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ABSTRACT: In this work, we present an analytical DC model for the Gallium Nimtide High Electron 
Mobility Transistor by taking into account the finite width of the two-dimensional electron gas (2DEG) 
layer. The model predicts the vertical electric field in the device, especially at the interface of AlGaN 
and GaN layers, electrostatic potential, and energy band diagram are also obtained by the model. The 
general form of Gauss’s law including piezoelectric and spontaneous polarization effect is employed 
to obtain this model in different regions from top to bottom of the GaN-HEMT. The model solves 
electrostatic equations in all regions of the device including two narrow regions around the AlGaN/GaN 
interface with thicknesses of about 3 nm. This model demonstrates how the triangular quantum well is 
formed around the AlGaN/GaN interface and varies as a function of gate voltages. Using the proposed 
electrostatic analysis and the treatment proposed by the EPFL HEMT model, the DC current-voltage 
characteristics are obtained by this model. The results predicted by the model are validated with TCAD 
simulations and in part with the EPFL HEMT model. The proposed model facilitates the following steps 
toward obtaining a complete model for small signal and large signal analysis of GaN HEMT. 
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1- Introduction
Recently, GaN-HEMTs have become very popular for 

high-frequency and high-power switching applications 
interface [1, 2]. The GaN-HEMT illustrates attractive 
features distinguishable from GaAs-HEMT. Piezoelectric 
and spontaneous polarization effects result from the 
formation of an intrinsic two-dimensional electron gas (2-
DEG) [3]. The development of a design-oriented compact 
model, which takes into account the physical and geometrical 
device parameters, such as bandgap, polarization effects, and 
channel length and width, enables the design engineers to 
analyze the performance of their circuit prior to fabrication. 
Several popular compact models have been proposed for 
GaN-HEMT, The MIT virtual source, was a charge-based 
model originally developed for Si field effect transistor in 
near ballistic transport conditions and was extended for GaN 
HEMT simulations by adding some empirical functions [4]. 
The advanced SPICE model for HEMT (ASM-HEMT) is a 
surface potential-based compact model [5, 6], which uses 
regional approximation and smoothing functions to provide 
continuity between two regions.   EPFL HEMT is another 
charge-based compact model, which was inherited from 
regular Si FET and tried to merge the essential features of the 
2-DEG with the electrostatics during the application of the 
gate voltage [7-9]. During the last few years, several other 

models have been proposed to capture GaN HEMT behavior 
[10-19]. Although the EPFL HEMT model successfully 
predicts the current-voltage characteristics of the device, a 
simplifying assumption has been made, It analyzes the device 
electrostatics in three regions on the device (Metallic gate 
layer, AlGaN layer, and GaN layer) and neglects the finite 
width of the 2-DEG layers. Therefore, the EPFL HEMT 
model cannot predict the detailed band diagram and vertical 
electric field induced in the device. In this work, we proposed 
an electrostatic model that takes into account the finite width 
of the 2-DEG and demonstrates that this model follows the 
band diagram obtained by TCAD simulations. Here, we solve 
the Poisson equation in five segments of the device and we 
derive the band diagram and electric field.  Then we extend 
the proposed model based on the similar approach proposed 
by the EPFL HEMT model to study and validate the current-
voltage characteristics of the device with TCAD simulations 
and EPFL HEMT model.

2- Device Structure, Parameters and Assumptions 
Fig.1 shows the schematic cross-section of the GaN 

HEMT device used for the model and TCAD simulations. 
The source and drain regions are distanced from the gate by 
access regions. The Schottky barrier is formed between the 
gate and the AlGaN region. The electrostatic solution of the 
Poisson equation is obtained along the vertical axis shown in 
Fig. 1, which also specifies the parametric width of various 
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layers. Device parameters are defined and listed in Table 1.  
The heterostructure is composed of an AlGaN layer grown 

on top of the GaN layer with an abrupt interface [2, 20]. The 
gate work function differs from AlGaN electron affinity and 
the interface turns into a Schottky barrier. The source and 
drain work function is similar to the AlGaN electron affinity 
given in Table 1. The AlGaN layer is doped n-type about 
5×1016 cm-3 and gate/AlGaN forms a Schottky barrier. The 
Thickness of the AlGaN layer is about 20 nm which is thin 
enough to be considered as a fully depleted layer. The full 
depletion approximation is valid while applying negative gate 
voltage and small positive gate voltages below the height 
of the Schottky barrier. The x-axis is drawn vertically from 
the gate to the GaN bulk. The axis origin is assumed at the 
AlGaN/GaN interface where 2-DEG is formed due to the 
piezoelectric and spontaneous polarization effect.

