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The computational scheme of multiscale modeling of
semiconductor heterostructures is presented. Téuake
levels are taken into account. On the atomic l&welsys-
tem is described using crystallographic informatard
guantum-mechanical modéib initio modeling allows to
determine electronic structure, define polarizatdffects
and calculate charge densities on the interfaceselea
layers. Obtained information is used in the nanesea-
el model for the calculation of the charge carridistri-
bution in the heterostructure. At this level mathéoal
model contains the system of conjugated Schrodiager

Poisson equations. The carriers density distributieer
the lateral direction of the multilayered structuaad
2DEG localization are of the most interest at fioint.
This data is used in the next scale level modelrgvhe
electron mobility is calculated. Wide range of &lec
scattering mechanisms are taken into account dukhiisg
calculation. This approach was applied to model @DE
in AlGaN/AIN/GaN heterostructures. The good agree-
ment between calculated values of interface chdegsi-
ty, 2DEG electron concentration, electron mobiktyd
known experimental data was achieved.
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1 Introduction The tendency of miniaturization ofthe significance of interrelated consideration afious ef-

device dimensions as well as maximization of chaige

riers concentration with maximum mobility is the adeon

trend of the high-frequency semiconductor techdiegel-

opment. For that purpose multilayered nanoscalerbet
structures with two-dimensional electronic gas ased.

The main factors affecting the origin of carrieransport
channels (2DEG) in the vicinity of heterointerfamre the
concentration of dopants in the barrier layer avel res-
ence of the surface charge on the interface. Lattigpical

for wurtzite structures and is determined by sposdas

and piezoelectric polarization.

fects on different scale levels which is the togliche pre-
sent paper.

2 Multi-scale modeling scheme

The scheme of multi-scale semiconductor heterostruc
ture modeling was developed in Dorodnicyn Computing
Centre of RAS. The scheme is shown in Fig.1.

Three significant scale levels are taken into antou
On the atomic level the system is described usiggtal-
lographic information andb initio calculations performed
in the framework of Density functional theory. Firs

There were a lot of papers on mathematical modeligginciples modeling allows to determine electrostouc-

of heterostructures. The detailed description ofioues
computational aspects of carrier concentration mo@ili-

ty simulation can be found in [1-5]. The analysiskoown

theoretical and experimental data shows the impoetaf
taking into account various factors on differerdledevels
such as lattice mismatch between layers, spontanaod
piezoelectric polarization, conduction bands shiftarrier
layer doping, interface roughness, ets. This ig¢ason of

ture and basic properties of heterostructure, defiolari-
zation effects and calculate charge densities enirtter-
faces between layers.

First principles calculations of the polarizatioroper-
ties of semiconductors AIN, GaN and AlGaN with viitet
structures were performed in the framework of DEIhg
the Berry phase approach [6, 7]. DFT calculatioresew
carried out using both the local density approxiorat
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(LDA) and generalized gradient approximation (GGA) centrations of donor and acceptor dope?s; interface
exchange-correlation functional. Our calculationgrev

performed using ViennaAb-initio Simulation Package charge densitiesd - delta-function, ” - coordinates of
(VASP) [8, 9] based on pseudopotentials and a pheanee k
basis set to solve the Kohn—-Sham equations wittoglier '
boundary conditions. The results of these calautativere stant, T - temperature. _
presented in our previous paper [10]. The valueshef The use of the concept of electron effective mass a
spontaneous and the piezoelectric polarizationtaegie- 10Ws us to avoid the detailed consideration of itlierac-
zoelectric constants were calculated for thesédeittom- tion between electrons and nucleus. As a residtpossi-
pounds. The obtained values of the spontaneouspiend ble to shift the view from atomic level to the nanpale

interfaces € - dielectric constan "B - Boltzmann'’s con-

zoelectric polarizations allowed to calculate thoaitd in-
terface charge densities were calculated for AINNGAI-

level of real heterostructures. The carrier dendiggribu-
tion across the multilayered structure and loctibraof

GaN/AIN, AlGaN/GaN interfaces. The obtained valoés the area of increasing concentration (2DEG) arethef
the bound charge densities at the different inteaare as Most interest.

follows:(AIN/GaN) = 6.7910" cm?% (AlGaN/AIN) = -
5.4410" cm? (AlGaN/GaN) = 1.38.0"° cm2.

Multiscale modeling

Atomic scale - first-principles modeling.
Calculation of interface charge density between
the layers.

