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Self-consistent calculations of inversion-layer mobility in highly doped
silicon-on-insulator metal–oxide–semiconductor field-effect transistors

Hideyuki Iwataa)

Department of Electronics and Informatics, Toyama Prefectural University, 5180 Kurokawa, Kosugi-machi,
Toyama 939-03, Japan

~Received 11 December 2000; accepted for publication 12 April 2001!

The inversion-layer mobility in future highly doped silicon-on-insulator~SOI! n-channel metal–
oxide–semiconductor field-effect transistors~MOSFETs! has been examined for various SOI layer
thicknesses (tSOI) using self-consistent calculation. Not only phonon scattering but also surface
roughness scattering and ionized impurity scattering have been taken into account. It has been found
for SOI MOSFETs with a highly doped channel that, whenevertSOI ~*2 nm! is reduced under the
full-depletion condition, the inversion-layer mobility in SOI MOSFETs becomes higher than that in
bulk MOSFETs. The increase in mobility with the reduction oftSOI to about 10 nm is mainly caused
by the suppression of surface roughness scattering. Independent of acceptor concentration (NA), the
mobility reaches its peak attSOI of about 3 nm and then decreases drastically with decreasingtSOI.
For SOI MOSFETs withNA higher than 531017cm23, the mobility increases monotonously to the
peak with decreasingtSOI under the full-depletion condition due to the large suppression of ionized
impurity scattering for thetSOI range between 10 and 5 nm. These results are different from those
in the previous works for SOI MOSFETs with low channel impurity concentration. ©2001
American Institute of Physics.@DOI: 10.1063/1.1378329#
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I. INTRODUCTION

Recently, the gate lengths of silicon metal–oxid
semiconductor field-effect transistors~MOSFETs! approach
sub-100 nm. Fully depleted silicon-on-insulator~SOI!
MOSFETs are the most promising devices for future sub-
nm MOSFETs because of the many advantages of these
vices. Even if SOI substrates are used for MOSFETs w
such ultrashort channels, the channel doping concentra
has to become high. Therefore very thin SOI thicknesses
required for full depletion.

Recently, the phonon-limited inversion-layer electr
mobility in ultrathin SOI MOSFETs has been studied usi
the self-consistent Schro¨dinger–Poisson calculation.1,2 Shoji
and Horiguchi1 have reported that the mobility in SO
MOSFETs with a SOI layer thickness (tSOI) more than 5 nm
is almost equal to that in bulk MOSFETs, and that, astSOI

decreases, the mobility increases to a maximum attSOI of
about 3 nm and decreases abruptly. Takagiet al.2 have
shown that, as thetSOI becomes smaller than 20 nm, th
mobility decreases and then reaches its bottom attSOI of
about 5 nm~for tSOI below 5 nm, the dependence is the sa
as that in Ref. 1!. However, in those works, low channe
impurity concentration (,1016cm23) has been assumed
which is too low for future channel doping. Moreover, the
may be mobility behaviors which cannot be seen from
calculation including only phonon scattering.

In this article the inversion-layer electron mobility i
SOI n-channel MOSFETs with future highly doped chann
is investigated for varioustSOI, using self-consistent calcu
lations. Coulomb scattering by ionized impurities, whi
considerably affects the inversion layer mobility in bu
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MOSFETs with a highly doped channel, and surface rou
ness scattering are also included in the mobility calculati
The effect of surface roughness scattering increases as
normal field becomes higher. It should be noted that the m
bility of SOI MOSFETs is dependent on the SOI layer thic
ness because of the difference in effective normal elec
field.

II. CALCULATION METHOD

The two-dimensional carrier distributions are evalua
by solving the coupled Schro¨dinger and Poisson equation
self-consistently.3,4 The Schro¨dinger equation is solved as a
eigenvalue problem. The energy levels and wave function
the subbands can be obtained by calculating the eigenva
and eigenvectors of the discretized matrix. For these ca
lations, the bisection method and inverse iteration meth
are used. For the calculation of the discretized Poisson e
tion the incomplete Cholesky conjugate gradient~ICCG!
method is employed. In this work the lowest 32 subbands
taken into account.