Two regions are considered on two sides of the origin (Δ1, 
Δ2) to facilitate the development of the model. The GaN bulk 
is where the electric field goes to zero and X1 is a boundary 
around the neutral GaN bulk region. The low-field mobility 
model, strain, and polarization effects are employed for 
TCAD  simulations [21, 22].

3- Device Model 
Recently several valuable models have been proposed for 

high-frequency FET and HEMT [23-30]. Hereby, a simple 
and efficient analytical model is introduced in this paper 
to avoid self-consistent, Poisson–Schrödinger numerical 
solver to estimate charge, electric field, and potential in the 
triangular quantum well. This model predicts band-diagram 
and 2-DEG charge density which are used for high-frequency 
GaN HEMT models [31-33].

3- 1- Electric field and polarization charge
The differential form of Gauss’s law, . vD ρ∇ = , states 

that the divergence of the electric displacement field ( .D∇ ) 
is equal to volume charge density ( vρ ). The AlxGa1-xN lattice 
constant differs from the GaN layer due to the presence of 
Aluminum mole  fraction (x). Bond charges emerge in the 
AlxGa1-xN /GaN surface due to strain in the AlGaN layer, 
are called piezoelectric polarization, and intrinsic charge 
due to the ionic bond between Al+ / Ga+ and N- are named 
spontaneous polarization. The electric field and total 
polarization ( P∆ ) make the electric displacement field 
according to . . .D Pε∇ =∈∇ +∇ ∆




 , 
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Polarization charges induce a discontinuity in the 
electric field at the AlGaN/GaN interface. The total amount 
of polarization charges is about 0.013 C/m2 taking into 
consideration the Aluminum mole fraction of 0.15 and the 
detail parameters listed in Table 2. The Al0.15Ga0.85N and 
GaN layers are assumed to be doped with ND=5×1016 and 
NA=1×1016 cm-3, respectively. “A” and “D” indices are used 
to show acceptor and donor type in GaN and AlGaN regions, 
respectively. The proposed method applies to other doping 
levels as long as the full depletion approximation is valid. 
Although AlGaN and GaN show anisotropic behavior, several 
other works, including [1], consider them isotropic materials.

The electric field in the GaN layer is deduced by 
considering the depletion region between Δ1 and X1, and the 
electric field in X1 reaches zero, as shown in (2).
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Fig. 1:  shows GaN-HEMT structure in TCAD and determines all symbolic boundary parameters. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Shows GaN-HEMT structure in TCAD and determines all symbolic boundary parameters.
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Table 1. DEVICE PARAMETERS [20]
TABLE 1. DEVICE PARAMETERS [20] 