Nanoscale level —modeling of carrier distribution
in the heterostructure. Localization of two-

—
—_—

o —
S

dimensional electronic gas.

l

Structure level — calculation of the carrier mobility
in 2DEG with respect to the various scattering
mechanisms.

System for informational
support of calculations

[

Figure 1 Multiscale modelling scheme.

Computational modeling is performed using finite-
difference approximation and subsequent solutiomisf
crete analogs. It is characteristic for the hetenosures in
which quantum confinement is achieved via barraget
doping that the Poisson’s equation contains disteith
source. In wurtzite type structures spontaneouspéube-
lectric polarization appear. As a result therehiarge con-
centration on the boundary between different lay&hss
leads to the localized sources and the need in feigblu-
tion of computational grid.

Local computational procedures aimed to solve Schrd
dinger and Poisson equations are integrated byayitara-
tive process which makes their solutions consist€nm-
putational process can be described schematicallfpla
lows. The right part of the Poisson equation icwuated
using the electron distribution information obtalret last
iteration. New Coulomb potential and potential gnyedis-
tribution are calculated. Schrédinger equatiorised us-
ing this information. As a result significant engrigvels
and corresponding grid wavefunctions are obtaiffdgky

The results of modeling on the atomic scale lesel are used to calculate new distribution of electtoncen-

used in the nanoscale level model for the calaradf the
charge carriers distribution in the heterostructuke this
level mathematical model contains the system ofugat-
ed Schrddinger and Poisson equations.

—%D%Dw)ﬂ—ew&cw: Ey (1)
O(e0¢) = —e(Np =N, —n) +Z|:U|5(Z‘Z|) )

n(r) =S¢ (N (NN 3)
n =kgT % In(1+ exp(EFkB_TE)] 4)

tration in the system. The process is repeated cortiver-
gence is achieved. Convergence of iterative prosesy-
ulated by relaxation parameter. Strong link betwegua-
tions is characteristic for this class of problemiis leads

to the problem of convergence of the iterationss Heces-
sary to use under-relaxation with rather small xafi@n
parameter to achieve convergence. To improve cenve
gence process we apply the approach based on ¢be lo
approximation of implicit dependence of carrier centra-
tion on the potential [11]. It is of the form:

n(¢) = iwa W kg T % In[1+ expeE—5 :BeT(¢ - ¢<k>))J (5)

. : (k)
here E and i(r) are energetic levels and corre- here¢ - potential, obtained on the previous itera-

sponding wavefunction:,r,](r) - electron concentratiofl

— Dirac constant® - electron chargeM™ - effective

electron mass!E

Vv(r)

F - Fermi Ievel,¢(r)- Coulomb poten-

tial, - potential energy of a carrieNd Na - con-
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tion of the global process.
This leads to the modified Poisson equation withlieit
nonlinearity:

(e09) = -&(No = Nu=n(#) + a10(z-2)  (5)

To solve modified Poisson equation the linearizatis
used in the form:
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p=¢"+& Y
O(e0é) =gé +q (8)
g=e2 () ©
op
— (p)
q=-0(e0pP) + 10)

+(-e(Np =N, =n(¢'™)) + > 0,6(z-2)

In Fig. 2 the convergence of iterative processcdgpi
for heterostructures under consideration is ilkts.
Shown are results for the case thoroughly analyeow.
Curve 1 here corresponds to the under-relaxatiomaoaet
curve 2 corresponds to the local approximation afier
concentration as a function of potential (undeaxation is
not required in this case). It can be seen thattuelera-
tion of convergence is significant, in this partamucase 40

iterations as opposed to more than 200 iterations.
2
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Figure 2 Convergence of global iterations.

Because it is necessary to solve Schrodinger argt PQchieved as  the

son equations at each global iteration the effjenf
computational process to a large extent dependbeef-
fectiveness of the algorithms of their solution.efidfore
accounting of the positions of significant energydls is
very important. According to Fermi-Dirac statistitise
electrons on the lowest energy levels contributéhé&oin-
creasing of carriers concentration in 2DEG. Infaiioma
about the lower limit is obtained during the Poissgua-
tion solution on current iteration. Consequentlg thisec-
tion method in combination with inverse iteraticare ef-
fective for the Schrédinger equation solution.

scale level model. In this model the calculationcafrier
mobility is performed. The wide range of scattgrinech-
anisms are taken into account: scattering on dp#od
acoustical phonons, on heterostructure roughness, o
charge centers and dislocations, piezoelectridesiad.

