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I.  Introduction 

Compound semiconductor based hetrostructure devices particularly fabricated using AlGaN/GaN material 

system are emerging as an important option for microwave frequencies and high power applications in advanced 

electronic system like radar and satelite systems operating at higher voltages. Lot of research work already 

carried out on AlGaAs/GaAs devices for optimization and performace enhancement AlGaN/GaN High Electron 

Mobility Transistor (HEMT) or modulation doped field effect transistor (MODFET) are attracting considerable 

attention of device engineers world wide for further innovation and performance optimization.  AlGaN/GaN 

hetrostructures devices can provide high saturation velocity, higher thermal stability at considerably higher 

breakdown electric field. The unique property of GaN based devices is  polarization induced higher sheet charge 

density of 2-DEG at hetrointerface [1]. This kind of optimized hetrostructures can meet the challenges of much 

higher output power at higher operating voltages and power density compared with conventional AlGaAs/GaAs-

HEMT [2],[3]. Long et al [4],[5] has proposed a FET structure, the dual material gate FET, in which two 

different metals of different workfunction were used for making dual material gate by making them contact 

laterally. A multi-layer structure of AlGaN/GaN double channel High Electron Mobility Transistor (DC-HEMT) 

was presented with detailed design, fabrication and characterisation by Chu et. al.[6] having high current gain 

and minimized current collapse. An analytical model of potential and electric field distribution has been developed and 

reported for dual channel dual material gate DCDMG-AlGaN/GaN High Electron Mobility Transistor for introduction of 

step functions in each channel potential profile that provides screening effects in small channel devices thus 

suppressing short channel effects (SCE) [19]. 

Abstract: We present polarization dependent charge control model for current voltage characteristics of 

Double Channel Dual Material Gate-AlGaN/GaN HEMT. This model demonstrates complete charge 

control in upper and lower channel of the device under various gate and drain bias conditions. The model 

device structure uses GaN material with higher breakdown voltage and polarization induced charge carrier 

density to achieve higher voltage and current drive capability. Model and simulation results reveal that 

DCDMG HEMT structure is capable of reducing short-channel effects (SCEs) more effectively as compared 

to the available conventional devices due to the presence of the step in the channel potential profile which 

effectively screen the drain potential variation in the device operation. The model accurately derives the top 

and bottom channels currents by using effective device threshold model for each channels based on analysis 

of two dimensional electron gas (2-DEG) in each channel. It is observed that work function difference of 

dual metal gate design is reason behind the screening effect of the drain potential variation near the drain 

region resulting in suppressed drain induced barrier lowering (DIBL). The model analyses current density 

in both the channels based on polarization induced 2-DEG density. Due to presence of bottom channel in 

the device, the  effect of current collapse in top channel alone cannot degrade device functionality as it 

happens in conventional single channel AlGaN/GaN HEMT. This current collapse mainly occurs in the 

channel closer to the gate while bottom channel being at far distance suffers minimal current collapse 

hence improving overall device functionality. A good agreement between the results obtained from the 

model, ATLAS device simulator and published experimental data provides the validity and correctness of 

the proposed model.   

 

Keywords: 2DEG-two dimensional electron gas, SCE- short channel effect, DMG-Dual Material Gate, 

DIBL-drain induced barrier lowering. 
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In this paper, we report a simple dc analytical model for current voltage characteristics of double channel dual 

material gate AlGaN/GaN HEMTs. In order to enhance the current drive capability, the efforts were made in 

past to fabricate AlGaN/GaN double-channel HEMTs. However, due to the additional AlGaN barrier between 

the two channels, accesses to the lower carrier channel were usually inefficient and double-channel behaviors 

were not pronounced effectively. Rongming Chu et al [6] have shown that this kind of problem can be solved by 

efficient design of double channel structures. Construction of an AlGaN/GaN/AlGaN/GaN multi- layer structure 

using a lower AlGaN barrier layer with small layer thickness and graded Al composition was proved to be an 

effective approach to implement the double-channel HEMT with the second channel of high electron density 

and acceptable access resistance. This kind of resultant AlGaN/GaN double-channel HEMT exhibit device 

performance better than or comparable to baseline AlGaN/GaN HEMTs in all aspects. Our DCDMG HEMT 

model incorporate dual material gate approach in double channel HEMT fabricated by Rongming Chu et al [6]. 

