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An analytical-numerical model for the sheet carrier concentration and mobility based high 

electron mobility transistors has been developed that is capable to predict accurately the 

effects of Al composition on the 2DEG resistivity in one sub-band, multi sub-band and 

depletion layer model. Salient features of the model are incorporated of fully and partially 

occupied sub-bands in the interface quantum well, combined with a self-consistent 

solution of the Schrödinger and Poisson equations and including the three-dimensional 

electron gas mobility in the barrier of AlGaN. The calculated model results are in very 

good agreement with existing experimental data for high electron mobility transistors 

device.  
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1. Introduction 
 

III-nitride materials based heterostructures are very suitable materials for optoelectronic 
devices at the high temperatures because of their wide band gap, high thermal and mechanical 
stability, the great piezoelectric constant, the low sensitivity to ionized radiation. One of the high-
performance electronic devices based on III-nitride heterostructures is the high electron mobility 
transistors (HEMTs). The key to the enhanced performance of HEMTs is improved charge 
confinement and carrier gas sheet charge density with concomitant high mobility. The two-
dimensional electron gasesin AlGaN/GaN-based heterostructure HEMTs which are induced by 
strong polarization effects, are sensitive to a large number of different physical properties such as 
polarity, alloy composition, the width of the depletion layer in AlGaN barrier [1-4]. These devices 
emerged as strong candidates for wireless base-station amplifiers power electronic circuits radars 
operating in extreme environments and fully integrated wireless sensors for industrial process 
monitoring and control. Low intrinsic carrier generation with the increase of temperature and high 
breakdown field due to wide band gap energy make GaN the right material for high –power and 
high-temperature systems in comparison with other broadly researched wide bandgap materials 
(except Diamond ),GaN has higher electron mobility which leads to high-frequency operation of 
GaN-based HEMTs devices .larger sheet carrier density along with high saturation velocity allows 
the AlGaN/GaN  HEMTs devices to operate with higher current density. Compared to silicon 
carbide(sic) FETs, GaN HEMTs have lower specific on-resistance because of the high-density 2D 
electron gas (2DEG )10( 213  cm and high electron mobility (

svcm /1500 2 [5]. GaN devices are 
also suitable for high- frequency microwave applications due to the high saturation velocity in the 
GaN channel [6].The total mobility of these transistors was previously calculated without 
including depletion layer effects [7]. In the present work, a new analytical- numerical model for 
the total mobility and sheet carrier concentration is presented.  That is capable of determining 
effects of Al composition on the 2DEG resistivity in multi sub-band and depletion layer model. 
This is achieved by (i) using a self-consistent solution ofthe Schrödinger and Poisson equations in 
order to obtain both two-dimensional electron gas density, Fermi level (EFI) specified relative to 
the bottom of a triangular well, and band bending of GaN (EB), (ii)  take into account the current in 
the AlGaN  barrier, (iii)  take into account the two-dimensional electron gas channel temperature, 
(iv) take into account the occupancy of the various sub-bands, the intrasub-band and intersub-band 
coupling coefficients (Hmn).  
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2. Model description 
 

In order tIn order to obtain accurate values for mobility and the sheet carrier concentration 

ofthe two-dimensional electron gas in AlGaN/GaN heterostructures, both the Schrödinger and 

Poisson equations must be solved self-consistently. This has been achieved by solving 

Schrödinger’s equation and simultaneously taking into account the electrostatic potential obtained 

from Poisson’s equation, as well as the image and exchange-correlation potentials using 

Numerov’s numerical method. In the self-consistent calculation, the nonlinear formalism of the 

polarization–induced field as a function of Al mole fraction in  AlmGa1-mN/GaN heterostructures 

has been assumed, as well as taking into account intersub-band coupling coefficients (Hmn)   and all 

fully and partially–occupied sub-bands within the interface 2DEG potential well. 
From the definition of the drift mobility we obtain [8]: 
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The term total  is given by the following relation: 
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Where rou , dis , acou , res ,  opt  and alloy  are relaxation times associated with interface 

roughness,dislocation, acoustic phonon (both piezoelectric and deformation potential), residual 

impurity, optical phonon and alloy disorder scattering, respectively so that these relaxation times 

have been calculated using the methods described in Refs [ 5,7and 9]. Also, the different scattering 

rates can be separated into two types: (i) elastic scattering due to acoustic and piezoelectric 

phonons, ionized impurities and interface roughness, etc., and (ii) inelastic scattering due to polar 

optical phonons. In order to take into consideration all scattering mechanisms in the mobility 

calculation, it is necessary to include all such mechanism in the linearized Boltzmann equation and 

to solve it numerically using an iterative technique [9]. It should be noted that in the linearized 

