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Electron mobility in strained silicon and various surface oriented germanium ultrathin¢bdds)
metal-oxide semiconductor field-effect transistGvBOSFET9 with sub-10-nm-body thickness are
systematically studied. For biaxial tensile strained-Si UTB MOSFETS, strain effects offer mobility
enhancement down to a body thickness of 3 nm, below which strong quantum confinement effect
renders further valley splitting via application of strain redundant. For Ge channel UTB MOSFETS,
electron mobility is found to be highly dependent on surface orientatiofl@Be and G&€110
surfaces have low quantization mass that leads to a lower mobility than that of Si in aggressively
scaled UTB MOSFETs. @004 American Institute of PhysiddDOI: 10.1063/1.1788888

Ultrathin-body (UTB) transistors with sub-10-nm-body effective mass framework according to Stamal® Impor-
thicknessT,q, is @ promising candidate for device scaling tant bandstructure parameters such as the conduction valleys
into the sub-30-nm gate length; regime. However, degra- energy minima and their longitudinal and transverse masses
dation of electron mobility in UTB devices with sub-10-nm used are obtained from Fischegtial® A unitary transforma-
Thoay Was found experimentalfy? Degration of mobility also ~ tion is employeft'®to obtain the transport masses along the
leads to reduce current drivability in the linear regingde-  device coordinates for devices with various crystal orienta-
spite the improved gate inversion layer capacitive couplingions. The 2D density-of-states mass is preserved after the
with reduced body scalinOf particular concern is current transformation in our context of low longitudinal field. The
drivability under high drain biases for decananometer chanscattering matrix elements due to acoustic phon@kB),
nel length devices. With regard to this, Lundstfoimas optical phonongOP), surface roughnes$R), and interface
pointed out, via a phenomenological approach, that the transtateDIT) related scattering are then systematically formu-
port in decananometer metal-oxide semiconductor fieldlated. The model for phonon spectrum in the bulk semicon-
effect transistor(MOSFETS is essentially source limited; ductors are adapted from Jacobehal“where the matrix
hence the mobility at high vertical surface field, which em-€lements of the_ electronigtlw?non interaction are_conS|dered in
bodies the effective scattering rate in the vicinity of the@ccordance with Pricé™>'* Intravalley acoustic {T?Q%qg”
source, remains relevant. In addition, recent reports on ag/\P) with an effective isotropic deformatlon1 oten 'Jf :
gressively scaled UTB devices have highlighted the imporintravalley optical phonoriOP) for L valleys™**and inter-

tance of the interfacial perturbation attributed to the rougha/ley phonons constraint within the selection rulesffand
ness of the Si/Sig)surfacez,'5 which is found to strongly g type processé& are accounted for. Dynamic screening of

limit the carrier mobility. For enhanced device performance,phonons is d.isregardéa.Surface roughn.es(§F\5 scattering
channel materials such as Ge and strainedt@med di- was conventionally treated by accounting for the localized
rectly on insulator without a relaxed SiGe buffer layeray perturbation potentiag Czi(l),le to variations of interface positions
be employed in UTB transist8r. Nevertheless, there is little gcgggdg'g;geﬁnd%éel f Tcr;eagiﬁgrﬁ:g%lg‘nagnélttgﬂ???;o:n'
work on their potential advantages. Little is also known u y gy level fluctuat

about the carrier mobility in these UTB devices with ad- 2 rectangular quantum well potential, but this approach may

: : not be accurate for the treatment of surface roughness in
vanced channel materials. In this letter, we perform a mod- ; .

. o . .. UTB devices. Issues also remain about the accurate treat-
eling study of the electron mobility in UTB transistor with

