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Spintronics attracts much attention because of the potential to build novel spin-based devices which are
superior to nowadays charge-based microelectronic devices. Silicon, the main element of microelec-
tronics, is promising for spin-driven applications. Understanding the details of the spin propagation in
silicon structures is a key for building novel spin-based nanoelectronic devices. We investigate the
surface roughness- and phonon-limited electron mobility and spin relaxation in ultra-thin silicon films.
We show that the spin relaxation rate due to surface roughness and phonon scattering is efficiently
suppressed by an order of magnitude by applying tensile stress. We also demonstrate an almost twofold
mobility increase in ultra-thin (001) SOI films under tensile [110] stress, which is due to the usually
neglected strain dependence of the scattering matrix elements.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Ongoing miniaturization of microelectronic devices pushes
research to develop models which can accurately describe trans-
port processes taking place in ultra-thin body SOI MOSFETs.
Mobility enhancement in such structures is an important issue.
Stress is routinely used to enhance the carrier mobility. However,
it is expected that in ultra-thin SOI structures stress becomes less
efficient for this purpose [1].

Spintronics is the rapidly developing and promising technology
exploiting spin properties of electrons. A number of potential spin-
tronic devices has been proposed [2,3]. Silicon, the main element of
microelectronics, is also promising for spin-driven applications [4],
because it is composed of nuclei with predominantly zero spin and
is characterized by small spin-orbit coupling. Both factors favour to
reduce the spin relaxation. However, the experimentally observed
enhancement of spin relaxation in electrically gated lateral-
channel silicon structures [5] could compromise the reliability
and become an obstacle in realizing spin-driven devices. Deeper
understanding of scattering and spin relaxation mechanisms in
thin silicon films is therefore needed.

We investigate the surface roughness and electron-phonon
limited electron mobility and spin relaxation in silicon films under
shear strain. We show that due to the usually neglected depen-
dence of the surface roughness scattering matrix elements on
strain the electron mobility in such structures shows a two times
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increase with strain. Shear strain also results in a degeneracy lifting
between the unprimed subbands resulting in a spin lifetime
increase by at least an order of magnitude.

2. Model

In order to find the corresponding scattering matrix elements,
the subband structure and the wave functions in silicon films must
be calculated. For this purpose the effective k-p Hamiltonian
describing the electron states in the conduction band of the two
relevant [001] valleys in presence of shear strain &, spin-orbit
interaction, and confinement potential U(z) is written in the vicin-
ity of the X-point along the k,-axis in the Brillouin zone as [6,7]
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Here M~' ~m;' —m', D=14eV is the shear strain deformation
potential, A, =1.27 meV nm, m; and m; are the transversal and
the longitudinal silicon effective masses, ko = 0.15 x 27/a is the
position of the valley minimum relative to the X-point in unstrained
silicon. The unprimed subband energies and the four component
wave functions are used to evaluate the scattering matrix elements
and rates. The primed subbands can be described in a similar fash-
ion [1].

We are considering the surface roughness (SR) and electron-
phonon scattering mechanisms contributing to the spin and
momentum relaxation.

The spin and momentum relaxation times are calculated by
thermal averaging of the corresponding subbands in-plane
momentum K; dependent scattering rates ;(K;) [6,8,9] as
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Here f(E) = [1+exp ((E — Er)/kgT)]”', where kg is the Boltzmann

constant, T is the temperature, Er is the Fermi energy,
E=E" + E(K;), E” = E(K; = 0) is the energy of the bottom of the
subband i, and

(7)
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is the derivative of the subband dispersion along K; at the angle ¢
defining the K; direction. The surface roughness momentum (spin)
relaxation rate in the subband i is calculated in the following way
[7.9]
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Ki, K; are the in-plane wave vectors before and after scattering, ¢ is
the angle between K; and K;, € is the dielectric permittivity, L is the
autocorrelation length, 4 is the mean square value of the surface
roughness fluctuations, Wi, and Wjg, are the wave functions, and
o = +1 is the spin projection to the [001] axis.

The intervalley spin relaxation rate contains the Elliott
and Yafet contributions [8], which are calculated in the following
way
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Here the matrix M’ is written as
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where EZ=12eV is the acoustic deformation potential,
(ry,1x) =Ki+K;, and Dso =15meV/ko [8] with ko =0.15-2m/a

defined as the position of the valley minimum relative to the
X-point in unstrained silicon. In contrast to mobility calculations,
when the main contribution to (8) and (9) is due to intrasubband
scattering, the spin relaxation is mostly determined by intersub-
band transitions.

Intrasubband transitions are important for the contributions
determined by the shear deformation potential. The spin relaxation
rate due to the transversal acoustic phonons is calculated as [10]
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where p=2329 1% is the silicon density, vrs =5300 2 is the
transversal phonons’ velocity, (q,, q,) =K;—K;, and M is the
4 x 4 matrix written in the basis for the spin relaxation rate.
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Here D = 14 eV is the shear deformation potential.
The intravalley spin relaxation rate due to longitudinal acoustic
phonons is calculated as [10]
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Here v;4 = 87002 is the speed of the longitudinal phonons and the
matrix is defined with (14).

The momentum relaxation time is evaluated in the standard
way [9]. The electron mobility in inversion layers in [110] direc-
tion is calculated as [9]
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where ng = >, n; is the population of subband i, and 1, is the

momentum relaxation time in subband i for [110] direction.
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Fig. 1. Electron mobility enhancement, Au,/u,, induced by shear strain as a
function of strain for different thicknesses and electron concentration values for
temperature 300 K.

