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Abstract. A model of  degradation of  AlGaAs-heterostructures is presented. The model of  dissipative 
processes was extended to the case of  a diffusion-blured aluminum profile. The definition of  the 
Г-Х-mixing operator is generalized for potentials without explicit heterojunctions. The effect of  
degradation processes on inelastic scattering is taken into account by applying the diffusion equation 
to the optical potential profile.  The self-consistency algorithm was optimized in order to reduce 
the calculation time. This paper proposes a faster method based on the reduction in the number of  
calculated integrals for electrons density. A number of  test structures were simulated via developed 
algorithm. The deviation of  the calculation results from the experimental data on the curvature of  
CVC initial section does not exceed 3%. Thus, we can conclude that it is expedient to use the model 
to calculate the kinetics of  heterostructures СVC initial section at elevated temperatures, including 
within the framework of  the task of  predicting the GIC and MIC UHF reliability indicators based 
on multilayer AlGaAs-heterostructures.
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1. INTRODUCTION
Today, one of  the most important design 
issues for nanoelectronic devices based on 
AlGaAs-heterostructures is the prediction of  
their reliability indicators. Firstly, such devices 
are promising for use as the basis for ultrafast 
devices of  a new generation [1,2] in industries 
related to high requirements for reliability 
[3,4]. Secondly, a high cost of  testing and 

the time constraints on their implementation 
makes physical and mathematical simulation 
of  aging devices [5] more attractive compared 
with a classical statistical method of  the 
theory of  reliability tests.
Degradation of  AlGaAs-heterostructures 
is attributed [6] to diffusion processes in 
semiconductor layers. A profile of  molar 
fraction of  aluminum is blurred under effect 
of  high temperatures, which affects the 
potential energy of  electrons and a position of  
metastable levels. The concentration profile 
of  silicon (a donor impurity in the contact 
layers) is blurred too [7]. Also, metals of  the 
contacts and contact areas penetrate into 
the layers of  the heterostructure over time, 
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which leads to an increasing of  resistance of  
contact areas [8].

Existing mathematical models of  current 
transfer in AlGaAs-heterostructures are 
based on the assumption that the transitions 
between the layers are localized. A calculation 
of  the tunnel transparency coefficient 
within framework of  the formalism of  wave 
functions is easily generalized to the case of  
a continuous profile by replacing a stepped 
profile of  potential energy with a continuous 
one. However, models of  dissipative 
processes [9, 10] require coordinates of  
the heterointerfaces be explicitly specified, 
which is impossible to do in the case of  
the diffusion-blurred profile of  the molar 
fraction of  aluminum. Consequently, such 
models are not suitable for current transfer 
simulations with taking into account the 
diffusion blurring of  a profile of  aluminum.

Thus, the task of  predicting the reliability 
of  devices based on AlGaAs-heterostructures 
includes the following subtasks: structure 
degradation simulation (i.e., diffusion blurring 
of  impurity profiles and resistance growth 
of  contact areas calculation) and generalizing 
current transfer models to the case of  
structures with a continuous impurity profile 
along with optimization self-consistenting 
procedures.

A numerical calculation of  the 
current-voltage characteristics (CVC) of  
heterostructures is characterized by a high 
time complexity, which causes a problem 
with kinetics of  CVC simulation because of  
repeated self-consistent calculation. The most 
resource-intensive part of  the calculation 
algorithm is the step of  calculating the 
electron concentration within the calculation 
of  the self-consistent potential [11,12]. 
Optimization of  this procedure allows to 

reduce the calculation time for both a single 
CVC and their kinetics.

2. STRUCTURE DEGRADATION
In this paper, the model of  structure 
degradation is based on the position of  the 
dominant role of  diffusion in degradation 
processes. Thus, the degradation of  AlGaAs-
heterostructures in the framework of  the 
models presented is due to the diffusion 
of  aluminum and silicon, as well as the 
penetration of  metal from ohmic contacts 
into semiconductor contact layers, which 
causes their resistance increases.

The diffusion of  aluminum and silicon 
can be described using the Fick equation [13]. 
As the boundary conditions, the condition 
of  equality to zero of  the substance flow at 
the boundaries of  the simulated region was 
chosen, and the step profile approximation 
was taken as the initial condition. The 
diffusion coefficient was estimated using the 
Arrhenius equation with activation energy 
of  3.5 eV and a pre-exponential factor of  
0.17 cm2/s [8].