3 Modeling results

As an example of an approach under development let
us consider the modeling of semiconductor hetewogire
[12], grown by vapour deposition method (Fig.3, etlak
from [12]). The combination of barrier layer dopitarea
source in Poisson equation) and uncompensatedaoger
charge because of spontaneous and piezoelectacizol
tion (localized sources) is typical for this kinfistructure.
GaN layer on the surface of barrier layer prevérgsoxi-
dation. AIN layer accounts for the decrease ofyafioat-
tering which only exists in ternary alloys andogli con-
sisting of more than three components. As a réiselelec-
trons which penetrate the barrier because of tligtesmce
of density of states tail under the barrier withité height
do not scatter on the alloy potential. Input datadalcula-
tions were taken from [12].
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Figure 3 Semiconductor heterostructure [12].
The following values of charge density on interlacee

results of our calculations:
9 (AGaN / AIN) ,
€ =-5.71lcm™,
9 (AN /GaN)
€ =6.79cm 2,
9 (AIGaN /GaN) ,
€ =1.08cMm™.

The results of self-consistent solution of Schrgdin
and Poisson equations obtained using data frommiéib i
modeling are shown on fig. 4-5. Curves labeledelafed
to the right scale) on the (a) figures demonsteddetron

Numerical experiments have shown that our approagtncentration distribution over the thickness @ tetero-

provides high efficiency on rather fine grids faoth dis-
tributed and localized charge sources.

The data obtained as a result of self-consistdntisn
of Schroédinger and Poisson equations is used iméx¢

structure, while curves labeled 2 (left scale) dest@te
the potential energy profile. Horizontal dashecddirindi-
cate two lower electron energy levels. (b) figudesnon-
strate corresponding electron wavefunctions. Resdé-
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picted on the Fig.4 are obtained by ignoring thedeation
bands shift between AIN and AlGaN. Results on the5-
are obtained with taking this shift into accounheTsmall
discrepancy in the behavior of wave functions aadiers
concentration distribution in the vicinity of hedémterface
is noticeable. Taking into account of the shiftdedo the
less prominent penetration of barrier layer by tetets. At
the same time the difference between total electam
centrations in 2DEG is negligible — about 1%. Ot
concentration (1.02*1013wm-2) is in a good agreement
with experimental data [12].
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Figure 4a Electron concentration and potential energy distrib

tion over the heterostructure.
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Figure 5a Electron concentration and potential energy digtrib
tion over the heterostructure.
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Figure 5b Wave functions.
It is worth mentioning that the first wave functiom

Fig.4 (and especially on Fig.5) is in a good agresimvith
a well-known analytical Fang-Howard function [13]

_ V2
(ﬂ(z)—(b3/2) ZeXF(_ bz/2) (dashed curves on the (b)

figures).

Energy levels and corresponding wave functions ob-

tained from the self-consistent solution of Schng@ir and
Poisson equations are used to calculate electrdailityan
the direction length-wise with respect to the hatger-
face. It is necessary to take into account diffeseatter-
ing mechanisms. We use well-known formulas fordbat-
tering rate and the Mattiessen's rule which alltavdeter-
mine the total relaxation time and electron mopilising
the rates of different scattering mechanisms [, 15].
The results of the comparison of calculated andesxp
mental data are shown on Figures 6 and 7. Mobdéy
pendences on carrier densities in 2DEG at diffetem-
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peratures and mobility dependence on temperattiresna
centration 1&° cm? are proposed. It is clear that the appl
cation of fitting procedures is necessary here beegome
of the parameters (e.g. dislocation concentrafimerface
roughness data) are not directly measured. Neveshe

the implementation of fitting at one point (at ceenpera-
ture and at one concentration) allows us to repredex-
perimental dependences at the temperature and rioaice
tion ranges under consideration.
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Figure 6a Dependence of mobility on concentration at 300
temperature.
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Figure 7 Dependence of mobility on temperature.

4 Summary The computational multi-scale scheme
for semiconductor heterostructure properties madels
presented. The data obtained from atomic levelutaic
tions is used in the nanoscale level calculatiothefcarri-
ers distribution in the heterostructure. And onrleat step
the electron mobility is calculated with respectatavide
range of scattering mechanisms. Obtained resuitsraa
good agreement with known experimental results.
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