However, so for no analytical dc model is developed for DCDMG HEMT which incorporates benefit of dual 

material gate by using double channels in the single device structure. 

 

II.  Model Formulation 

The schematic view of the structure of double channel Al0.3Ga0.7N/ GaN HEMT, where L=1 µm is length of the 

gate metal as shown in Fig.1. The gate electrode is schottky barries placed on AlGaN cap layer of 3nm 

thickness.Cap layer is further placed over Si doped barrier layer of 18 nm thickness. A spacer layer of 3 nm 

thickness is used between top barrier layer and 14nm thick GaN channel layer in order to reduce impurity 

scattering. Gate is made of Ni-Au forming Schottky junction with semiconductor. This metal gate modulate the 

charge in the two conducting channels (top channel and bottom channel) formed at hetrointerface of Al0.3Ga0.7N 

/ GaN / AlmGa1-mN / GaN  epi-layers in the device. Undoped AlGaN spacer layer is introduced to reduce ionized 

scattering in the device. In the device structure the source and drain contact regions are uniformally doped as 

Nd
+ 

=10
26   

 m
-3

 to make ohmic contacts. It is assumed that Si doped Al0.3 Ga0.7 N barrier layer is fully depleted 

under normal operating conditions and electons are confined in both the channels to the GaN side hetrointerface 

forming 2-DEG for each channel. 
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ds = 3 nm (undoped Al0.3Ga0.7N) 

 

 

dch1 = 14 nm (undoped GaN) 

db2 = 21 nm AlmGa1-mN 

(m graded from 3% to 6%) 

-  

dch2 = 2.5 µm (GaN) 

SAPPHIRE 

Fig.1. Cross sectional schematic of DCDMG AlGaN/GaN HEMT based on double channel 

AlGaN/GaN HEMT epilayer  on sapphire substrate [6][19], Total gate length (L)=L1+L2, 
L1=L2=0.5µm, work function of gate region M1 (фM1) =5.3V, work function of gate region M2 (фM2) 

=4.1V [4][5], Gate width (W) =100 m, Nd=2x10
24

m
-3

, d1=db1+ds+dc+ d1 and d2=d1+dch1+db2+Δd2 are 

distance of upper channel and lower channel from gate ,  d1  and Δd2 denotes 2DEG effective depth  in 

upper and lowere GaN layers respectively.  
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For normally on device the Si-doped barrier layer is fully depleted without any gate bias and 2 DEG in each 

channel is available for current conduction. When an external bias is applied the n-AlmGa1-mN barrier layer with 

Al mole fraction m=0.3 is depleted partially at the hetrointerface by the electron diffision  into the channel and 

partially at the surface due to Schottky barrier [7-9]. For complete charge control by the gate the channel region 

must completely overlap to deplete the n-AlGaN layers so that only 2-DEG high mobility charge carriers take 

part in current conduction process in channels. Considering spontaneous and pizoelectric polarization at the 

hetrointerface the sheet carrier concentration of 2-DEG in upper channels is obtained [15] as 

          
    

   
                                                                                                       (1) 

          
    

   
                                                                                            (2) 

With      as AlmGa1-mN dielectric constant, and m=0.3 is Al mole fraction in it,         and         are 

upper channel potentials under gate regions M1 and M2 respectively at any point x along the regions,     as gate 

to source bias,                  as separation between gate and upper channel  and     depth of 

2DEG in upper GaN layer from its top edge.  

Similarily, the sheet carrier concentration of 2-DEG in lower channels is obtained as 

          
    

   
                                                                                                                      (3)  

           
    

   
                                                                                                                    (4)        

 Where         and         are  lower channel potentials under gate regions M1 and M2 respectively at any 

point x along the regions.                     is separation between gate and lower channel where 
    is depth of 2DEG in lower GaN layer from its top edge.  

