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Abstract:  In this paper, we have derived the physics-based analytical expressions for 2DEG (ns) and Fermi level 
(Ef) as an explicit function of thermal biases valid for all regions of operations  scalable with physical parameters are 
developed which includes the two lowest subbands (E0 and E1) in the triangular well. With this unified Ef model, 
charge based drain current expressions for Metal Insulated Semiconductor (MIS) HEMT is derived. The compact 
drain current model is validated with experimental data of MISHEMT for all regions show a good agreement in I-V 
characteristics of the device. The effect of SCEs on the model is included and discussed and the role of different 
capacitances as a function of bias voltage is explored in detail. Moreover, the proposed device is analyzed for high-
frequency applications by using TCAD simulations. The model is tunable and hence applicable to a wide range of 
HEMT and MISHEMT devices of different geometries and construction. 
Keywords:  AlGaN/AlN/GaN, capacitance model, High-K AlN, Metal Insulated High Electron Mobility Transistor 
(MISHEMT) with two subbands. 

1. INTRODUCTION
AlGaN/GaN heterostructure based High Electron Mobility Transistors (HEMTs) exhibit various advantages such 
as high electron mobility, high saturation drain current, low switch on-resistance and large off-state breakdown 
voltage [1]. These unique properties make them a promising candidate for high-frequency, high speed and 
high power applications [1]. The wide band gap and high breakdown voltage of AlGaN/GaN materials limit 
the performance and reliability of a device operation in high temperature environments [2]. Inspite of these, 
MISHEMTs (Metal Insulated High Electron Mobility Transistors) have attracted a lot of attention due to much 
reduced gate leakage and better restrain of current collapse [3]. The major concern in HEMTs is the current 
collapse effect, which degrades the DC and RF parameters under large input signals. Hence the performance 
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of AlGaN/GaN HEMTs for high power and high temperature applications can be improved by using insulating 
gate dielectrics which reduces the gate leakage current, enhances the operating voltage and shields the device 
surface [4, 5]. In these, nitride-based dielectrics especially AlN is most preferred due to the larger band gap 
and smaller lattice mismatch [6,7]. AlxGa1-xN/AlN/GaN MISHEMTs with a spacer layer has unique features 
such as high two-dimensional electron gas (2DEG) sheet carrier density (ns) and carrier mobility owing to 
their excellent DC and RF performance [8]. Therefore the wide band gap of AlN Spacer layer reduces the two-
dimensional electron gas (2DEG) and electron-wave penetration into the AlGaN barrier layer that significantly 
increases the sheet charge density (ns) and mobility with reduced scattering effects [10,11]. Moreover they 
alleviate poor thermal stability and reduce the power consumption owing to simpler circuit design.

A compact model (CM) physically describes the behavior of a generic HEMT device in all operating 
regions making it suitable for the circuit design. Recently, there has been a lot of literature in HEMT and 
MISHEMT CMs [2]–[11]. Those models are complex and rely on a large number of fitting parameters. Most 
of the existing HEMT models depend on an accurate description of the 2DEG at the heterostructure junction. 
Due to the various energy levels and Fermi potential positions that need to be considered while calculating the 
charge in the region, the charge and current models often end up being complex and unattractive for circuit 
design [5].  In this analysis, analytical expressions for ns with two subbands (E0 and E1) in the triangular well 
with respect to the conduction band edge at the heterointerface is considered in the model formulation. The 
model formulation and their description are given in Table 1.

The schematic representation of the proposed AlxGa1-xN/AlN/GaN MISHEMT is shown in Fig.1 and the 
corresponding band diagram of MISHEMT including the first two subbands are shown in Fig.2 in which physical 
parameters are shown by the respective labels. The layer sequence from top to bottom is Gate/Insulator/AlGaN 
barrier/AlN spacer/GaN channel, with a two dimensional electron gas (2DEG) channel formed at the interface 
between the Un-intentionally doped (UID) AlN spacer and GaN channel.