Not only intravalley and intervalley phonon scattering5,6

but also surface roughness scattering and ionized impu
scattering are included in the calculation of the invers
layer mobility. For surface roughness scattering, the sca
ing rate model based on the exponential autocovaria
function7 is used. It was reported7 that the mobility calcu-
lated with this model shows good agreement with expe
mental results. The scattering rate for surface roughness
tering is proportional toEeff

2 . HereEeff is defined by

Eeff5~q/«Si!~Ndepl1Ninv/2!, ~1!

whereNdepl is the number of depletion charges per unit ar
andNinv is the inversion electron density per unit area. As t
© 2001 American Institute of Physics
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inversion-layer thickness is restricted by the SOI thickne
the mobility may be affected by surface roughness scatte
at the rear surface. However, that scattering is not taken
account because surface roughness scattering with no
field in the direction from silicon to oxide has not been mo
eled so far. Coulomb scattering by the ionized impurity s
nificantly affects the mobility on the higher impurity sub
strate at lower normal field. The relaxation time for ioniz
impurity scattering from thei th subband with energy levelEi

~wave vectork i! to the j th subband with energy levelEj

~wave vectork j ! is given by8

1

t imp
i j ~E!

5
q4mdi

8p\3«Si
2 E

0

2p I i j ~Q~u!!~12cosu!

@Q~u!1PHi j ~Q~u!!#2 du

•U~E2Ej !, ~2!

P5q2Ninv /~2«SikBT!, ~3!

Hi j ~Q!5E
0

`E
0

`

z i~z1!z i~z2!z j~z1!z j~z2!

3exp@2Quz12z2u#dz1dz2 , ~4!

I i j ~Q!5E
0

`

NI~z0!F E
0

`

z i~z!z j~z!

3exp@2Quz2z0u#dzG2

dz0 , ~5!

Q~u!5Aki
21kj

222kikj cosu, ~6!

where mdi is the density-of-states mass,z i(z) is the wave
function of thei th subband,U(E) is the unit step function,
andNI(z) is the ionized impurity concentration. The calc
lation of Eqs.~2!–~6! for all pairs of i and j needs a large
amount of CPU time and is not practical. For MOSFETs w
highly doped substrate almost all the inversion electrons
ist in the lowest several subbands. Furthermore, the t
intersubband scattering rate is considered to be much sm
than the total intrasubband scattering rate.9 Therefore we in-
clude only five intrasubband transitions~three for the two-
fold valley and two for the fourfold valley!.

All the simulations are carried out on~100! p-silicon at
300 K with zero back-gate bias. For simplicity the impuri
concentrations in the SOI layer and in the substrate are
sumed to be the same. The gate and buried oxide thickne
are assumed to be 2 and 100 nm, respectively.

III. CALCULATED RESULTS AND DISCUSSION

Figure 1 shows the calculated inversion-layer mobil
~m! in bulk and SOIn-channel MOSFETs with varioustSOI

as a function of effective normal fieldEeff . The acceptor
concentrationNA is 131018cm23. The mobility in bulk
MOSFETs does not become very high due to the effec
ionized impurity and surface roughness scatterings~it devi-
ates from the universal curve!.10–12 The mobility in SOI
MOSFETs with largertSOI is also affected by ionized impu
rity scattering. AstSOI increases,Eeff in SOI MOSFETs with
the sameNinv becomes higher because of the increase
Ndepl ~Eeff in bulk MOSFETs is more than 0.5 MV/cm eve
s,
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if Ninv50!. Therefore the inversion-layer mobility in highl
doped SOI MOSFETs should not be compared at a cons
Eeff for different tSOI. We had better discuss comparing th
mobility in a constant inversion state.

Figure 2 shows the calculatedNinv dependence of the
inversion-layer mobility in bulk and SOIn-channel MOS-
FETs with varioustSOI. Figure 3 shows the calculatedtSOI

dependence of the inversion-layer mobility in SOI MO
FETs withNinv of 231012cm22. The phonon-limited mobil-
ity, mph, and the mobility including phonon and ionized im
purity scatterings,mph1imp , are also plotted. The difference
betweenmph andmph1imp , and betweenmph1imp andm, indi-
cate the effects of ionized impurity scattering and of surfa
roughness scattering, respectively. AstSOI decreases unde
the full-depletion condition~, 38 nm!, the depletion charge
density in the SOI layer decreases, so that the effective

FIG. 1. Calculated inversion-layer mobilitym in bulk and SOIn-channel
MOSFETs with varioustSOI as a function of effective normal fieldEeff .
NA5131018 cm23.

