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Three-scale model for the calculation of 2DEG mobility 
in AlGaN/GaN heterostructures developed by our group 
earlier was used for the investigation of the dependence 
of 2DEG concentration and mobility on the Al concentra-
tion in AlGaN layer. The model allows to calculate fol-
lowing 2DEG properties: energy levels, corresponding 
wavefunctions, potential energy distribution, charge car-
riers concentration distribution over the heterostructure. 

It is also possible to calculate electron mobility in 2DEG 
taking into account various scattering mechanisms. In the 
framework of this model the values of 2DEG concentra-
tion and mobility were calculated for various Al concen-
trations x in AlxGa1-xN barrier (0.15 ≤ x ≤ 1). It is also 
taken into consideration that maximum barrier width 
should decrease with increasing Al concentration in order 
to allow pseudomorphic growth of barrier layer.  
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1 Introduction In recent years, the transport proper-
ties of two dimensional electron gas (2DEG) in Al-
GaN/GaN heterostructures have received a lot of research 
attention because of their importance to the performance of 
high electron mobility transistors (HEMTs). Numerous 
studies with various approaches to theoretical modeling of 
carrier concentration and mobility in nitride heterostruc-
tures were performed in last decade [1-7]. The analysis of 
published theoretical and experimental data shows an im-
portance of taking into account various factors on different 
scale levels such as lattice mismatch between layers, spon-
taneous and piezoelectric polarization, conduction bands 
shifts, barrier layer doping, interface roughness, alloy dis-
order and alloy clustering, Schottky barrier height, etc. 

Carriers transport channels (2DEG) in the vicinity of 
heterointerface depend on the concentration of dopants in 
the barrier layer and on the presence of surface charge on 
the interface. Surface charge originates due to the atomic 
structure of wurtzite nitrides and is determined by sponta-
neous and piezoelectric polarization [1]. This can be ap-
proached at atomic level via ab initio calculations. Various 

mechanisms of carriers scattering can be considered at less 
detailed nanoscale level. In this paper we present multi-
scale approach which combines calculations on these two 
different scale levels. The results of our calculations of the 
dependence of 2DEG properties on various structure pa-
rameters such as Al molar concentration in barrier layer, 
barrier thickness, AlN layer thickness, spacer thickness are 
described in detail. 

2 Multi-scale modeling scheme 
The scheme of multi-scale semiconductor heterostruc-

ture modeling was developed in Dorodnicyn Computing 
Centre of RAS [8]. 

On the atomic level the system is described using crys-
tallographic information and ab initio calculations per-
formed in the framework of Density functional theory. 
First-principles modeling allows to determine electronic 
structure and basic properties of heterostructure, define po-
larization effects and calculate charge densities on the in-
terfaces between layers. The results of modeling on the 
atomic scale level are used in the nanoscale level model for 
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the calculation of the charge carrier distribution in the het-
erostructure. At this level mathematical model contains the 
system of Schrödinger and Poisson equations. 
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here z is the normal to the heterointerface coordinate, iE  
and ( )i zy  are energetic levels and corresponding wave-
functions, ( )n z  electron density,  Dirac constant, e  
electron charge, *m  effective electron mass, FE  Fermi 
level, ( )zf  Coulomb potential, ( )V z  potential energy of a 
carrier, ,D AN N  concentrations of donor and acceptor 
dopants, respectively, s  interface charge densities, d  
delta-function, lz  coordinates of interfaces, e  dielectric 
constant, Bk  Boltzmann constant, ΔEc conduction band 
offset, and T temperature. 

On the boundaries of the system (z=0, z=L, where L is 
the thickness of the whole heterostructure) the following 
conditions must be fulfilled:  

 (0) 0y = , ( ) 0Ly = . 
On the outer surface of the heterostructure where the 

barrier layer is placed the Schottky barrier height was de-
fined: (0) bf f= . The following expression for the Nickel 
contact was used: φb=1.3x+0.84. 

On the left border the condition of electrical field ab-
sence was used: ( ) 0Lf =¢ . 

Numerical solution of the problem allows us to obtain 
the electron density in the heterostructure. This informa-
tion is used on the next level where the electron mobility 
and conductivity is calculated. The Mattheissen’s rule is 
implemented at this level. The following scattering mecha-
nisms are taken into account: optical and acoustic phonons, 
heterointerface roughness, remote modulation doping scat-
tering, alloy disorder, dislocations, piezoelectric scattering. 
The formulas for relaxation times for different scattering 
mechanisms are given in [9]. All results are obtained for 
room temperature. 

