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The inversion-layer mobility in future highly doped silicon-on-insulat8Ol) n-channel metal—
oxide—semiconductor field-effect transistgf4OSFETS has been examined for various SOI layer
thicknessestgg) 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 SOl MOSFETs with a highly doped channel that, whenewgr (=2 nm) is reduced under the
full-depletion condition, the inversion-layer mobility in SOl MOSFETs becomes higher than that in
bulk MOSFETSs. The increase in mobility with the reductiortf, to about 10 nm is mainly caused

by the suppression of surface roughness scattering. Independent of acceptor concenhtgatitre(
mobility reaches its peak &tq, of about 3 nm and then decreases drastically with decreasing

For SOl MOSFETSs withN, higher than 5< 10 cm™3, the mobility increases monotonously to the
peak with decreasintio, under the full-depletion condition due to the large suppression of ionized
impurity scattering for thégo, range between 10 and 5 nm. These results are different from those
in the previous works for SOl MOSFETs with low channel impurity concentration.20®1
American Institute of Physics[DOI: 10.1063/1.1378329

I. INTRODUCTION MOSFETs with a highly doped channel, and surface rough-
ness scattering are also included in the mobility calculation.
Recently, the gate lengths of silicon metal—oxide—The effect of surface roughness scattering increases as the
semiconductor field-effect transistoMOSFETS approach  normal field becomes higher. It should be noted that the mo-
sub-100 nm. Fully depleted silicon-on-insulatdSOl)  pjlity of SOl MOSFETs is dependent on the SOI layer thick-

MOSFETs are the most promising devices for future sub-10@ess because of the difference in effective normal electric
nm MOSFETs because of the many advantages of these dgeld.

vices. Even if SOI substrates are used for MOSFETs with
such ultrashort channels, the channel doping concentration
has to become high. Therefore very thin SOI thicknesses aré CALCULATION METHOD

required for full depletion. - . . The two-dimensional carrier distributions are evaluated
Recently, the phonon-limited inversion-layer electronby solving the coupled Schdinger and Poisson equations
mobility in uI'Frathin SOI.MOSFETS has been s_tudied u..Singself-consistentl)?i:4 The Schrdinger equation is solved as an
the self—gonsstent Schunger—Poisson calculap_c}r?. _Sho“ eigenvalue problem. The energy levels and wave functions of
and Horlguc-rﬁ have reporte(_j that the mobility in SOl o qphands can be obtained by calculating the eigenvalues
MOSFETS with a SOI Ia_yer thicknestsp) more than 5 nm and eigenvectors of the discretized matrix. For these calcu-
's almost equal to tha}t " bulk MOSFETSs, af‘d thattgs, lations, the bisection method and inverse iteration method
decreases, the mobilty increases to a maX|m'ur§IS@; of " are used. For the calculation of the discretized Poisson equa-
about 3 nm and decreases abruptly. Takagal” have tion the incomplete Cholesky conjugate gradigl€CG)

Sho"_v_” that, as thes, becomes smalle_r than 20 nm, the method is employed. In this work the lowest 32 subbands are
mobility decreases and then reaches its bottomsgf of -, - into account

about 5 nnfor tso, below 5 nm, the dependence is the same Not only intravalley and intervalley phonon scatterifig

as th"_"t in Ref. L However, ('in t@gse works, low channel v, 5155 syrface roughness scattering and ionized impurity
|mpur|t.y concentration {10'°cm ) h"’.‘S been assumed, scattering are included in the calculation of the inversion

which is too l.O.W for f““!re Chaf.‘”e' doping. Moreover, thereIayer mobility. For surface roughness scattering, the scatter-
may be. mo.blllty pehaV|ors which cannot_ be seen from thqng rate model based on the exponential autocovariance
calculation including only phonon scattering. function’ is used. It was reportédthat the mobility calcu-

In this article the inver.sion-layer .electron mobility in lated with this model shows good agreement with experi-
SOl n-channel MOSFETS with future highly doped ChanneIsmental results. The scattering rate for surface roughness scat-