FIG. 2. Calculated inversion-layer mobilitym in bulk and SOIn-channel
MOSFETs with various SOI layer thicknesses as a function of invers
electron densityNinv . NA5131018 cm23.
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mal electric field at the surface becomes lower. Con
quently, surface roughness scattering is more suppre
though ionized impurity scattering becomes stronger. Ho
ever, the suppression in surface roughness scattering is m
larger. Moreover, phonon scattering is also more suppres
which is explained in the next paragraph. Thus the mobi
increases with decreasingtSOI.

Figure 4 shows the calculatedtSOI dependence of the
average distance of inversion-layer electrons from the
face, that is to say, the quantum-mechanical inversion-la
thickness,zav.3 Herezav is defined as

zav5(
i

Nizi /Ninv , ~7!

FIG. 3. Calculated inversion-layer mobilitym in SOI n-channel MOSFETs
with NA of 131018 cm23 and Ninv of 231012 cm22 as a function of SOI
layer thicknesstSOI .

FIG. 4. Calculated average distance of inversion-layer electrons from
surface,zav , as a function of SOI layer thicknesstSOI . zav means the
quantum-mechanical inversion-layer thickness.NA5131018 cm23 and
Ninv5231012 cm22.
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zz i~z!2dz, ~8!

whereNi is the electron density per unit area in thei th sub-
band. Because of the decrease in surface normal field, e
trons around the surface shift in the direction of the bott
of the SOI layer~the occupation of electrons in subban
other thanE0 increases!. Thus the inversion-layer thicknes
zav increases. Generally, the scattering rates for both intra
ley and intervalley phonon scatterings between thei th and
j th subbands are proportional to the form factor,Fi j ,1 which
is defined by

Fi j 5E
0

`

z i~z!2z j~z!2dz. ~9!

Moreover, it has been reported thatFi j is inversely propor-
tional to the spatial extent of the wave functions.1 The in-
crease in the inversion-layer thickness leads to the incre
in the spatial extent of the wave functions and the result
decrease inFi j . As a result, the phonon scattering rates d
crease with decreasingtSOI.

As shown in Fig. 4, the inversion-layer thickness sta
to decrease attSOI of about 10 nm. This is because the exte
of the wave function of electrons, particularly in subba
E08 , is restricted by very smalltSOI.

2 Since Fi j increases
then, phonon scattering becomes stronger with decrea
tSOI below 10 nm. Consequently, the phonon-limited mob
ity decreases, as shown in Fig. 3. However, ionized impu
scattering is more suppressed because of the decrease
depletion layer thickness~ionized impurity scattering is
caused by Coulomb potential arising from all charges loca
in the depletion layer!. The decrease in the ionized impurit
scattering rate exceeds the increase in the phonon scatt
rate. Therefore the mobility still continues to increase. N
only when ionized impurity scattering is not taken into a
count but also when the channel impurity concentration
low or relatively low, the calculated mobility decreases
this tSOI range. The latter case will be discussed later.

As tSOI is reduced below 6 nm, since the energy level
subbandE08 is raised due to the size effect of the ultrath
SOI layer, the difference in the energy level between
lowest two subbands becomes larger.2 Consequently, the oc
cupation of electrons in the lowest subband (E0) increases
and phonon scattering from subbandE0 to subbandE08 and
the other subbands is suppressed. In addition, ionized im
rity scattering is further suppressed, as shown in Fig. 3. A
result, the inversion-layer mobility increases rapidly. AttSOI

below 3 nm, the effect of ionized impurity and surfac
roughness scatterings becomes very small, as shown in
3, and all the inversion electrons occupy only subbandE0 .
However, then the inversion-layer thickness is restricted
tSOI sincetSOI is smaller than the inversion-layer thickness
bulk MOSFETs. In the case of such extremely thintSOI, the
form factor is inversely proportional totSOI:Fi j }1/tSOI.

1 As
tSOI decreases, the phonon scattering rates~proportional to
the form factor! increase. Therefore the mobility drops dra
tically with decreasingtSOI.