) . . . ment of perturbation potential due to change in charge den-
sub-10-nm-body thicknesses employing strained-Si and van-ity induced by SR. Consequently, we employed a phenom-

ous surface orientations of Ge as the channel material. énological treatment as outlined by Gariz. The
calibrated physical model that takes the effect of Scatterin%\utocorrelation function of the asperities is assumed to be

due to optical phonons, acoustic phonons, surface roughneséaussian. Intersubband transitions are left unscreened and

and |r|1terfacg states into afccouhnt IS usgd. ional el the dielectric matrix is expressed according to Ref. 14 and in
Electronic structures for the two-dimensional electrony,q quantum size limit when applicable, else it is left un-

gas are obtained by solving the coupled Schrodinger-PoissQeened. Interface stat®IT) induced scattering potential
equation self-consistently within the envelope function base%ccording to Steret al® based on a perturbative approach is
employed. By imposing appropriate boundary conditions, the
¥Electronic mail: elelimf@nus.edu.sg scattering potential in all regions of interest can be obtained
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O Experiment (Takagi et al.) Effective field = 1MV/em PP FIG. 1. (a) Calibration of our theoretical low-field mo-
~~_ 10y A O D= 4 3407 (c) o -7 bility model with experimental results for $Ref. 24).
107 ~ 1 3201 ’, ] Theoretical calculated mobility for a 2 nifygg, Si
o UTB MOSFET is also shown. Screening for SR scat-
-4' 300 ) E tering is accountedcb) Electron mobility for various
;8 P advanced channel UTB transistors as function of body
2801 \./ thickness. Si channel is oriented [910] direction.

Ge(100 is oriented along[010] channel direction,

Electron Mobility [cm*/Vs]

1 2807 1
Ge(110 at[110] and Ge111) is isotropic. We ignored
This work: 7% 240 1 the neighboringA valley in this work.(c) replots the
Si<1
- se'eb;'l'l‘k (a) / \ 10> | mobility curve in linear scale for the @00 curve in
10]----T_2omsiute | | Ge<toe> (b) 203 -o '3"3:"°_d sd' SI' the main figure. A peak is clearly shown, in good agree-
. 0 200+—— e _Uns raine ment with the experimenSee Refs. 1 and)2A mobil-
01 1 2 3 4 5 6 17 2 3 4 5 6 7 ity curve for strained S1L00 is also plotted for
Effective field (MVicm)  Body thickness (nm) Body thickness (nm) comparison.

using the Nystrom methotd. The scattering rate can be ob- Si MOSFET. WherT,,qq, in the order of SR, deviation from
tained by the Fermi Golden Rule. We then obtained the nuusual electric field dependency is capturedHay in Eq. (1).
merical solutions of the scattering time to the Boltzmann  The electron mobility as a function @f,qy is calculated
equation in the Ohmic regime by embracing the relaxatiorfor strained Si(with biaxial tensile strain of 2%, consider-
time approximation and imposing the appropriate scatteringibly larger based on current technolpgyd Ge with differ-
condition ~ under detailed balance condition atent surface orientations, as shown in Figh)1At high effec-
equilibriums***° tive field of 1 MV/cm, SR induced scattering dominates the
Our physical model is calibrated using experimental Sieffective mobility. The limited mobilities due to AP, OP, SR,
mobility data’” showing good agreeme(fig. 1(@)|. An €f-  and DIT are also calculated as a functionTghay (Fig. 2),
fective acoustic deformation potential of 15€V° was clearly indicating the dominance of SR limited mobility at an
used. As current processing technology is still unable to yielgftective field of 1 MV/cm. The application of strain is
a reliable set of mobility data for Ge MOSFETs, a deforma-onq o lose its effectiveness a3 nm of Ty.q, as shown in
tion pot.en_tial of 15 QV for acoustic.ph(_)non intravalley pro- ihe inset of Fig. (c). This is because, at Smiyiﬂmdy strong
cess within valleys is assumed, yleldlgg a reasonable W antym confinement lifts thé, valleys much beyond that
times mobility compared to Si countergart® as shown in ¢ e high mobility A, valleys, rendering further valley

Fig. 1(@. A SR autocorrelation function with root mean splitti : ot ;

