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Abstract

Operation of modern flash memory elements is based on electron transport processes in the channel
of silicon MOSFETs with floating gate. The aim of this work was calculation of electron mobility and study
of the influence of phonon and ionized impurity scattering mechanisms on the mobility, as well as calcu-
lation of parasitic tunneling current and channel current in the conductive channel of flash memory ele-
ment. Numerical simulation during the design stage of flash memory element allows working out guidelines
for optimization of device parameters defining its performance and reliability.

In the work such electrophysical parameters, characterizing electron transport, as mobility and average
electron energy, as well as tunneling current and current in the channel of the flash memory element are
studied via the numerical simulation by means of Monte Carlo method. Influence of phonon and ionized
impurity scattering processes on electron mobility in the channel has been analyzed. It is shown that in the
vicinity of drain region a sufficient decrease of electron mobility defined by phonon scattering processes
occurs and the growth of parasitic tunneling current is observed which have a negative influence on device
characteristics.

The developed simulation program may be used in computer-aided design of flash memory elements
for the purpose of their structure optimization and improvement of their electrical characteristics.
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B ocHoBe (yHKIMOHUPOBAHUSI COBPEMEHHBIX 3JEMEHTOB (IICII-ITaMsATH JIeXKaT MPOLECCH MepeHoca
9JIEKTPOHOB B MpOBOAsIIEM KaHaie KpemHueBbIX MOII-Tpan3ucTopoB ¢ miaBaromuM 3aTtBopoM. Llenbio
JaHHOW paloThl SBISIOCH MPOBEICHHE BBIYUCIMTEIBHOTO HSKCHEPUMEHTa IO pacuéTy MOABHKHOCTH
3JIEKTPOHOB ¥ U3YUCHUIO BIUSHHA Ha MOABHKHOCTH (POHOHHOTO PACCESIHUS U pACCEsSHUS Ha HOHU3UPOBAHHON
NpUMECH, a TaKKe pacuéT MapasuTHOrO TYHHENBHOIO TOKAa M TOKAa B TPOBOJALICM KaHajle 3JIEMEHTa
¢nenr-namatu. [IpoBeneHre BBIYMCIMTENBHOIO 3KCIIEPUMEHTA Ha 3Tane pa3pabOoTKH W MPOSKTUPOBAHUS
3JIEMEHTOB (pJICHI-IAMATH MTO3BOJMUT BBIPAOOTATh PEKOMEHIAIMH ISl ONITUMU3ALUKN apaMeTpoB Mpuoopa,
OTIpEeNeIIIONINX OBICTPOACHCTBUE U HAJEKHOCTD €ro paboThI.

[lyreM 4MCIEHHOTO MOJIECIMPOBAHMS SJIEKTPOHHOTO MEepeHoca B AIeMeHTe (IIeHI-MaMsITH METOI0M
MomnTe-Kapno paccuuTanel Takue SIIEKTPOPHU3MUYECKHE MapaMeTpbl, XapaKTepHU3YIOIIWEe IEpPeHOoC, Kak
MOJBMKHOCTD, CPEIHSISI SHEPIUsl AJIEKTPOHOB, a TaKKe IUIOTHOCTh TYHHEJIBHOTO TOKa M TOKa B KaHaie
npubopa. M3ydeHo BIMSHHME MPOLIECCOB paccessHUs Ha (OHOHAX W MOHU3UPOBAHHOW MPUMECH Ha TOA-
BIJKHOCTH DJIEKTPOHOB B KaHaie. [loka3aHo, 4yTo BOJM3M 00JACTH CTOKA HPOMCXOAUT CYIIECTBEHHOE
CHIDKCHHE TOABMKHOCTH AJIEKTPOHOB, OOYCIIOBJICHHOE IpoIeccaMH paccesiHus Ha (POHOHAX, a TaKke
HaOJIoaeTcss POCT Mapa3uTHOIO TYHHEIBHOTO TOKA, YTO NMPHBOAMUT K YXYIIICHUIO PaOOYMX XapakTe-
pucTuK npudopa.

