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Scattering of electrons in silicon inversion layers
by remote surface roughness
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A model to study the effect of the roughness at the poly-SijSirface in silicon inversion layers

on the electron mobility is obtained. Screening of the resulting perturbation potential by the channel
carriers is taken into account, considering Green’s functions for metal—oxide—semiconductor
geometry, i.e., taking into account the finite thickness of the gate oxide. Mobility of electrons is
evaluated at room temperature by the Monte Carlo method, taking into account the simultaneous
contribution of phonon scattering, Sif5i interface roughness scattering, Coulomb scattering, and
remote surface roughness scattering. The contribution of excited subbands is considered. The
resulting remote surface roughness scattering is shown to be strongly dependent on the oxide
thickness, and degrades mobility curves at low inversion charge concentrations. The results obtained
show that the effect of this scattering mechanism cannot be ignored when the oxide thickness is
below 5 nm,(as in actual devicgeseven when(as is usualvery high doping concentrations are
used. ©2003 American Institute of Physic§DOI: 10.1063/1.1577227

I. INTRODUCTION ness was due to the fluctuation of the oxide thickness from
its average value. They evaluated the change in the potential
Scaling complementary metal-oxide—semiconductodue to the oxide thickness fluctuation, and calculated the
(CMOSY) devices to smaller dimensions while maintaining matrix element of the perturbation Hamiltonian in the elec-
good control of the short-channel effects, makes it necessatyic quantum limit(only one subbang assuming the usual
to reduce the gate oxide thickness in close proportion to theariational wavefunction for the ground subbdfidhe elec-
channel lengtd. Thus, for devices with gate lengths below tron mobility limited only by this scattering mechanism was
0.1 um, gate oxides thinner than 2 nm are neeti@tie use  then evaluated in the relaxation time approximation. It is
of such thin oxides leaves inversion layer electrons very neagshown that this scattering mechanism is more important at
the interface formed by the gate matefialetal or polycrys- low inversion charge concentrations where the contribution
talline silicon(“poly” )] and the oxide, Si©. This proximity  of excited subbands to the total transport properties is more
is sufficient for the transport properties of the electrons in thémportant, mainly at room temperature. As a consequence,
channel to be modified by the imperfections of thisthe contribution of the excited subbands has to be taken into
interface? the gatépoly or meta)/oxide interface is not per- account. Li and Ma obtained their results at very low tem-
fectly smooth, and its deviation from an ideal plafsmi-  peratures, 4.2 K, at which phonon scattering is very weak
larly to what happens with the oxide/semiconductor inter-and can be ignored. The situation at room temperature is
face produces a potential modification affecting the completely different since phonon scattering becomes one of
electrons in the channel. These potential modifications prothe main limitations to electron mobility. Moreover, very
duce the electron scattering and consequently a degradatigiigh doping concentrations in the MOS channel are required
in their mobility. Different authors have experimentally to control short-channel effectsThe high concentration of
shown a mobility degradation as the oxide thickness ismpurities produces an important degree of mobility limita-
reduced:”® Different mechanisms have been proposed as retion due to Coulomb scattering, mainly at low inversion
sponsible for this mobility decrease: remote Coulomb scatcharge concentrations. As the inversion charge concentration
tering due to the charges in the depletion layer of theincreases, this scattering mechanism is weakened by the
poly-Si,"® long range Coulomb scatteridgand even remote  screening of the channel carriers. Therefore, a realistic deter-
surface-roughness scatterihg. mination of the effects of the remote surface-roughness scat-
Li and co-workers developed a theoretical model detering at room temperature should take into account the si-
scribing how the electrons in the channel are scattered by th@ultaneous participation of the main scattering mechanisms,
roughness of the gate/oxide interface. They showed that thise., phonon scattering, Coulomb scattering and surface
scattering mechanism is of increasing importance as the gat®ughness scatteringlue to the Si/Si@interface. We have
oxide thickness is decreased to less than 10°imtheir  developed a model to describe the effect of remote interface
model Liet al.assumed that the metal/oxide interface roughroughness scattering on electron mobilitgec. 1). This
model can be easily implemented in a Monte Carlo simulator
aAuthor to whom correspondence should be addressed; electronic maifS€C. 1), where, in addition, and simultaneously, the partici-
fgamiz@ugr.es pation of phonon scattering, Coulomb scattering and SiSiO
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FIG. 1. Schematics of the poysilicon—oxide interface considered in thd 'G:- 2. Perturbation Hamiltonian due to the displacement Adf o)
present work. =0.15 nm of the poly-Si@/Si interface [(bold squares exact, (open

