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Abstract The paper presents an analysis of electron transport processes in quantum wells of
submicron heterostructural transistors. Techniques for modeling processes in nanoheterostructures
have been developed, considering specific quantum effects and scattering mechanisms observable
for ternary compounds. Based on the system of relaxation equations, modeling of submicron
heterostructures with quantum wells is developed. The modeling takes into account the scattering of
optical, acoustic, inter-valley, impurity mechanisms and scattering at the alloy deformation
potential. The relaxation times for these scattering mechanisms are calculated and the influence on
the initial characteristics of the submicron heterostructural transistor is prognosed.

Keywords: electron transport, scattering mechanisms; alloying potential; relaxation times;
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Introduction

Heterostructure Field-Effect Transistors (HFETS) with high electron mobility
demonstrate an internal field in the channel due to the bulk charge of the electrons
pressed against the walls of the heterojunction, which in turn leads to electrical
guantization of electron motion perpendicular to the heterojunction plane.

Prospects for the use of wide-band semiconductor materials, in particular GaN,
to create HFETs with a gate length of 15-30 nm are shown in [1]. It is assumed that
the cutoff frequencies of such transistors based on GaN above 500 GHz, and based on
InP above 1 THz. Technological methods [2—-4] are being improved to reduce surface
effects both at the free boundaries of heterostructural transistors and interface
phenomena at the quantum well boundary, which lead to additional electron
scattering factors (alloy scattering, scattering at dislocations and charged centers,
scattering on the roughness of the heterointerface). Ternary compounds transistors are
also widely used for low-noise devices. For example, HFETs based on AlGaN/GaN
compounds shows [5] low noise at high values of the surface concentration of two-
dimensional electron gas at the heterojunction boundary.

Methods of modeling HFETSs on ternary compounds are being improved. The
processes of electron energy quantization in a quantum well based on a one-
dimensional model in the one-electron approximation (Schrodinger level) and
distributed potential (Poisson level) were developed in [6].
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The main structural “element" in HFETs is the region of two-dimensional
electron gas (2DEG). It is formed in the heterojunction zone between the wider-band
AlGaN barrier layer and the undoped channel GaN with a narrower band gap.

The transition of electrons to a potential well is caused by the fact that due to
different energies of electron affinity in the contact region a strong electric field is
formed, which is usually modeled by breaking the bottom of the conduction band,
which initiates the transition of free electrons to the potential well. Therefore, in the
channel layer directly under the heterojunction, a thin layer of space charge with high
density and mobility of free electrons is formed, which is called two-dimensional
electron gas.

The aim of this study is to model and analyze the influence of scattering
mechanisms characteristic of submicron structures based on a two-dimensional
mathematical model in the approximation of relaxation times considering quantum
effects for heterostructural transistors with a system of quantum wells. The main
stages of the study are the formation of a system of two-dimensional differential
equations in partial derivatives, which include the equations of conservation of
energy and momentum, Poisson's and Schrodinger's equations to take into account
guantum effects and a description of charge carrier scattering mechanisms.
Integration of a system of equations for calculating the output current of a transistor
and its output volt-ampere characteristics, in particular, to analyze the effect of
charge carrier scattering on the alloying potential, which affects their motion even in
the case of "quasi-ballistic™ drift.

Simulation of heterotransistor

Devices containing active regions with size in the direction of charges
movement near of free path length and less are ballistic. The flight of electrons in the
active region occurs due to the energy accumulated during injection. At the same
time, the transfer of electrons in transistors with the size of the active region,
commensurate with the wavelength of the electron, is quantum in nature. Figure 1
shows the structure of a two-junction transistor in which a channel is formed in a
layer of undoped gallium nitride with a thickness of 30...50 nm between two layers of
wider-band n*-AlGaN. In an electron gas bounded by potential barriers on two sides,
the quantum properties of 2DEG are even more pronounced than in a single-barrier
structure.

Source Gate Drain
N hAlGaN _i-AlGaN n
i-GaN /
n-AlGaN

Substrate (GaN, AIN, SiC, sapphire...)

