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Phonon-limitel inversicn layer electran mobility in extremey thin (100 Si layers of
silicon-on-insulato field-effed transistos has been studied at 300 K using a relaxation time
approximatio and a one-dimensiorlaself-consistencalculation For the Si layer thicknes tg; of
more than approximatel 5 nm, the mobility behavia as a function of an effective verticd electric
field is found to be almog identicd with tha of bulk Si inversia layers For athicknes of lessthan
that however the mobility behavio is considerab}t affectad by the chang in the electronic
structure due to a confinemen effect As the Si laye thicknes decreasesthe phonon-limited
electro mobility wpp, increass to a maximum at tg; of ~3 nm and decreasemonotonically The
increag in mobility resuls from the increag of the fraction of electrors in the lowed energy
subbaul that has ahighe mobility than othe subbandsThe mobility decreasin the extremey thin
tg region is attributed to the enhancemerof phona scatteriy rates causé by a reduction of the
spatid widths of the subbands © 1997 American Institute of Physics [S0021-897@7)04924-4

I. INTRODUCTION

Fully depletel silicon-on-insulato (SOI) metal-oxide-
semiconductofield-effed transistos (MOSFETS hawe alot
of advantage over bulk MOSFETSs! The effective carrier
mobility u.¢ 1S one of the mog significant and essential
properties for understandig various transpot phenomena
ard has been studia also in SO systemg™®

Recen article$'” hae clearly given the physica bask of
the fundamenth mobility behavios in fully depletel SOI
inversian layers by mears of an analyss of the electronic
structure (potentid profile, subban structure and electron
densiy distribution of the inversia regions It has been
shown that aslong as the Si layer thicknes tg; is large than
the inversian layer thicknes and the electran density is much
highe than the impurity concentratia in the inversian re-
gion, the electrone structures of an SO Si inversim region
are equivalet to those of a certan bulk Si inversim region.
By mears of this analyss it has been proved tha the mobil-
ity behavio of SO inversim layers as afunction of an ef-
fective electric field E., definal appropriately is identical
with tha of bulk Si inversia layers (universa curvé=9),
irrespectie of structurd parametes or bak gake voltages.
On the othe hand it has also been shown tha for tg; of less
than 10—20 nm, the electronc structure of SO Si inversion
regiors are essentialf differert from thos of bulk Si inver-
sion regions which suggest adistind mobility behavia in
sud thin SO Si inversia layers For sud thin SO systems,
however there hawe bea no theoretich studies of evaluating
et ard the experimenthresultd™® are insufficiert for under-
standirg various scatterig mechanisms.

In this article, phonon-limitel electran mobility of (100
Si inversim layers in suc extremey thin SO systens has
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bee studied at 300 K using a relaxation time approximation
with the resuls of one-dimensionaself-consistencalcula-
tions It is generaly acceptd tha the electrax mobility in Si
inversim layers is determiné by Coulonb scattering sur-
face roughnes scattering ard phona scattering Herg only
electron-phonp scatterig is taken into accoun as a first
step in the analyss of extremey thin SO systens because
electram—phonao interactio is a dominan facta of the mo-
bility in SO systens without interfaee roughnesseard in-
terfae charge at room temperatureSectian Il gives an out-
line of the self-consisteh calculation for the electronic
structurs and some fundamenth features of the subband
structureslin Sec Il1 we show the calculatel phonon-limited
mobility behavio ard descrile the effecs of the extremely
thin tg; on this mobility.

