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Abstract. Today submicron silicon-on-insulator (SOI) MOSFET structures are widely used in different elec-
tronic components and also can be used as sensing elements in some applications. The development of de-
vices based on the structures with specified characteristics is impossible without computer simulation of their
electric properties. The latter is not a trivial task since many complicated physical processes and effects must
be taken into account. In current study ensemble Monte Carlo simulation of electron and hole transport in
deep submicron n-channel SOl MOSFET with 100 nm channel length is performed. The aim of the study
is investigation of the influence of interband impact ionization process on the device characteristics and de-
termination of the transistor operation modes when impact ionization process starts to make an appreciable
influence on the device functioning. Determination of the modes is very important for adequate and accurate
modeling of different devices on the basis of SOl MOSFET structures. Main focus thereby is maid on the
comparison of the use of two models of impact ionization process treatment with respect to their influence
on the transistor current-voltage characteristics. The first model is based on the frequently used Keldysh ap-
proach and the other one utilizes the results obtained via numerical calculations of silicon band structure. It
is shown that the use of Keldysh impact ionization model leads to much faster growth of the drain current
and provides earlier avalanche breakdown for the SOl MOSFET. It is concluded that the choice between the
two considered impact ionization models may be critical for simulation of the device electric characteristics.
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YucjaeHHoe MOACTUPOBAHUE YIEKTPUUYECKUX XaPAKTEPUCTHK
r1y0okocyOMukpoHHoro MOII-TpaH3ucTopa co CTPYKTYpoOu
«KPEeMHHMH HA U30JIATOPE»

bop3nos A.B., bop3nos B.M., lopo:xxkkun H.H.

benopyccruii eocyoapcmeennwiil ynugepcument,
np. Hezasucumocmu, 4, 220030, . Munck, berapyco

Hocmynuna 15.04.2016
Ipunama k nevamu 10.08.2016

Ha ceropusnmii nens cyomukponusie MOII-TpaH3ucTopHble CTPYKTYpbl KpeMHuii-Ha-u3omaTtope (KHI)
LIUPOKO UCIOJIB3YIOTCS B PA3IMYHBIX 3JIEKTPOHHBIX YCTPOMCTBAX, & TAKXKE MOTYT IIPUMEHATHCS B KAYECTBE
CEHCOPHBIX 71eMeHTOB. Pa3paboTka mpuOOpPOB C 3a1aHHBIMH XapaKTePUCTUKAMH HA OCHOBE 3THUX CTPYKTYP
HEBO3MOXKHA 0€3 KOMIIBIOTEPHOTO MOJEITUPOBAHUS UX AIEKTPUUECKUX CBOMCTB. 11151 ITyO0KOCYyOMUKPOHHBIX
TPaH3UCTOPHBIX CTPYKTYp 9TO BecbMa TpyAHas 3a/ada, TOCKOJIbKY HEOOXOMUMO YUUTHIBATH MHOTHE CIIOXK-
Hble (pusznveckue nmpoueccsl U A3PPEKThI, HMEIOINE MECTO B MOIYNIPOBOAHUKOBOM mpubope. B HacTosmiei
paboTe MHOTOYaCTHYHBIM MeToIoM MoHTe-Kapio npoBeeHO MOETMPOBaHUE MTEPEHOCA DIIEKTPOHOB U JbI-
POk B mry0okocyoOMukpoHHOM n-kaHaibkHoM KHU MOII-tpan3uctope ¢ niannol kanana 100 am. Lenpro Ha-
cTosiIel paboThl ABUIOCH UCCIIEJOBAHKE BIMSIHUS POLEcca MEK30HHOM yIapHOH HOHHM3ALMU Ha XapakTe-
PHUCTHKHM TPAH3UCTOPA, a TAK)KE YCTAHOBJIICHNE TAKUX PEKUMOB €ro padoThl, MPH KOTOPBIX MPOLECC YAAPHOM
HMOHHU3ALMK HAYMHAET OKA3bIBaTh CYIIECTBEHHOE BIMsHUE Ha paboTy npubopa. OnpeneneHne STHX pEKUMOB
SIBIISIETCSl KpaliHe HEOOXOOMMBIM ISl a/IeKBaTHOTO M KOPPEKTHOTO MOACIMPOBAHHS Pa3IMUHBIX yCTPOHCTB
Ha ocHoBe KHM-MOII-Tpan3uctopHbix cTpykTyp. IIpu 5TOM 0CHOBHOE BHUMaHHE 00paIleHo Ha CpaBHEHHE
JBYX MOZEJIEH y4yeTa [poLecca yJapHOi HOHU3ALNH 110 CTEIIEHU UX BIUSHUS Ha BOJIETAMIIEPHBIC XapaKTEpH-
CTHKH TpaH3ucTopa. [lepBas, aHanmuTuueckas MoJiesib, OCHOBaHa Ha IIMPOKO U3BECTHOM noaxone Kenpgpima,
a BO BTOPOM MCHOJb3YKTCS PE3yJbTaTbl YUCICHHOIO pacyeTa 30HHOW CTPYKTypbl KpeMHus. 1IokasaHo, 4to
MpPUMEHEHUE MOJENU yAapHOH HoHM3auuu Kenapiia npuBoauT K 6onee ObICTPOMY POCTY TOKa CTOKA H, KaK
CIIE/ICTBHE, K cKopelileMy aBuHHOMY npoboto KHU MOII-tpan3uctopHoi cTpykTypsl. Caenan BbIBOI O
TOM, YTO BBIOOp MEXIY ABYMsI pacCMaTpHBAEMBIMH MOACSIMU YAAPHOH MOHHU3ALHUN MOXKET OBITh KpUTHYE-
CKUM IIPH MOACIUPOBAHUHU HIEKTPHUECKUX XapPaKTEPUCTHK MPpUOOpa.

