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This work presents a theoretical study of a GaN MODFET considering accurate velocity field relation of GaN for a wide 
range of electric field. The analytical expression of different DC parameters such as drain current, mutual conductance and 
drain conductance of the device has been derived and their variation over different field regions has been investigated. This 
work has also been extended to study the RF parameters like cut-off frequency and maximum operating frequency of the 
device. The threshold voltage of the device is also derived and studied in terms of the thickness of the doped AlGaN layer 
and mole fraction of AlGaN. The mathematical model presented here is calibrated with the experimentally available results 
reported earlier and a good agreement has been observed. 
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1 Introduction 
The modulation doped field effect transistors 

(MODFETs) are getting increasingly important in 
high power and high frequency electronic applications 
in recent days. The MODFETs based on GaAs and 
AlGaAs hetero junction are very popular for high 
frequency and microwave applications. A number of 
works have been carried out earlier to study the 
performance of a MODFET based on GaAs devices1-6. 
But for high temperature and high power device 
application, the utility of the GaAs devices are 
limited. The modulation doped devices based on wide 
band gap compound semiconductors are free from 
such limitations. Particularly, GaN material from III-
V group becomes very important in high power and 
high temperature electronic applications for its large 
band gap, high electron mobility, large saturation 
electron velocity and high thermal conductivity etc. 
Another advantage of GaN is its minimum lattice 
mismatch with AlGaN that helps it to form a good 
hetero-junction device. These unique features and 
material properties have enable GaN a promising 
material for high power hetero-structure electronics. 
The performance of GaN MODFETs are also studied 
extensively in near past by a number of workers7-15. 
Some researchers have developed current models for 
GaN MODFET considering various issues of 
contemporary interests16-22. In all such calculations, 

the previous workers have considered the 
conventional mobility model to study the performance 
of a MODFET based on GaN. In low drain field, the 
mobility of electrons in 2DEG region is constant. But, 
the electron mobility in GaN becomes field dependent 
in higher field and is different for different field 
regions. For very high electric field, the velocity of 
electrons finally saturates. In addition, n-type GaN 
also shows negative differential mobility (NDR) for a 
particular band of electric field. In order to precise 
estimation of the drain current of the device, an 
accurate velocity-field relation should be followed. In 
all the previous works carried out so far, different 
mobility relations of electrons in different field 
regions are not considered in current modeling. 

In this work, we consider an accurate velocity field 
relation of electrons in GaN including NDR to 
calculate the drain current of the device. The variation 
of drain current along with other device DC parameters 
such as threshold voltage, drain conductance and 
mutual conductance are studied with drain field. The 
advantage of this model is that it includes the wide 
band of field regions. In addition, RF parameters such 
as the cut-off frequency and maximum operating 
frequency of the device is calculated and studied with 
drain field and other parameters of interest. 

2 Velocity-Field relation of electrons in GaN 
The N-type GaN semiconductors shows negative 

differential resistance (NDR) and velocity-field 
—————— 
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relation of electrons in GaN is shown in Fig. 123. The 
velocity-field curve can be divided into various 
regions and the mathematical formulation of electron 
velocity as a function of electric field for each region 
can be presented as follows 23. 
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Where, the values of various parameters are presented 
in Table 1. 

 

3 Drain Current 
The drain current of a modulation doped field 

effect transistor is given by 24. 
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Where, Z is the channel width, Ci is the sheet 
capacitance, v is the velocity of electrons inside the 
2D channel, Vg is the applied gate bias , VT is the 
threshold voltage of the device, ϕbn is the barrier 
height of the metal-AlGaN junction, ΔEc is the band 
gap difference between AlGaN and GaN and Vy is the 
drain voltage drop at a distance y from the source. 
Fig. 2(a) shows a schematic diagram of a GaN 
MODFET having gate length L. The thickness of the 
doped and undoped AlGaN layer is d1 and d0 
respectively and Δd is the thickness of the 2D electron 
gas layer inside GaN. Fig. 2(b) shows the energy band 
diagram of the gate channel junction of the device. 

 
 

Fig. 2 ⸻ (a) A Schematic diagram of GaN MODFET (b) Energy
band diagram of gate channel interface.  