IIl. ELECTRONIC STRUCTURES

One-dimensioriacalculatiors of the electronc structures
in inversian regiors hawe been performal by solving the
Schralinge and Poissons equatiors self-consistently! The
electronc structure (subban bottam energiesthe envelope
function in ead subbandand the Ferni energy are required
to calculae the mobility in the next section All calculations
were carried out on S (100 at 300 K with a badk gate
voltage of 0 V, taking the lowed one hundrel subband into
account Impurity concentratios (N,) in SO layer ard Si
substra are taken to be 1x 10'° cm™2 and the buried oxide
thicknes is 100 nm. We usal the longitudind effective mass
m, of 0.98n, ard the transvers effective mas m, of 0.19m,
in Si and the effective mas of 0.5m, in SiO,, where m, is
the electran res mass The barrig height of SiO, for the Si
conductian bard edge is 3.1 eV and the dielectrc constants
are 119 in S ard 3.9 in SiO,. For the envelog function at
Si/SiO, interfaces we hawe assumd the connectio rules
that both the enveloge function ard its derivative divided by
the effective mas are continuous The conductio bard of
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FIG. 1. Potentials subbad bottam energiesand electra densiy distribu-
tions of SO Si ard bulk Si inversi regiors a E4 of 5x10° V ecm™%.
Solid and broken lines indicak potentid profiles and electray densiy distri-
butions The Ferm enery is taken to be 0 eV. Open squars ard open
circles denoe the subbad bottan energis of an SO Si inversim region
with tg; of 10 nm ard bulk Si inversian region respective) in (a). Full
circles open squaresard open circles denoe subbax bottam energis of an
SA S inversian regionwith tg; of 3 nm, of 5 nm, ard bulk Si inversion
region respectivef in (b).

bulk Si has six equivalen valleys along the (100 directions
of the Brillouin zone In (100 Si inversim layers ther are
two series of subband arising from two differert effective
masse (m, and m,) of the valleys in the direction perpen-
dicular to the surface The valleys with the heavie effective
mas m; normd to the surfa@ hawe the degenerag of two
ard yield the loweg enery subband The valleys with the
lighter effective mas m; hawe the degenerag of four. We
labd the heavie effective mas subband with indices
0,1,2,.. ard the lighter effective mas subband with
0',1,2,..., asusual.

Figures 1(a) ard 1(b) shav sone resuls of the self-
consisteh calculation with N, of 1x 10" cm™3 a E4 of 5
X 10° V cm™ L. Figure 1(a) presens the electront structures
of the bulk Si inversimn region and the SO S inversion
region with tg; of 10 nm. The Ferni energy is taken to be 0
eV. For thes electronc structure of SO ard bulk Si inver-
sion regions the potentiad profiles in the inversia regions
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FIG. 2. Bottom energis of the lowes four subband (0, 1, 2, and 0’) as a
function of Si layer thicknes tg; at Eo¢ of 1X10° V em™! (@) and at E ¢ of
5x10° V ecm™! (b). The energie are measurd from the Ferni energy.

are almog the same the loweg three subban bottom ener-
gies (open squars ard open circles are equa ard the elec-
tron densiy distributiors are identical which implies that
thes inversim layers hawe the sarre physicd propertiesin-
cluding the mobility governa by thes electrone structures.
(It shoubl be noted that the electrone structure of SO and
bulk Si inversia regiors with the same N, are identicd only
for low N, or high E..%) On the othe hand Fig. 1(b) illus-
trates the resuls for the bulk Si inversian region and SO Si
inversian regiors with tg's of 3 and 5 nm. The electronic
structure of these SO Si inversia regiors apparentf differ
from those of the bulk Si inversim region which suggests
tha they hawe differert physica properties from thos in the
bulk Si inversian layer. Figures 2(a) ard 2(b) show the low-
ed four subbau bottam energisin SO Si inversia regions
a Egy=1x10° ard 5x10° V cm ™! as afunction of tg;. In
the extremey thin tg; regions as aconsequereof confine-
ment the enery separatioa of highe subband from the
lowest subband increase with decreasing tg;. The
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FIG. 3. Fractiors of electrors in the lowed four subband (0, 1, 2, and 0')
as afunction of Si layer thicknestg; at Eq of 1X10° V cm ™! (a) and at Eo¢
of 5X10° V. cm™ (b).

correspondig electran population in ead subbanl is shown
in Figs 3(a) and 3(b). It can be sea from Fig. 3 that as a
resut of the increag of the enery separatios for thin tg;,
the electran population in the lowed subbad grows rapidly
ard tho in higha subband decreas with the reductio of
tgi. At alower Eoi; [Fig. 3(a)], excep extremey thintg;, the
fraction of electrors in the O subbau (fy) having the lowest
bottam enery is lower than tha in the 0’ subband (fq/).
This is becaus the densiy states mas of the valleys giving
the 0’ subbad is more than twice as heaw as tha of the
valleys giving the 0O subbad and the degenerag of the
former valleys is twice as large as tha of the latter valleys.
At a highe Eg [Fig. 3(b)], however f, is always higher
than fy, . This is ascrib@ to the larger energy separation
betwea E, ard E [Fig. 2(b)] causé by a stronge confine-
mert potentid due to a highe electran density.