Kurouesnbie ciioBa: KHN-MOII-Tpan3ucrop, MmoaenupoBanne MmetogoM MonTe-Kapio, ynapaas noHu3amms.
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Introduction

Silicon-on-insulator (SOI) technology in mi-
cro- and nanoelectronics has gained a great interest
in the last decades. Deep submicron SOl MOSFETs
are regarded as promising elements for modern in-
tegrated circuits in different electronic applications
[1, 2]. Among the advantages of submicron SOI
MOSFETs, in comparison with common «bulk»
MOSFETs, are the lower power dissipation and
increased operation speed, lower leakage currents,
and higher radiation hardness. Deep submicron SOI
MOSFETs are less vulnerable to short-channel ef-
fects in comparison with common MOSFETs [3].
Results of recent investigations show that very
promising is the use of submicron SOl MOSFETs
as different sensors and detectors. For instance, the
possibility to use SOI MOSFETs as electric field
sensors was proposed in [4]. Also recently the pos-
sibility to use deep submicron SOI MOSFETs as
unique single-photon detectors at room temperature
was demonstrated in [5, 6].

Today the development of modern devices of
micro- and nanoelectronics, including various sen-
sor devices, can not be done without computer simu-
lation of their characteristics. Thereupon it must be
noted that ensemble Monte Carlo method has been
widely used as a powerful tool for simulation of car-
rier transport phenomena in different semiconductor
devices. By means of Monte Carlo simulation static,
dynamic and noise characteristics of submicron SOI
MOSFETs have been calculated [7-10]. One of the
advantages of the method is the possibility of incor-
poration of rather sophisticated models describing dif-
ferent physical processes into the simulation proce-
dure. Ensemble Monte Carlo simulation thus is one
of the most promising methods for the simulation of
deep submicron SOI MOSFETs, which allows ac-
count of all necessary mechanisms of carrier scattering.
The simulation procedure also enables inclusion of
semiconductor band structure calculations and ac-
count of quantum effects as well [10-14].