IS !nvestlgated for vanougso“ using _self-c_on5|st_e_nt CaICl_J' tering is proportional tcEgﬁ. HereE.¢ is defined by
lations. Coulomb scattering by ionized impurities, which

considerably affects the inversion layer mobility in bulk  Eef=(d/es)(Ngeprt Ninu/2), (1)
whereNe is the number of depletion charges per unit area
dElectronic mail: iwata@pu-toyama.ac.jp andN;,, is the inversion electron density per unit area. As the
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inversion-layer thickness is restricted by the SOI thickness, 1000 p—r—r—r——r7 ————rT

the mobility may be affected by surface roughness scattering [ Np=1x10' cm-S |
at the rear surface. However, that scattering is not taken into
account because surface roughness scattering with normal
field in the direction from silicon to oxide has not been mod-
eled so far. Coulomb scattering by the ionized impurity sig-
nificantly affects the mobility on the higher impurity sub-
strate at lower normal field. The relaxation time for ionized
impurity scattering from théth subband with energy levé],
(wave vectork;) to the jth subband with energy levet;

5001

Inversion-Layer Mobility u (cm2/Vs)

(wave vectork;) is given by 200¢
1 g'my fz" 1;;(Q(6))(1—cosb)
Tino(E) — 87h%5; Jo [Q(6)+PH;;(Q(6)]°
U(E-E)), 2 S
P=q?N,, /(26 5ksT), 3) Effective Field E; (MV/cm)

FIG. 1. Calculated inversion-layer mobility in bulk and SOIn-channel

Hi'(Q): fx fwgi(zl) gi(zz)g.(zl)g_(zz) MOSFETs with variousgp, as a function of effective normal fiell .
! oJo ! ! Na=1x10%cm™3,

xexf —Q[z;-2,[]dz,dz,, 4
o o if Niow=0). Therefore the inversion-layer mobility in highly
Iij(Q)zf N, (Zg) f Li(2)¢g(2) doped SOI MOSFETs should not be compared at a constant
0 0 E.¢ for differenttgo,. We had better discuss comparing the
2 mobility in a constant inversion state.
X exd —Q|z—zo|]1dz| dzg, 5 Figure 2 shows the calculatéd;,, dependence of the
inversion-layer mobility in bulk and SOh-channel MOS-
Q(9)= \/ki2+ k]-z—Zki k; cosé, (6) FETs with varioustgp,. Figure 3 shows the calculated,

dependence of the inversion-layer mobility in SOl MOS-
wheremy; is the density-of-states mas§(z) is the wave  FETs withN,,, of 2x 1022¢cm™2. The phonon-limited mobil-
function of theith subbandU(E) is the unit step function, ity, 1pn, @nd the mobility including phonon and ionized im-
andN,(z) is the ionized impurity concentration. The calcu- purity scatteringsgpn:imp, are also plotted. The differences
lation of Eqs.(2)_—(6) for gll pairs ofi_ andj needs a Iarge_ betweenu, and K pnimp, and between ppimp and i, indi-
amount of CPU time and is not practical. For MOSFETS with¢ate the effects of ionized impurity scattering and of surface
highly doped substrate almost all the inversion electrons exoyghness scattering, respectively. f\s, decreases under
ist in the lowest several subbands. Furthermore, the totahe fyll-depletion conditior{< 38 nm), the depletion charge

intersubband scattering rate is considered to be much smallggnsity in the SOI layer decreases, so that the effective nor-
than the total intrasubband scattering raléherefore we in-

clude only five intrasubband transitiolihree for the two-

fold valley and two for the fourfold valley 800 et ———r -
All the simulations are carried out dd00) p-silicon at g I Ny =1x10"8 cm-3 1
300 K with zero back-gate bias. For simplicity the impurity g 70f A
concentrations in the SOI layer and in the substrate are as- S soo: |
sumed to be the same. The gate and buried oxide thicknesses = ]
are assumed to be 2 and 100 nm, respectively. 2 =00k i
g |
IIl. CALCULATED RESULTS AND DISCUSSION S w0o0f 7
[
Figure 1 shows the calculated inversion-layer mobility & S00f ]
(w) in bulk and SOIn-channel MOSFETs with variousg, ‘C' [