circles approximated using the mode given in Expression.

interface roughness is considered. Finally, using this Monte
Carlo simulator, we calculated electron mobility curves tak- 0
ing into account this new mechanism. Poisson and Schro- Hrsr(T:2)=—€[V, (r,2)=V7 (2)]. (3
edinger equations are self-consistently solved in the structure

to take into account the quantization of the inversion layer. We have assumed that the two interfaces, poly-SiSio

and SiQ/Si are not correlated at all, and that the superposi-

Il REMOTE SURFACE ROUGHNESS SCATTERING tion principle is V§.|Id, i.e., we consider the remote surface

MODEL roughness scattering and the usual surface roughness scatter-
. . ing (due to the SiQ/Si interface as two different and inde-

We adopted the idea of Li and co-workers and assume@lendent scattering mechanisms. Thus, when we evaluate the
that the interface roughness is due to the fluctuation of thgyrface roughness scattering rétieie to the fluctuations of
oxide thickness from its average valig,, according to Fig.  the SiQ/Si interface from an ideal plahave assume that
1. So, at a given position in the plane parallel to the gate, the oxide thickness is uniform for the whole device. On the

we assumed that the oxide thickness is given by other hand, for the evaluation of the remote surface rough-
ness scatteringdue to the fluctuations of the poly-Si/SiO
tox(1)=Tox+A(r), (1) interface from an ideal planeve assume that the Sj@Si is

whereT,, is the average oxide thickness aA@) being the &0 ideal plane, as shown in Fig. 1.

oxide thickness deviations from its average value, which are 10 obtain an expression for the remote surface roughness
assumed to be correlated. This correlation is measured by tfi¢attering rate Eq(3) must be linearized. To do this we
autocovariance function, which is assumed to follow an ex2Ssume that the perturbed potential well (r,z) can be
ponential lawt! assuming a behavior similar to that of the expressed as

oxide/semiconductor interface

Vi FAn(2)-V2 (2)

(A(DA(r =1))=Ane 2N, 2 Vi (r2)=V3 (2)+ i A, @
m
whereA ,, is the rms value of the oxide thickness fluctuations ] ) ) ) )
andL is the autocovariance length. whereVy_ +An(z) is the potential well in the direction per-

At this pointr, the potentia| well in the direction perpen- pendicular to the interface for an oxide thickness equal to
dicular to the interface is slightly different from the one cor- Tox*™Am. With this assumption, the perturbation Hamil-
responding to the ideal cagexide thickness equal to the tonian is expressed as
averageT,,). Let V?—OX(Z) be the potential well in the direc-

tion perpendicular to the interface in the ideal case, that is to eAV(2)

say, for an oxide thickness equal to the averdgge, and Hrs(r2)=~ Am A(r), ®
Vtox(r,z) the potential well in the direction perpendicular to where

the interface, at a point in the plane parallel to the gate

where the oxide thickness is given by Hd). The remote _ 0

surface roughness perturbation Hamiltonian is then given by Avm(z)_VTox+Am(Z)_VTox(Z)' ©)
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The goodness of this approximation must now be tested.  pscreenefgy—1 ()
Figure 2 compares the perturbation Hamiltonian given by . a
Expression(5) (open circles with the exact perturbation
Hamiltonian given by Expressiof8) (closed squaredor a
pointr in the plane parallel to the interface where the oxide
thickness isto,=Toxt+ A(rg), with To,=1 nm, andA(rg)
=0.15 nm. The rms value of the oxide thickness f|UCtu{:1\NhereeSi is the dielectric constant of the silicon aggl,,(q)
tions, Ap,, is assumed to be 0.3 nm. As observed, the tWQgs the screening parameter given by '
curves almost coincide, thus proving that the proposed model
accurately reproduces the exact perturbation Hamiltonian. 5