Figure 1. Typical structure of a heterostructural GaN/AlGaN transistor
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A simplified version of the transistor is used typically for simulation with fewer
layers that form heterojunctions than in real structures. Layer thickness, longitudinal
dimensions and energy characteristics of materials are parameters of the model.
There are a number of approaches to modeling certain characteristics of submicron
devices, including complete software products with built-in functions for solving the
fundamental system of equations for semiconductors, taking into account the
characteristics of structures. But, despite this diversity, the current problem is the
description of physical processes in strong electric fields for submicron
heterostructures with quantum well (QW) systems of various shapes. A combined
approach to constructing a physic-topological model of a heterotransistor with a QW
Is possible, which includes relaxation equations and equations that describe processes
in quantum systems and are solved in a self-consistent manner. Since large field
gradients must be taken into account when modeling submicron structures, the
convergence of one or another method strongly depends on the choice of the initial
approximation and the grid step.

To describe stationary processes in semiconductors, we can use a system of
relaxation equations derived from the Boltzmann equation [7]. The complete system
of differential equations of the model of submicron structures includes in addition to
the relaxation equations of momentum (1), electron temperature (2), the equation of
charge conservation (3) and the Poisson equation (4) and current density (5) in the
notation [7]:

dp/dt—eE=—plt,, (1)
* 22
dT, _ T, T+muE (y=1), @)

e

dt Te 3kt

dn/dt=0, ©)
VAV =—p/eg,, (4)
j =—env. (5)

For a two-dimensional physical-topological model, it should be borne in mind
that d / dt here is a complete derivative of the function of time and coordinates:

df (x,y,t) =%dx+%dy+%dt (6)

For computational solution of the system of equations it is necessary to carry out
procedure of their sampling on the set grid. In this case, the sampling on the
rectangular grid is chosen for static fields. The choice of the sampling step is due to
the presence of inhomogeneities in the submicron structures at the interface and the
size of the structure, and, as a consequence, the presence of large potential gradients.
The iterative procedure involves adapting the integration step depending on the
stability of the process and approaching the conditions of a given accuracy.

The potential distribution as a result of solving the Poisson equation (4) is taking
into account the distribution of the concentration of mobile charge carriers in the right
part of the equation in each outer cycle.

The conservation equations for the electron temperature (2) and for the velocity
(1) are nonlinear strongly bound differential equations in first-order partial
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derivatives. These include the electric field strength, which is related to the potential
as E =—gradV (x,y). Together with the Poisson equation, they form a closed system

of equations that can be solved by iterative methods using the initial approximation
for velocity. In strong electric fields in structures with thin functional layers, the
discretization of the energy spectrum and the Fermi character of filling the
corresponding two-dimensional energy quantization subbands should also be taken
into account. This is possible by self-consistent solution of the Poisson and
Schrodinger equations.

Quantum effects in heterostructural channels

In doped heterostructures with a high concentration of charge carriers there is a
strong modification of the electrostatic potential near the quantum well. This causes a
strong shift in the energy levels of quantization and redistribution of the
concentration of charge carriers. For a two-dimensional electron gas, it is possible to
approach the approximation of a rectangular quantum well by means of a self-
consistent solution of the Poisson and Schrodinger equations:

p— Ay (x,y) +[V (x,y) - E Jw(x,y) =0. (7)
m

An example of such a solution is given in Figure 2. For each level of energy
quantization, wave functions are calculated, the "tails" of which extend beyond the
quantum well. The distribution of the concentration of free carriers, taking into
account the curvature of the zones can be found by a typical formula:

2 E —E, —eV(x)
n(x,y)=N_——F (— ¢ ¢ }
\/; 1/2 kBT

where N, is the effective density of states in the conduction band; ry,- Fermi integral
for three-dimensional electronic gas; E, - the bottom of the conduction band; g, -

Fermi energy.