IIl. PHONON-LIMITED ELECTRON MOBILITY

Phonon-limitel electran mobility of the Si inversion
layer in extremey thin SO structure is calculatel using a
relaxation time approximatio with the resuls of the self-
consisten calculation shown in the previows section The
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FIG. 4. Calculatel phonon-limitel electram mobility at Egs of 1
X 10° V cm~! as afunction of the Si layer thicknes tg;. The mobility is
normalizel by the bulk Si inversian layer mobility calculatel at the same
Eeff .

scatteriig rate of electrors has been evaluatée in a conven-
tiond procedur&® employirg intravalley acoustic-phonon
scatterimg and intervalley phona scatteriig with three g type
ard three f type intervalley phonons® in bulk Si. We have
taken accoun of the subband having the bottam energis up
to more than 10kgT measurd from the Fermi enery (kg is
Boltzman constah and T denote temperaturg

Figure 4 shows the phonon-limitel mobility at E.4 of
1x10° V cm™?! as afunction of the Si layer thicknes tg;.
The mobility is normalizel by the bulk Si inversian layer
mobility calculatel at the same E. The mobility is almost
equa to that of bulk Si inversim layers for tg; of more than
approximatef 5 nm thouch a slight enhancemerof mobility
can be sea arourd tg; of 10 nm. For the thicknes of less
than 5 nm, however the mobility exhibits a significart modi-
fication Asthe Si layer thicknestg; diminishes the mobility
Mph increass to more than 10% greate than that of bulk Si
inversian layer at tg; of ~3 nm and decreasgrapidly. Here,
we examire the causs of thisincrea and decreas of wpy,.
Figure 5shows the mobilities of the lowes four subband (0,
1, 2, and 0’) as afunction of tg;. It can be sea from Fig. 5
tha the lowed subbad mobility wq is always highe than
othe subbad mobilities and for extremey thin tg;, all sub-
bard mobilities decreas monotonicaly with diminishing
tsi. Onereasam for the highe mobility in the loweg subband
is that the conductiviy effective mas of the valleys from
which the loweg subban arises is lighter than tha of other
valleys Anothe reasm is that since final states into which
an electrm in an initial stae scattes mugd hawe the same
enery as tha in the initial stak (in the ca® of intravalley
scattering or the specift enery differences corresponding
to intervalley phonm energis (in the cag of intervalley
scattering, the states into which electrors in the lowed sub-
bard can scatte are relatively limited compare with those
into which electrors in othe highe subband can scatter As
shown in Fig. 3(a), for tg of less than ~7nm, the
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FIG. 5. Electran mobilities of the lowed four subband (0, 1, 2, ard 0") at
Ee Of 1X10° V em ™! as afunction of tg;.

fraction of electrors in the loweg subbax (0) rises rapidly
ard the fractiors of electrors in highe subband (1, 2, and
0') decreas monotonicaly with the reductio of tg;. These
figures [Figs 3(a) and 5] clearly indicak the reasm of the
increae of the totd mobility up, for tg=5-3 nm. Since the
totd mobility is determine by averagig subbax mobilities
(ui, the lowed four subbad mobilities are shown in Fig. 5)

weighted by their fractiors of electrors [f;, the fractiors for

the loweg four subband are shown in Fig. 3(a)],

#ph:Z fimi, )

the increa® of wy, is attributed to the rapid increag of the
fraction of electrors in the lowed subbad (0) having a
highea mobility than othe subbandsNamely, the rapid in-
creag of the fraction exceed the effed of the reductia in
ead subbad mobility for t5;=5-3 nm. On the othe hand,
for tg; of less than ~3 nm it is obvious tha the reductio of
the subbaxl mobilities is responsibé for the decreas of the
totd mobility up,. This reduction in the subbanl mobilities
is due to an enhancemerof the scatterimg rate causéd by an
increag in the form factor. Sud an enhancemerof the scat-
tering rate has been shown for a simple square-welpotential
with infinitely high walls*?*®The form facta F; is defined

by

Fijzf 5i(2)%¢5(2)%dz, i)

wher z is the coordinaé normd to the SiO,/Si interfaces
and ¢;(z) is the wave (envelopg function of the ith sub-
band The scatterimg rates of both intravalley ard intervalley
phonm scattering betwea the ith and the jth subband are
proportiond to F;; "It is eay to shaw tha F;; is in-

versey proportiond to the spatia extert of ¢;(z)? or the
width of the ith subbaml tgy;

1

Fii“t_- 3
suhi
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FIG. 6. The loweg subbau (0) mobilities limited by intravalley scattering
Mointrar DY intervalley scatteringug iner, and by both scatteringsu, as a
function of tg; at Egy of 1X10° V em™.

