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Abstract— This work presents a physical analytical model for the 
total gate charge and C-V characteristics of AlGaN/GaN HEMT 
devices. A continuous analytical model of the gate-charge is 
developed first, based on an assumption of considering only the first 
energy level in the triangular quantum well approximation at the 
AlGaN/GaN interface where most of charge carriers reside. The 
gate-source and the gate-drain capacitances are then obtained 
through differentiation of the gate charge at the corresponding 
terminal voltages.  Excellent agreements between the modeled and 
measured C-V characteristics of a device were obtained.  
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I.  INTRODUCTION  
After a series of extensive research works in the past years 
demonstrated the suitability of AlGaN/GaN HEMTs for high 
power and high frequency applications [1-3], currently it is 
becoming quite common to find these devices in commercial 
products such as RF power amplifiers [4]. This obviously has 
increased the need for models of these devices for circuit 
simulation. Since the basic principle of operation of these 
devices is based on the 2DEG that is formed at the 
heterostructure interface, accurate modeling of the charge and 
capacitances at the interface is critical. Compact physics-based 
models are desirable for this purpose as they provide higher 
accuracy while keeping a minimum set of parameters.  Since 
there are different Fermi potentials and energy levels that should 
be considered while developing such physical models, coming 
up with simpler models keeping a higher accuracy is a 
challenging task. 

In this work we present a physical analytical model for the gate-
source and gate-drain capacitances. A continuous total gate 
charge model is developed first from which the capacitances are 
derived through differentiation with respect to the terminal 
voltages. The gate charge model is developed base on a simple 
unified charge control model that is obtained using an 
assumption of considering only a single energy level in the 
triangular quantum well approximation at the AlGaN-GaN 
heterostructure interface. A drain current model developed based 
on this was presented in an earlier work [5]. The development 
and derivation of the total gate charge and capacitance models is 
presented in section II. Then in section III, simulation results and  

 

Table I 
List of Symbols 

symbol Description 

q  The electron charge 

thV  Thermal Voltage 

ε  The dielectric permittivity of AlGaN  

d  Thickness of AlGaN layer 

fE  Position of the Fermi level 

0E  Position of the first energy level in the 
triangular quantum well 

1E  Position of the second energy level in the 
triangular quantum well 

D  Density of states 

0γ , 1γ  Parameters determined from experiment  

sn  Density of electron in the 2DEG 

gC  Gate Capacitance per unit area ( ) 

comparisons with measurement data are  shown and discussed. 
Finally the conclusion is given in section IV.  

II. ANALYTICAL MODEL 
The gate charge expression is developed using a simple charge 
control model as described in sub-section A. Once the complete 
charge expression is developed the gate-source and gate-drain 
capacitances are derived.   

A. Charge model 
In heterostructures such as AlGaN/GaN and AlGaAs/GaAs 

the charge density accumulated in the potential well at the 
interface can be calculated with the assumption of a quasi-
constant electric field in the potential well (triangular well 
approximation) and two sub-bands as [6]  
 

( ) ( )0 1( ) ( )ln 1 ln 1f th f thE E V E E V
s thn DV e e− −= + + + .  (1) 
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These sub-bands are given as [7]  

2/3
0 0 sE nγ= and 2/3

1 1 sE nγ=   (2) 

where 0γ and 1γ are constants estimated from Shubnikov       De 
Hass or cyclotron resonance experiments [6]. When the gate 
depletion and channel depletion overlap to give a fully depleted 
barrier layer the carrier density is given by [8] 

 ( )0s g fn V E
qd
ε

= −  (3) 

where 0gV  = g offV V− , where offV  is the cut-off voltage. 