PazpaGorannass mporpamMma MOJECTUPOBAHUS MOXKET OBITh HCIOJb30BaHA MPU KOMIIBIOTEPHOM
MPOCKTUPOBAHUM JJIEMEHTOB (JIeHI-NaMsITH C LENbI0 ONTUMM3ALMU HMX KOHCTPYKUMH W YIYUIICHHS
JIIEKTPUIECKUX XaPaKTEPUCTHUK.

Kawouesble cioBa: ¢uenr-namMsrh, MOJABHKHOCTD SJIEKTPOHOB, pacCcesHUE AJIEKTPOHOB, TYHHEIBHBINA TOK,
Meroa Monte-Kapio.
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Introduction

In state-of-the-art integrated circuits short chan-
nel silicon MOSFETs with floating gate are widely
used as the basis of flash memory elements. Mo-
dern trends in development of flash memory ele-
ments are directed to the miniaturization of their ac-
tive regions (see, for example, [1, 2]). Further minia-
turization of flash memory elements is restricted by
growth of parasitic tunneling currents and decrease
of performance in data reading mode. High density
of parasitic tunneling currents can lead to distor-
tion of data saved in the flash memory. The value
of parasitic tunneling current is determined by de-
sign features of the MOSFET and conditions cau-
sing heating of electron gas in the conductive chan-
nel of the device [2-5]. Device performance is di-
rectly related to electron mobility in its active region.
Electron mobility in the conductive channel of a
MOSFET is defined by electron scattering proces-
ses. The main electron scattering mechanisms in
short channel silicon MOSFETs are phonon scat-
tering and ionized impurity scattering.

The aim of the work was to calculate of elec-
tron mobility and study the influence of phonon and
ionized impurity scattering mechanisms on the mo-
bility, as well as to calculate of parasitic tunneling
current and channel current in the conductive chan-
nel of flash memory element.

Simulated device structure

In the Figure 1 schematic cross-section of the
simulated silicon MOSFET with floating gate is rep-
resented [5, 6]. Dimensions of the regarded transis-
tor are as follows: channel length L , = 0.2 nm, gate
oxide thickness d,. = 6 nm, tunnel oxide thickness
d,,=2nm, floating gate thickness dy,, =2 nm.
Donor impurity concentration in the source and drain
regions is N = 10% m ™, acceptor impurity concen-
tration in the substrate is N, = 10** m . The depth of
the source and drain regions is d; = 100 nm. The gate
bias V; and the drain bias V}, are supposed equal to
2 V which is a typical value for data reading mode.

Electron mobility and the influence of phonon
and ionized impurity scattering mechanisms on the
mobility in regarded flash memory element is stu-
died by means of numerical Monte Carlo charge
carrier transport simulation. The density of parasitic
tunneling current jtun and the density of channel cur-
rent jch are calculated too. Algorithms and self-con-
sistent procedures may be found in [7].

floating gate V. tunnel oxide

ox

—0 .~
v

L
o

Figure 1 — Schematic cross-section of the flash memory
element based on floating gate MOSFET

During the simulation the dependences of ave-
rage values of electron concentration N,, energy £,
and mobility p on the position along the conduction
channel (X-axis) and into the depth of the chan-
nel (Z-axis) are calculated. The self-consistent pro-
cedure implies that electron concentration N, (x, z) at
every time step is used to solve Poisson equation and
to calculate electric field strength in different points
of the conduction channel, and also to calculate
ionized impurity scattering rate. Acoustic and inter-
valley phonon as well as ionized impurity scattering
processes are taken into account. Impact ionization
process is also incorporated into the simulation al-
gorithm according to Keldysh-type model discussed
in [8]. However, calculations proof that its effect on
transport properties is negligible for given transistor
operation mode.

Acoustic phonon scattering rate is calculated ac-
cording to the following expression [7, 9, 10]:

2 [ 3
W _Dac mdkBT

e = 5 E(1+0E)(1+20E), (1)
mth urp
where D, is the deformation potential for scattering
on acoustic phonons; m, is electron density-of-states
effective mass for corresponding valley; u, is longi-
tudinal sound velocity in silicon; p is silicon mass
density; a is nonparabolicity coefficient.
Intervalley phonon scattering rate is defined as
follows [7, 9, 10]:

2 3
_ Dijma Zy [N,-, J

= YN X
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xJE®hay; —AE; (1+20(E + ho; - AE;)),

2)
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where D, is the intervalley coupling constant; Z;; is
the number of possible final equivalent valleys for
the transition; ; is the phonon frequency and N;
is the number of phonons according to the Bose—
Einstein statistics; AE}; is the energy difference be-
tween the energy minima of initial and final valleys.