The device threshold voltages is the gate to source voltage at which         or         becomes equal to 

double of flatband voltage and occurs under M1 for upper and lower channels  and obtained [10] as 
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where       and is       are the Schottky barrier height under M1 and M2 rsepectively,        as the 

conduction band discontinuity at the  AlmGa1-mN/GaN hetrointerface. Nd is Si doping concentration of n-AlGaN 

layer,        net polarization induced sheet carrier density at the hetrointerfaces and obtained as 

                            ]                                                                                       (9)    

      is higher than        for Schottky junctions under M1 and M2 thus           will be playing decisive 

role for upper channel current  control. Similarily            will be playing decisive role in controll of lower 

channel current.   

Where          and        are spontaneous polarization of AlmGa1-mN and GaN material system respectively 

[1][11][12]. 
In our model piezoelectric polarization depends on the amount of strain developed at hetrointerfaces in order to 

accommodate the difference in lattice constants of GaN and AlGaN. For fully satrained device piezoelectric 

polarization dependent charge density is given as 

           
        

    
                    

      

      
   for 0 m 1 

               
         

    
                    

      

      
                       

                                                                     for     0 m 1                                                                                                    (10)            
Whre      is lattice constant        and        are piezoelecric constants and        and        are 
elastic constants [12][13].  
Increasing Al mole fraction in barrier layer increases lattice mismatch that further results in stain 
relaxation. For partially relaxed device with AlmGa1-mN layer thickness in the range of 18nm to 40 nm 

piezoelectric polarization induced charge density depends on the Al mole fraction as [14]. 
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In above equation (7) device remains completely strained for Al molefraction up to 38% and partially relaxed 

for m from 38% to 67%. Device is fully relaxed for m greater than 67%.  

Table (A ). List of material parameters of AlmGa1-mN/GaN for m=0.30 

  0  lattice constant 3.1890 Ȧ 

  m lattice constant 3.1659 Ȧ 

    m  piezoelectric constant (x,y) - 0.523C/m
2
 

    m  piezoelectric constant (z) 0.949  C/m
2
 

    m  elastic constant (x,y) 104.5  G Pa 

    m  elastic constant (z) 395.4  G Pa 

    0  spontaneous polarization GaN - 0.029 C/m
2
 

    m  spontaneous polarization AlmGa1-mN - 0.038 C/m
2
 

 

A. Current Voltage Characteristics Model: 

Linear Region Model: Double channel device current can be obtained using current density equation for upper 

and lower channel as 
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where Z is gate width,         and         are channel potential in upper channel along x axis respectively 

under M1 and M2 respectively,          and         are channel potential in lower channel along x axis 

respectively under M1 and M2 regions, q is electron charge, k is Boltzmann constant, T is ambient temperature. 

The field dependent electron mobility in each channel is obtained [16][17] as 
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Where, µ0 is low field mobility,      ,      are critical electric fields for channels, and     is saturation drift 

velocities of the electrons in channels. 

Using (1) and (16) in (12) we obtain 
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Similarly, using (2) and (17) in (14) we obtain 
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Among the upper channel series currents,       m   is more effective due to higher Schottky barrier height of 

gate region M1. Now, integrating (18) and (20) with boundary conditions at   0 
                   m                                             (26)  

For similar reasons, effective lower channel current is        m . 
                   m                                        (27)   

By integrating (19) and (21) with boundary conditions at    , the drain side for upper channel 
                       m        )                                          (28)   

Similarly for lower channel 
                       m                                                          (29)     
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Where,         , is gate length,     is applied drain bias,    and    are parasitic source and drain 

resistances respectively. The linear current equation for upper channel is obtained as  

         
                          

      
                                                         (30)       

Where, 
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Similarly,linear  current equation for lower channel is given by   
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Thus, device current for linear region is obtained by summation of both channel linear region currents, as 

                                                                                   (38)         

Saturation Region Model: In saturation region, at onset of saturation the potential in both the channels attains 

drain saturation voltage,         m  and          m  respectively. Similarly, electric field attains critical value  

    and     respectively. The current in saturation region in upper channel,        can be obtained from equation 

