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An analytical formula for the intravalley acoustic phonon limited electron mobility in an ultrathin silicon plate is presented.
Phonon modulation due to mechanical mismatch at silicon surfaces is incorporated. The resulting mobility is less than that
calculated without phonon modulation, because of a form factor increase at a small in-plane phonon wave vector. An analytical
expression for the form factor is proposed and used to derive explicit formulae for the intravalley acoustic phonon scattering
rate and related electron mobility. The analytical mobility formula has excellent accuracy for a plate thickness less than 6 nm

for 4-fold valley electrons and a plate thickness less than 3 nm for 2-fold valley electrons.
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Acoustic phonon waves in nano scale devices are different
from bulk phonons due to mechanical mismatch between
different materials (e.g., Si/SiO,, GaAs/AlAs, and GaN/
AIN). Investigations on such modulated acoustic phonons
and their impact on electron—phonon interactions are
becoming much more important in advanced device re-
search.!™® Nano-scale metal-oxide—semiconductor field-
effect transistors (MOSFETs), such as silicon-on-insulator
(SOI) MOSFETs, and double-gate (DG) and FinFETs, also
undergo such phonon modulation effects. Preliminary cal-
culations on scattering rates for such silicon-based devices
have been carried out,%” and, recently, Donetti et al.
reported that the phonon-limited electron mobility calculated
using modulated phonons is less than that obtained using
bulk phonons.® This decrease has been observed both for a
silicon plate covered with SiO, and a free-standing silicon
plate. In ultrathin silicon plates, major electron-mobility-
limiting mechanisms are intravalley acoustic phonon scat-
tering, intervalley phonon scattering,” surface roughness
scattering, Coulomb scattering,'” and silicon-thickness-
fluctuation-induced scattering.'” At room temperature,
phonon scattering plays an important role even with the
other scattering mechanisms, %' Phonon modulation affects
intravalley acoustic phonon scattering only, because it is
the only scattering mechanism that is mediated by long-
wavelength phonons. The total electron mobility eventually
decreases owing to such phonon modulation effects on the
intravalley acoustic phonon scattering, even with other
scattering mechanisms.® However, the mechanism of such
mobility reduction is not yet clear. Furthermore, obtaining
such modulated acoustic phonon-limited electron mobility
requires complicated time-consuming numerical calcula-
tions. An in-depth study of the mobility reduction is required
for a better understanding of the underlying physics, as well
as to provide a simpler description of the mobility reduction,
which can be used in hand calculation and device simula-
tions. In this paper, we report an analysis of the mechanism
and a simpler description of the effect of phonon modulation
on electron mobility. Our analysis is focused on intravalley
acoustic phonon scattering and the related electron mobility.
The analysis is performed for a free-standing silicon plate for
simplicity, as has been carried out for planar MOSFETs.1?

*E-mail address: uno@nuee.nagoya-u.ac.jp

Acoustic phonon waves in an isotropic material is
governed by Navier’s equation:

2
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where S is the displacement vector, p is the mass density,
and A and p are Lamé constants. The phonon wave § is
expanded by normal modes as follows:

S(r, 1) = Z Cye 'R y(y), 2)
q

where the three-dimensional vector v(z) represents the z
dependence of the normal modes, w, is the phonon energy,
C, is a constant, and R = (x,y) and Q = (g;, q,) are the
position and phonon wave vectors in the x—y plane,
respectively. Phonon wave propagation is often assumed
to be along the x-axis without any loss of generality.
Although g, can take any value, the z component of the
phonon wave vector, g, is restricted to discrete allowed
values. Such discreteness of g; leads to phonon energy
dispersion branches, which can be found for silicon in
the literature. Using Fermi’s golden rule, the transition
probability for elastic acoustic deformation potential (ADP)
scattering is given by

JTDgcokBTL
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where (n,n’) are electron quantum numbers of confinement
before/after scattering, E, and E,  are electron energy as
functions of in-plane electron wave vectors K and K/,
respectively, Dy, is the ADP constant, LL, is the plate area,
kg is the Boltzmann constant, 7} is the lattice temperature,
and v; is the longitudinal sound velocity. The quantity 7, is
the form factor defined as

