is the

n(x) is the electron density distribution per unit volume. Solv ing the equation
(3) in matrix form again using FDM technique, an electrostatic potential  (x) is obtained.
This  (x) is used to calculate the updated new potential energy distribution as
ionized donor concentration and

(10)
V
( x)  f [q ( x)  V ( x)]  V ( x)  E
out
i
0
0
c
where E is the pseudo potential energy due to the conduction band offset at the hetero -junction, V ( x) is
c
0
the potential energy distribution used in the present iteration and f is the scaling factor ranging fro m 0.05 to
i
0.1.
For AlGaN/ GaN material, the total polarization charge at the interface must be taken into account in
the Poisson equation for calculations of the sheet carrier concentration as EAlGaN AlGaN  EGaN GaN  
where E is the electric field,  is the dielectric constant and  is the polarizat ion charge density at the
interface.The total polarizat ion charge can also be written as PTOTAL  PPZ  PSP , where PPZ is the piezoelectric
charge caused by the lattice mis match and by the thermal strain given by PPZ  PMIS  PTS where PMIS is the
piezoelectric charge due to lattice mis match and PTS is the piezoelectric charge due to thermal strain,
whereas PSP represents the spontaneous polarizability of the GaN/AlGaN interface, as clearly demonstrated by
the works of Bernard ini et al. [22]. Actually the piezoelectric and spontaneous polarization charge is inextricable
fro m the gate-induced and charge induced by doping in barrier layer and so it must be carefully considered in
device design and analysis.
These are the basic equations required to solve for finding the solution to the Schrödinger’s equation and
Poisson’s equations self-consistently.
The procedure of our algorith m is then divided into the following steps:
[1].

[2].

We start with a trial potential energy value of V ( x) and then calculate the wave functions  (x) and the

0
corresponding eigen energies Ek using matrix representation of Schrödinger’s wave equation (2) using
FDM method.
Then the values associated with nk are found out using the equation (6).
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[3].
[4].

Then the electron density distribution n(x) is calculated by using the equations given for n(x) above
as (8).
The above calculated value of n(x) is then expressed in per unit volume n(x) and along with the given
donor concentration N D (x) and total polarization charge PTOTAL ,1-D Poisson’s equation (9) is solved to
obtain

[5].

 (x)

and fro m this a new potential energy

Again we use this new value of

V (x) is obtained using the equation (10).

V (x) in the Schrödinger’s equation to find new values of wave

function  (x) and the corresponding Eigen energies Ek .
In this way, the iterations will continue till it yields self-consistent solutions for V (x) and n(x) i.e. the
iteration is repeated until convergence is achieved. After getting the self-consistent solutions for
V (x) and n(x) , these values of V (x) and n(x) can be used to determine the band diagram as well as carrier
concentration in the channel.
II. MODFET Structure And Its Simulation Model
The MODFET structure for simulat ion is shown in figure 1. The epitaxial layers consists of a 0.015 μm
n-doped Alx Ga1-xN layer where x=0.3 with doping concentration ND = 1018 cm-3 , a 0.005 μm un intentionally
doped AlxGa1-xN spacer layer and a 1μm thick, undoped, high resistivity GaN buffer layer grown on Sapphire
substrate along (0001) plane with a nucleation layer of thickness 0.007 μm in between these two layers. AlN
nucleation layer is required to control the GaN polarity. The thick buffer layer is emp loyed to spatially remove
the active part of the device fro m the higher-defect-density material near the substrate interface. The device
width is taken as 50 μm, length is of 3.6 μm and depth is 6 μm. The gate length (Lg ) is of 0.3 μm ,distance
between source to gate (Lsg ) is 0.7 μm and drain to gate (Ldg ) is 2 μm, distance between drain and source (Lds ) is
3 μm and length of drain(Ld ) and source is(Ls ) is 0.3 μm. The drain and source is n-doped. The drain and source
are having ohmic contacts and gate is having Schottky contact with work function of 4.3eV[23]. Figure 2
represents the 2D representation of the modeled AlGaN/ GaN HEMT and figure 3 represents the meshed
structure of AlGaN/ GaN MODFET. Figure 4 represents the carrier concertration level in simu lated device.Nonlinear iteration solution method used in the simulations is the Newton-Raphson iteration method [24]. A low
field mobility model is used following the work of Albrecht et al. [25]. The transport model used here is Energy
Balance Transport Model [23, 26]. Reco mbination Model used is Chuang's Three Band Model for Radiat ive
Reco mbination in Wurtzite Materials [27]. The impact ionizat ion and tunneling parameters have not been
included in the simulation due to their rather negligible effects on the device characteristics below breakdown.
To produce the polarizat ion effects in device we have taken interface charge of approximate 0.99 x 1013 C/cm2
at the hetero-junction interface [21].
III.
Results and Discussion
3.1 DC Characteristics
The MODFET device is simu lated with an x=0.3 Al mole fraction under different gate biases. Figure 5
represents the simulated I-V characteristic of the device for different gate voltages. Output characteristics of the
MODFET device is simu lated using Silvaco ATLAS simu lation tool for Vd =0 to 15V and Vg = 0 to -5. The
simu lated I-V curves have noticeable differences. While the real device peaks at 5V on the drain, only the -5V
gate bias case does so in the model. The real device never surpasses about 0.0 009 amps while the model
approaches 0.0012 A mps. The real device curves (except the -5V gate bias case) begin to fall off around 13V on
the drain, but the model drain current never fall off. This inconsistency is expected to be caused by heating
effects for which the model does not account. The simulated result is compared with measured results and found
to be in good agreement with it [28].
3.2 Transfer characteristics
Figure 6 represents the simu lated transfer characteristic curve of the modeled MODFET device for Vg
=1 to -10V with Vd = 15V. The transfer characteristic is used to obtain the threshold voltage (Vth ) which is found
to be -3.87V and saturation drain current, Idss as 122.748mA. These results are in good agreement with
experimental results [28].
3.3 Transconductance ( g m )
Figure 7 represents the simulated drain-gate trans-conductance curve of the modeled MODFET device.
Starting at a high negative gate bias, the trans -conductance increases with increase in Vgs as there is increase in
charge in the channel. After going through a peak i.e. 31.765 mS/ mm, it starts decreasing with increase in Vgs as
the applied gate bias begins to produce charge transport in the AlGaN layer. Fro m the curve, the trans-
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conductance found is of the value of g m=31.3806mS/ mm at Vg =0 and g m=30.351mS/ mm at Id =0.3Idss. These
values are found to be in good agreement with experimentally found results [28].
3.4 Gate-to-source capaci tance (Cgs )
Figure 8 represents the simulated gate-to-source capacitance curve. Gate to source capacitance at Vg =0
is Cgs =1.61753 x10-13 F/µm; gate to source capacitance at Id =0.3Idss is Cgs =1.57233 x10-13 F/µm; and maximu m
gate to source capacitance is found to be Cgs (max) =1.61753 x10-13 F/µm. These results are compared with
experimentally found results [28] which show a good agreement between the two.
3.5 Effect of Al GaN l ayer Thickness on the Sheet Carrier Density
Figure 9 shows the variation of 2-DEG density as a function of thickness of Al0.3 Ga0.7 N layer. As we
can see from the figure, the 2-DEG density starts increasing rapidly after a certain thickness of the AlGaN layer.
This thickness is called the critical thickness t CR (here the critical thickness is found to be around 35 Å. The
critical thickness depends on factors such as the alloy co mposition and the doping concentration of the layers .
3.6 Effect of Al Mole Fraction in Al GaN/ GaN Structures
The dependence of sheet carrier density on the alloy composition value x is shown in figure 10 which
shows that as the value of alloy composition is increased, the sheet density also increases and almost has a linear
relationship between the two. This result is consistent with the Hall measurements of Lu et al. [29].