It has been reported that the mobility in SOI MOSFE
with tSOI more than 5 nm is almost equal to that in bu
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MOSFETs,1 and that the mobility decreases with decreas
tSOI less than 20 nm and then reaches its bottom attSOI of
about 5 nm.2 In those works the channel impurity concentr
tion has been assumed to be too low for future channel d
ing. Those results are different from the above results
SOI MOSFETs with a highly doped channel.

The case for an inversion state other than the abov
considered. Figure 5 shows the calculatedtSOI dependence o
the inversion-layer mobility in SOI MOSFETs withNinv of
231011cm22. Since Ninv is reduced, the effective norma
field becomes low in alltSOI ranges. Therefore the effect o
ionized impurity scattering becomes much stronger than
of surface roughness scattering. Nevertheless, the mob
increases with decreasingtSOI ~. 10 nm! due to the suppres
sions of phonon and surface roughness scatterings. Sinc
effect of ionized impurity scattering is extremely suppress
for tSOI less than 10 nm, the mobility increases to the pe
abruptly.

We discuss the case for SOI MOSFETs with relative
low channel impurity concentration. Figure 6 shows the c
culated tSOI dependence of the inversion-layer mobility
SOI MOSFETs withNA of 131017cm23 and Ninv of 2
31012cm22. Then thetSOI dependence ofm is qualitatively
the same as that of the phonon-limited mobilitymph. The
inversion-layer mobility starts to decrease attSOI of about 10
nm. This is because the effect of ionized impurity scatter
is much smaller than that forNA of 131018cm23.

Figure 7 shows the calculatedtSOI dependence of the
inversion-layer mobility in SOI MOSFETs withNinv of 2
31012cm22 for various channel impurity concentrationNA .
Independent ofNA , the mobility reaches its peak attSOI of
about 3 nm and then decreases drastically with decrea
tSOI. For tSOI of 2 nm or less, the value of the mobility doe
not depend on acceptor concentration. For SOI MOSF
with NA higher than 531017cm23, the mobility increases
monotonously to the peak with decreasingtSOI under the
full-depletion condition because the enhancement of pho

FIG. 5. Calculated inversion-layer mobilitym in SOI n-channel MOSFETs
with NA of 131018 cm23 and Ninv of 231011 cm22 as a function of SOI
layer thicknesstSOI .
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scattering for a certaintSOI range is compensated by the su
pression of ionized impurity scattering. AsNA increases, the
mobility increase to the peak becomes larger but the valu
the peak decreases slowly.

VI. CONCLUSION

The inversion-layer mobility in SOIn-channel MOS-
FETs with a future highly doped channel on~100! surface
have been investigated over a widetSOI range by solving the
coupled Schro¨dinger and Poisson equations self-consisten
Not only intravalley and intervalley phonon scattering b
also surface roughness and ionized impurity scatterings h
been included in the calculation of the mobility. It has be
found for SOI MOSFETs with a highly doped channel th

FIG. 6. Calculated inversion-layer mobilitym in SOI n-channel MOSFETs
with NA of 131017 cm23 and Ninv of 231012 cm22 as a function of SOI
layer thicknesstSOI .

FIG. 7. Calculated inversion-layer mobilitym in SOI n-channel MOSFETs
with various NA as a function of SOI layer thicknesstSOI . Ninv52
31012 cm22.
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whenevertSOI ~* 2 nm! is reduced under the full-depletio
condition, the mobility in SOI MOSFETs becomes high
than that in bulk MOSFETs. Mainly because surface rou
ness scattering is much suppressed, the mobility incre
with decreasingtSOI from the depletion-layer thickness o
bulk MOSFETs to about 10 nm. Independent ofNA , the
mobility reaches a maximum attSOI of about 3 nm and de
creases drastically with decreasingtSOI below 3 nm. For SOI
MOSFETs with NA above 531017cm23, the mobility in-
creases monotonously to the peak with decreasingtSOI under
the full-depletion condition because the suppression of i
ized impurity scattering exceeds the enhancement of pho
scattering in thetSOI range from 10 to 5 nm. ThetSOI depen-
dences of the mobility in this work are different from tho
in the previous works for SOI MOSFETs with low chann
impurity concentration.
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