Considering transitions between equivalent val-
leys in silicon for g-type scattering the values of
parameters are Z; =1, AE;=0, and phonon tem-
perature is 7;;= 537 K. For f-type scattering Z; =4,
AE;=0, and phonon temperatures are 7, =686 K
and 7;; = 733 K.

Ionized impurity scattering rate is defined ac-
cording to Brooks—Herring model [7, 9, 10]:

N2 e JVE: (1+20E)
2
(eoesi)” 4nyfmy B? 1+4[Ea

a)

t

[ml, =

)

where N is acceptor doping density at #-th section of
the channel; £, = E(1+akE); g, is dielectric constant;

t
av
Née2

is Debye screening length for electrons with cha-
racteristic concentration N’ and average energy E!

B, = hz/z(ﬁl))2 my, Eb =30.75/nN7,.

Results of the simulation and their discussion

8Si80E

&; is silicon relative permittivity; [/, =

In the Figure 2 simulated dependence of the re-
lation between parasitic tunneling current and drift
current in the conductive channel versus the relative
position along the device channel is presented. In the
Figures 3 and 4 calculated electron average energy
and average mobility along the device channel are
shown.

jtun /jch
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Figure 2 — Parasitic tunneling current to drift current ratio
dependence versus relative position along the conductive

channel
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Figure 3 — Average clectron energy dependence versus
the relative position along the conductive channel of the

flash memory element
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Figure 4 — Average electron mobility dependence on the
relative position along the conductive channel: 1 —with
account of both phonon and ionized impurity scatte-
ring; 2 — with account of only phonon scattering; 3 — with
account of only ionized impurity scattering

Analysis of the dependences presented in
the figures allow to conclude that in the part of
the channel close to the drain region a sufficient
growth of electron energy is observed. The lat-
ter leads to the growth of phonon scattering rates,
which, in turn, causes a sufficient decrease of
electron mobility. As well, the growth of parasitic
tunneling current is observed. The phenomena are
quite undesirable for normal operation of flash
memory element.

The simulation results also show that the influ-
ence of every regarded scattering mechanism on
electron mobility varies at different channel regions
and is not uniform. As can be seen from the Fi-
gure 4, phonon scattering makes a decisive influ-
ence on the decrease of electron mobility in the part
of the channel close to the drain region, while the in-
fluence of ionized impurity scattering is sufficiently
reduced in this part of the channel. Such behavior
is correlated to a rather steep increase of electron
energy in this region.

To analyze variation of electron mobility along
the device channel as well as into the depth of the
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channel, in Figure 5 the spatial distribution of mo-
bility is presented in the form of a two-dimensional
dependence on x and z coordinates.

Figure 5 — Spatial distribution of electron mobility in the
simulated flash memory element

As can be seen electron mobility decreases no-
ticeably with the growth of coordinate value.

Conclusion

The dependences of parasitic tunneling cur-
rent density, average electron energy and mobility
versus the position along the channel of the flash
memory element have been calculated for data
reading mode. The calculation is made by means
of Monte Carlo simulation of electron transport in
the device.

It is shown that in the vicinity of drain region
a sufficient decrease of electron mobility occurs. At
the same time, the growth of parasitic tunneling cur-
rent is observed, which can hinder the data reading
process. Analysis of the influence of phonon and
ionized impurity scattering processes on electron
mobility in the channel of the device has revealed
that both of these mechanisms make approximately
equal effect on the mobility only in the origin of the
channel. In the vicinity of the drain region phonon
scattering processes have a determining influence
on electron mobility and are responsible for signifi-
cant decrease of its value and consequent lowering
of the device performance.

The simulation program developed in this work
may be used in computer-aided design of flash
memory elements for the purpose of their structure

optimization and improvement of their electrical
characteristics.
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