T(n K, ﬂ/ K/) = In,n’(s(En’ - En)v (3)
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where summation over q; is taken for all allowed discrete
values, the v, and v, are the x and z components of v(z),
respectively. For bulk phonons, the form factor is given by
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Fig. 1. Intravalley acoustic phonon-limited electron mobility as function
of silicon plate thickness. Open and closed symbols: numerical results
calculated using bulk and modulated phonons, respectively. Dashed and
dotted curves: compact formulae, eqgs. (12) and (13), with n = 1.

where ¢ is regarded as a continuous variable. With egs. (3)-
(5), acoustic phonon limited scattering rate and electron
mobility are calculated with/without phonon modulation.
Figure 1 shows the numerical results of the intravalley
acoustic phonon-limited electron mobility calculated for
2- and 4-fold electrons using bulk and modulated phonons,
as a function of silicon plate thickness. The results are the
weighted averages of electron mobility for each subband
calculated with the relaxation time approximation. Material
constants were determined according to the literature,' and
Do, my, and m; were set to be 12€V, 0.916my, and 0.19m,
respectively. The surface electron density was set to 3.0 x
10”2 cm=2, and the electron and lattice temperatures were
both 300K. The electron wave functions in an infinite-
square-well potential were used for simplicity. In reality, for
DG and FinFET, electron wave functions are modulated
owing to the gates on both sides of the plate. However, they
have similar shapes as the simple ones in an infinite square
well when the silicon layer thickness is smaller than about
5nm and the electric field is less than 0.1 MV/cm.'*!» In
such situations, using simple wave functions gives reason-
able results. For a thicker silicon layer, a stronger vertical
electric field, or single-gated SOI MOSFETSs, more realistic
electron wave functions may be needed for quantitative
discussions. The mobility increase due to the electron
occupancy increase of the 2-fold electrons™!!” is not
observed, because the mobility is plotted separately for 2-
and 4-fold electrons. Because Fig. 1 shows the mobility
limited only by intravalley acoustic phonon scattering, the
mobilities for 2- and 4-fold electrons have similar values, as
has been reported for a planar MOSFET inversion layer.'®
The electron mobility reduction due to phonon modulation
is observed, as has been calculated using the Monte Carlo
method by Donetti ez al.® Our result was obtained using the
relaxation time approximation, which is more convenient
for an analytical description of electron mobility. Figure 2
shows a numerical result of the form factor as a function
of g,. The form factor is normalized by that calculated
using bulk phonons. The calculation was carried out for
intra-lowest-subband scattering (# =»' = 1), and the Si
plate thickness was set to be 10 nm. The material parameters
of silicon were taken from the literature.'® Note that the
form factor calculated using modulated phonons is larger
than that obtained using bulk phonons at a small g,, while
they are equal at large g,. The increase in the form factor
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Fig. 2. Form factor for intra-lowest-subband scattering (n=n'=1)
numerically calculated using modulated phonons, as a function of g,.
The form factor is normalized by that calculated using bulk phonons.
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Fig. 3. Form factor increase ratio divided by right-hand side of eq. (6)
plotted as function of g,l,. Symbols: numerical results, solid line:
compact formula eq. (7).

directly leads to an increase in scattering rate, and hence
a reduction in electron mobility. The increase at g, =0,
AL p(0) =1, ,(0) — I, pyui, divided by the form factor
obtained using bulk phonons is exactly given by

AlLyn(0)/Inppu = 2/13(1 + /1], (6)

for any n = 1,2,.... The increase at g, = 0 originates from
the surface modes, which decay exponentially from the
surfaces. Thus, the reduction in the electron mobility is
partly due to surface phonon modes, which does not appear
in bulk material. Figure 3 shows the form factor increase
ratio [Il,l(qx)_11,1,bulk]/11,1,bulk divided by the right-hand
side of eq. (6), plotted as a function of ¢,L;. Symbols show
numerical results obtained for different plate thicknesses.
Note that all the data points lie on a universal curve
regardless of plate thickness. The solid curve shows the
following analytical fit for the curve:

3 < ,1) Al (gy) 4n® 2 tanh(g)
“{1+Z = ,
2 1) Duppuik E(E* + 5n2n2E + 4ntm?)

where § = 0.22¢,L,, which gives good agreement for at least
1 < n < 5. Assuming isotropic scattering, the intra-subband
scattering rate is written as

1 DX miksT,
Tn,intra (Exy) Y

U12 ,oh3
where m} is the density-of-state mass, n, is the vailey
degeneracy. The function F, ,(E,y) is an integral of the form
factor defined by

(7

Fn,n(E,\jv)a (8)

1 2T
Fun(Exy) = ﬂ/(; Inn (2\/(1 — Cos G)Exymg/h2>d9, 9)

where m] is the conductivity mass. By approximating | —
cosf =1 and using the analytical expression eq. (7), the
intra-subband scattering rate is written as

L924
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where & = 0.22 x 2,/E,,m%/R2L,. The electron mobility is calculated as follows:

e 00 0
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where T, is electron temperature. Using eq. (10) and assuming that the scattering rate weakly depends on ¢ for ¢ ~ 1, the

following mobility formula is obtained:

ev}ph?