" ; . plitting via application of strain redundant. It has been as-
squared =4 A and correlation Iength:_loA Is assumed for g, ye4” that the SR spectrum function in strained or un-
Si and Gé surfaces. These technologically dependent param-

eters are assumed to apply to UTB transistor technology. A

conservative interface states density ok 10*' cm for e 4.0 i
each of the front and back interfaces is assumed. Our UTE 4, il ( °L EE:F{M(MV,{,,,)E‘F' (Myfem)
device has a gate dielectric with an EOT of 1 nm, a metal — f 200 .o
. . . . @ 1.0 —, :
gate electrodégwhich provides efficient charge screening 2 . e
and back oxide thickness of 50 nm. The mobility for a § °8 e |19 o Geci10>
2 Nm Tyoqy Si UTB MOSFET s calculated as shown in Fig. 2 0.6 “E_=1(Mvicm) APl 0.8] © —e—Ge<111> ,p
1(a). It is observed that its electron mobility at high surface = 7.0 ' 20  e———
field does not exhibit the same dependency on effective fielcn‘:':. 6.0 " 74 (EE (- =0.1{MV/cm)
as the bulk universal mobility. Perturbation Hamiltonian due @ 501 £ =0.1’(M\Wt:m) 1§I T
to SRHgr as obtained to first order approximation is: & 40 4 - RN —
o 20 Ew—_‘o 4 ,/L Egre=1(MViem) )
~ QO[V(Z!Am) B V(Z, O)JA(r) i 2.0 i OP| 9 OoP
Hsr(zr) = A ; 1 S 30 e
m ) E_..=0.1(MVicm) 3/’7 E,..=0.)(MVicm)
where the coordinates(perpendicular to Si/SiQinterface, 8 20 ( "//' 10 /‘//
. . . o - ]
measured from back oxide interfgcand r (vector in the = E.__=4(MVicm) — 2 E_S1(MVicm)
. .- . € 10 EFF 1 e !/
plane of the Si/SiQinterfacg are employedA(r) is a func- % /{5\___3:3—-—-—*2 e
tion which effectively describes the sum of SR at the two & ,, SR| o 27 SR
interfaces and\, is the statistical mean of the SR(z,A.) % Inv. density = 2x10"'em™ 7
is the electrostatic potential with a surface perturbation of £ 19 4: 100 .-/-?4-——-/'
C . . £ 8 . _~Inv. density = 1x10" ¢m”
A, Which is also solved self-consistently accounting for the 6 - & P
finite body thickness fluctuation,,, However, at large body Ny "
thickness, one obtains T %% Strained Si DIT
) ,L —®—Unstrained i DIT 19 «=Fov. density = 2x10" em*
. _ 2 3 4 5 6 7 2 3 4 5 6 7
Tiny Mep= gm0 YD ) = g M) Body thickness (m)
m

2 FIG. 2. Limited low field mobilities for strained Si and Ge UTB transistor,
( ) respectively. Acoustic phonons, optical phonons, SR, and interface charge

. . . limited mobilities are all systematically explored. All limited mobilities are
WhereHSR IS now proportlonal to the surface f|eld//dz, plotted at constant effective field of 0.1 MV/c(threshold conditiopand

accounting for the usual dependence Qf surface roughnesSyv/em (high inversion condition except for interface charge limited
limited mobility on effective field ~Fg« in the bulk  mobility plotted at a constant electron density criterion.
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107 e e 000 e o .
% | (@ //A , 7 10 rnf Ges111> | ggol Ge<111% FIG. 3. (a) SR limited mobility plotted at ef-
2 A / N pg—2— 4 800] ’ fective surface field of 0.1 MV/cm, exhibit-
§ & L6 mny 700 ] ing approximately theTp,, dependency(b)
219/ s s 10 Sctood] , surface roughness limited mobility at effective
2 ’ 4 Gt 5L | 899 ’ I surface field of 0.1 MV/cm as function of
2 4 ¢ 10 ’ ] 599 / mass ratio as expressed in inset, withy
= » ’ 400 ’ o v
° A 4 ; 1 =2 nm under same SR conditioe) Electron
81 7 div-1ed |0 300] si . : -
- G s i P I | 7 ooi<100> mobility as function of quantization mass,.
37 4 fg:ﬁ; L/ 200 ,G’e<110> . Simulated  at Tyeg=2nm and Eg
P o o Goc100] (b) 100, %e<100> (©) =1 MV/cm. High quantization mass, is
10} ya 7 410} . . .
' 2 3 401 10 100 1000100C 0.0 0.3 0.6 0.9 1.2 1.5 beneficial for aggressively scaled UTB
Body thickness (nm)  Mass ratio (yam,}(m>m;)  Quantization Mass, m, device.
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