: " . 200 |- .
as a function of effective normal fiel&.;. The acceptor e | |
concentrationN, is 1x10'cm~3. The mobility in bulk 5 1ol ]
MOSFETs does not become very high due to the effect of E I |
ionized impurity and surface roughness scatteritigdevi- 0 . : . T
ates from the universal curk& =2 The mobility in SOI 1on 107 10
MOSFETSs with largetsg, is also affected by ionized impu- Niny (cM2)

rity scattering. Adso mcreaseSEeff in SOI MOSFE,TS with _FIG. 2. Calculated inversion-layer mobility in bulk and SOIn-channel
the Same[\linv becomes h'Qh_er because of the increase iMosFETs with various SOI layer thicknesses as a function of inversion
Ngepl (Eesr in bulk MOSFETSs is more than 0.5 MV/cm even electron densitN;y, . Na=1x 10" cm™2,
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800 T . o )
™ N, = 1x10'6 cm- | Zi:fo zi(2)°dz, (8)
S 700 : . . . o
g AR whereN; is the electron density per unit area in ftile sub-
g band. Because of the decrease in surface normal field, elec-
EZ 600 T trons around the surface shift in the direction of the bottom
S of the SOI layer(the occupation of electrons in subbands
% 500} . other thanE, increases Thus the inversion-layer thickness
o z,,increases. Generally, the scattering rates for both intraval-
s 00l | ley and intervalley phonon scatterings between ittheand
5 jth subbands are proportional to the form facﬁqg,,1 which
‘®? is defined by
© 300 Ny = 2X10'2 cmi-2 S w
£ _ 2 2

Fij_J £i(2)°¢(2)“dz 9
200 L s L N L 0
1 10 100 bulk

tgo (NM) Moreover, it has peen reported tHag is invers_ely propor-
tional to the spatial extent of the wave functidnghe in-
FIG. 3. Calculated inversion-layer mobilify in SOI n-channel MOSFETs  crease in the inversion-layer thickness leads to the increase
with N, of 1x10*cm™ and Ny, of 2x10**cm™2 as a function of SOl in the spatial extent of the wave functions and the resultant
layer thicknessso,- decrease ifF;; . As a result, the phonon scattering rates de-
crease with decreasirtgg,.

As shown in Fig. 4, the inversion-layer thickness starts
mal electric field at the surface becomes lower. Conseto decrease at, of about 10 nm. This is because the extent
quently, surface roughness scattering is more suppressed the wave function of electrons, particularly in subband
though ionized impurity scattering becomes stronger. HowE,, , is restricted by very smallso,.? Since Fi; increases
ever, the suppression in surface roughness scattering is mutten, phonon scattering becomes stronger with decreasing
larger. Moreover, phonon scattering is also more suppresseth, below 10 nm. Consequently, the phonon-limited mobil-
which is explained in the next paragraph. Thus the mobilityity decreases, as shown in Fig. 3. However, ionized impurity
increases with decreasirgg,. scattering is more suppressed because of the decrease in the

Figure 4 shows the calculated, dependence of the depletion layer thicknesgionized impurity scattering is
average distance of inversion-layer electrons from the sureaused by Coulomb potential arising from all charges located
face, that is to say, the quantum-mechanical inversion-layein the depletion layer The decrease in the ionized impurity

thicknessz,,.% Herez,, is defined as scattering rate exceeds the increase in the phonon scattering
rate. Therefore the mobility still continues to increase. Not
za\,=z Niz /Nipy s (7) only when ionized impurity scattering is not taken into ac-
i

count but also when the channel impurity concentration is
low or relatively low, the calculated mobility decreases in
this tgg range. The latter case will be discussed later.
AT T T ] As tgo, is reduced below 6 nm, since the energy level for
N, = 1Xx10'8 cm-3 ] subbandE; is raised due to the size effect of the ultrathin
N SOl layer, the difference in the energy level between the
lowest two subbands becomes lar§&onsequently, the oc-
cupation of electrons in the lowest subbarih) increases
and phonon scattering from subbalfgl to subbands,, and
I ] the other subbands is suppressed. In addition, ionized impu-
2r 1 rity scattering is further suppressed, as shown in Fig. 3. As a
[ ] result, the inversion-layer mobility increases rapidly.tAs,
below 3 nm, the effect of ionized impurity and surface
roughness scatterings becomes very small, as shown in Fig.
3, and all the inversion electrons occupy only subb&gd
However, then the inversion-layer thickness is restricted by
[ tsor Sincetgg, is smaller than the inversion-layer thickness of
ol R R— bulk MOSFETSs. In the case of such extremely thig,, the
1 10 100 bulk form factor is inversely proportional tyo,:Fij 1itso,. As
tsor (NM) tso decreases, the phonon scattering rdfgeportional to
_ _ _ the form factoy increase. Therefore the mobility drops dras-
FIG. 4. Calculated average distance of |nvc_er5|on-layer electrons from th‘fically with decreasingso,.
surface,z,,, as a function of SOI layer thicknedgo,. z, means the SOl o
quantum-mechanical inversion-layer thickneds,=1x10*cm™ and It has been reported that the mobility in SOl MOSFETs
Niny=2X10"2cm 2 with tgo; more than 5 nm is almost equal to that in bulk