1 4n*n? tanh(£&o)
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where £ = 0.22 x 2,/m2ksT./HL,. For bulk phonons,

ev?ph’ 3\~
Bl = kT, D2 memikoTs (2Lz) . (13)
In Fig. 1, results from eqs..(12) and (13) with n=1 are
shown by dotted and dashed lines, respectively. Note that
the lines obtained from the analytical formulae show excel-
lent agreement with the numerical results for a small plate
thickness. This is due to the fact that a majority of electrons
are on the lowest subband for a small plate thickness, even at
room temperature. The formula is valid up to 6 nm for 4-fold
valley electrons, while it is valid up to 3 nm for 2-fold. The
wider applicable silicon thickness range for 4-fold electrons
is attributed to their lighter confinement mass, that is, larger
subband energy spacing.

The above results and formulations give several impli-
cations for electron mobility in ultrathin body MOSFETs.
First, the phonon-modulation-induced mobility degradation
occurs at a wide range of plate thicknesses for both 2- and
4-fold electrons; thus, phonon modulation is not a major
factor in choosing the best silicon thickness for the best FET
performance. The numerical data in Fig. 1 indicates that the
acoustic phonon mobility reduction due to phonon modu-
lation occurs for a wide range of plate thicknesses (at least
up to 10nm). Moreover, the amount of the reduction does
not strongly depend on plate thickness. Because intravalley
acoustic phonon scattering plays a major role, even with
intervalley and surface roughness scatterings, the phonon-
modulation-induced mobility reduction lowers the total
electron mobility by roughly the same ratio at a plate
thickness less than 12nm.® These facts indicate that the
phonon modulation does not affect the optimum plate
thickness for the best FET performance. Reducing silicon
thickness markedly improves the subthreshold slope,'® but
at the cost of electron mobility degradation.!’!” It has also
been shown experimentally for SOI MOSFETs that a plate
thickness of approximately 3.4nm gives the advantage of
phonon-limited mobility enhancement, even with silicon-
thickness-fluctuation-induced scattering.!? Optimum silicon
thickness might therefore be approximately 3.4 nm. Accord-
ing to eq. (12), the experimental mobility at that plate
thickness contains a phonon-modulation-induced degrada-
tion of about 15%. Although the existence of SiO, and
intervalley scattering weakens this estimation, phonon-
modulation-induced degradation might still be effective to
some extent. Second, the acoustic phonon-limited electron
mobility reduction due to phonon modulation might be more
significant in Ge channels. Equations (6) and (12) indicate

12)

that n = 1/[1+ (1/p)] is a good indicator for the signifi-
cance of the acoustic phonon-limited mobility reduction due
to phonon modulation; the larger this value is, the more
significant the mobility reduction will be. The 5 values for
Si, Ge, and GaAs are 0.355, 0.541, and 0.528, respectively.
This indicates that using alternative channel materials such
as Ge or GaAs might result in a stronger phonon modulation.
This will not be an issue for GaAs, because the major
scattering mechanism is polar optical phonon scattering.
However, for Ge, the merit of high electron mobility may
be weakened by phonon-modulation-induced electron mo-
bility degradation. A quantitative evaluation requires a more
accurate modeling such as an analysis of inter-subband
scattering, the incorporation of surrounding materials such
as SiO,, and the incorporation of gate-modulated electron
wave functions.

In summary, the modulated acoustic phonon-limited
electron mobility in an ultrathin silicon plate has been
analyzed. The electron mobility reduction attributes to the
form factor increase at a small in-plane phonon wave vector
owing partly to surface modes. The explicit analytical
formula for the form factor has been presented. This formula
has been used to derive compact models for the intravalley
acoustic phonon-limited electron mobility, which achieves
excellent accuracy for a silicon plate thickness less than
6 nm for 4-fold valley electrons and a silicon plate thickness
less than 3 nm for 2-fold valley electrons.
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