Using this approximation for the perturbation Hamil- q (q)=e—ﬂgl(q)\ ) (13
tonian, the matrix element for remote surface roughness scat- 2egi JEE w
tering in the Born approximation is then given as

—2652 s (A Fn (@) T35 eEq),

(12

wheren,, is the population of thetth subbandEg the Fermi
level, N, the thermal wavelength of electrons in the subband

IM . (@)]?=](v,k|Hrsd 1. k")|? 1, and the functiory1(x) is defined in Ref. 14F ,, ,,(q) is
iven by
AV,.(2) 2 given
=€’ f (D) — — (27 [A(Q)%
m
@O Fan@- [ dzf da@p,0
wherek’ is the electron wave vector before the scatterkng, X Gq4(z,21) ¥ (21) I\ (21),

the electron wavevector after the scatterigg;k—k’, e is _ _

the electron charge,(z) the envelope function in thath ~ WhereGq(z,z,) is the Green's functions for a MOS struc-
subband, and\(q) is the Fourier transform oA(r). There-  ture, that is to say, taking into account the finite oxide thick-
fore, to evaluate this matrix element, we have to previously1€ssT ox

evaluateAV,,(z) according to Eq(6). Using the exponential

model given by Eq(2) for A(r), |A(q)|? is given by? 1
Gq(z!zl): e_cﬂz_zl‘
2€p0|yq
2,2
mATL
|A(Q)P=—Z 7. (8) LA L e
q°L €
1+ T) 20 2epoyd
i ﬂefCI(‘Tox*Zl‘JrToerlZl) for z< O'
The surface-roughness scattering rate for an electron 2Q €oxt €5
with wave vectoik in the u subband and final state in the (14)

subband is given by

1 m eZAZ L2 2 |F (q)|2 G (Z Zl)z e*Q‘Z*Zﬂ_i_ i(l_m)eq(zlJrzll)
ko " q 1
__d 3m Xj %?d (9) 2exq 4q €ox
TrRsruv(K) 2h o (414 L°q B
2 + —(1- 3:) efq(‘ToxfzIJr‘Tox*zll)
4q €ox
with C
+ _e*Q[(T0x72)+Tox+‘Zl‘]
T = w d (10) C
,uu(q)_ lpv(z) Am WM(Z) z +Ee_q(z+Tox+|T°X_Zl|) for 0<Z<TOXl (15)
and
Gq(2,21)= L edezl
q 1
q%=2k?(1— cosf). (11) 2€sd]

B 1
The surface roughness scattering potential is affected by + (2—— 2 )e A2 Tod + I~ Tox)
. . . . . q €4

the screening of the mobile electrons in the inversion
layer'®14 To include the effect of the screening we adopted B ex—€

" - : gw P +— % PWe-q@tla) for z>T,, (16)
the procedure developed by Fischetti and Laux in Ref. 14. 2 €oxt €poly oX
Thus, the intrasubband matrix elements of the screened scat-

tering potential are given by where the coefficientd, B, andC are given by
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2(€oxt €
A ( ox qusa 7 (17)
(€oxt epoly)( €oxT €s)—€ X €ox— Epoly) (€ox— €s0)
B= 2(eoxt Epoly) 18)

= —2q9T ]
(€oxt epoly)( €oxt €s) —€ I Tox(€gy— epoly) (€ox— €s0d)

_ 2(€ox— Epoly)( €ox— €s0)
= —2qT, :
€ox (€oxt Gpoly) (€oxt €s)—€ “F o€y~ Gpoly)( €ox— €0 ]

(19

These expressions coincide, although using a unifiedvere assumed to be those obtained for the silicon bifk:
form, with the ones calculated by Fischetti and Laux in Ap-m;=0.19m,, m;=0.98n,, with my being the free-electron
pendix B of Ref. 9. mass.