Fick’s equation was solved using the finite 
difference method. In this case, one grid 
was used to simulate diffusion and calculate 
the electron wave functions to avoid loss 
of  accuracy when interpolating grid values 
of  impurity concentrations. To solve this 
problem, elements of  finite difference 
equations are obtained by averaging the 
terms of  the Fick equation on the grid cells. 
The result of  solving the obtained equations 
is the average fractions of  aluminum and 
the average concentrations of  silicon in the 
grid cells. These quantities were later used 
to construct a finite difference Hamiltonian, 
which allows not to construct a separate grid 
for solving the Schrödinger equation.
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To estimate the effect of  structure 
degradation, technological annealing of  
a resonant tunneling structure (RTS) was 
simulated at a temperature of  800°C [14–
17]. The duration of  annealing is 30 s, but 
in order to make the calculation results more 
distinguishable, the simulated annealing time 
is increased 4 times. The diffusion processes 
of  aluminum and silicon were simulated. The 
results of  calculating the electron density and 
the tunnel transparency coefficient are shown 
in Fig. 1. The wave functions were calculated 
at zero voltage in the self-consistent field 
approximation [11].

As can be seen from the figures, diffusion 
blurring leads to a shift of  the resonance levels 
to high energies, as well as the broadening 
of  the resonance levels. This leads to an 

increase in peak voltage and peak current, 
in addition, to an increase in the slope of  
CVC characteristic, as shown in Fig. 2. The 
duration of  annealing in calculating CVC 
characteristic in Fig. 2 corresponds to the 
duration of  the simulated technological 
process and is 30 s.

3. DISSIPATIVE PROCESSES
The model of  current transfer includes 
two types of  electron scattering — inter-
valley scattering at heterointerfaces [9] and 
inelastic scattering by phonons [10]. The 
inter-valley scattering is taken into account 
by the two-channel model, and the scattering 
on phonons is taken into account using the 
optical potential method. In [9, 10] models of  
dissipative processes were developed for the 
case of  precise heterointerfaces. However, 
it is difficult to determine the positions of  
heterointerfaces, when taking into account 
diffusional changes in the aluminum profile; 
therefore, these models require generalization.
The motion of  electrons in the two-channel 
model is described by the Schrödinger 
equations for an open system, in which a 
communication operator is included that 
describes the mixing of  electronic states in 
the channels

          
,

0                 X X X

H E A S
A H E

ψ

ψ

Γ Γ Γ Γ  − + Σ  
=      − + Σ    

 (1)

where ( )Xψ Γ  – electrons wave function in 
Г(Х)-channel, E – electrons energy, HГ(Х) 
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Fig. 1. The electron density logarithm before (left) and after (right) annealing. Black surfaces - the profile of  the potential energy 
of  an electron.

Fig. 2. CVC RTS before (grey line) and after 
(black line) annealing.
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–isolated Г(Х)-channel Hamiltonian, ΣГ(Х)– 
operator of  electrons extraction from Г(Х)-
channel, SГ – electron injection into Г-channel 
function [18], A – coupling between channels 
operator.

The definition of  a communication 
operator presented in [9] is not suitable 
for the case of  a blurred aluminum profile, 
since it requires given coordinates of  
heterointerfaces; therefore, this definition 
is generalized to the case of  a continuous 
aluminum profile.

,dA x
dz

α=  (2)

where α – inter-valley interreaction constant, 
x – aluminium molar fraction, z – coordinate.

The optical potential is included in 
the Hamiltonian of  the Г-channel and is 
assumed to be zero in spacer regions and 
barriers and a constant in quantum wells 
(in this work the value 0.02 eV was used), 
thus the model includes an additional 
mechanism for the release of  electrons from 
the quantum well. Again, such an optical 
potential distribution is not suitable for 
use in the case of  the absence of  explicit 
heterointerfaces. To take into account the 
effect of  structure degradation on inelastic 
scattering processes, diffusion blurring of  
the optical potential profile was simulated 
using equations describing the diffusion of  
aluminum. The distribution of  the optical 
potential as a sum of  rectangular functions 
was used as the initial condition.

4. SELF-CONSISTENT POTENTIAL
The high time complexity of  calculating the 
self-consistent potential (described in [11]) is 
associated primarily with the calculation of  
the concentration of  electrons by formulaw
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 (3)

where n – electrons concentration, k – 
Boltzmann constant, T – temperature, m* 
- electrons in reservoirs effective mass, ħ – 
Dirac constant, UL(R) – electron in source 
(drain) potential energy, Ul(r) – electron 
potential energy at channel boundary with 
source (drain), SL(R) – electrons injection from 
source (drain) function, EF – Fermi level, φ – 
envelope electrons wave function.

As can be seen from the above 
formulas the calculation of  the electron 
concentration in the channel requires 
a separate calculation of  the electron 
concentration from the source and drain, 
for which it is necessary to solve the 
Schrödinger equation twice, and then to 
calculate the integral in formulas (3)  two 
times. Integration is complicated by the 
fact that the wave function has a number 
of  narrow peaks (see Fig. 3) therefore, it is 
required to use multiple calculations with 
decreasing grid step or grid adaptation 
procedure.