Figure 1: Schematic cross-section of AlxGa1-xN /AlN/GaN MIS-HEMT

The Fermi potential (in volts), Ef , is referenced to the conduction-band edge at the heterointerface (x = 0). 
Electrostatic potential (E) and voltage (V) (in volts) with reference to the Fermi level of the body are shown in 
the energy band diagram (Fig 2).
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In this paper, a unified drain current (Ids) model with respect to gate to source voltage (Vgs) including the 
first two subbands E0 and E1 are analyzed. Also the unified single piece explicit (Ef ) solution, along with the 
simple gate charge (QG) model is formulated and expressions for gate to source capacitance (Cgs) and gate to 
drain capacitance (Cgd) models are derived. The compact drain current model is validated with experimental data 
of MISHEMTs for all regions (Subthreshold to strong inversion) including short-channel effects SCEs (Channel 
length modulation (CLM), Velocity saturation) which shows a good agreement. The paper is organized as 
follows: Model structure and formulation in Section 1, polarization and threshold voltage model are presented 
in Section 2. Also the sheet carrier density and expressions for Ef are analyzed in Section 2.1. Section 3 describes 
the drain current model and Section 3.1, 3.2, 3.3 describe the short-channel effects SCEs on the drain current 
model. Section 4 discusses the charge and capacitance models. Section 5 discusses the validated results of the 
model with experimental data. The conclusions are arrived in Section 6.

1.1. Model structure and Formulation
We consider only two subbands, the sheet carrier density ns in the interface can be calculated using the Fermi–
Dirac distribution as follows [18]

( )( ) ( )( )
1

0 11 1f f

E

s w wq E E kT q E E kT
E E

dE dEn D D
e e

∞

− −
= +

+ +
∫ ∫

where, * 2
wD qm h= π and ( )( )1 fq E E kT

e
−

+ represent the Fermi–Dirac probability function which is continuous 
from the base of the quantum well to infinity with /thV kT q= . Evaluating the equation (1) by using integral  

[ / (1 ) ln(1 )]x xdx e e−+ = − +∫  yields

Figure 2: Energy-band diagram of a AlxGa1-xN/ Unintentionally doped (UID) AlN/GaN heterostructure MISHEMT
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  ns  = ( ) ( )0 1ln 1 ln 1f fE E kT E E kT
s w wn D KT e D KT e

− −   
= × + + × +   

   
 (1)

 At low temperature the above equation reduces to,
                                                     ( ),0 0s w fn D E E= − ,

if only the first band is occupied     (1a)
 ( ) ( ){ },1 0 1s w f w fn D E E D E E= − + − ,

if two subbands are occupied.    (1b)
The analytical expression of ns with two subbands in the quantum well is given as [1]

 ( )( )0 1( ) / ( ) /ln 1 1f th f thE E v E E v
s w thn D v e e− − = + +   (2a)

 
2/3

0 0 sE n= γ  (2b)

 
2/3

1 1 sE n= γ  (2c)

where Ef is the Fermi level of the bottom of the triangular quantum well.{ }0 1, , Dγ γ  are experimentally determined 
parameters is shown in Table 1. 

 Following the analysis in [1], ns in (2a) is related to the gate (Vgs) and channel (Vx) voltages by neglecting 
the variation of Fermi level through Gauss’ law as

   ( )d
s gm f x

C
n V E V

q
= − −  (3)   

   
( )eff

s gm f x
eff

n V E V
qd
ε

= − −
 (3a)

where Vgm is gate overdrive voltage, /d ef f ef fC d= ε is the depletion capacitance and Vx is channel potential along 
from source to drain. Raising both sides of the equation (3) to the 2/3 power we get,
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 (4)                                                                                                 

Using Taylor series expansions and expanding right hand term we get,
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 (5)                                                                                  

For compact modeling purposes, we have restricted the series to order k = 2.
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 (6)                                                                                                     

Applying this observation and using the approximation ln(1 + ex) = x for x >> 1 to (2a), the solution for ns 
and Ef  can be written as

                                                 
1f o fs

w th th th

E E E En
D V V V

− −
= +

 (7)                                                                                                         

Simplifying (7) we get the equation for ns and Ef ,

  { }2 2
3 3

0 12s w f w s sn D E D n n= − +γ γ  (8)
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 ( ) 20 1 3
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f s s

V
E n n

+
≈ +

γ γ  (9)

The expressions of gate overdrive voltage Vgm can be extracted from (3) to establish a correlation between 
Vgm and ns given as

                                                     
s eff

gm f
ff

n qd
V E

e
= +

ε  (10)                                                                                                                        

In addition, (10) can be extended to any channel point and substituting the expression of Ef from (9) by 
considering V as the local quasi-Fermi potential.