In the cas of extremey thin tg;, even the widths of the low
enery subband occupiel by the inversim electrors are re-
stricted by tg;. In fact, as shown in Fig. 1(b), for tg<~3 nm
even the width of the loweg subbad is limited by tg;.
Hence for thin tg;

4

For sud tg; the form facta betwea different subbands
Fi;(i#]) will also swel with the reductio of tg;. Therefore,
for extremey thin tg;, the scatterig rate of evely subband
increase with diminishing tg;. As aresult the mobility .,

decreasewith the reductio of tg;. Since as shown in Fig.

2, the subbanl splittings of highe subband from the lowest

subbaul are large than a few times kgT or intervalley pho-

non energie’® for extremey thin tg;, the terms containing
the form factar F, in the scatterig rates (namely both the

intravalley and intervalley scattering within the equivalent
“0’’ subbandgare dominart in the decreas of iy, .

Figure 6 shows the lowes subbau (0) mobilities limited
by intravalley scattering ug i, by intervalley scattering
o.inter @D by both scatteringsug as a function of tg; at Eqg
of 1x10° Vem™L A suppressio of intervalley phonon
scattering can be found arourd tg; of 3 nm. This suppression
is probaby ascribel to an enlargemenof subbanl splittings
shown in Fig. 2(a). However intravalley phonm scattering is
more dominarn and sud suppressio is insignificart in the
totd subbaxd mobility .

Figure 7 shows the phonon-limitel mobility at higher
Eef'S of 2X10° Vem ! ard 5x10° V cm™? as a function
of tgi. The mobility is normalizel by the bulk Si inversion
layer mobility calculatel at ead E.¢. For tg; of less than 5
nm, with the reductio of tg;, the mobility ., increaseto a
maximum at tg; of ~3 nm and decrease rapidly, which is
qualitatively the sane as at E4 of 1X10° V cm™! (Fig. 4).
However the rate of the enhancemenat the pek becomes
smalle with the increag in Eg4. This dependene of the
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FIG. 7. The phonon-limitel electron mobility at E¢'s of 2X10° V cm™!
and 5x 10° V em™? as a function of tg;. The mobility is normalized by the
bulk Si inversi layer mobility calculatel at eat Eqf.

enhancemdrrate on E.4 can be understod by a propery of
the electronc structures As shown in Fig. 3, for thick tg;,
the fraction of electrors in the lowed subbax () at higher
Eerr [Fig. 3(b)] is large than tha at lower E [Fig. 3(a)].
Since the increag of wpy, for tg;=5-3 nm is cause by an
enlargemenof the fraction of electrors in the lowed sub-
bard (0), the enhancemeirrate of ., is suppressetat higher
Eeff .

Recently it has bean suggeste tha the interaction be-
tween inversim electrors and intervalley phonors will be
stronge than tha in a conventionhtreatment’ In fact, the
mobilities producel by our simulatian are highe than those
of experimenthresuls for bulk Si inversian layers especially
in a high E¢4 region A highe coupling of electrors and
intervalley phonors will make the suppressio of intervalley
phona scattering for thin tg; salient which will enhane the
normalizel mobility in an extremey thin tg; range In order
to examire thes effects we hawe evaluate the mobility
using 1.5 times large deformation potentias for intervalley
phonm scatteringsThis simulation quantitativey yields the
same mobility as tha obtainel experimentalf arourd an E
of 5x10° V cm™ L. Figure 8 shows the resuls at Eq¢'s of
1x10°Vem ! and 5X10° V em L. The mobility is nor-
malized by bulk Si inversian layer mobility determiné with
the large deformation potentias at ead Eq;. For Eo Of 1
X 10° V cm™1, the mobility increase up to more than 23%
highe than that of the bulk Si inversian layer and the amount
of the increag in ratio is more than twice as large as tha in
the calculation using convention& deformation potentials
(Fig. 4). For E¢ of 5x10° V cm™2, the enhancemerrate is
also large than tha for conventionhdeformatian potentials.
Figure 9 shows the lowed subban (0) mobilities limited by
intravalley scattering woinras Dy intervalley scattering
Mointer @Nd by both scatteringsuq as a function of tg; at Eqg
of 1X10° V cm™! when the larger deformatim potentials
are employed Since the chang of the intervalley deforma-
tion potentiak influences only the intervalley scatterig rates,
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FIG. 8. The phonon-limite electrax mobility at E.¢'s of 1X10° V cm™!
and 5X10° V cm™! as afunction of tg; when 1.5 times larger deformation
potentias for intervalley phona scattering are used The mobility is nor-
malized by the bulk Si inversian layer mobility calculatel with the larger
deformatian potentiab at ead E .