Similarly, the intersubband scattering transition is given  For the phonon scattering, we considered acoustic defor-
14

by mation potential scattering and intervalley phonon events.
The coupling constants for the intervalley phonons and the
rzcvfeene(iq):rw(q)_ZGSiz s (Q) acoustic dgformatior; 1aotential were the same as in bulk sili-
A con inversion layer$®* The phonon-scattering rates for in-
version layers wer ing Price’s formulatfon.
XFMV’}\)\(q)Fi():\reeneElq). (20) ersion layers were deduced by using Price’s formulatfo

. _ Here again, the use of bulk phonons is questionable, as the
Finally the surface-roughness scattering rate for an elegresence of Si—Siinterfaces undoubtedly alters the dis-
tron with wave vectok in the 4 subband and final state in persion of the phonons, their nature, and their coupling to the

the v subband is given by electrons. Previous studi@saking these effects into account
1 mge?A2L2  [2n |Ficreeneeq)|2 in very idealized conditions showed that phonon-limited mo-
- . f — »de. (21)  bility is reduced by 20% or les$due to the presence of the
TrsRur(K) 2h 0 (1+ L_q> Si/SiO, interfaces. Nevertheless, if such idealized conditions
2 are relaxed, an even lower reduction is expected. For these
reasons and due to the difficulty of dealing with the effects of
III. MONTE CARLO CALCULATION OF ELECTRON the interfaces on the phonon-scattering F&t&,we ignored
MOBILITY such effects, and assumed that bulk phonons are not influ-

After having evaluated the scattering matrix eIementsen‘?ed by the layered structure. Fo_r surface roughne_ss scat-
due to the roughness of the poly-Si/Sitbterface, this scat- ©fNg, the Ando model was taken into accoiﬁqscr_eenmg
tering mechanism was added to a one-electron Monte Caritf'€ Potential by means of the method developed in Refs. 14
simulatof®16 previously developed, in which, in addition, and 21. Finally, Cgulomb scattering was mclucjed using the
phonon scattering, surface-roughness scattefiug to the model developed in F\_’ef_s. 15 and 22. Ir) our S|mglat|on, the
Si0, /Si interface fluctuationsand Coulomb scatteringlue electron energy was limited to 0.5 eV, since for higher elec-

to doping impurities and interface-trapped chajges taken tron energies the results obtained by the simulation are not
into account. The Monte Carlo method is held to provide dikely to be very accurate, as a detailed bandstructure was not

more rigorous description of device physics than model&iSed- Accordingly, as the silicon band gap was setto 1.12 eV
based on the solution of fundamental balance equations. &t Foom temperaturghereby setting the energy threshold for

Electron quantization in the silicon inversion layer hastn® impact ionization procegsmpact ionization was not in-

been taken into account, self-consistently solving the Poissoffuded.

and Schroedinger equatioria detailed description of this
simulation can be found elsewh&f@=In this study, a non-
parabolic six equivalent ellipsoida valleys model was as-
sumed for the silicon conduction band, taking In the present work we attempt to show the effect of
=0.5 eV !, with « being the parameter of nonparabolicity. remote surface roughness scattering on electron mobility in
This limited our study to low-electron energi@selow 0.5  silicon inversion layers with ultrathin oxide. To do so, we
eV). We considered the poly-Si/Sj@nd the Si@/Si inter-  calculated electron mobility curves for different silicon diox-
faces to be parallel to [@L0Q] plane. In these conditions, the ide layer thicknesses and different interface roughness pa-
guantum size effects meant that the degeneracy of the sbameters at room temperature, using the Monte Carlo simu-
equivalent minima of the silicon conduction band breaks andator described above. In these calculations, we
the electrons were distributed into two sets of subbafds: simultaneously took into account the contribution of the
one set resulted from the two equivalent valleys showing th@ther scattering mechanisms which are important in these
longitudinal mass in the direction perpendicular to the inter-devices, in order to determine whether the real effect of this
face (E4,E,, ...). and theother one from the four equiva- new scattering mechanism is masked, in practice, by the
lent valleys showing the transverse effective mass in thether scattering mechanisms. This is the reason why the first
same direction; ,E;, . ..). Theelectron effective masses thing we did was to calculate electron mobility curves taking