3. Discussion and results

Fig. 1 shows the electron mobility enhancement in [110] direc-
tion along tensile stress as a function of shear strain. Our results
show that the mobility in thin silicon films increases by a factor
of two. The increase depends on the electron concentration and
the film thickness. For the thicknesses considered a strong mobility
enhancement is observed up to a shear strain value around 0.5%.
When the shear strain is further increased, the mobility saturates
and even shows a slight decrease for the film thicknesses 2.1 nm
and 2.48 nm, respectively.

The [110] mobility enhancement in surface layers due to ten-
sile stress applied along the channel is usually explained by the
effective transport mass reduction. However, the effective mass
decrease in the lowest subband shown in Fig. 2 can only account
for roughly one half of the mobility enhancement obtained and
cannot explain the twofold mobility enhancement. Thus, a more
detailed analysis is needed to understand the effect. The ratio of
the phonon limited electron mobility to the surface roughness lim-
ited mobility as a function of strain is shown in Fig. 3a. The surface
roughness limited mobility in the 2.1 nm thick film is of the same
order as the phonon electron mobility. Thus, the total mobility is
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Fig. 2. Normalized reciprocal effective mass for the two lowest subbands as a
function of shear strain for different film thicknesses. The inset shows the subbands
energies and the Fermi level as a function of shear strain.
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Fig. 3. Dependence of (a) the phonon electron mobility to the surface roughness
mobility ratio and (b) phonon and surface roughness electron mobility enhance-
ment on shear strain for several thicknesses for an electron concentration
2.59-10" cm2.

determined by the interplay between these two mechanisms. For
the 2.48 nm thick film the contribution of phonons to mobility is
higher than for the 2.1 nm thick film. The enhancement of the sur-
face roughness and phonon limited mobility is shown in Fig. 3b.
The phonon mobility demonstrates an increase of about 40%,
which is consistent with the transport effective mass decrease.
This behavior is supported by an almost negligible dependence of
the electron-phonon scattering matrix elements on strain (Fig. 4).

The surface roughness (SR) limited mobility for 2.1 nm and
2.48 nm thick films rises by about 200% and 300%, respectively,
at around 1.2% shear strain and shows a slight decrease at strain
values higher than 1.2%. This behavior is caused by the correspond-
ing enhancement of the inverse SR scattering matrix elements
(Fig. 4). The mobility enhancement shown in Fig. 3b and the ratio
shown in Fig. 3a are consistent with the total mobility enhance-
ment observed in Fig. 1. Indeed, for the t=2.1 nm film the unac-
counted mobility enhancement is mostly due to the SR mobility
increase. Although the SR mobility growths even stronger for
t = 2.48 nm, the main contribution to limit the mobility is the pho-
non scattering. For this reason the whole mobility is slightly less
enhanced as compared to that in the t=2.1 nm film.
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Fig. 4. Dependence of the reciprocal normalized square of surface roughness and
phonon intrasubband matrix elements for different film thicknesses.
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subband splitting on shear strain for the film thickness 2.1 nm.

The calculation of the conduction electron spin relaxation due
to surface roughness and electron-phonon scattering in (001) sili-
con films starts from properly taking into account the valley
degeneracy lifting in unstrained films. The [001] equivalent valley
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Fig. 8. Dependence of the normalized intersubband relaxation matrix elements on
shear strain for the film thickness 2.1 nm. The inset shows the ratio of the matrix

elements with the A, term to the matrix elements without the A, term.
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coupling through the I'-point results in a subband splitting in con-
fined electron structures [11]. The values of the valley splitting
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obtained from a 30-band k - p model [12], an atomistic tight-bind-
ing model from [13], and from [14] are shown in Fig. 5. Although
looking irregular, the results follow a certain law. Fig. 6 demon-
strates a good agreement of the results of the tight-binding calcula-
tions with the analytical expression for the subband splitting [1]

27TA1"
L
(kot)®

sin(kort), (17)

where 4, is the splitting at I'-point, kor = 0.852%,qa is the lattice
constant, and t is the film thickness. The good agreement is found
for the value 4 =5.5eV.

Fig. 7 shows the dependence of the lowest unprimed subbands’
energies and their splitting on shear strain with and without
accounting for the A term. The unprimed subbands are degener-
ate at zero strain without the A term. The Ay term lifts the degen-
eracy while shear strain gives the major contribution to the
splitting at high strain values. The surface roughness scattering
matrix elements are taken to be proportional to the square of the
product of the subband wave function derivatives at the interface
[11]. The surface roughness intersubband spin relaxation matrix
elements with and without the 4, term are shown in Fig. 8. The
difference in the matrix elements’ values calculated with and with-
out the A term (inset Fig. 8) can reach two orders of magnitude.
Hence, the valley coupling through the I'-point must be taken into
account for accurate spin lifetime calculations.

The peaks on the matrix elements’ dependencies (Fig. 8) are
correlated with the unprimed subband splitting minima (Fig. 9).
For higher strain values these peaks, corresponding to strong spin
relaxation hot spots, are pushed towards unoccupied states at
higher energies (Fig. 9). This leads to the strong increase of the spin
lifetime demonstrated in Fig. 10. The increase is less pronounced, if
the A term responsible for the valley splitting in relaxed films is
taken into account. However, even in this case the spin lifetime
is boosted by almost two orders of magnitude.

4. Conclusion

We have presented an approach to evaluate mobility and spin
lifetime in strained ultra-thin silicon films. We have shown that
the wusually neglected surface roughness matrix scattering

elements’ dependence on strain makes it possible to double the
electron mobility in stressed thin silicon films. We have demon-
strated a strong, almost two orders of magnitude, increase of spin
lifetime in strained silicon films. Thus shear strain used to boost
mobility can also be used to increase spin lifetime.
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