MointraiS the sanein Figs 6 and 9. As can be sea from Fig.
9, the intervalley scattering is dominar (g intra Mo,inted 85
a resut of the highe couplings which makes the effed of
the suppressio of intervalley scattering at tg; of ~3 nm on
Mo More significant In consequencahe enhancd rates in-
creag as shown in Fig. 8.

Finally, we mentian the quantitative precisio in our re-
sults for the mobility. For two reasonsthe resuls shoul be
semiquantitatie ones First, the procedue we hawe em-
ployed to obtain the mobility does not quantitativey repro-
duce the mobility obtainal experimentally even for the bulk
Si inversim layers as well as the procedursin Refs 17 and
18 This mears tha further investigatiors are required to
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FIG. 9. The loweg subbad (0) mobilities limited by intravalley scattering
Mo,nra, DY intervalley scatteringugine, and by both scatteringsu, as a
function of tg; at Eq¢ of 1X10° V em™! when usirg 1.5 times large” defor-
mation potentias for intervalley phona scatterings.
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evaluae the mobility quantitatively Second the procedure
does nat conside the natue of phonors in a thin Si layer
sandwichd by SiO, but has assumd the natue of phonons
in bulk Si for the electron-phono interactions The resuls of
the mobility will chang quantitativey if the properties of
the phonors in sudh thin SO systens are taken into account.
However we expet tha the resuls will be semiquantita-
tively valid. Since it is naturd to assune tha SiO, has low-
enery acoustt phonons thin SO systens will also have
sudh phonan modes like bulk Si. Consequentlysud acous-
tic phonors cau® intravalley phona scattering as well,
which will also bring abou the decreas of w, for extremely
thin tg;. For othe phonors (intervalley phonong, the modi-
fication of the mobility is nat obvious However if the
phonors are reducel by, for instancethe quantization in the
Si layer!® sone intervalley phona scattering will be sup-
pressedwhich leads to afurther increag of u,, for thin tg;.
As aresult we expedc tha the semiquantitatie featue (the
increag and the decreas of wy, in extremey thin Si layers
will hold even when taking accoun of the strict natue of the
phonors in thin SO systems.

IV. SUMMARY

Phonon-limitel electran mobility in extremey thin (100
Si layers of SO MOSFETS has been studied at 300 K using
a relaxation time approximatiom with the resuls of one-
dimensioné& self-consisten calculations We hawe assumed
the interaction betwea electrors ard bulk Si phonons For
tg; of more than ~5 nm, the mobility behavia of SA inver-
sion layers as afunction of E.¢ is almog identicd with that
of bulk Si inversian layers For tg; of less than that it has
been found tha the mobility is considerahyt affected by two
effects the enhancd fraction of electrors in the lowed sub-
bard ard the restriction of the spatid extert of ead sub-
bands normd to the surface The former effed contributes to
the increa of the mobility u,, becaus the lowed subband
generaly has ahigh subban mobility compare with other
subbandsThe latter effed reduce the u,, by mears of the
enlargemen of the form factor determinig the scat-

J. Appl. Phys., Vol. 82, No. 12, 15 December 1997

tering rate As aresut of thes effects the phonon-limited
electrmm mobility increass to a maximum at tg; of ~3 nm
ard decreasemonotonicaly with the reductio of tg;. How-
ever, our resuls are semiquantitatie and further investiga-
tions of the electran—phona interactiors ard the electronic
structure are required in orde to evaluae the mobility i,
guantitatively.
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