It is known that inclusion of effects related to
impact ionization becomes very important in numeri-
cal simulations of short-channel MOSFETs. This is
caused by the fact that in such MOSFETs electric field
strengths are high enough to make impact ionization
rate be comparable or even higher than other domi-
nant scattering mechanisms. The latter may consi-
derably influence the operation of the MOSFET it-
self as well as the sensor or detector on the basis of
the transistor.

The main purpose of this study is to examine
the influence of impact ionization process on electric
characteristics of a deep submicron n-channel SOI
MOSFET with the channel length of 100 nm, com-
pare two different widely used in Monte Carlo simu-
lations models describing impact ionization process
in the transistor structure channel, and also to deter-
mine the transistor operation modes and conditions
when impact ionization process may be neglected.

Outlines of ensemble Monte Carlo transport
simulation

The cross-section of the SOI MOSFET struc-
ture under consideration is presented in Figure 1.
The simulated structure is a fully depleted single gate
SOI MOSFET with the conducting silicon channel
laying between gate and buried oxides [8, 15, 16].
The device dimensions denoted in the Figure 1 are
as follows: the source, gate and drain lengths are
L,=L_.=L,= 100 nm, channel thickness ¥ = 30 nm,
the thickness of buried oxide layer is W, = 100 nm,
and the thickness of the silicon substrate layer
W_, = 200 nm. The gate oxide is 5 nm thick. The
doping levels of n* regions and p-Si are 10* m= and
8:10% m?, respectively. Simulation temperature is
300 K. In all our calculations the source and substrate
electrode biases (V and V,_,, respectively) are equal
to zero and the gate and drain biases (V, and V), re-
spectively) are applied with respect to the source.

: L . L , Ly ;
| | Gate (V) !
' Source (V) \W\ Drain (V) !
n p-Si channel n' /8
N\\ "
-

p-Si substrate sub

Substrate electrode (V)

Figure 1 — Schematic cross-section of the simulated SOI
MOSFET

To calculate electrostatic potential and electric
field strength within the device as well as other physi-
cal parameters of interest our Monte Carlo simulation
is coupled self-consistently with the numerical solu-
tion of two-dimensional Poisson equation. In brief the
procedure can be described as follows. Electron and
hole movement within the device is simulated dur-
ing short time steps Az. After every time step Af the
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Poisson equation with appropriate boundary condi-
tions is solved in order to update the electrostatic
potential. The calculation of free carrier charge den-
sity within the simulation dimensions is performed
using so-called particle technique [17]. The Monte
Carlo procedure is two-dimensional in real space and
three-dimensional in momentum space. The latter is
caused by the fact that state-of-the-art planar tech-
nology implies that the device width in the dimen-
sion perpendicular to the figure plane (see Figure 1)
is much higher than its length L = L, +L  +L, and
depth W= W _+W, +W,_,. The time step At is chosen
to be 1 fs. A general description of the Monte Carlo
simulation approach may be found elsewhere [18§].

It is considered that the contacts of the drain, the
source, and the substrate are ideal ohmic contacts. The
metallic gate is assumed to be aluminum. Ideal ohmic
contact model implies that a contact is in thermal equi-
librium though the current is flowing through it. The
latter means that the contact injects particles to pro-
vide charge neutrality in a small region of semicon-
ductor near the contact edge. We suppose that injected
particles have Maxwellian distribution and also we
use the injection model which takes into account that
particles are not injected simultaneously [19]. Par-
ticles reaching the contact from inside the simulation
domain leave the device freely.

It must be mentioned that in present work we
neglect size quantization effects and consider elec-
tron and hole gases as purely three-dimensional. Such
approximation must be reasonable for considered
channel width [8, 15]. Another problem, which ari-
ses while simulating charge carrier transport in SOI
MOSFETs, is the treatment of carrier scattering by
Si-Si0O, interfaces. For three-dimensional electron
and hole gases the scattering of charge carriers by the
interfaces is usually regarded as the combination of
diffusive and specular reflections of particles from
the interface. The amount of diffusive scattering must
depend on the quality of the interface and is not a
priory known. The variation of the amount of dif-
fusive scattering makes an influence, for example,
on drift velocity and particle distribution functions in
the transistor channel. As a result it also makes an
influence on current-voltage characteristics of the de-
vice and may be used as additional fitting parameter
in Monte Carlo simulations. Since it is not the aim
of current work to examine the role of interface scat-
tering on the transport properties, electron and hole
scattering by Si-SiO, interfaces is regarded as purely
specular.