IV. RESULTS AND DISCUSSION
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FIG. 3. Electron mobility curves vs the transverse effective field for differ- 5 6 6
ent values of oxide thickness taking into accoya}:phonon scattering and 3x10 10 2x10
surface roughness scattering gbyl Coulomb scattering, phonon scattering . .
and surface roughness scatterimgp €5x 10 cm™%). No remote surface Effective Field (V/Cm)

roughness scattering is considerg@): T,,=1 nm; (O): To,=2 nm; (A): - o ]
Tox=5Nm; (V): To,=10 nm] FIG. 4. Electron mobility curves vs the transverse effective field for differ-

ent values of oxide thickness taking into accoyat:remote surface rough-
ness scattering, phonon scattering, and surface roughness scatterifiy and
remote surface roughness scattering, Coulomb scattering, phonon scattering,

into account the usual scattering mechanigpi®non, Cou- and surface roughness scatteriin €5x 107 cm™%). The parameters for
: remote surface roughness scattering are given dy;=0.3 nm, L,

Iomb, Qnd surfac_e roughness sc_atte)'i'r_nga s_tandard ultra- 5 5 0m () Ty=1nm: (O) To=2nm: (A) To=5nm: (V) To.
thin oxide MOS field effect transistor, ignoring the effect of —10 nm]. For the sake of comparison, universal mobility curve is shown in
the remote surface roughness scattering. We consideredsalid line.
MOS structure with the following technological parameters:
substrate doping concentratibh=5x 10" cm™ 3, interface
trap concentrationN;=5x10'Y cm 2, SiO,—Si interface  scattering. Figure 4 shows the same mobility curves as in
roughness parametets;= 1.3 nm,A,=0.3 nm, and differ- Fig. 3, but also incorporates the effect of RSR scattering with
ent oxide thicknesses ranging fromi,=1nm to T,, the model developed in Sec. Il. Figuréatshows the elec-
=10 nm. A N"-polysilicon gate with an impurity concentra- tron mobility when Coulomb scattering is ignored. The effect
tion of Np=1x10?° cm™ 3 was assumed. of RSR scattering is to make electron mobility strongly de-
Figure 3 shows mobility curves versus the transverserease at low inversion charge concentrations. To understand
electric field for different values of the oxide thickness. In this behavior, we compared the perturbation Hamiltonian for
Fig. 3(a) only phonon scattering and surface roughness scatwo values of the inversion charge concentration in a MOS
tering were taken into account, while in FiglbB the effect  structure with an average oxide thicknébg=1 nm, at a
of Coulomb scattering due to substrate doping impurities angoint r of the plane parallel to the interface where the fluc-
interface charges is added. Figuré)3shows there is no tuation of oxide thickness id(ry)=0.15 nm, and the rms
dependence of mobility on the oxide thickness when onlywalue of the oxide thickness fluctuations,,, was assumed
phonon and surface roughness are taken into account, btdg be 0.3 nm. Figure 5 shows on the left axis the perturbation
when the effect of the Coulomb scattering is includédy.  Hamiltonian[Expression(3)] for both N;,, values. AsN;,,
3(b)] a slight dependence on the oxide thickness appears. increases, the difference in the potential well is more acute at
theory, and for a given value of the transverse effective fieldhe interface, but quickly vanishes as we move to the bulk
(or inversion charge concentratjothe only dependence of silicon. On the contrary, for low;,, values, Hsris weaker
these scattering mechanisms on the oxide thickness arisasthe interface but decreases more slowly toward the silicon
from the screening of the scattering potentidixpressions bulk. Figure 5 also shows on the right axis the wave func-