 
 

Fig. 1 ⸻ Electron Velocity vs. Field Characteristics of GaN23 

 

Table 1 — Material and Device parameters used in calculations 

Parameters Value 
α1 2.7x10-4cm3/V2s 
α2 130cm2/Vs 
α3 9.5x106cm/s 
β1 2.3x10-4cm3/V2s 
β2 96cm2/Vs 
β3 1.6x107cm/s 
ϒ1 2x108cm/s 
ϒ2 1.2x10-5cm/V 
ϒ3 1.9x107cm/s 
EL 9x104V/cm 
ET 2.3x105V/cm 
EH 3.3x105V/cm 
µ 510cm2/Vs 
EC 4.35x104V/cm 
Z 1 µm 
L 0.1 µm 
x 0.5 

ND 5x1018/cm3 
d0 3nm 
d1 50nm 
Δd 0.1 nm 
T 300K 

Eg
AlN 6.13 eV 

Eg
GaN 3.42 eV 
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The analytical forms of the current equations in each 
field regions are different. The drain current in region 
1, region 2, region 3 and region 4 are defined as I1, I2, 
I3 and I4 respectively. Using the equations (1) and (2), 
the drain current of the device in the region 1 of the 
velocity field curve can be given as  

  1)/1(  cyTgi EE-V-VVE ZCI 
 
  ... (3) 

Where Ec is the critical field of the electron required 
to attain its peak velocity and E is the source to drain 
field. Integrating both sides of equation (3) we get, 
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Similarly, the drain current of the device for other 
field regions are calculated as follows 
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4 Mutual Conductance 
The mutual conductance of the device can be 

derived differentiating drain current with respect to 
gate voltage. The mutual conductance of the device 
for various field regions such as Gm1 for region 1, Gm2 
for region 2, Gm3 for region 3 and Gm4 for region 4 are 
calculated as follows. 

1
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5 Drain Conductance 
The drain conductance of the device can be 

calculated differentiating drain current with respect to 
drain voltage. The drain conductance of the device for 
various field regions such as Gd1 for region 1, Gd2 for 
region 2, Gd3 for region 3 and Gd4 for region 4 are 
calculated as follows. 
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6 Cut-Off Frequency 
The cut-off frequency of the device can be 

expressed as24 

imC ZLCGF 2/
 
              ... (16) 

 

7 Maximum operating Frequency 
The maximum operating frequency of a GaN 

HEMT can be expressed as7 
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Where, Rg, Rs and Ls are the parasitic parameters, Rgs 

is the gate source resistance and can be calculated as 
follows 

1/ ZdqNLR AlGaNdgsgs 
              

... (17) 
 

8 Data Validation 
The functional dependence of drain current as 

presented in equations (4) to (7), shows its 
dependence on gate and drain potential and various 
material and device parameters. In order to cross 
check the validity of this present model, we compare 
our result with the experimental data reported 
earlier16. The Fig. 3 shows that our theoretical results 
based on accurate velocity-field relation of GaN 
presented in equation (1) matches pretty well with 
experimental results. 
 

9 DC Characteristics 
Figure 4 shows the variation of drain current with 

drain bias for different gate potential. It is observed 

 
 
Fig. 3 ⸻ Variation of drain current with gate voltage for Vd = 3V
and Nd = 2x1018 cm-2. 
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from the figure that the drain current of the device 
increases with drain bias for low drain field, achieved 
a maximum value and for higher drain field the device 
current reduces. Such nature of variation of drain 
current with drain bias can be explained from the 
velocity field curve of GaN. The device 
characteristics are dependent on velocity of electrons 
and electron velocity follows the velocity field curve 
of GaN. It is also observed from figure that the device 
current increases with gate bias, for positive gate 
potential the device current is larger and for negative 
gate bias the device current reduces. This is due to the 
fact that when the positive potential is applied at the 
gate terminal, the sheet charge density at the interface 
of the hetero-junction increases and usually the drain 
current of the device increases. 

The variation of trans-conductance with drain 
potential for different thickness of doped AlGaN layer 
is presented in Fig. 5. It is observed from this figure 

that the trans-conductance of the device increases 
initially with drain bias and finally saturates at larger 
drain potential. Such nature of variation of trans-
conductance with drain bias is due to the fact that at 
lower drain field electron velocity increases with 
electric field and channel conductivity increases, 
attains a maximum value and for larger drain field, 
the conductivity of the channel remains almost 
unaltered as electron velocity does not change much 
with drain field. Another important observation is that 
the conductivity of the channel decreases with 
thickness (d1) of the doped AlGaN layer. This is 
because with the increase of d1, the sheet capacitance 
at the gate junction reduces and the electron density 
inside the 2DEG layer decreases. Thus, the channel 
becomes more resistive. 

The variation of drain conductance with drain 
voltage is presented in Fig. 6 for different thickness of 
the doped AlGaN layer. It is observed from the figure 
that the drain conductance usually increases with the 
thickness of the doped AlGaN layer. This is because 
the thick doped layer contributes more number of 
electrons in 2DEG region and conductivity of the 
channel is enhanced subsequently. Interestingly, such 
variation of drain conductivity with d1 is different 
from the nature of variation of trans-conductance with 
d1 presented in Fig. 5. It is also observed from the 
figure that the drain conductance of the device 
decreases with drain bias after a sufficient drain field 
then tends to increase and finally saturates. Such 
nature of variation of drain conductance with drain 

 
 

Fig. 4 ⸻ Variation of drain current with drain voltage for
different gate bias. The material and device parameters taken in
calculation are presented in Table 1. 
 