Boltzmann equation,  ),( TE  is the perturbation function so that to obtain the  ),( TE  needs 

to take into account the contribution of all occupied sub-bands by means of following relation [7]: 

 
 3

1

,

1

2 mnm n DEG

m

N

N

TE 



                                                       (3) 

 

Equation (3) indicated that all occupied states contribute to the total mobility of the two-

dimensional electron gases. This equation also shows that the contribution of each sub-band 

depends on its occupation number (that is relative concentration DEGm NN 2 ) such that the most 

significant contribution comes from the first sub-band, which has the highest occupation number. 

Using such an approach, it is possible to calculate the 2D-electron mobility taking into account the 

combined contributions from each of the individual electron scattering mechanisms. Effective 

mobility in AlGaN barrier is given by the equation [10, 11]: 
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Here,  z  is the mobility for a three-dimensional electron gas (3DEG) of density AlGaNN

, so that in the present work we, therefore, take into account alloy, optical phonon, deformation 

potential and dislocation mobility in the AlGaN barrier. The total mobility can be obtained as [12]  
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Where AlGaNd , 2d  are the AlGaN barrier thickness and depletion distance at the gate edge near the 

drain side of the AlGaN/GaN high electron mobility transistors respectively. Analytical-numerical 

model analysis steps is shown in Fig. 1. The total sheet carrier concentration in the depletion 

approximation ( 2ddAlGaN  ) is given by the following relation [4,13]: 
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So that  AlGaNN  is the density of electron real space transfer from the two-dimensional electron gas 

channel to three-dimensional electron gas channel state (in AlGaN barrier) which can be obtained as:  
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The analytical threshold voltage ( TV ) is given by the following relation [14-16]: 
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Where  mTEF , ,q, m, gsV  and σ (m, T)/qare the Fermi level, electron charge, Al mole fraction in 

AlGaN barrier, the gate to source voltage and the polarization induced charge density at the 

heterostructure interfaces. So that discontinuity (ΔEC) dependent on the band gaps of GaN 

 ),( mTEGaN

g  and AlGaN )),(( mTE AlGaN

g respectively also d  is the effective thickness of two 

the dimensional electron gases. Knowing the maximum sheet carrier concentration



60 

 

),,,( 22 chDEG TdTmN at the interface of undoped AlGaN/GaN structures,one can estimate the 

minimum sheet resistivity to(16,17): 
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Fig. 1. Flowchat of  Analytical-numerical model analysis steps. 

 

 

3. Results and discussion 
 

To assess the validity of this combined analytical–numerical model for the 2DEG sheet 

resistance a comparative study has been undertaken to compare theoretically obtained, ,SN and

total  curves with experimental results from Refs. 12, 18, and 19 for AlGaN/GaN-based HEMT. 

The material and device details and all other material parameters have been taken from these Refs. 

Analysis of Fig. 2 shows that as the percentage of aluminum alloy increases, the absolute value of 

the threshold voltage increases (it leans towards negative voltage).   

Furthermore, the trend of changes in NS relative to the applied voltage, Vg, changes 

slightly with the change in aluminum alloy percentage, and the value of NS increases.  The reason 

for this may be that in structures with high aluminum alloy percentage, the energy band gap is 

large and, as a result, discontinuity in the conductivity band between AlGaN and GaN increases, 

and polarity effects also increase.  This increase in polarity effects causes an increase in the value 

of NS. 
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Fig. 2. Total sheet carrier concentration verse gate-source bias at 300K based HEMT in depletion 

approximation in comparison with existing experimental data (circles) from Ref. [12]. 