(14-(19)]. tions of the electrons in the ground subband in both cases. As
Using for the poly-Si/SiQ interface remote surface expected, the higher thé,, , the greater the confinement of
roughnessRSR) the same parameters used for the SiQi,  the electrons towards the interface, and therefore, the less the

our Monte Carlo simulator incorporates the effect of the RSRpenetration of the wave functions inside the silicon bulk. The
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POSition, V4 (nm) FIG. 7. Matrix element for the ground subband for remote surface rough-

ness scattering for different values of the oxide thickness. The effect of

FIG. 5. Perturbation Hamiltonian due to deviation of the poly/Si®m an screening is also shown. Inversion charge concentration has been assumed

ideal plane for two different values of the inversion charge concentrationsto be N;,,=1.1X 10" cm 2.

Also shown, the wave functions for the ground subband at the same inver-
sion charge concentrations.

more strongly screened by the mobile carriers. This can be

scattering matrix elemefExpression7)] receives both the obs_erved in Fig. E{soh_d_ I|ne§), where the matrix elements
contribution of the perturbation Hamiltonian and of the wavefor intrasubband transmon; in the ground subba_nd is shown
functions. Figure 5 shows how the decrease in the perturbd®" POthNiny values: screening reduces both matrix elements,
tion Hamiltonian is produced faster than the movement of tNough its effect is more important for high values of the
the wave functions towards the SiOSi interface. As a con- inversion charge concentration. For the sake of comparison,

sequence, the net effect is a decrease in the remote surfa'é@' 6 also shows the matrix element corresponding to an

roughness matrix element as the inversion charge concentrg'-tf(r)ln;em?tse_ m_vers:on F(_:harge cohncentrr;altlom_JmF 2.2
tion increases, as shown in Fig(@dashed lines In addition, X cm ~ in triangles. Figure 4a) shows there is a strong

as the inversion charge increases, the potential scattering (iisepen_dencg of the r_emote Sl_Jrface roughness scattering with
the oxide thickness, i.e., mobility curves fog,=10 nm and

Tox=5 nm almost coincide, but for oxide thicknesses lower
100 _ than 5 nm a strong degradation appears in the mobility,

mainly at low inversion charge concentrations. With greater
oxide thicknesses, fluctuations in the thickness are, as ex-
pected, much less important: Fig. 7 shows the matrix element
for intrasubband transitions in the ground subband at low
inversion charge concentrationil;{,= 1.1x 10*2 cm™?) for
two values of Ty, To=1 nm (squares and T,=10 nm
(circles. The matrix elements for the thicker oxides are al-
most 2 orders of magnitude lower than those corresponding
to thinner oxides.

Figure 4a) shows how the mobility limited by the re-
mote surface roughness scattering behaves qualitatively in a
similar way to that due to Coulomb scattering, that is to say,
it is very important for low inversion charge concentrations,
and starts to increase as the inversion charge concentration
o—N =1.1x10"cm? increases. Figure(d) shows that remote surface roughness
0.1 METETTYN BRI I R scattering is an important scattering mechanism that should
104 105 106 107 108 be taken into account when oxide thickness is thin enough.

-1 However, when Coulomb scattering is also considered, the
q (Cm ) effects of this new scattering source are partially masked by
the contribution of Coulomb scattering. This is illustrated in

FIG. 6. Matrix element for the ground subband for remote surface rough,: : i : :
ness scattering for different values of the inversion charge concentratior;l.:lg' A(b), which shows the same mobility curves as in Fig.