 
 

Fig. 5 ⸻ Variation of mutual conductance with drain bias for
different thickness of doped AlGaN Layer for Vg = 5V. The
material and device parameters taken in calculation are presented
in Table 1. 
 

 
 
Fig. 6 ⸻ Variation of drain conductance with drain potential for 
different thickness of the doped AlGaN layer for L= 0.1µm. The 
other material and device parameters are presented in Table 1. 
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bias can be explained from velocity field 
characteristics of GaN. In low field region, the 
electrons velocity increases with drain bias and drain 
conductance is maximum. In the subsequent field 
region, the drain conductance decreases due to 
negative resistance effect and after a sufficient field 
the negative resistance effect disappears and the drain 
conductance of the device saturates. 

The variation of threshold voltage of the device 
with the thickness of the doped AlGaN layer for 
different values of mole fraction is depicted in Fig. 7. 
It is very interesting to observe that the threshold 
voltage of the device changes significantly with the 
thickness of the doped AlGaN layer. The threshold 
voltage shifts from positive value to its negative value 
with the suitable change in d1. Thus, with the proper 
selection of d1 the device can be normally OFF or 
normally ON. Such nature of variation of threshold 
voltage is due to the fact that as the d1 increases, more 
negative gate potential is required to deplete the 
doped region and thus threshold voltage becomes 
negative. On the other hand, for smaller d1 value, the 
doped region can be depleted of charge carriers with 
no gate voltage or positive gate voltage and the 
threshold voltage becomes positive. 
 
10. RF Characteristics 

The RF characteristics of a field effect transistor 
are very important in order to access its frequency 
response performance. To study the frequency 
response of the field effect transistor, we have studied 

the device cut-off frequency and maximum operating 
frequency. In Fig. 8, we present the variation of cut-
off frequency of the device with drain bias for 
different values of channel lengths. It is seen from the 
figure that the cut-off frequency of the device reduces 
with gate length. The electrons coming from source 
end have to travel more to reach drain terminal when 
gate length is longer. At the same time the channel 
resistance is also enhanced with gate length. These are 
the limiting factors of cut-off frequency of the device 
having longer gate length. It is also observed from the 
figure that the cut-off frequency of the device 
increases initially for small drain bias and gets 
constant with larger drain potential. Such variation of 
cut-off frequency with drain bias can be explained 
from the relation between electron velocity and 
electric field. For lower drain field the electron 
velocity is field dependent and increases with electric 
field and speed of response of the device is thus 
enhanced. On the other hand, for larger drain field, 
the electron velocity vs. electric field relation is quite 
different and change in electron velocity with drain 
field is smaller compared to its earlier value. As a 
result of that, the speed of response of the device does 
not raise much and cut-off frequency of the device 
becomes constant with drain bias. 

The variation of maximum operating frequency 
with drain bias is presented in Fig. 9 for different 
channel lengths. This figure shows that the maximum 
operating frequency of the device usually increases 
with drain field but for a certain range of drain field it 
decreases with drain bias. The variation value of 
maximum operating frequency depends on cut-off 
frequency and drain conductance of the device over 

 
 
Fig. 7 ⸻ Variation of threshold voltage of the device with the
thickness of the doped AlGaN layer for different values of mole
fraction. The material and device parameters taken in calculation
are presented in Table 1. 

 
 
Fig. 8 ⸻ Variation of Cut-off frequency with drain voltage for
different gate length. The material and device parameters taken in
calculation are presented in Table 1. 
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the entire field region. The reduction of maximum 
operating frequency with drain bias is due to the 
negative resistance effect of GaN material in the 
particular field region. However, the maximum 
operating frequency of the device decreases with 
channel length as larger channel requires more time to 
travel an electron from source to drain. 
 
Conclusions 

In conclusion, we have demonstrated the 
dependence of drain current of a GaN MODFET over 
the entire field region i.e. from low field to very high 
field region. The variation of other DC parameters 
such as drain conductance and mutual conductance 
are also studied from low field to very high field 
region. It is observed that the DC parameters of the 
device depend significantly over the drain field. This 
work has been extended to study the RF parameters 
such as cut-off frequency and maximum operating 
frequency of the device. In addition, the threshold 
voltage of the device has been studied with respect to 
mole fraction and thickness of the doped AlGaN 
layer. The validity of this work is also verified with 
the experimentally observed data reported earlier. 
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Fig. 9 ⸻ Variation of maximum operating frequency with drain
voltage for various gate lengths for d1=.01µm. The other material
and device parameters are presented in Table 1. 
 