(30) by substituting      by          m  obtained as  
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Where, 
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Similarly, the current in saturation region in lower channel,         can be obtained  from (34) by substituting 

     by          m  obtained as  
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Where, 
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Thus, device current in saturation region is obtained as 

      m          m          m                                     (49)     
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III. Results and Discussion 

To verify the present double channel dual material gate DCDMG AlGaN/GaN HEMT analytical DC model, the 

results obtained have been compared with experimental results [6]. Fig. 2 shows the cumulative drain current  in 

both the channels as extracted from the analytical model, ATLAS simulation[20] and experimental data [6]. In 

this figure, the dash lines represent the model results while the solid lines display experimental data and 

triangular markers show simulated  data for various gate to source bias. This figure clearly shows output 

characteristics of device in linear and saturation regions at gate to source voltages starts at 1.5V, 0V and -1 V. 

The drain current of the device is increasing from approximately 500 mA/mm to 1060 mA/mm with increasing 

gate to source bias. This results are in close agreement wih reported experimental data [6]. In our model, drain 

current is changing with the distance of the channels from the gate surface, depicting the current collapse in each 

channel is inversely proportional to the distance from the device gate. It was found that the current collapse 

mainly occuers in channel closer to the device surface, while the lower channel suffers minimal current collapse. 

The effect on drain current of distance of the channels from the the device surface is also depicted in our 

current-voltage model.  

Fig.3 shows the input/ transfer characteristics of double channel dual material gate AlGaN/GaN HEMT 

depicting variation of drain current wih gate to source voltage at Vds = 10 V with 1x 100 µm
2 

device. This 

double channel AlGaN/GaN HEMT shows high current density with respect to conventional single channel 

AlGaN/GaN HEMT and also have good control of gate voltage on device drain current[18]. Our model results 

fit simulation and experimental data  [6] reasonably well with a marginal discrepency at  low gate biases. This 

may be attributed to minor gate and substrate leakage current that become more dominent, when the drain 

voltage becomes much higher then the effective gate voltage, therefore causing large electric fields at the drain 

end of the gate. Also, under the low gate biases the drain current of our model is little higher than the 

experimental data, which might be attributed to the error of the calculated threshold voltages. The reason can be 

that the approximation of the full depletion is introduced to obtain the threshold voltage, which assumes that 

there is no free charge in the spacer layer and that the doners in the n-AlGaN layer have been totally ionized. 

Thus we may interprete that there is no parasitric conduction path in  Si doped n-AlGaN barrier layer due to thin 

width and Schottky and hetrojunction depletion regions are overlapping each other. 
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IV. Conclusions  

The dc large signal parameters of double channel dual material gate DCDMG Alm Ga1-mN/GaN HEMT has been 

first time examined by developing 2-D analytical model. The expressions for both the top and bottom  channel 

currents, have been obtained using semiconductor device physiscs. This model proves the superiority of double 

channel dual material gate Alm Ga1-mN/GaN HEMT over conventional single channel AlGaN/GaN HEMTs in 

terms of high current drive capability and minimization of overall current collapse, due to introduction of lower 

channel which is at far distance than first channel from gate. The results obtained from our model agree well 

with the simulated and experimental results within the reasonable range of  ± 5%.  

It is evident from the resuls that DCDMG Al0.3Ga0.7 N/GaN HEMT introduces step functions in each channel 

potential profile thus, provide screening effects in  small channel devices and suppressing short channel effects 

(SCE). The enhanced channel potential near source further results into more uniform average drift velocity of 

electrons in both the channels. This leads to improve carrier transport efficiency in the proposed device 

structure. Due to higher break down electric field capability of GaN material the proposed device is suitable for 

high power, high voltage and high speed microwave and radar applications.  

Using further structure optimization techniques with the use of analytical expressions described in our proposed 

model, the improved double channel dual material gate AlGaN/GaN HEMTs with controlled 2-DEG carrier 

density under each gate region for the channels, higher efficiency microwave amplifiers, oscilators and analog 

frequency multipliers can be designed with more degree of freedom to engineer the gain linearity of the device.  
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