To calculate the concentration of charge carriers in the region of the quantum
well for each level, it is necessary to take into account that in two directions the
electrons move freely, forming transverse subbands of dimensional quantization. The
concentration of "two-dimensional” charge carriers without taking into account the
bending of the zones is the integration of the states of the subband, taking into
account the Fermi-Dirac distribution [8]:

mk T E, -E
n(xy)=—2 'n{1+exp( PR 'ﬂ\w(x,y)\z-

b

Bending of energy zones near the heterojunction due to the presence of
Coulomb repulsion forms additional energy barriers and leads to the appearance of
additional quasi-resonant states. Since a simple summation of two-dimensional and
three-dimensional electrons will lead to a systematic error in the calculations and
complications in the crosslinking of solutions, the authors [8] use the model of a
"quantum box" with perfectly solid walls on which the wave function rotates to zero.
In this model, the concentration of charge carriers is calculated "inside the quantum
box" for the well region by solving the Schrodinger equation in the effective mass
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approximation. Near the edges of the "box™ and beyond, a quasi-classical approach is
used to calculate the concentration of free carriers from the Fermi integral, taking into
account the curvature of the zones [9]. The energy of dimensional quantization
subbands in the approximation of a rectangular symmetric quantum well can be
determined from [10].

500 [ —_—
400 F E;= 66,2 meV, E,=112,8 meV,

| E;=1439 meV, E,= 169,9 meV

300, ,
- E,=200,1 meV

Energy, meV

1

Wave functions, 1 0’m

0 10 20 30 40 50
Distance, nm
Figure 2. Potential relief shape and quantization levels and corresponding wave
functions in the transistor channel between two heterobarriers

To achieve greater accuracy, you need to solve the Schrodinger equation by
numerical methods. However, to estimate the position of the basic energy level, we
can use the assumption of a "shallow" quantum well, for which U, << #* / ma’ and

ma*

7 UZ.

the position of the basic level can be estimated by the formula E, U, -

Process simulation in a heterotransistor

The test structure of a heterotransistor with one channel and two heterojunctions
for simulation is shown in Figure 3.

It is characterized by the following physical and topological parameters: gate
length 0.3 pum, interelectrode distances leakage gate 0.4 um and gate drain — 0.6 um,
a layer of wide-band doped AIGaN under the gate with an effective thickness of
0.1 um, a layer of undoped AlGaN 50 A (spacer), a layer of undoped GaN on a semi-
insulated substrate several tens of micrometers thick, in the surface layer of which a
potential well is formed as a result of the rupture of the zones. The x-axis is directed
along the channel of the transistor, the y-axis is perpendicular to the channel from the
gate surface. Since all electronic processes are associated with the surface layer and
two-dimensional electron gas (2DEG) in the potential well, the simulation area can be
limited to an effective thickness of a few micrometers.
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Figure 3. Topological structure of a heterotransistor with 2DEG with one
channel.

As in traditional submicron heterotransistors, structures with several
heterojunctions are dominated by strong field effects and submicron effects: quasi-
ballistic transfer, heating under conditions of predominance of inter-valley and
optical scattering of charge carriers, the effect of "overshoot" of electron drift
velocity, and so on. The strong field region and nonstationary processes are related to
the two-dimensional region under the shutter and the two-dimensional distributions
of the characteristics of the electron gas — electron temperature (energy), momentum
(velocity), effective mass, etc. A feature of the processes in such structures is the
redistribution of carriers between potential wells, when the distance between them
does not exceed the free path of electrons.

In Figures 4-7 show some results of two-dimensional modeling of physical
characteristics in the submicron heterotransistor channel. These distributions are
calculated according to the electrical displacements at the electrodes of the source,
gate and drain — 0 V; — 0.8 V; 3.0 V. The discontinuity of the zones at the boundary
of the heterojunction is given in the process of solving the Poisson equation as a
built-in potential of about 0.8 V.

T, ,K
Varift m/s Drain il Drai
s ; 3500- Clate |- Drain

10 b G A 3000 Source
2500- L | '
2000~ | ‘
1500 ,
1000-
500

0.l
8 =

x10° X, m J TP oo s
00 y, m x10
Fig.4. Drift velocity distribution in a Fig. 5. Electron temperature
heterotransistor with a gate length of  distribution in a heterotransistor with
0.3 pm a gate length of 0.3 pm
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As the simulation results show, the heating of the electron gas and the increase
in the temperature of the electrons are more related to the electrons drifting in the
potential well at the boundary of the heterojunction. The effect of the "overshoot" of
drift velocity is noticeable both for electrons of the heterojunction and for electrons
drifting in the high-doped AlGaN layer. However, since the area under the gate is
depleted of charge carriers, only a small number of them have high velocity values.
Finding charge carriers in the quantum well is energetically advantageous, which
explains the fact of redistribution of carriers in the channel between the quantum well
and the substrate.