                                                ( ) 20 1 3
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s ff th

gm s s
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− = + +
γ γ

ε
 (11)                                                                             

Therefore, we have dV with respect to the charge density dns obtained from the derivative of (11), which 
enables integration over the charge density, it can be given as

                                                  
( ) 10 1 3

2 3
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s
s

VqddV n
dn

−+
− = + +
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ε  (12)
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The gradient in total polarization at the AlGaN/AlN/GaN interface should cause a polarization induced 
interface sheet density. The concentration of polarization charge of each interface s derived from the tensor of 
the wurtzite crystals is derived from the following:
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 (14)                                          

The total induced net polarization density intσ which forms at the hetero interface is the difference of 
the polarization in the barrier x 1 xAl Ga N , the spacer AlNσ  and the polarization in the GaN GaNσ , these total 
polarization charges abruptly, causing a fixed two-dimensional polarization charge density at the interface. The 
mole fraction-dependent parameters used here are defined in Table I. By assuming the barrier layer being fully 
depleted, the polarization dependent threshold voltage Voff and effective capacitance Cd (per unit area) between 
the gate and 2DEG of the Metal insulated HEMTs can be obtained as [1]

        ( ),
ins

off M S c eff D eff
ins

t
V E qN d e

 
= φ − ∆ − − ε 

 (15)                        
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σ
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where Nd is the doping concentration of the barrier layer, εeff and εins are the permittivity of the barrier layer 
and insulator, respectively, φms is the work difference between metal and intrinsic semiconductor and σint is the 
polarization induced charge density at the heterointerface.
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2. SHEET CARRIER DENSITY MODEL

2.1. Subthreshold Region Ef > E0 and Ef > E1

In the subthreshold (off) region, Ef >>E0 and E1 and therefore f oE E−  and 1f fE E E− ≈ [4]. Applying this 

observation and using the basic approximation ln(1 )x xe e+ ≈ for x>>1 to (2a), and invoking (3), the solution for 
ns can be written in terms of a Lambert’s function W as 

 , 2
gm

th

V

V
s sub w thn D V We=  (17)

The subthreshold regional Ef  solution is found by substituting the expression of Ef from equation (3) to be 
a Lambert’s function W as 

                                        ( ) 2
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C
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q

  − − =  
  

 (18)
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qD V
E V W e

C

  = −  
    (19)

Weak Inversion Region E0 < Ef < E1:
For 0 1fE E E< < , In this region, the electrons are localized to the quantum well. Equation (2a) can be 

approximated When using the condition ln(1 )x xe e+ ≈  as 

                                 
2 / 3
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Substituting the expression for 
2/3
sn from (5) in (6), the ns,moderate can be approximated by
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Hence, (3) can still be used to simplify (21). Substituting (3) into (21), can be expressed as
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By inspection, (23) has a solution for Ef in the form of a Lambert function, W, if η  is treated as a parameter 

and 3 (1 )
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Strong Inversion Region E1 < Ef :
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When Ef goes above E1, electrons no longer remain localized in the quantum well. They start to spill out 
occupying other regions, thus leading to the formation of parallel channels. The sheet charge density ns,0 and ns,1 
due to subbands E0 and E1 from (2a) & (2b) are given as

 
3/2

,0 0s w f w sn D E D n= − γ  (25)                                                                                                        

                
3/2

,1 0 12 ( )s w f w sn D E D n= − γ + γ  (26)         
 Thus, from (6), the (ns)

2/3 term can be substituted into (25) and (26), we obtain (27) and (28). In the strong-
inversion region, if E0 < Ef < E1, from (2a)-(2b) using ln(1 + ex ) ≈ x, ns can be approximated as 

                                                      

2/3
,02/3 2/3

,0 0
2
3

fd
s w f w gm gm

gm

EC
n D E D V V

q V
  

= − γ −  
       (27)                                                                   

Likewise, if Ef > E1, ns can be approximated as
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Combining (3) with (2a) and (2b), explicit regional Ef solutions can be derived as [1]

                                                        

,0

,1

f gm

f gm

E x V
E y V

= ∗

= ∗  (29)

                           

2/3
1/3

0

2/3
1/3 02

(1 )
3

d d
gm

w

d d
gm

w

C CVqD q
x

C CVqD q

 + γ   =
γ  + +   

                                     

2/3
1/3 0 1

2/3
1/3 0 1

2 2

(1 )2 3

d d
gm

w

d d
gm

w

C CVqD q
y

C CVqD q

γ + γ   +      =
γ + γ   + +      

A unified Ef model for the strong-inversion region can be constructed by the following smoothing function:

                                                   ,f strong gm effE V= θ

                             ( )2
, ,( ( ), ( ), ) 0.5 ( ) 4eff gm eff gm effx V y V x y x y xθ α = + + α − − − α − α

 (30)
Vgm,eff is introduced [15] to prevent any incalculable results. It goes to zero when Vgs − Voff is negative. For 

positive Vgs − Voff , Vgm, eff approaches Vgs− Voff . δs is a smoothing parameter.