=2x1012¢cm-2
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FIG. 5. Calculated inversion-layer mobiliy in SOI n-channel MOSFETs  FIG. 6. Calculated inversion-layer mobiliy in SOI n-channel MOSFETs
with N, of 1xX10"¥cm™2 and N;,, of 2x10**cm™2 as a function of SOl with N, of 1x 10" cm™3 and N;,, of 2x102cm 2 as a function of SOI
layer thicknesgsg, . layer thicknesggg, .

MOSFETs! and that the mobility decreases with decreasingScattering for a certaitso, range is compensated by the sup-
tsor less than 20 nm and then reaches its bottortsgtof ~ Pression of ionized impurity scattering. A, increases, the

tion has been assumed to be too low for future channel doghe peak decreases slowly.
ing. Those results are different from the above results for

SOl MOSFETs with a highly doped channel. VI. CONCLUSION
The case for an inversion state other than the above is . . o
considered. Figure 5 shows the calculatgs| dependence of The inversion-layer mobility in SOh-channel MOS-

the inversion-layer mobility in SOl MOSFETs witN;,, of ~ FETs with a future highly doped channel 6000 surface
2x10"cm 2. Since N;,, is reduced, the effective normal have been investigated over a widg, range by solving the
field becomes low in altsg, ranges. Therefore the effect of coupled Schrdinger and Poisson equations self-consistently.
ionized impurity scattering becomes much stronger than thdWot only intravalley and intervalley phonon scattering but
of surface roughness scattering. Nevertheless, the mobilitglso surface roughness and ionized impurity scatterings have
increases with decreasitgy, (> 10 nm due to the suppres- been included in the calculation of the mobility. It has been
sions of phonon and surface roughness scatterings. Since tf@gund for SOl MOSFETs with a highly doped channel that,
effect of ionized impurity scattering is extremely suppressed

for tgo less than 10 nm, the mobility increases to the peak

abruptly. . 8T
We discuss the case for SOl MOSFETs with relatively g Niny = 210 om=2
low channel impurity concentration. Figure 6 shows the cal- ¢ 7001 ]
culatedtgp, dependence of the inversion-layer mobility in L I N (cm-3)_
SOl MOSFETs withN, of 1x10"cm™3 and N;,, of 2 = 600 A 1
% 10"2cm™2. Then thetgg, dependence of. is qualitatively £ Lxov
the same as that of the phonon-limited mobiljty,. The 8 500f .
inversion-layer mobility starts to decrease &, of about 10 = 2x1017 1
nm. This is because the effect of ionized impurity scattering i; 4001 R
is much smaller than that fod, of 1x 10¥cm ™3, ® Sxaom
Figure 7 shows the calculatedy, dependence of the ¢ 300f 1%10%8
inversion-layer mobility in SOl MOSFETs witiN;,, of 2 -% i o ]
x 10*2cm 2 for various channel impurity concentratioi, . b;; 200} 2x10%
Independent oN,, the mobility reaches its peak &ig, of £
about 3 nm and then decreases drastically with decreasing 100 b
tsor- Fortgp of 2 nm or less, the value of the mobility does ! 10 100 bulk
not depend on acceptor concentration. For SOl MOSFETs tsor (NM)

. . 7 73 e -
with NA hlgher than 5<101 Cm , the mo,blllty Increases FIG. 7. Calculated inversion-layer mobiligy in SOl n-channel MOSFETs
monOtono'USW to the peak with decreasing, under the  yith various N, as a function of SOI layer thicknestsg,. Niy=2
full-depletion condition because the enhancement of phonom 10*?cm~2
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