The output current of the transistor was calculated as the normal component of
the current before the contact of the drain for known two-dimensional distributions of
electron concentration, electric field strength and velocity based on the results of
solving the initial system of equations in the case of grid nodes.

The average pulse relaxation times for different mechanisms were found by
analytical relations [7] by averaging the known scattering rates over the electron
distribution function. This takes into account the scattering mechanisms characteristic
of submicron heterostructures.

Impurity scattering is almost elastic and effectively chaotizes motion, making a
significant contribution to the relaxation of the pulse. Acoustic scattering is
characterized by a linear dependence of the scattering rate on the crystal lattice
temperature, which is associated with a decrease in free path length with increasing
number of phonons, and the carrier velocity proportional to energy as £, using a
similar dependence on electron temperature.
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Fig. 6. Potential energy surface in a Fig. 7. Volt-ampere characteristics of
heterotransistor with a gate length of the heterotransistor without taking
0.3 pm into account the alloying potential

Optical scattering is inelastic. At each interaction of this kind, the energy of the
electron changes in magnitude *#Aw®,. Since this value of the optical phonon can be

commensurate with the energy of the carriers, the scattering rates with the absorption
of the phonon and its excitation differ markedly.

Intervalley scattering is also inelastic, because in each act of scattering an
intervalley phonon with an energy 7o, close to the energy of optical phonons is
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absorbed or released. When considering inter-valley scattering, in contrast to other
mechanisms, the averaging of the kinetic equation is not carried out over the entire
Brillouin zone, but over the characteristic states of individual valleys, so with a
constant number of particles in the zone their concentration can be redistributed
between valleys. The inertia of this process is determined by the concentration
relaxation time t, which is, as well as the relaxation time of the pulse t, by averaging
the inter-valley scattering rate. In [12], based on the analysis of the results of
calculation of relaxation times, field-velocity and energy characteristics for the main
scattering mechanisms in semiconductors of type A3Bs, the predominant influence on
the heating of polar optical and intervalley scattering electrons is shown. The
influence of scattering on the alloying potential was investigated separately in these
calculations. This type of scattering is related to the statistical nature of the
distribution of the binary components GaN and AIN, when the molar composition x
may change randomly. This is especially critical in the field of heterojunction. But for
the model of "hard" walls, if the wave functions do not extend beyond the
heterochannel into the AlIGaN layers, then for the channel this scattering can be
neglected.

The analysis of the effect of alloy scattering was performed for the structure of a
single-channel transistor and was integrally evaluated as the effect on the volt-ampere
characteristics (Fig. 7-9). These dependences show that significant reductions in
drain current are observed for values of alloy potential greater than 0.5 eV (Fig. 8)
and range from 6 to 24 mA for both large and small levels of drain current depending
on the gate voltage. The mechanisms of “cooling™ of the electron gas in the strong
electric field of submicron field-effect transistors are described in detail in [7]. The
alloying potential affects not only the additional factor of electronic gas heating, but
also to some extent "deforms™ the configuration of energy valleys. The influence of
this factor requires further study.
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Fig. 8. Volt-ampere characteristics of ~ Fig. 9. Volt-ampere characteristics of
the heterotransistor for the value of the the heterotransistor for the value of the

alloy potential AUa =0,3 eV alloy potential AUa=1,0 eV

When modeling the relaxation time of the pulse, acoustic, impurity, optical,
polar optical and intervalley scattering were taken into account. When calculating the
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energy relaxation time, the same scattering mechanisms were taken into account, but
without impurity scattering, which is considered to be elastic.

Conclusion

Based on the developed model, it is possible to optimize the topology and
electrophysical parameters of HFETS, in particular, the parameters of heterojunction
materials, the location of quantum wells in the structure and the choice of optimal
electrical regime for powerful and low-noise devices in the millimeter wavelength
range.