Symbol Unit Value and Definitions 

x - 0.15 Aluminum mole fraction 

LG, LS, LD m 10×10-6, 0.1×10-6, 0.1×10-6 length of gate, source, and drain  

W, tD m 10-6, 20×10-9 width of the device and the AlGaN thickness 

L m LD+LS+LG  Length of device 

χD, χA e.V 4.14, 4.31 AlGaN and GaN electron affinity 

ØG, ØS, ØD e.V 5.04, 4.31, 4.31 gate, source, and drain electrode workfunction 

ND, NA cm-3 5×1016 and 1016 AlGaN and GaN doping concentration 

NCA, NC(AlN) cm-3 2.2×1018 and 4.1×1018 GaN and AlN electron density of state 

NVA, NV(AlN) cm-3 1.16×1019 and 2.84×1020 GaN and AlN hole density of state 

NCD cm-3    1CD CA CN x N xN AlN    AlGaN electron density of state 

NVD cm-3    1VD VA VN x N xN AlN   AlGaN hole density of state 

EgA, Eg(AlN) e.V 3.43 and 6.28 GaN and AlN electron energy gap 

EgD m     1.3 1gD g gAE E AlN x E x x     AlGaN energy gap 

  V/m electric field 

∈0 F/m 8.85418×10-12 Vacuum permittivity 

∈A F/m 9.5× ∈0   GaN permittivity 

∈D F/m   00.5 9.5D x      AlGaN permittivity  

aA m 3.189×10-10 GaN lattice constant 

aD m   100.077 3.189 10Da x      AlGaN lattice constant 

Δ1, Δ2 m 12×aA Widths of 2DEG and polarization layer  

DoS2D 1/m2v *

2 2
D

D
qmDoS


  The density of state quantum well 

γ0 e.v.m4/3 2.26×10-12 Adjustable coefficient 
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The electric field between Δ1 and X1 is obtained as:
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The relation between volume electron density nv(X) and 
sheet electron density Nch in the 2-DEG channel is shown in 
(4). 
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In the 2-DEG channel, the boundary condition is shown in 
(5) and is obtained by substitution Δ1 into (3).
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Taking into account (4) and (5), the electric field in the 
2-DEG channel ( )2DEG Xε  is obtained: 
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A closed Gaussian surface is assumed between Δ1 to Δ2, to 
obtain the electric field in this region: 
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where PN P q= ∆ . The electric field in Δ2 is isolated from 
(7) and given by (8).

Table 2. POLARIZATION PARAMETERS [1]TABLE 2. POLARIZATION PARAMETERS [1] 

Symbol Unit Value and Definitions 

C13 Gpa   9
13 5 103 10c x    Elastic constant wurtzite 

C33 Gpa   9
33 32 405 10c x     Elastic constant wurtzite 

e31 C/m2  31 0.11 0.49e x    Piezoelectric coefficient 

e33 C/m2  33 0.73 0.73e x   Piezoelectric coefficient 

PSpD C/m2  0.052 0.029SpDP x    AlGaN spontaneous polarization 

PPeD C/m2   13
31 33

33

2 A D
PeD

D

a a CP e e
a C
  

  
 

 AlGaN piezoelectric polarization 

PD C/m2 
D SpD PeDP P P   Total AlGaN polarization 

PA C/m2 -0.029 Total GaN polarization 

ΔP C/m2 
D AP P P     Total polarization at AlGaN/GaN interface 
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To calculate the electric field at -X2, we assume a closed 
Gaussian surface around -X2. The field at -X2 is a boundary 
condition for Poisson’s equation in the AlGaN region between 
–Δ2 to -X2, shown in (9).
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The electric field between -Δ2 and -X2 into the AlGaN 
region is solved based on (9) and is shown in (10). The AlGaN 
region is considered to be fully depleted.
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The electric field around -Δ2 is defined as: 

 
 2 D g

D
D

q X X N N
X

   
  

(10) 

 
 

 
2 2

2 2( ) D g
D X

D

q X N N
X  

    
  

(11) 

 

    1 1 2 2g A ch P DN N X N N N X       (12) 

 

 
 

 

   

   

2

3 2

2
2 2

1 1
2

1 1
2 1

1
1 1

0

0( )

0

G

D g
D

D

A ch P

D

A ch
DEG

A

A
A

A

X X X

q X X N N
X X X

q X N N N
XX

q X N N
X X

qN X X
X X X














    
          
         


        

 

    

 

(13) 

 

 

    (14) 

 

 1 0A X   
(15) 

 

 
1

2
1 1

2
A

A

qN X


 
 

  

(16) 

 

 (11)

By equating relations (8) and (11), the charge neutrality 
relation between Ng, depletion charges, 2-DEG charges, and 
polarization charges is obtained:
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Applying an integration, the electric field in all regions is 
obtained under depletion approximation:
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3- 2- Potential and Band Diagram
The electrostatic potential is calculated by integrating the 

electric field:
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The electric field in the GaN region near the substrate is 
zero. This is the first boundary condition for the potential:

 
Fig. 2 Energy Band Diagram of GaN-HEMT  
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Potential at Δ1 is denoted as a boundary condition for a 
2-DEG potential as presented in (16).
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The potential in the 2-DEG layer between Δ1 and “0” is 
obtained as:
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ΨS, the surface potential, is equal to Ψ2DEG at the boundary 
(X=0) and is presented in (18).
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In this relation, the dependence of  ΨS  on gate voltage 
and drain-source voltage is not explicit. To further explain, in 
(8) the electrostatics is calculated from the substrate towards 
the gate, while in (11) it is obtained from the gate towards 
the substrate. These two equations must be consistent and the 
charge neutrality emerges from these equalities according 
to (12). The Ng represents the effect of gate voltage on the 
Nch and SΨ  in the charge neutrality equation and in (18). 
Furthermore, following Gradual Channel Approximation 
(GCA), we assumed that the variation of the electric field along 
the channel (y-direction) is much less than the corresponding 
variation in a vertical direction (x-direction),  therefore we 
first solved the 1-D Poisson equation in the x-direction 
neglecting drain-source voltage. Next, we will include the 
effect of VDS on the quasi-Fermi level and implicitly on the 
charge density at each point of the channel using relation 
(38). This assumption is valid when the channel length (10 
µm, 1 µm), is much longer than the total width of 2DEG and 
the depletion layer (a few ten nanometers). Next, the potential 
between “0” to -Δ2 is obtained as:  
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This potential is independent of Δ2. Finally, the potential 
between -Δ2 to -X2 is deduced according to (20).
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The minimum of conduction band energy: EC(X), follows 
vacuum-level energy EVac(X) by a fixed distance called 
electron affinity (χ).  The band bending inside the GaN layer 
is obtained from (21).
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This relation is used to obtain the band diagram at the 
GaN layer under the depletion approximation. In the AlGaN 
region, the electron affinity is different from GaN, and 
the difference is shown as A Dχ χ χ∆ = −   . Taking into 
consideration, the continuity of the vacuum level, EC at the 
boundary of the AlGaN layer is obtained. 
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Inside the AlGaN layer, the conduction band and valance 
band both bend in the x-direction to follow the electrostatic 
potential as described by (23).
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Defining ( ) ( )2 1D AΨ −∆ −Ψ ∆ = ∆Ψ as an equation 
depending on gate voltage, equation (23) converts to:
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The ( ) ( ) ( )1 1 1A C CGaN GaN
q E E XΨ ∆ = − ∆ +  is obtained from 

(21) assuming ( )1 0A XΨ =  which is the reference potential of 
the neutral bulk. After some simplification band bending into 
the AlGaN region is obtained:
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Using (23), (24) is converted to (25). 
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Assuming ideal Schottky barrier contact without 
interface traps,  as demonstrated in Fig. 2 the 
difference between the conduction band around 2X−  
and Fermi level energy in the gate region is equal to

( )2C AlGaN f G D gE X E qVχ− − = Φ − − , where G DχΦ −  is 
defined as the gate Schottky barrier. Fig. 2 shows the band 
diagram obtained from this analytical model. The bulk Fermi 
level energy is defined by ( )1f C GaN gAE E X E B= − + , where 

( )lnT VA AB U N N= . After some simplification, we derive 
( ) ( )2 1C AlGaN G D g C GaN gAE X qV E X E Bχ− = Φ − − + − +  and 

next ΨD(-X2) is obtained: 
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This relation suggests that the electrostatic potential at 
the gate boundary with reference to the substrate depends on 
the gate work function (ΦG) and GaN layer band gap (EgA). 
To draw the band diagram, we set the Fermi level at zero (

0fE =  ) and ( )1C GaN gAE X E B= −  is obtained. The edges 
of the conduction bands in AlGaN and GaN are based on 
(27,28) and the valence band edge is obtained according to 

( ) ( ) ( )V C gD AAlGaN GaN AlGaN GaN
E E E= − .
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3- 3- Depletion Charge Density model 
The width of the depletion layer in the GaN region, X1, is 

isolated from (18): 
A Gaussian closed surface from Δ1 to X1 with a differential 

Δy length is assumed in the depletion region. The integral 
form of Gauss law, .dsb AQ ε= ∈∫∫