                        ( )2
, 0.5 ( ) 4gm eff gs off gs off sV V V V V= − + − + δ

 (31)
To get a unified Ef model, the three regional solutions are joined together using appropriate smoothing 

functions [1].
                                                    Ef, unified = Vgm – DEf
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However, to improve accuracy, we propose to use a unified form that combines the two regional models. 
Here, we have used an approximate unified 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. From this 
,we proposed a model for ns  and we can write

 
,

2 (1 ) ln(1 )

1 (1 )

gm

th

gm

th

V

V
th effd

s unified V

V
d eff

V eC
n

q
C e

−

 
 − θ + =  
 

+ − θ  
 (33)

3. DRAIN CURRENT MODEL
To develop a compact DC model for the devices, we use the typical physics based potential-based form 
expression under the drift diffusion framework and including the velocity saturation effect can be obtained as 
follows as

                        ( ), ,2ds eff d gs off ds eff th ds eff
g

WI C V V V V V
L

= µ − − + ×  (34)   

where W and Lg are the gate width and length of the device with , / ( )gm s d gs off f cV V V E V= − − ∆ , /c s dV V= , 
, , ,( ) / 2ds eff gm s gm dV V V= −  represent the potential at the source and drain ends, respectively and δ  is a fitting 

parameter,. Here, μeff and μ0 is the effective mobility and low field mobility at room temperature T and is given by

                                                  
0

2

1

eff

d s

T g

V V
E L

µµ =
 −− δ   

. 

As the operating power of GaN MISHEMT device increases, it has become important to include effects 
like velocity saturation) into this core drain current model which is explained and shown below.

3.1. Velocity saturation
With an increase in the longitudinal electric field E, the carrier gain sufficient energy eventually causes 
saturation of the carrier velocity. When velocity saturation takes place, the saturation voltage is modeled using 
the approach commonly used in many MOSFET models that has been applied for MISHEMTs by treating 
the 2DEG as an inversion charge sheet on  a body. Velocity saturation may occur at the drain or source end 
depending on the terminal voltage Vd and Vs, given by the effective drain-source voltage at the source and drain 
end is given by [15]

               
{ }
{ }
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, , ,

, ,

,

,

s eff s s sat
ds eff d eff s eff

d eff d d sat

V V V
V V V

V V V

 = υ = − =  
= υ  

   (35)

The saturation field is given by

                                               , 0,2 / ( , )sat x sat xE V x s d= µ =  (36)
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go d g sat d
s sat d

go d g sat d th
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where Vsat is the saturation velocity, 0µ  is the Low-field mobility and the effective mobility effµ are extracted 
from a given core drain model. These effective drain-source voltages give a smooth transition between the 
applied drain-source voltages.

3.2. Channel length modulation (CLM)
In the saturation region, the channel current tends to saturate with an increase in drain source voltage across the 
drain end with y = L

 , ,(1 )ds sat ds ds effI I V= + λ  (37)
where λ  is the channel length modulation parameter [8] and is given in table 1. So the drain currents with 
channel length modulation effects are considered.

3.3. Transconductance gm

For the optimization of advanced FETs in high frequency applications, the gm plays a significant role. The gm 
specifies the current carrying capability of the device for analyzing microwave performance. By variation of Ids 
with respect to Vgs is defined by [8]

  ds
m ds

gs

dI
g V

dV
= = constant (38)

4. GATE CHARGE AND CAPACITANCE MODEL
The gate charge can be obtained by integrating the charge density along the channel over the gate area and drain 
current along the channel is given as [16]

                                                        
0

( , )
gL

g s g xQ W qn V V dx= ∫  (39)