Electron transport in the conduction band of sili-
con is simulated in valleys X and L, with account of
the nonparabolicity effect. The intravalley and inter-
valley electron scattering by phonons, scattering by
the ionized impurity, plasmons, and impact ioniza-
tion process are taken into account [18, 20].

It is known that the band structure of silicon in
valley X can be represented by three pairs of equiva-
lent valleys, the isoenergetic surfaces of which in &
space are ellipsoids of a revolution with the axes of
symmetry oriented along crystallographic directions of
the type (100). In present simulation it is assumed that
the axes of real space coordinates coincide with these
directions. Then, taking into account nonparabolicity,
the dispersion relation for electrons can be written as:

2 3 2
EQ+ap) =oAL (1)
2 i=1 i

In the equality (1) £ is the electron energy, o is
the nonparabolicity coefficient, which equals 0,5 eV!;
h is the reduced Planck constant, and &, and m, are
the components of the wave vector and the tensor of
the effective electron mass along the i-th direction.
To simulate the electron transport in valley L, we use
a relatively simplified model, in which the isotropic
effective mass of conductivity is used when solving
the equations of motion. When simulating n-channel
MOSFETs, holes are often considered in the quasi-
equilibrium approximation. However, in the presence
of strong electric fields in the channel and high impact
ionization rate, this approximation can be inadequate.
In this study, the hole transport is simulated similarly
to the electron transport in the effective mass
approximation allowing for the nonparabolicity and
anisotropy of the dispersion relation in the valence
band. To do that we follow the work by Rodriguez-
Bolivar et al. [21]. The transport is taken into account
in the band of heavy and light holes, and in the split-off
band. The scattering of holes by acoustic and optical
phonons and by ionized impurity are involved in the
model [22, 23]. Dispersion relations for holes can be
written in the form:

'k

Ey (k) =———|d](1-2(6,0)) 2, (E), E>0; )
'k’

E ()= 4(1+(6.9)) 1, (E). E=0; 3)
'k’

E (k)= (E)+ A,y E2A; (4)
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2 2

2(0,0)= \/%+%(sin4 0sin® @cos’ @+ cos’ Osin’ 0). ®))
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In equalities (2)—(5), indices «H», «Ly», and «so»
denote the band of heavy holes, the band of light
holes, and the split-off band, respectively; & is the
wave vector of holes; constants 4 =—4.22; B =-0.78;
C = 480; 0 and j are the angles in a spherical
coordinate system in the space of wave vectors; m, is
the free electron mass; m_ is the hole effective mass
in the split-off band; A = 0.044 €V; and y are the
functions that describe the nonparabolicity of the
dispersion relation in the valence band, the form and
approximation of which are presented in [21].

Impact ionization process simulation

Impact ionization is a threshold process
[24-26]. In a simple case, threshold energy £, can
be determined using the energy and momentum
conservation laws and minimization of the energy of
final particles. For accurate impact ionization process
simulation in bulk silicon or in silicon devices one
must take into account the fact that silicon has a
complex energy band structure. Subject to this it
can be assumed that several values of threshold
energies are possible and it may be concluded
that the effective (or average) threshold energy of
charge carriers depend on electric field strength.
The effective threshold energy can be defined as
the energy corresponding to maximum value of
the product of impact ionization cross section and
electron distribution function [25]. When simulating
the electric properties of bulk silicon and silicon
MOSFETs by the Monte Carlo method, in order
to calculate the dependence of impact ionization
scattering rate W, (E) with specified threshold energy
E, on energy E, many authors currently use Keldysh
formula [24, 27]:

W, (E) =Pth(E,h)(E ;thj , ©6)

th
where P is a parameter and W (E,) is the total scat-
tering rate of electrons by phonons for energy equal
to £,. The model has two fitting para-meters P and
E,. The most common values for these parameters
for silicon are £, = 1.2 ¢V and P = 0.38 for so called
«soft» threshold model and £, = 1.8 ¢V and P = 100
for so called «hard» threshold model [27]. Briefly
the difference between these two kinds of Keldysh
models can be described as follows. In the hard
threshold model it is assumed that during the impact
ionization event the rules of energy and momentum
conservation must be fulfilled. In the soft threshold
model participation of, particularly, phonons may be

expected. Due to this fact restriction associated with
the momentum conservation may be neglected. Pre-
viously, the comparison of soft and hard threshold
models was done while simulating electrical charac-
teristics and effective threshold energy in deep sub-
micron MOSFET in [28]. Also in the framework of
Keldysh model some aspects of impact ionization
effective threshold energy in deep submicron sili-
con MOSFETs were investigated in [16, 29]. In this
study we will use the parameters of the soft threshold
as by now it is supposed that impact ionization pro-
cess is more likely to occur within the soft threshold
model and estimations based on full-band calcula-
tions indicate this.

The main advantage of Keldysh model is its
relative simplicity and easiness of inclusion into
Monte Carlo simulation. At the same time the
problem is that the model does not take into account
the complexity of real semiconductor band structure
and thus it has the lack of universality. As a result the
model has two fitting parameters mentioned above:
threshold energy E, and P. The values of these
parameters are usuallyw obtained in order to match
theoretical results with known experimental data.

Another important problem that must be dis-
cussed is the definition of electron and hole states
after the impact ionization event. The most common
situation for Keldysh model is the definition of par-
ticle final states after scattering via the assumption
that near threshold the group velocities of the final
particles are equal and for spherical parabolic bands
all wave vectors are collinear [27].

By now more sophisticated models of impact
ionization process based on full-band calculations
have been developed [25, 30-32]. These types of
models usually have no fitting parameters, but their
implementation is restricted by the complexity of
scattering rate calculation and definition of the par-
ticle final states which result in too much compu-
tational effort. Basing on the full-band approach in
[32] the expression for impact ionization scattering
rate for silicon was derived in a rather simple fitted
form:

W, (E)=10"(E-1.1)"", )
where electron energy E is in eV. Moreover, the calcu-
lation revealed that the average energy of secondary
generated particles depends linearly on the primary
electron energy after the scattering event. The latter
provided an ability to develop a procedure based on
normal distribution simulation which makes it pos-
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sible to define carrier states after the impact ioniza-
tion event. In our opinion the procedure is the most
suitable for application in Monte Carlo simulations
among other approaches based on full-band calcula-
tions. The aim of current study was to compare the
influence of the choice between soft threshold Kel-
dysh [27] and full-band [25] electron impact ioniza-
tion models on the calculation of the SOl MOSFET
characteristics and determine the device operation
modes when impact ionization starts to make suf-
ficient influence on the channel current. In current
study we regard only impact ionization by electrons
since they are the main charge carriers in the SOI
MOSFET. Also the threshold energy for holes is high
enough (1,49 eV) [33].

Results and discussion

The current—voltage (/—V) characteristics of
the simulated SOl MOSFET both with and without
account of the impact ionization process are presented
in Figure 2.