IV.

Conclusion

In this paper, the electrical properties characterization of AlGaN/ GaN based MODFET is reported and
simu lated I-V and C-V characteristic curves are obtained for the above mentioned MODFET structure using
SILVCO TCAD tool. The results, threshold voltage Vth = -3.87 V, maximu m saturation current Idss = 122.748
mA, gate-source capacitance at zero gate voltage and also maximu m gate-source capacitance of value 0.161753
pF/μm, gate-source capacitance of 0.157233 pF/μm at Id=0.3Idss , transconductance (gm,) = 31.3806 mS/ mm at
zero gate voltage, maximu m trans conductance (gmax) = 31.765 mS/ mm and transconductance of value 30.351
mS/ mm at Id = 0.3Idss has been achieved. The sheet carrier concentration increases almost linearly with the
increase of Al mole fraction. These results show good agreement with the experimental data over the almost full
range of gate and drain biases.
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Capti ons To Table:
Table 1. Material properties of Alx Ga1-xN (x=0.3) at roo m temperature
Table 2. Material properties of GaN at room temperature
Capti ons To Figures:
Figure 1. Structure and different dimensions of simu lated AlGaN/ GaN M ODFET
Figure 2. 2D representation of the modeled AlGaN/ GaN M ODFET using SILVA CO TCAD
Figure 3. Meshed structure of the modeled AlGaN/ GaN M ODFET using SILVA CO TCAD
Figure 4. Concertrat ion level in simu lated AlGaN/ GaN M ODFET using SILVA CO TCAD
Figure 5. Output characteristics of the modeled MODFET device for Vd = 0 to 15V and Vg = 0 to -5V
Figure 6. Input transfer characteristics of the modeled M ODFET device for Vg = 1 to -10V with Vd=15V
Figure 7. Drain-Gate trans-conductance vs gate voltage
Figure 8. Gate-Source capacitance vs gate voltage
Figure 9.Simu lated values for 2DEG density VsAl0.3 Ga0.7 N thickness
Figure 10. Sheet carrier density in AlGaN/ GaN structure as a function of Alx Ga1-xN barrier
co mposition x
Material: Al xGa1-xN (x=0.3)
Electron mobility
600 cm2 V-1 s-1
Hole mobility
10 cm2 V-1s-1
Electron Affinity
3.82 eV
Conduction band density of states (Nc
at T=300K)
2.07x1018 cm-3
Valence band density of
states (Nv at T=300K)
Energy gap(Eg)
Alignment
Relative Permittivity

1.16x1019 cm-3
3.96eV
0.8eV
10.32

Table 1 S Das et al.
Material: GaN
Electron mobility
Hole mobility
Conduction band density of states
(Nc at T=300K)
Valence band density of
states (Nv at T=300K)
Energy gap(Eg)
Alignment
Relative Permittivity

Table 2 S Das et al.
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900 cm2 V-1 s-1
10 cm2 V-1s-1
1.07x1018 cm-3
1.16x1019 cm-3
3.4eV
0.8eV
9.5
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Figure 1 S Das et al.

Figure 2 S Das et al.

Figure 3 S Das et al.
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Figure 4 S Das et al.

Figure 5 S Das et al.

Figure 6 S Das et al.
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Figure 7 S Das et al.

Figure 8 S Das et al.

Figure 9 S Das et al.

Figure 10 S Das et al.
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