Thus the drain-source current with considering the energy relaxation of channel electrons Ids can be simply 
discussed using the following expression [17]
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 With dx term in (39) can be substituted with (40) which will change the integration variable from x to V. 
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Therefore, we get the expression for charge per unit area and it can be written as
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The above specified model for gate charge Qg is used to obtain a model for capacitance with two subbands 
to predict device behavior at high frequency power switching analysis. The gate-source and gate-drain 
capacitances can now be calculated using the partial differentiations of the gate charge with respect to the 
corresponding source and drain terminal voltages. Therefore, the capacitances are obtained as

 ( )2

( ) ( )( ) ( )

( )
x x

Gx

f n g ng n f n
V VC WLq

g n

∂ ∂−
∂ ∂=  (43)

The two integrals at the numerator and denominator in (41) can be represented as f(n) and g(n), respectively, 
and integrating after changing the integration variable using (42) gives
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where difff and diffg are assigned numerator and denominator variable for gate charge Q , nx= nsource, Vx=Vs with 
CGx = CGS at the source terminal and nx= ndrain, Vx=Vd with CGx = CGD at the drain terminal. From (42) to (44) the 
derivatives of diff xf (n ) and diff xg (n )  can be written as
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Finally, the formula to find the capacitance (i.e., gate-to-source and gate-to-drain capacitance) can be 
computed using the equation below
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With                                ( )
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From (47), We can see that the partial derivative of f(n) and g(n) are equivalent to derivative of fdiff (nx) 
and gdiff (nx) at the respective terminal given by equations (47). Therefore, the gate-source and the gate-drain 
capacitances can now be expressed as

                                      ( )

/ /

/ /
/ 2
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GS GD g

f n g n
g n f n

V V
C WL q

g n

∂ ∂
−
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The above proposed modeled equations is for capacitance with two-subbands which improves the accuracy 
of  the model.
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4.1. Cutoff frequency (ft )
The unity gain cutoff frequency (ft) is a figure of merit for analyzing MIS-HEMT performance at microwave 
frequencies. The cutoff frequency is calculated using gm, Cgs and Cgd and the relationship [8] can be obtained as

 2 ( )
m

t
gs gd

g
f

C C
=

+π  (49)

5. RESULTS AND DISCUSSION
To explore the performance enhancements of MISHEMT and to prove the validity of the proposed model, 
the results are compared with conventional MISHEMT structures and experimental data, respectively. By the 
derived model of the sheet charge density, terminal charges, and all I–V and C–V characteristics of a GaN 
MISHEMT device can be predicted and analyzed with respect to different geometrical parameters and bias 
conditions with the inclusion of subband E1 improves the accuracy in sub threshold and moderate inversion 
region compared to saturation region. 

  The 2DEG charge density is analyzed and compared against numerical solution for experimental data [3] 
at T=300K for Al0.25Ga0.75N/AlN/GaN-MISHEMT for gate length Lg=2.5µm & width W=60µm. In Fig 3, we 
plot the dependence of 2DEG sheet charge density (ns) on gate to source voltage (Vgs). The curve is divided into 
three regions. In the sub threshold region, the 2DEG density shows exponential relationship with Vgs and when 
the device is ON, it exhibits a linear relationship for further increasing the Vgs.  The free carriers in the AlGaN 
layer screens the gate to source bias Vgs and thereby 2DEG density becomes saturated. From the graph, it is clear 
that the presence of the AlN layer increases the conduction band discontinuity between AlGaN barrier and GaN 
channel, thus the piezoelectric polarization effect was enhanced and the 2DEG density is increased owing to of 
alloy disorder scattering reduction due to the suppression of carrier penetration from the GaN channel into the 
AlGaN layer [8].

Figure 3: Comparison of modeled sheet carrier density ns with experimental data [3] for Al0.25Ga0.75N/AlN/
GaNMISHEMT. Data plot ns in both logarithm and linear scale is verified with experimental data [3]
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Fig.4a shows the output Ids-Vds characteristics of Al0.25Ga0.75N/AlN/GaN MISHEMT with Lg = 2.5µm & 
W = 60µm for various Vgs. The obtained result value shows a good agreement with compared experimental 
data [3]. Fig.4b shows the comparison of the Ids-Vds of Al0.3Ga0.7N/AlN/GaN MISHEMT with Lg = 0.5µm & W 
= 50µm for Vgs. A device with a much shorter gate length, 0.5 μm, was also modeled. The Self heating effects 
(SHEs) were observed at higher drain voltage values. The consideration of these short channel effects in the 
model enabled the reproduction of the device behavior for the full operating range of voltages.  