3 Modeling results as a function of Al concen-
tration in barrier layer and of barrier thickness 

In this series of computational experiments the molar 
concentration of Al and the barrier layer thickness for the 
structure without spacer and without doped barrier were 
varied. For the sake of definiteness the following values 

were assumed: dislocations concentration was taken equal 
to 3×109 cm-3, interface roughness was taken equal to 1.2 
nm, correlation length, 6 nm. Also the case was considered 
in which interface roughness was increasing with the in-
crease of Al concentration in the barrier layer. Input data 
for numerical simulation such as dielectric constants for 
the materials, conduction band discontinuities, interface 
charge densities were calculated using approximation for-
mulas given in [1]. 

It was taken into account that the maximum barrier 
thickness decreases with the increase of Al molar concen-
tration to allow pseudomorphic growth of the barrier. Max-
imum barrier thickness should not be significantly larger 
than it’s critical value which can be estimated by the for-
mula: 2cr edt b eª , where bed = 0.3189 nm is the length of 
the Burgers vector for edge dislocations, ε the strain in a 
barrier, which depends on the Al concentration: 

( )GaN AlGaN AlGaNa a ae = - , a is the lattice constant. The de-
pendence of critical value on the Al concentration (x) is 
shown in Fig. 1. 

 

 
Figure 1 Dependence of critical barrier thickness on Al molar 
concentration. The schematic of AlGaN/AlN/GaN structure under 
consideration is pictured in the inset. 

 
In Fig. 2 the effect of Al molar concentration in the 

barrier layer on the potential energy in heterostructure (a) 
and on the main wavefunction (b) is shown. The barrier 
layer thicknesses are equal to the critical values with re-
spect to the corresponding x values. It is seen that with the 
increase of x the potential well depth also increases and the 
main energy levels move down (dashed lines in Fig. 2a). It 
is seen from Fig. 2b that in both cases Fang-Howard func-
tion [10] is a good approximation to the main wavefunc-
tion. It justifies the use of this approximation for the scat-
tering intensity calculation. 
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Figure 2 (a) Potential energy profiles in the heterostructure at various molar concentrations of Al in the barrier layer. Marked line, 
x=0.2. Solid line, x=0.6. Barrier thickness is equal to the critical value. (b) Wavefunctions (main) at various molar concentrations of Al 
in the barrier layer. Dashed line, Fang-Howard function. The designations are as seen in Fig. 2a. 

 
Figure 3 shows the main integral properties of 2DEG 

dependence on the molar concentration of Al in the barrier 
layer. Barrier layer thicknesses are critical for the corre-
sponding x values. According to expectations increasing x 
value leads to the increase of 2DEG electron concentration 

due to the increase of the spontaneous polarization. With 
the interface roughness parameters fixed as defined at the 
beginning of this paragraph increasing Al content above 
0,15 leads to the lowering of the carrier mobility. This re-
sult is in agreement with previous modeling results [1].  
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Figure 3 (a) Dependence of 2DEG layer concentration (left scale) and 
mobility (right scale) from Al molar concentration in the barrier layer. 
Dashed line, mobility limited only by phonon scattering (polar and acoustic 
phonons). (b) The impact of various scattering mechanisms on the carrier 
mobility at different Al molar concentrations. PO optical phonons, DP 
acoustic phonons (deformation potential), ADO alloy disorder, DIS dislo-
cations, IFR heterointerface roughness, PE piezoelectric scattering. (c) Spe-
cific conductivity (multiplied by 104) as a function of Al molar concentra-
tion in the barrier. The dashed line corresponds to the case of mobility lim-
ited only by phonon scattering. Marked line corresponds to the case of 
quadratic dependence of interface roughness on x value. 
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Figure 4 (a) Potential energy profiles in the heterostructure at various barrier layer thickness values. Marked line corresponds to the 
thickness of 30 nm. Solid line corresponds to the critical thickness. Al molar concentration in the barrier x=0.3. (b) Wavefunctions 
(main) at various barrier layer thickness values. Marked line corresponds to the thickness of 30 nm. Solid line corresponds to the criti-
cal thickness. Al molar concentration in the barrier x=0.3. Dashed line, Fang-Howard function. 
 
 
The impact of various scattering mechanisms on the carrier 
mobility at different Al molar concentrations is shown in 
Fig. 3b. The first tendency is dominating, total conductiv-
ity increases with the increase of x value (Fig. 3c). Another 
case assuming that Al concentration growth leads to the 
quadratic growth of the interface roughness was considered 
(marked curve in Fig. 3c). In this case the appearance of 
the extreme point is possible on the conductivity curve. 