Analysis of the scattering effect on the alloy potential allows us to conclude a
more physically and quantitatively justified (including changes in the output current
levels of the transistor) is a value of AU, close to 0.3 eV.

The increase in the average drift velocity in the structure with two quantum
wells in comparison with the HFETSs with one QW is up to 30%, which is largely due
to the redistribution of electrons between potential wells with energy loss in
overcoming barriers. The reduction of the effect of a strong electric field in a two-
channel structure is associated with a decrease in the scattering probability both at
polar optical phonons and due to injection processes to the lower heterojunction of
electrons with high initial velocities and low energy values.

The developed models of taking into account the influence of quantum wells on
the longitudinal transport of charge carriers in field-effect transistors with submicron
gate length can be used to calculate not only transistor heterostructures but also other
multilayer devices with quantum well systems under strong electric fields.
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Peghepam Y pobomi nasedeHo ananiz npoyecié eneKmpOoHHO2O MPAHCNOPMY V KEAHMOBUX
AMAx cyOMIKpOHHUX 2emepoCmpyKMYPHUX mpau3ucmopie. Po3pobieno memoouku mMoOento8aHHs
npoyecie y HaHo2emepoCmpyKmypax 3 ypaxy8aHHsam O0esaKux KeaHmosux egpexmis ma cneyu@iynux
0151 NOMPIUHUX CHOJYK MexaHizmié posciauns. Ha ocuoei cucmemu penakcayitinux pieHsHb
NPOBEOEHO MOOENIOBAHH  CYOMIKDOHHUX —2emepoCcCmpyKmyp 3 Keanmosumu samawu. Ilpu
MOO€N0BAHHI 8PAX0BAHO PO3CIIOBAHHS ONMUYHE, AKYCMUYHE, MIHCOOIUHHE, OOMIUUKO8e MEXAHI3MI8
i po3cianusa Ha cnaagHomy Oeghopmayitinomy nomenyiani. Pospaxoeano uacu penaxcayii ons yux
MeXauizmMié pOo3Cil06aHHA 1 6pAX08AHO 6NIUE HA GUXIOHI XAPAKMEPUCTNUKU CYOMIKPOHHO20
2emepoCcmpyKmypHo20 mpPaH3ucmopa.

YV Bcmyni 3pobneHo 027110 HAA6HO20 CMAHY NUMAHHA MA CHOPMYTbOBAHO 3AB0AHHSA
MOO€eN0B8AHHS | AHANI3 BNIUBY MEXAHI3MI8 PO3CIAHHS, XAPAKMEPHUX OISl CYOMIKPOHHUX CIMPYKMYD
Ha OCHOBI 080BUMIDHOI MameMamuyHoi Mooeni y HabIudceHHi uacie penakcayii 3 ypaxy8aHHAM
K8AHMOBUX eheKmie 0 cemepoCcmpyKmypHUX mpaH3uCmopis 3 CUCmemoro KeaHmogux am. Po3oin
Yucenvbhe MOOeNOBAHHA  2emMEepOMPAH3UCIOPA  CKIAOAEMbCA 3 ONUCY  CMPYKMypu ma
mamemamuynoi mooeni I'CIIT. Tpemiii po3oin Keanmosi epexmu y eemepocmpyKmypHux KaHauiax
HAaBoOUmMs OemanbHull ONuc Qi3udHUX Npoyecie ma 0Aa€ PO3YMIHHA MONCIUBUX NPUNYWEeHb ma
cnpowieHb  mooeni. Pesynomamu 8uUKOpucmaHHua MoOeni HABeO0eHO Y HACMYNHOMY po30ili
Mooentosanns npoyecie 'y ecemepompanzucmopi. Bucnoeku okpim aumanizy ompumavux ma
ONUCAHUX Y cmMammi pe3y1omamis onucyioms nepcneKmusy no0anibulo20 8UKOPUCMAHHS MOOei |
NPAKmu4Hy KOpucme.

Kniouosi cnoea: enekmponHuti mpancnopm, Mexamismu po3Cilo8aHHs, CHIAGHUN NOMEHYIa,
yacu penakcayii; cyOMIiKpOHHI 2emepoCcmpyKmypHi MpaAH3UCMopu, K8AHMOBGI MU.
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