In the triangular quantum well created at the interface of 
AlGaN/GaN the second energy level is much higher than the 
first one and is well above the Fermi level for the whole 
operating range of the gate voltage [9]. Thus, in the approach 
used here, the contribution of only the first energy level is 
considered. Therefore, (1) can be written as 

 0ln exp 1f
s th

th

E E
n DV

V

−
= + . (4) 

The expressions of 0E  and fE  from (2) and (3) respectively 
can be used in (4) to establish a simple charge control model 
given as    

 
2

3
0 0 ln exp 1s s

g s th
th

qdn n
V n V

DV
γ

ε
= + + − . (5) 

The exponential term in (5) can be expanded into a Taylor series 
and the first few terms can be used. In fact, the first term gives a 
good approximation.  In addition, (5) can be extended to any 
channel point by considering V as the local quasi-Fermi 
potential. Therefore, we have 

 
2

3
0 0 lns s

g s th
th

qdn n
V V n V

DV
γ

ε
− = + + . (6) 

The simple charge control model in (6) is valid in all operation 
regimes and gives an important relation between the applied 
voltage and the charge carrier concentration which can be used 
to derive the gate charge model and thereby the gate 
capacitances. The gate charge can be obtained by integrating the 
charge density along the channel over the gate area 

 ( )
0

L
G sQ W qn x dx=  (7) 

where L  is the channel length and W  is the channel width of 
the device. From a similar expression of the drain-source current, 
dx  can be substituted which will change the integration variable 
from x  to V . Therefore, we have                  

2 2
2d

s

V
G sV

ds

W q
Q n dV

I
μ

=              (8) 

 

Fig.  1. Heterostructure interface and Energy band profile of an AlGaN/GaN 
HEMT.  

where μ  is the low field mobility and dsI is the drain source 
current that is given as  

 d

s
ds s

V

V
Wq

I n dV
L

μ= . (9) 

Substituting (9) in (8) gives the total gate charge as  

 

2d

s

d

s

s

G

s

V

V
V

V

n dV
Q WLq

n dV
= . (10) 

The derivative of the voltage w.r.t sn , can be obtained  from 
(6) and is given as  

 1 3 1
0

2
3 s th s s

qd
dV n V n dnγ

ε
− −= − + + . (11) 

The two integrals at the numerator and denominator in (10) can 
be represented as ( )sf n and ( )sg n respectively and integrating 
after changing the integration variable using the relations 
between dV and sdn , (11), gives 

( ) ( ) ( ) ( )8 3 8 33 3 2 2
03

1 1
4 2s D D SthDS S

qd
f n n n n n V n n

ε
γ= − + − + −  (12) 

( ) ( ) ( ) ( )5 3 5 32 2
0

2

2

5
s D S D S th D S

qd
g n n n n n V n n

ε
γ= − + − + −   (13) 

where Sn and Dn are the charge carrier densities calculated at 
the source and drain respectively [5].  
The gate charge then becomes 

( ) ( )
( ) ( ) ( )

8 3 8 33 2 2
0

5 3 5 32 2
0

1 13
3 4 2

2

2 5

D S th D SD S

G

D S th D SD S

qd
n n n n V n n

Q WLq
qd n n n n V n n

γ
ε

γ
ε

− + − + −

=

− + − + −

. (14) 

Sn and Dn can be obtained iteratively from (6). Instead, using 
sufficiently accurate explicit expressions would make the model 
computationally faster. We have used an approximate unified 
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explicit expression that covers all the operating regions from 
deep subthreshold to full active gate bias to obtain the charge 
carrier concentrations at the source and drain [9]. 

Note that ( )g ns is the integral part of the definition of the drain 

current given in (9), i.e. ( ) /s dsg n I L q Wμ= − and the drain 
current is given as [5]  

( ) ( ) ( )5 3 5 32 2[   ]0
2

2 5
D S D SD Sds th

q W qd
I n n n n V n n

L

μ
γ

ε
= − − + − + − .(15) 

B. Gate-Source and Gate-Drain Capacitances 

The gate-source and the gate-drain capacitances can now be 
calculated using the partial derivatives of the gate charge in 
terms of the corresponding source and drain terminal voltages. 
Therefore, the capacitances are obtained as 

( ) ( ) ( ) ( )

( )( )2Gx

s s
s s

x x

s

C

f n g n
g n f n

V VWLq
g n

∂ ∂
−

∂ ∂=  (16) 

where x sV V=  and Gx GSC C=  at the source terminal and 

x dV V=  and Gx GDC C=  at the drain terminal. 