 The influence of the barrier layer thickness on the 
2DEG properties was analyzed in a similar way. The re-

sults are shown in Fig. 4 and 5. The Al molar concentration 
in this case is constant: x = 0.3. The potential well depth 
increases with the growth of the barrier layer thickness, 
which leads to the increase of 2DEG carrier concentration. 
It in turn causes the decrease of their mobility. The main 
tendency here is that total conductivity increases with the 
growth of the barrier layer thickness. The limitation of the 
thickness by the pseudomorphic growth conditions is es-
sential. 
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Figure 5 (a) Dependence of 2DEG layer concentration (left scale) and mobility (right scale) on various barrier thickness values. 
Dashed line, mobility limited only by phonon scattering (polar and acoustic phonons). Al molar concentration x=0.3. (b) The impact of 
various scattering mechanisms on the carrier mobility at different barrier thickness values. 
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Figure 6 (a) Potential energy profiles in the heterostructure at various donor concentrations in the barrier. Marked line corresponds to 
the concentration of 1018 cm-3. Solid line corresponds to the concentration of 1019 cm-3. Al molar concentration in the barrier x=0.3. (b) 
Wavefunctions (main) at various donor concentrations in the barrier. The designations are as seen in Fig. 6a. 
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Figure 7 (a) Dependence of 2DEG layer concentration on spacer 
width at various barrier dopant concentrations. (1) 1018 сm-3, 
(2) 5×1018 сm-3, (3) 1019 сm-3, (4) 5×1019 сm-3. (b) Dependence of 
2DEG carrier mobility on spacer width at various barrier dopant con-
centrations. The designations are as seen in Fig. 7a. (c) Dependence 
of 2DEG conductivity on spacer width at various barrier dopant con-
centrations. The designations are as seen in Fig. 7a. 
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Figure 8 (a) Potential energy profiles in the heterostructure in the presence (solid line) and in the absence (marked line) of AlN layer. 
Al molar concentration in the barrier x=0.3. (b) Wavefunctions (main) in the presence (solid line) and in the absence (marked line) of 
AlN layer. Al molar concentration in the barrier x=0.3. Dashed line – Fang-Howard function. 
 
 
 

4 Modeling results as a function of the level of 
barrier doping and of non-doped spacer width 

The influence of the barrier layer doping is illustrated 
in Fig. 6a and b. In this case the thickness of non-doped 
spacer is zero, and Al mole concentration in the barrier 
layer equals to 0.3. It should be pointed out that growth of 
donor concentration in the barrier layer limits its thickness. 
Because otherwise bending of the conduction band in the 
barrier layer can reach Fermi layer (Fig. 6a), which would 
cause the formation of a high-electron concentration zone 
in the barrier layer. Thus, AlGaN layer thicknesses were 
different for various donor concentrations. The results of 
our calculations show that increase of dopant concentration 
in the barrier layer leads to the increase of 2DEG carrier 
concentration. 

Dependence of 2DEG integral properties on the thick-
ness of non-doped layer (spacer) at various dopant concen-
trations in the barrier layer are shown in Fig. 7. Obtained 
calculation results show that carrier concentration de-
creases and carrier mobility increases with the growth of 
the spacer thickness. Scattering on charge centers begins to 
play significant role in this case. 

5 Modeling results as a function of the thick-
ness of AlN layer in doped and non-doped struc-
tures 

The influence of the thickness of AlN intermediate 
layer between barrier layer and 2DEG-channel is illus-
trated in Fig. 8 and 9. Here the interface charge density due 
to polarization effects was taken the same as without AlN 
layer. Therefore, it is assumed in the model that the AlN 

layer width is relatively small. Under this assumption ap-
pearance of the additional layer has almost no effect on the 
carrier concentration in 2DEG but causes slight changes in 
the electron density distribution in vicinity of the hetero-
interface. In Fig. 8b it is seen that electron penetration un-
der the barrier layer is weaker than in the case of structure 
without AlN layer. It leads to the weakening of the scatter-
ing on alloy disorder and to the increase of electron mobil-
ity with the growth of the AlN layer’s thickness. This ef-
fect is more noticeable in the case of the barrier with 
dopants (Fig. 9b), when 2DEG carrier concentration is 
higher and the mobility is lower. In this case there is a 
maximum point on the dependence curve of total conduc-
tivity from the AlN layer thickness (Fig. 9c). 

 
6 Summary The computational multi-scale scheme 

for semiconductor heterostructure properties modeling was 
developed. It allows to calculate concentration and mobil-
ity of carriers in 2DEG. A number of computational ex-
periments were performed to study the influence of such 
heterostructure characteristics as Al molar concentration in 
barrier, barrier thickness, barrier doping, spacer width, 
presence of AlN intermediate layer on the properties of 
2DEG. It was shown that the following factors can cause 
the increase in carrier mobility: low Al molar concentra-
tion in barrier layer, increase of spacer width, presence of 
AlN intermediate layer between barrier layer and 2DEG-
channel. 
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Figure 9 (a) Dependence of 2DEG layer concentration on AlN layer
width at various barrier doping. (1) Without doping, (2) with doping,
1019 cm-3. (b) Dependence of 2DEG mobility on AlN layer width at
various barrier doping. The designations are as seen in Fig. 9a. (c)
Dependence of 2DEG conductivity on AlN layer width at various bar-
rier doping. The designations are as seen in Fig. 9a. 