1,0

0,8

Figure 2 — Current-voltage characteristics of the SOI
MOSFET: solid curves — impact ionization process is not
taken into account, dashed curves — full-band [25] and
dotted curves — Keldysh [27] model of impact ionization

Analysis of Figure 2 shows that the linear
region of the [~V characteristics for the transistor
corresponds to the drain voltage range 0< 7, < 0.5 V.
The saturation region occurs at voltages ¥, > 0.5V,
up to approximately 1.5 V. While calculating /-V
characteristics we restricted the drain bias by the
value of 3.5V, since in current work we concern only
impact ionization as breakdown mechanism. As can
be seen from the figure, Keldysh model sufficiently
overestimates the influence of impact ionization
by electrons on current-voltage characteristics. For
a given transistor structure Keldysh model gives

a rapid rise of current density in the channel for
V,> 1.5 V. While the full-band model [25] gives
a rather moderate avalanche multiplication in the
channel under considered simulation conditions. The
latter proves that the use of more rigorous models
based on the calculation of realistic silicon band
structure may be crucial for calculation of submicron
SOI MOSFET characteristics.

0,20 -
a
£ 0I5F
=
=
5 0,10 F
°
(5]
>
&
A 0,05 F
O 1 1 L —se |
0 50 100 150 200 250 300
Distance, nm
O n 1 n 1 L 1 1 1 ]
0 50 100 150 200 250 300

Distance, nm

Figure 3 — Electron drift velocity («) and average kinetic
energy (b) along the transistor channel at ;= 2,5 V and
V.= 1,5 V: solid curves correspond to the case when
impact ionization process is neglected, dashed curves —

full-band model [25], and dotted curves — Keldysh
model [27]

In the Figures 3 and 4 the results of calculated
electron drift velocities and average energy versus
the distance along the transistor channel with the use
of both Keldysh and full band models are presented.
Figure 3 stands for V) = 2.5 V while Figure 4 is for
V, = 3.5 V. The gate voltages in both cases is 1.5 V.
As can be seen from the figures, the effect of impact
ionization on electron drift velocity and kinetic ener-
gy is not pronounced at V) = 2.5 V. At the same time
the difference in current densities (see Figure 2) for
given models is already significant. The latter may be
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referred to much higher electron-hole pair generation
rate provided by Keldysh model. For V) = 3.5V the
effect of impact ionization on the drift velocity and ki-
netic energy is sufficient. In this case higher Keldysh
generation rate leads to much more intensive energy
loss of electrons near the drain end of the channel then
for full-band model. At the same time the procedure
of definition of electron and hole states after ioniza-
tion event also makes an influence on particle energy
distribution in the channel.

0,20 -

Drift velocity, 10° m/s
L
S
T

150
Distance, nm

I 1 o 1
100 200 250 300

150 200 250 300
Distance, nm

0 50 100

Figure 4 — Electron drift velocity (a) and average
kinetic energy (b) along the transistor channel at V, =3.5V
and ¥, = 1.5 V: solid curves correspond to the case when

impact ionization process is neglected, dashed curves — full-
band model [25], and dotted curves — Keldysh model [27]

It should be mentioned here that according to our
simulation the scattering rates calculated by all full-
band approaches, presented in [25, 30-32] give close
values of the drain current. So the most convenient
may be the use of equation (7) for calculation of
impact ionization scattering rate as it has the same
simplicity as Keldysh formula (6). For the definition
of the final states we chose the procedure proposed
in [32] and shortly discussed earlier as the most

convenient from the computational point of view
among others based on full-band approach.

Conclusion

In this study electric characteristics of a deep
submicron SOI MOSFET with 100 nm channel
length have been simulated by means of ensemble
Monte Carlo method. Both electron and hole trans-
port was included into the simulation with account of
all dominant scattering mechanisms for considered
transistor structure. The influence of two different
models of impact ionization process (Keldysh mo-
del with soft threshold and full-band model) on the
transistor current-voltage characteristics has been as-
sertained. It is shown that the use of accurate model
based on the full-band approach is crucial while si-
mulating electrical characteristics of deep submicron
SOI MOSFET since the use of Keldysh model leads
to sufficient overestimation of the current density in
the transistor channel and earlier breakdown. Results
of our calculations also indicate that at 7= 300 K and
drain voltages V) < 1.5 V impact ionization does not
make sufficient influence on the transistor current-
voltage characteristics for both models. Thus in these
modes impact ionization may be neglected.
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