The effect of screening is also shown. Oxide thickness has been assumed46@ but incqrpqrates the_ Cor_‘tribu'[_i(_)n of Coulomb scattering,
be To,=1nm. due to the ionized doping impuritiedNg=5x 10" cm™3)
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: . . ness scattering are taken into accoynp triangleg remote surface rough-
remote surface roughness scattering, Coulomb scattering, phonon scatterin . . - -
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—25 (W) T,—1 - (0) Ty=2 () To=5 V)T surface roughness scattering with an autocovariance lebgtk,2.5 nm is

1'0 nnr:ﬂ]l' ox™ L MM o= £ NM; o= 2 N, ox added to phonon scattering and surface roughness scattering.

and to the presence at the Si—giidterface of a interface

trapped charge concentrationld§=5x 10'° cm™2. The de- 600 , — N

pendence of the mobility on the oxide thickness is much less | —o— Noremote s.r _

acute in this second case, which means a lesser contribution —¢—Remotes.r. (L, =1.3nm)

of remote surface roughness scattering to the total mobility. 400 | —v— Remotes.r. (L =2.5nm)

Figure 8 shows the same mobility curves as in Fig. 4 but )

with a higher correlation length for the roughness of the Z

poly-Si/SiO, interface,L,,,=2.5 nm. According to Expres- NEQOO L

sion(8), a higherL implies a higher scattering rate and there- S SiO,/Si interface roughness:
fore a lower mobility curve. These effects are more evident - L,=1.3nm A_=0.3nm (a) 1
in Fig. 9, which shows the different contributions to the elec- = 0 AT A
tron mobility of two values of the oxide thicknes3:,, 8600 ————

=1 nm[Fig. 9a@)] and T,,=10 nm[Fig. b)] ignoring the g —o— No remote s.r

effect of Coulomb scattering while in Fig. 10 the Coulomb - | Remote s.r. (L, =1.3nm)
scattering due to the bulk ionized impurities and to the inter- 04007 Remote s.r. (L_, =2.5nm)

face trapped charges are taken into account. These figures T =10nm
show that the effect of remote surface roughness scattering is ] my ]
very weak for oxide thicknesses greater thByg=10 nm, UJ200 L 4
where its effect can be ignored. However, for thinner oxide v SiO,/Si interface roughness:
layers,T,,<2 nm, remote surface roughness is as important I L,=1.3nm 4_=0.3nm (b) T
as Coulomb scattering, even when, as happens here, the dop- 0 L L

ing concentration, and therefore the Coulomb scattering, is 3x10° 10° 2%x10°
very strong. Therefore, in conclusion, the effect of remote Effective Field (V/cm)

surface roughness scattering has to be taken into account in
_the ca_lculatlon of electron mobility curves in ultrathin oxide gig. 10. The same as Fig. 9, but taking into account the effects of Coulomb
inversion layers. scattering.
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Finally, we would like to bring the reader’s attention to inversion charge increases. This is explained in terms of the
the fact that until now, and in the development of the modebperturbation Hamiltonian and the screening effect. The re-
described here, it has been assumed that the two interfaces)lting remote interface roughness scattering is strongly de-
(poly-Si/SiQ,, and SiQ/Si interface$ are not correlated at pendent on the oxide thickness, and for currently available
all. In consequence, two independent and different scatterindevices, the effect of this scattering mechanism cannot be
mechanisms exiditriangles in Fig. 1()]. This is true for ignored, even when, as usual, very high doping concentra-
high oxide thickness values. However, as the oxide thicknessons are used.
is reduced, a certain degree of correlation between the two
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two interfaces are conformal. This implies a constant oxide  This work has been carried out within the framework of
thickness and therefore a null remote surface roughness sc@esearch Project No. TIC2001-3243 supported by the Span-
tering; in such a case, only the surface roughness scatteriigh Government.
due to the fluctuations of the Sj@6i interface from an ideal
plane would exisfcircles in Fig. 1Qb)]. The actual situation ;SlASRﬁAadmap, 19?9T  bia. - It Devices Meel866 100
is a case in between the two extremes, and depends on tmg‘_'u 'angn;_oi,,eae’t o ASSI.'Ph&ﬁZ 2‘2 ) Z(Efég’;)‘_ evices Meel996 109.
degree of correlation between the two interfaces. Thus, the s chin, w. J. Chen, T. Chang, R. H. Kao, B. C. Lin, C. Tsai, and J. C.
actual mobility curve lies between the two mobility curves M-Huang, IEEE Electron Device LetL8, 417 (1997.
shown in Fig. 10a). The proximity of the actual curve to one °M. S. Krishnan, L. Chang, T. King, J. Bokor, and C. Hu, Tech. Dig. - Int.
or the other curve will depend on the degree of correlationE/Sctron Devices Meell999 241.