Figure 4: (a) Comparison of modeled Ids-Vds characteristics with experimental data for Al0.25Ga0.75N/GaN with AlN 
MISHEMT for gate length and width Lg = 2.5µm & W = 60µm Experimental data is taken from [3]

Figure 4: (b) Comparison of modeled Ids-Vds characteristics with experimental data for Al0.3Ga0.7N/GaN with AlN-
MISHEMT gate length and width Lg = 0.5µm, W = 50µm .Experimental data is taken from [11].
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From the Fig 4a & b, it is evident that the drain current Ids increases rapidly with gate to source voltage 
Vgs, this is due to fact that, the carriers move faster than anticipated because of velocity saturation. MISHEMTs 
yield higher drain current as well as a higher transconductance than those of the HEMTs. This can be explained 
by the higher effective velocity of the GaN channel electrons and reduced series resistance in these devices with 
insulating gate layers [13]. A decrease in Ids with increasing Vd is due to the presence of SCEs.

Figure 5: (a) Comparison of modeled Ids-Vgs characteristics with experimental data for Al0.25Ga0.75N/GaN with AlN-
MISHEMT for gate length and width Lg =2.5µm, W=60µm. Experimental data is taken from [3].

The presence of AlN dielectric suppresses the gate leakage and increases the drain current (Ids) due to 
its high dielectric constant. From the graph, it clearly shows that increased gate length and decreased gate 
width will lead to decreased drain current.  In both cases we observe a good agreement between the model 
and the experiment give excellent fit in the subthreshold region also. Fig 5a shows the Ids-Vgs device transfer 
characteristics of Al0.25Ga0.75N/AlN/GaN MISHEMT compared with experimental data [3] for gate length Lg = 
2.5µm and width W = 60µm with a drain voltage of 15V.  The transconductance (gm) shows the current carrying 
capability of device and it can be measured by varying the gate voltage (Vgs) for different values with constant 
drain voltage (Vd). The typical gm is a function of the gate voltage of the devices, investigated is shown in Fig. 
6a & 6b which is compared with experimental data [3,11]. Fig.6a shows the variation of gm with respect to gate 
voltage (Vgs) of Al0.25Ga0.25N/AlN/GaN MISHEMT with a drain voltage of 15 V. Although the MISHEMT have 
lower gm in comparison to HEMT, they have almost constant variation of transconductance for a wide range of 
gate source voltages, which makes it useful for high performance amplifications. Fig.6b shows the comparison 
of modeled gm with experimental data [11] of Al0.3Ga0.7N/AlN/GaN MISHEMT with a drain voltage of 5V. 
The obtained modeled gm value is 289 mS/mm showing good agreement with the experimental data [11]. It is 
clear that the gm obtains its maximum value at very less gate voltage (Vgs) attributing to current collapse due 
to trapped charges in the source side and this effect is nullified by the AlN insulating layer by decreasing gate 
leakage mechanism owing to higher drain current (Ids) [11].
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Figure 6: (a) Comparison of modeled gm characteristics with experimental data for Al0.25Ga0.75N/GaN with AlN-
MISHEMT for gate length and width Lg = 2.5µm & W = 60µm Experimental data is taken from [3]

Figure 6: (b) Comparison of modeled gm characteristics with experimental data for Al0.3Ga0.7N/GaN with AlN-
MISHEMT gate length and width Lg=0.5µm & W=50µm . Experimental data is taken from [11].

Fig 7a,7b & 7c shows the variation of Cgs with Vgs for different Al mole fractions and different dimensions 
of MISHEMTs are compared with experimental data [3,11,12]. From the Fig 7a, 7b & 7c, shows that the effect 
of Cgs on the drain bias is weak, when the device is OFF. As the 2DEG sheet density is primarily monitored by 
gate voltage (Vgs), hence owing to low 2DEG density in the channel, the gate to source fringing capacitance 
is low. As the device is turned ON, Cgs increases rapidly as the gate accumulates the positive charges until the 
parasitic channel in AlGaN layer begin to screen the gate voltage and thereafter Cgs starts decreasing slightly 
due to increased gate controllability [16]. The slight decrease in the Cgs measured over the saturation region 
indicates an additional parasitic capacitance contribution associated with the AlGaN layer.
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Fig.8 shows a plot for gate-drain capacitance Cgd versus Vd for a Vgs of 1V. From the graph, we find that 
there is a steady decrease in gate-drain capacitance Cgd as the drain bias increases, resulting from a gradual 
loss of drain control over the channel charge. The modeled Cgd = 3.45 pf/mm shows fine agreement with 
the experimental data [3] which validates charge modeling. Sheet carrier concentration to energy level (i.e.; 
Interface carrier concentration ns) depends heavily on subband energies E0 and E1 in the potential well at the 
heterointerface in the triangular well using well known equation 2/3