 

 

At low temperatures, the dominating scattering mechanisms (the effect of interface 

roughness, alloy defects, etc.) are strongly dependent on aluminum alloys (x), whereas they have a 

weak dependence on the number of occupied sub-bands.  

For further clarification of this issue (the dependence of the dispersions at various 

composition on the number of occupied sub-band), electronic stimulations at two temperatures of 

10K and 400K, in the single- sub-bands and the multi sub-bands cases, are compared in Fig. 3. At 

lower temperatures, there is no difference between the single sub-bands and the multi- sub-bands 

cases, for small alloys, since there is only one occupied sub-bands.  Therefore, the multi sub-bands 

model is converted to the single sub-bands model.  Whereas for x> 0.5, as x increases, the number 

of occupied and semi-occupied bands increases, and as a result, a difference between the single 

sub-bands model and the multi sub-bands model arises.  At higher temperatures, there is a 

difference between the single sub-bands model and the multi sub-bands model from the beginning, 

since electrons are stimulated and moved to higher sub-bands. Therefore, in this case, there are a 

number of semi-occupied sub-bands, even for small alloys. Consideration of inter-band dispersion 

(which is not considered for low temperatures and its dominating mechanisms) causes this 

difference. By increasing aluminum alloy percentage, the difference between the single- sub-bands 

model and the multi sub-bands model is maximized, due to the increase in the number of occupied 

sub-bands. 

 

 
 

Fig. 3. Total mobility versus Alloy composition of Al for GaNAlGaN / based HEMT. 

 

 

The mobility limits associated with each scattering mechanism are shown in Fig. 4, the 

mobility in AlGaN/GaN devices take into account the carrier scattering. The different scattering 

mechanism in the figure labeled as (a) polar optical phonon, (b) interface roughness, (c) acoustic 
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phonon (deformation potential and piezoelectric), (d) dislocation, (e) residual impurity and (f) 

alloy disorder respectively. 

 

 
 

Fig. 4. The total mobility verse total sheet carrier concentration at 300K for GaNNGaAl /85.015.0
 

based HEMT.in comparison with existing experimental data (circles) from Ref. [12]. The different  

scattering mechanisms in the figure are labeled as (a) polar optical phonon, (b) interface roughness,  

(c) acoustic phonon (deformation potential and piezoelectric), (d) dislocation, (e) residual impurity and 

 (f) alloy disorder, respectively. 

 

 

Fig. 5 shows that as the percentage of aluminum alloy increases, the sheet resistance in 

three model decreases.By increasing aluminum alloy percentage, the difference between the 

single- sub-bands model, multi sub-bands model, and depletion layer effects is maximized, due to 

the increase in the number of occupied sub-bands, discontinuity in the conduction band between 

AlGaN and GaN and three-dimensional channel in AlGaN barrier. The results show that sheet 

resistivity isgenerated by multi subband and depletion layereffectsare good agreement between the 

model and experimental data. 

 

 
 

Fig. 5. The sheet resistivity verse Alloy composition of Al at 300K for GaNNGaAl /85.015.0
 

based HEMTfor one sub-band, multi sub-band and depletion layer effect In comparison with  

existing experimental data [18,19]. 

 

 

4. Conclusions 
 

An analytical-numerical model for the sheet resistance of AlGaN/GaN high electron 

mobility transistors is reported. With increasing Al, the mobility is decreasing so that by increasing 

aluminum alloy percentage, the difference between the single- sub-bands and the multi sub-bands 
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effects is maximized, due to the increase in the number of occupied sub-bands.  Electrons within 

non-depleted three-dimensional channel of AlGaN barrier in depletion layer model can cause 

decrease sheet carrier density and 2DEG mobility in well The reason for decrease sheet carrier 

may be that in structures with small aluminum alloy percentage, the energy band gap is small and, 

as a result, discontinuity in the conductivity band between AlGaN and GaN decreases, and polarity 

effects also decreases.  This decreases in polarity effects cause a decrease in the value of NS and 

increases of sheet resistivity. There is a good agreement between the multi sub-band depletion 

layer model and experimental data. 
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