,  on the closed surface 
determines the depletion charge. 
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The depletion surface charge density is calculated as (31):
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Substituting X1 from (29) into (31) depletion charge 

density is given by (32).
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3- 4- The 2-DEG Channel  Charge Density model 
Writing (26) as 
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= + ∆Ψ . The ∆Ψ  is a potential drop over 

the 2-DEG layer which is small versus gA A GE B
q

χ+ − −Φ . Also 

(20) is written as ( ) ( )2 2D D S SX X−Ψ − = Ψ − +Ψ where 

( ) 2
2

1
2

2 22

A

D

g gch

S

D D D

D
q X NB

q N q

X

qX NN

−

∆
+

∈
∆

Ψ

∆
− + +

∈

− =

∈ ∈

and 
2

2 2 2
2

2
2 1 2 2

2

2

D D

D D

A P D

D D D

qN q X NB

q N q N qN X

∆ ∆
= −

∈ ∈

∆ ∆ ∆
− − +

∈ ∈ ∈

 

The Ng and X1 are given by (12) and (29) which are 
substituted in ( )2D S X−Ψ − . Finally, Nch is isolated from

( )2 2 2( )D g D S SX A V X−Ψ − = + = Ψ − +Ψ . Applying 
ch chQ qN= −  

the 2-DEG charge is written as: 
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where 
2

D
bC

X
∈

= is the capacitance per unit area in the 

AlGaN region. Other variables C2, D2, E2, F2 are defined in 
(34)
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Relation (33) suggests a parabolic relation between on 
chQ  and SΨ , Therefore SΨ  can be written as: 
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Assuming 1∆ and 2∆  having zero width,  (33) turns to a 
simplified form used in the EPFL HEMT model (32) in [7].  

To obtain the sheet charge concentration in subbands of 
the conduction band, we should take into consideration the 
2D density of states: * 2

2 /DDoS m π=  where m* is the 
electron effective mass and  is reduced Plank constant, 
and the probability of occupation of the first subband (E0) 
according to Fermi-Dirac statistics, which leads to:
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The existence of a triangular quantum well at the interface 
of AlGaN and GaN suggests the following relation between 
E0, Nch and EC0  [7].
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Besides, the distance between the Fermi level in the 
quantum well and lower subband can be written based on the 
electrostatic relation as depicted in Fig. 2: 
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Vap is the voltage applied to the channel, Vap(Source)=0 
and Vap(Drain)=VDS. Substituting (37) and (38) in (36), a 
nonlinear equation is obtained which relates Nch to Vap and 
ΨS.
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Relation (39) shows how chN  varies with the surface 
potential and with the channel voltage. The next step is 
solving (35) and (39) together assuming ˆ

gAE , B̂ and 0γ̂  
to have the voltage dimension and obtaining the charge 
density at the source side QS and the drain side QD of the 
channel. Then, forward and reverse currents, fI and rI ,  are 
calculated using EKV formalism [34].
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The drain current is derived from d f rI I I= − [7, 20].

4- Simulation Results and Discussion
The electric field along the X direction for various gate 

voltages is illustrated in Fig. 3. (a). The result obtained by the 

model shows good agreement with TCAD simulation. The 
model follows TCAD results in the negative gate voltages 
but deviates slightly from TCAD in positive gate voltages. 
The difference between the model and TCAD is the result 
of a “full depletion approximation” where the AlGaN layer 
is not fully depleted in positive gate voltages. The error of 
considering this assumption remains small when the gate 
voltage is limited to the height of the Schottky barrier about 
0.8 V. The width of the depletion region in the AlGaN region 
decreases when gate voltage increases. The electric field in 
the gate electrode is zero, and the electric field is negative 
in the AlGaN region. There is a spike of about 1.5 MV/cm 
around the 2-DEG region at VG=0.5 V, which is predicted by 
the proposed model and the electric field decreases sharply 
in the AlGaN/GaN interface around Δ1 and smoothly goes to 
zero towards the substrate.

Fig. 3(b) shows the potential plotted along the X-axes. 
It clearly illustrates a sharp peak around X=0 within the Δ1 
interval where 2-DEG is formed. Fig. 3 (b) depicts how the 
proposed model facilitates and how the potential varies in 
response to gate voltage and the 2-DEG formation. Beyond X1 
where GaN bulk is neutral electric field goes to zero and we 
consider the potential as a reference potential. The reference 
potential can be defined in various ways. For TCAD, this 
is always the intrinsic Fermi potential ψI=-(Ef-Ei)/q, which 
has a negative value of about -1.6V for the substrate doping 
concentration (NA). 