0/1 0,1 sE n= γ . So, consideration of two lowest 
subbands create accuracy in predicting the amount of charge (ie; electrons) transferred across the interface 
[16,17].

Fig.9 shows the variation of cutoff frequency ft with respect to gate to source voltage at the drain voltage 
of Vd =15 V.  ft  is one of the major RF performance metric that validates the device performance at higher 
frequencies. From this Fig 9, it is clear that owing to increased transconductance and decreased the parasitic 
fringe capacitance leads to improvement in  overall ft of the device. The ft  obtained by TCAD simulation is ft = 
220 GHz for Al0.3Ga0.7N HEMT with AlN dielectric for Lg=0.5µm and W=50 µm at Vd =15 V .

Figure 7: (a) Comparison of modeled Gate source capacitance Cgs with experimental data for Al0.25Ga0.75N/GaN 
MISHEMT for gate length and width Lg=2.5µm & W=60 µm at a drain voltage of 1V. Experimental data is taken from [3]. 

6. CONCLUSION
A unique physics-based model for gate charge and capacitances of AlxGa1-xN/AlN/GaN MISHEMT with AlN 
dielectric have been presented, considering the two lowest subbands (E0 and E1) in the triangular well. The 
proposed model does not have any empirical or fitting parameters, but it shows excellent agreement with 
experimental data [3,11,12] validating the model.
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Figure 7: (b) Comparison of modeled Gate source capacitance Cgs with experimental data for Al0.3Ga0.7N/GaN 
MISHEMT gate length and width Lg=0.5µm, W=50µm. Experimental data is taken from [11]

Figure 7: (c) Comparison of modeled Gate source capacitance Cgs with experimental data for Al0.3Ga0.7N/AlN/GaN 
HEMT for gate length Lg= 0.35µm and W= 25µm. Experimental data is taken from [12] for various drain voltages
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Figure 8: Comparison of Gate drain capacitance, Cgd versus drain voltage with experimental data [3],  
at a gate voltage of -1 V for gate length and width Lg=2.5µm, W=60µm. 

Moreover, the effects of sheet carrier density (ns) on the bias voltages have been comprehensively 
investigated. The DC current, capacitance Cgs and Cgd are obtained analytically under different bias voltages 
including SCEs.

Figure 9: Variation of cutoff frequency, ft with Vgs for gate length and width Lg= 0.5µm, W = 50 µm
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Table 1 
Model parameters for the measured AlxGa1-xN/AlN/GaN MIS-HEMT with AlN dielectric. Parameters used for 

calculation of ns, Ids , capacitance and cutoff frequency.

Parameter Exp [3] Sample A Exp[11]  Sample B Exp[12] Sample C

g0(V.m4/3) 2.5 x10-12 2.5 x10-12 2.5 x10-12

g1(V.m4/3) 3.2 x10-12 3.2 x10-12 3.2 x10-12

ns (cm−2) 9.86×1012 7.2×1012 9.86×1013

tcap 5nm 2nm 0nm

Dw (m-2.V-1) 3.24x1017 3.24x1017 3.24x1017

deff = dd + di (nm) 24 26 18

Lg(μm) 2.5 0.5 0.7

W(μm) 60 50 25

tins (nm) 10.6 20 0

Voff(V) -5.7 -3.2 -3.8

vsat (m/s) 1.19x105 1.19x105 1.19x105

λ (v-1) 1E-6 1E-6 1E-6

µ0 (m
2/V s) 0.08 0.08 0.08

The developed model covers all operating regions of the MISHEMTs and match well with experimental 
data. The role of AlN dielectric with increasing DC and RF performance of the device is explored well and this 
model is reliable in predicting the device behavior of GaN MISHEMTs based analog, power switching circuits 
and shows a good promise for RF circuit simulations at high frequencies.
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