Because ψL and ψR have resonances 
at the same energy levels, to reduce the 
computation time, you can use the same 
grid to calculate nL and nR. However, it is 
possible to propose a method that does 
not require the calculation of  partial 
concentrations. By simple algebraic 
calculations, their formulas (3) can be 
obtained
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Calculating the electron concentration 
using formulas (4) allows solving the 
Schrödinger equation and integrating it once 
(for a given energy level), unlike calculating 
using formulas (3).

It is worth noting that if  the Schrödinger 
equation for an open system [18] contains 
the functions of  injection of  electrons 
from the source SL and drain SR, then in the 
continuity equation there appear interference 
components whose physicality is in question 
[14].

2 2| | | | ,L L L R L Rdivj S S S S S S∗ ∗= + + +  (5)

where j  – probability flow.
As a result of  numerical experiments, 

it was found that the contribution of  
interference terms to electrons density in 
spacers and potential barriers regions is 
negligible compared to the contribution 
of  these terms to electrons density in 
potential well region. However, knowing 
the position of  the potential well relative 
to the electron sources, it is possible to 

minimize the influence of  interference 
terms by varying the arguments of  complex 
SL and SR, which is equivalent to the choice 
of  the initial phases of  the electrons wave 
functions.

The self-consistent potential was not 
significantly affected by interference terms. 
Thus, comparing the results of  calculations 
of  the self-consistent potential when using 
formulas (3) and (4) for calculating the 
concentration, no significant deviations 
were found (the maximum deviation is 
1.5·10-5 %). The results of  calculating 
the self-consistent potential are shown in 
Fig. 4. The calculation time for various 
external voltages is presented in Fig. 5.

RADIOELECTRONICS

Fig. 3. The natural logarithm of  the square of  the modulus of  the wave function of  electrons from the source 
for fixed values of  the coordinate.

Fig. 4. Self-consistent potential at 0 V (black) and 
1 V (gray). Lines – the original algorithm, points – 

an optimized algorithm.
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Thus, the use of  this approach made it 
possible to reduce the time for calculating 
the electron concentration by half  without 
significant losses in accuracy.

5. RESULTS
For the validation of  the presented model, the 
current-voltage characteristics of  a number 
of  RTS were calculated taking into account 
diffusion changes at the technological stage 
of  annealing the structure for 30 s at 800°C 
[15-19]. The simulation was carried out 
self-consistently with regard to dissipative 
processes (the number of  self-consistency 
iterations is 20, the inter-valley interaction 
constant is 0.7 eV Å, the optical potential 
in the quantum well is 0.02 eV). The results 
of  the calculation comapred with the 
experimental data are shown in Fig. 6.

As can be seen from the graphs, the 
developed algorithm allows, with satisfactory 
accuracy, to model the CVC of  the RTS in 
the region of  positive differential resistance 
— the deviation of  the calculation results 
from the experimental data on the curvature 
of  the initial portion does not exceed 3%. 
Thus, the presented model can be used to 
predict the parameters of  devices whose 

performance characteristics are determined 
by the initial section of  the CVC RTS.

6. CONCLUSION
A mathematical model of  the degradation of  
AlGaAs-heterostructures based on diffusion 
models of  atoms in a crystal lattice has been 
developed. The diffusion of  aluminum and 
silicon was simulated using the Fick equation 
with the second-type boundary conditions. 
For the numerical calculation, the finite-
difference method was used, and the finite-
difference scheme was built on the basis 
of  a unified spatial grid for modeling both 
diffusion processes and transverse carrier 
transport, which made it possible to avoid 
loss of  accuracy during interpolation. The 
blurring of  the ohmic contacts was taken 
into account as an increase in the resistance 
of  the contact layers. Accounting models of  
dissipative processes are generalized to the 
case of  a continuous impurity profile. The 
operator of  communication between the 
Г- and X-valleys was calculated on the basis 
of  the aluminum fraction profile, thus, it 
was possible to take into account the effect 
of  aluminum diffusion on the inter-valley 
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Fig. 5. Calculation time self-consistent potential. Fig. 3. The results of  calculations IVC RTS. Grey 
lines – experimental data, black – the results of  the 

calculation.
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scattering processes. In order to reduce the 
time complexity of  the CVC calculation 
algorithm, the procedure for calculating 
the self-consistent potential is optimized 
at the stage of  calculating the electron 
concentration by reducing the number 
of  calculated integrals, thus, the time for 
calculating the self-consistent potential is 
reduced by half.

According to the results of  validation 
of  the presented model, it was concluded 
that it is useful to simulate the kinetics 
of  the initial section of  CVC of  
heterostructures at elevated temperatures, 
including within the framework of  the 
task of  predicting the GIC and MIC UHF 
reliability indicators based on multilayer 
AlGaAs-heterostructures.
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