Fig 4. (a)  compares the edges of the conduction band 
and the valance band calculated by (27) and (28) with the 
TCAD simulation result. Fig 4(b), shows a similar band 
diagram, magnified at the Matal/AlGaN/GaN interface 
region. It indicates perfect agreement between the proposed 
analytical model and the TCAD simulation. The quantum 
well around X=0 predicted by our model exactly follows the 
TCAD results according to Fig. 4 (b). To calibrate the model 
with experimental data, we used “Δ1” and “Δ2” as fitting 
parameters and we obtained the best fitting values for both 
parameters as 12 3.8 nmAa× = , where Aa  is the GaN lattice 
constant listed in Table 1. The results have been validated for 
the range of fraction mole from 0.15 to 0.3, where the AlGaN/
GaN interface is smooth enough to avoid dislocations. 

The proposed model uses the thickness of 2DEG (Δ1) 
and polarization layer (Δ2) to derive the electric field and 
potential. The proposed model reverts to the EPFL HEMT 
model if we neglect the thickness of those layers and assume 
the 2DEG and polarization layers as charge sheets at the 
GaN/AlGaN interface.

Fig. 5 (a) and (b)  compare the ID-VG and ID-VD 
characteristics obtained by the proposed model with the 
EPFL HEMT model and indicate that both models follow 
the TCAD simulation results in all operating regions. TCAD 
results show that the drain current decreases beyond the gate 
voltage of 0.8 V since some of the carriers emit to the gate 
instead of the drain from the AlGaN Schottky barrier.  The 
Schottky barrier height is the difference between the gate 
work function and the semiconductor electron affinity. The 
AlN semiconductor layer shows an electron affinity of  0.6 
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Fig. 3: (a) Vertical electric field and (b) potential from gate to bulk 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. (a) Vertical electric field and (b) potential from gate to bulk
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Fig. 4: (a) Energy band diagram of GaN HEMT device at source and drain from the gate to the bulk (b) 
magnified band diagram around the 2-DEG layer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. (a) Energy band diagram of GaN HEMT device at source and drain from the gate to the 
bulk (b) magnified band diagram around the 2-DEG layer.
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Fig. 5: (a) ID-VG, (b) ID-VD characteristics obtained from the proposed model compared with EPFL  
HEMT model and TCAD simulations. (c) and (d) indicate the error % in ID-VG and ID-VD respectively 
between the proposed model and the EPFL model.   

 

 

 

 

 

Fig. 5. (a) ID-VG, (b) ID-VD characteristics obtained from the proposed model compared with EPFL  HEMT 
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eV [35] leading to an increase in Schottky barrier height.  The 
results of the EPFL HEMT model and our model shown in 
Fig.5 (a) and (b) are close to each other. The relative error in 
percent in ID-VG and ID-VD estimation is shown in Fig. 5 (c) 
and (d). These diagrams show that the EPFL HEMT model 
shows a little deviation of 1.2% in the above threshold and up 
to 9% in the subthreshold operating region from the proposed 
model. From the results of Fig. 5, we have also calculated 
the rough amount of total error using the root-mean-square 
(RMS) relative values for ID-VG indicating errors in percent 
of about 2.946, 2.943, 2.941, and 2.941 for VD= 2, 3, 4 and 
5 V respectively. The RMS errors for ID-VD are 1.25, 0.099, 
0.277, and 0.324 in percent for VG=-2, -1, 0, and 0.5 V 
respectively.

5- Conclusion
A novel analytical model is introduced to calculate the 

DC characteristics including the electric field in different 
GaN-HEMT regions. The widths of the 2DEG layer and 
polarizations at the AlGaN/GaN interface significantly 
influence the electric field distribution. The model employs 
“full depletion approximation” in the AlGaN region. The 
model shows little deviation from TCAD results in positive 
gate voltage due to full depletion approximation. However, 
the error arising from this approximation is negligible for a 
narrow AlGaN layer. The potential and energy band diagram 
follow TCAD simulation in all device regions under various 
gate voltages even around the 2-DEG region. The electric 
field, follows TCAD and the proposed model predicts the 
spiking shape around the AlGaN/GaN interface at about 1.5 
MV/cm at VG= 0.5V. The proposed model converts to the 
EPFL HEMT model, if we neglect the thickness of 2DEG and 
polarization layers.
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