However, ( )sf n and ( )sg n  can also be defined as  

 ( ) ( ) ( )main D main Ss n nf n f f= −  (17) 

 ( ) ( ) ( )main D main Ssg n g n g n= −  (18) 
where 

 ( ) 3 8 3 21
0 2

1
3 4xmain x x th x
qdf n n n V nγ
ε

= + +  (19) 

 ( ) 2 5 3
0

2 1
2 5 2xmain x x th x
qdg n n n V nγ

ε
= + +  (20) 

where x Dn n= at the drain terminal and x Sn n= at the source 

terminal. From (19) and (20) the derivatives of ( )main xf n  and 

( )main xg n  can be written as  

 
( ) ( )2 5 32

03
main x x

x x x
x

qd
Vth

x

df n dn
dV dV

n n nγ
ε

+ +=  (21) 

 
( ) ( )2 32

03
main x x

x
x x

x
qd

Vth
dg n dn

dV dV
n nγ

ε
+ +=  (22) 

where x xdn dV can be obtained from (11). We can see from 
(17) and (18) that the partial derivatives of 

( )sf n and ( )sg n are equivalent to the derivatives of 

( )main xf n  and ( )main xg n  at the respective terminals which 
are given by (21) and (22).  Therefore, the gate-source and the 
gate-drain capacitances can now be expressed as 

( ) ( ) ( ) ( )

( )( )2

main s main s
s s

x x
Gx

s

df n dg ng n f ndV dVC WLq
g n

−

= . (23) 

III. RESULTS AND DISCUSSION  
Simulations of the C-V characteristics have been carried out and 
the results were compared with measurements of a device 
obtained from [10]. The device has gate length of 0.35um. The 
gate-source capacitance is plotted against the gate voltage as 
shown in Fig.1.  

 
Fig. 1.  Measured (symbols) and modeled (solid lines) gate-source capacitance 
Cgs of a device with a gate length of 0.35μm at a drain voltage of 7V, data from 
[10].     
 

 
Fig. 2.  Measured (symbols) and modeled (solid lines) gate-drain capacitance Cgs 
of a device with a gate length of 0.35μm at a gate voltage of -1V, data from [10]. 
 

Here we show the plot of gsC  at one specific drain voltage,  
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7V in this case, as the dependence of gsC  on the drain source 

voltage is very small. The simulated and measured gsC  showed a 
good agreement. Fig.2 shows the gate-drain capacitance plotted 
against the drain voltage. Again there is a good agreement 
between measurement and simulation. 

In addition the output I-V characteristics are also shown in Fig.3 
to further confirm the consistency of the capacitance model with 
the drain current model.   
 

 
Fig.3. Measured (symbols) and modeled (solid lines) output characteristics of a 
device with a gate length of 0.35μm when the gate voltage varies from -4V to 0V 
with a step of 1V, bottom to top, data from [10].     
 

IV. CONCLUSION  
Analytical physics-based models for the gate charge and the C-V 
characteristics of AlGaN/GaN HEMT devices have been 
presented. A continuous analytical charge model is developed 
using a charge carrier concentration model where only the 
contribution of the first energy level of a triangular quantum well 
is considered. The assumption of considering only the first 
energy level in triangular quantum well allowed to establish a 
simple relationship between the applied voltage and the charge 
carrier concentration. This assumption is valid to the 
AlGaN/GaN material composition where a considerable part of 
the 2DEG at the heterostructure interface is located at the first 
energy level and might not be applicable to triangular quantum 
well approximation of other heterostructures where the 2DEG is 
fairly distributed between the first and the second energy levels. 
The total charge is obtained by integrating the charge density 
along the channel and the gate-source and the gate-drain 
capacitances are then obtained by differentiating the total gate 
charge with respect to the source and drain terminal voltages 
respectively. The good agreement between measured and 
modeled C-V characteristics validates the model.  
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