. . M. Alam, B. Weir, and P. Silverman, Extend. Abst. International Workshop
between the two interfaces, and, probably, on the oxide on Gate Insulators, 2001, p. 30.

thickness. ’S. Takagi and M. Takayanagi, Jpn. J. Appl. Phys., Part,12348(2002.
8. Saito, K. Torii, M. Hiratani, and T. Onai, Appl. Phys. Le#, 2391
V. CONCLUSIONS (2002

9M. V. Fischetti and S. E. Laux, J. Appl. Phy89, 1205(2007).
. 10
We have obtained a model to study the effect of the, T Siem af;d Vi £ Howard, Pchy\s;\-/ Rab3 816219;??- D Fath and
Qi . . . . . . . Gooanick, D. K. Ferry, C. . limsen, Z. Liliental, D. Fathy, an
roughness at the poly S!/Sﬂnterface in silicon inversion O. L. Krivanek, Phys. Rev. B2, 8171(1985.
layers on electron mobilityremote surface roughness scat-12p. k. Ferry and S. M. Goodnick, iffransport in NanostructureéCam-
tering). Screening of the resulting perturbation potential by bridge University Press, New York, 1907
the channel carriers is taken into account, considering,!-Ando, A. B. Fowler, and F. Stern, Rev. Mod. Phgs, 437(1982.
G 's functions for MOS geometry, i.e., taking into ac- M. V. Fischetti and S. E. Laux, Phys. Rev.48, 2244(1993.
reens func X 9 Y, 1., g A-TI5E Ganiz, J. A. Lpez-Villanueva, J. A. Jinmeez-Tejada, . Melchor, and
count the finite thickness of the gate oxide. Electron mobility A. paima, J. Appl. Physz5, 924 (1994
is evaluated at room temperature by the Monte Carlo methotfF. Ganiz, J. A. Lapez-Villanueva, J. Banqueri, J. E. Carceller, and P.
kina in nt the simultan ntribution of pho-_Cartujo, IEEE Trans. Electron Devic&D-42, 258(1994).
by taking .to accou tt eSf ulta ecr)]us cont bu“.) O PNO~7 ;7 Rolda, F. Ganiz, J. A. Lopez-Villanueva, J. E. Carceller, and P.
non scatterln'g, Sig)Si interface roughness scattering, Cog- Cartujo, Semicond. Sci. Techndl2, 321 (1997).
lomb scattering, and remote surface roughness scatteringc. Jacoboni and L. Reggiani, Rev. Mod. Ph§5, 645 (1983.
The contribution of excited subbands is also taken into acizp- J. Price, Ann. Pﬁys(iN-Y-)) 133 212(1931)-
... 20H. Ezawa, Ann. PhysIN.Y.) 67, 438 (1971).

coun_t_. We observ_ed th_at_remote surface roughness_l|m|tegM.V. Fischetti, F. Ganiz, and W, Hasch, J. Appl. Phy92, 7320(2002.
mobility behaves in a similar way to Coulomb scattering as:2g guaniz, J. A, Lopez-Villanueva, J. Banqueri, Y. Ghailan, and J. E. Car-

the inversion charge increases, that is, it increases as theeller, Semicond. Sci. Techndl0, 592 (1994.



Journal of Applied Physics is copyrighted by the American Institute of Physics (AlP).
Redistribution of journal material is subject to the AIP online journal license and/or AIP
copyright. For more information, see http:/ojps.aip.orgfapofapcrisp

Copyright of Journal of Applied Physics is the property of American Institute of
Physics and its content may not be copied or emailed to multiple sites or posted to a
listserv without the copyright holder's express written permission. However, users may
print, download, or email articles for individual use.



