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Abstract In this chapter we investigate spin relaxation in thin silicon films. We
employ a k�p based approach to investigate surface roughness and phonon induced
momentum and spin relaxation matrix elements. We show that the spin relaxation
matrix elements strongly decrease with shear strain increased. In order to meet
computational requirements with actual resources needed for relaxation time
calculations, we demonstrate a way to find the subband wave function from the
k�p model analytically. We consider the impact of the surface roughness and
phonons on transport and spin characteristics in ultra-thin SOI MOSFET devices.
We show that the regions in the momentum space responsible for strong spin
relaxation can be efficiently removed by applying uniaxial shear strain. The spin
lifetime in strained films can be improved by orders of magnitude.

1 Introduction

In order to achieve significant advantages in future microelectronic devices in
comparison to present modern technology, operation principles will have to be
enhanced or even modified. Spintronics is the rapidly developing technology
promising to benefit from spin properties of electrons. Utilizing spin opens great
opportunities to reduce device power consumption in future electronic circuits. A
number of potential spintronic devices have already been proposed [1, 2]. Sig-
nificant efforts are focused on developing models to study properties of future
devices through simulation.

Silicon is the primary material for microelectronics. The long spin life time in
silicon is a consequence of the weak intrinsic spin-orbit coupling in the conduction
band and the spatial inversion symmetry of the lattice resulting in an absence of
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Dresselhaus effective spin-orbit interaction [3, 4]. In addition, silicon is composed
of nuclei with predominantly zero magnetic moment. A long spin transport dis-
tance of conduction electrons has already been demonstrated experimentally [5].
Spin propagation at such distances combined with a possibility of injecting spin at
room temperature [6] or even elevated temperature [7] in silicon makes the fab-
rication of spin-based switching devices quite plausible in the upcoming future.
However, the relatively large spin relaxation experimentally observed in electri-
cally-gated lateral-channel silicon structures [3] might become an obstacle for
realizing spin driven devices [4], and a deeper understanding of the fundamental
spin relaxation mechanisms in silicon MOSFETs is urgently needed [8].

In this chapter we investigate the influence of the intrinsic spin-orbit interaction
on the subband structure, subband wave functions, and spin relaxation matrix
elements due to the surface roughness scattering in thin silicon films. We devel-
oped a semi-analytical approach allowing to analyze surface roughness and pho-
non induced spin and momentum relaxation in thin silicon films.

Following recent work [4], a k�p based method [9, 10] suitable to describe the
electron subband structure in the presence of strain is generalized to include the
spin degree of freedom. In contrast to [4], our effective 4 9 4 Hamiltonian con-
siders only the relevant [001] oriented valleys with spin degree included, which
produces the low-energy unprimed subband ladder. Within this model the
unprimed subbands in the unstrained (001) film are degenerate, without spin-orbit
effects included. An accurate inclusion of the spin-orbit interaction results in a
large mixing between the spin-up and spin-down states, resulting in spin hot spots
along the [100] and [010] axes characterized by strong spin relaxation. These hot
spots should be contrasted with the spin hot spots appearing in the bulk system
along the same directions at the edge of the Brillouin zone [4, 11]. The origin of
the hot spots in thin films lies in the unprimed subband degeneracy which effec-
tively projects the bulk spin hot spots from the edge of the Brillouin zone to the
center of the 2D Brillouin zone.

Shear strain lifts the degeneracy between the unprimed subbands [10]. The
energy splitting between the otherwise equivalent unprimed subbands removes the
origin of the spin hot spots in a confined electron system in silicon, which sub-
stantially improves the spin lifetime in gated silicon systems.

2 Model

We numerically investigate the dependence of the matrix elements due to surface
roughness induced spin relaxation in silicon films as a function of shear strain. For
[001] oriented valleys in a (001) silicon film the Hamiltonian is written in the
vicinity of the X point along the kz-axis in the Brillouin zone. The basis is con-
veniently chosen as [(X1,:), (X1,;), (X20,:), (X20,;)], where : and ; indicate the
spin projection at the quantization z-axis, X1 and X20 are the basis function cor-
responding to the two valleys. The effective k�p Hamiltonian reads as
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Here I is the identity 2 9 2 matrix, mt and ml are the transversal and the
longitudinal silicon effective masses, k0 = 0.15 9 2p/a is the position of the
valley minimum relative to the X point in unstrained silicon, exy denotes the shear
strain component, M�1 � m�1

t � m�1
0 , and D = 14 eV is the shear strain defor-

mation potential. The spin-orbit term sy � ðkxrx � kyryÞ with

Dso ¼ 2
X fX1jpjjngfnj rV � p½ �jjX20 g

En � EX

����
����; ð5Þ

couples states with the opposite spin projections from the opposite valleys. rx and
ry are the spin Pauli matrices and sy is the y-Pauli matrix in the valley degree of
freedom space. In the Hamiltonian (Eq. 1) U(z) is the confinement potential, and
the value DSO = 1.27 meVnm computed by the empirical pseudopotential method
(Fig. 1) is close to the one reported by Li and Dery [4].

In the presence of strain and confinement the four-fold degeneracy of the n-th
unprimed subband is partly lifted by forming an n+ and n- subladder (the valley
splitting), however, the degeneracy of the eigenstates with the opposite spin
projections n� *i and n� +i within each subladder is preserved.

The degenerate states are chosen to satisfy

* n� jf jn� +h i ¼ 0; ð6Þ

with the operator f defined as

f ¼ cos hrz þ sin h cos urx þ sin ury

� �
; ð7Þ
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where h is the polar and u is the azimuth angle defining the orientation of the
injected spin. In general, the expectation value of the operator f computed between
the spin up and down states from different subladders is nonzero, when the
effective magnetic field direction due to the spin-orbit interaction is different from
the injected spin quantization axis

�f ¼ * n� jf jn	 +h i 6¼ 0: ð8Þ

3 Valley Splitting

First we investigate the value of the energy splitting between the subbands with the
same quantum number n but from different subsets n+ and n- as a function of the
conduction band offset at the interface, for different values of the quantum well
thickness. In our calculations we assume the spin is injected along the z-direction
and the components of the wave vector k are kx = 0.1 nm-1 and ky = 0.1 nm-1.
Figure 2 shows the subband splitting for three values of the film width, namely
1.36, 3.3, and 6.5 nm. Figure 2 demonstrates a complicated behavior which
strongly depends on the thickness value, in contrast to the valley splitting theory in
SiGe/Si/SiGe quantum wells [12], which predicts that in the case of a symmetric
square well without an electric field the valley splitting is simply inversely pro-
portional to the conduction band offset DEc at the interfaces. Figure 2 shows that
for the quantum well of 1.36 nm width the splitting first increases but later satu-
rates. For the quantum well of 3.3 nm width a significant reduction of the valley
splitting around the conduction band offset value 1.5 eV is observed. A further
increase of the conduction band offset leads to an increase of the subband splitting

Fig. 1 Empirical
pseudopotential calculations
of the spin-orbit interaction
strength by evaluating the gap
opening at the X-point
between X1 and X20 for finite
kx
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value. For the quantum well of 3.3 nm thickness the valley splitting saturates at
about 0.17 meV.

For the quantum well of 6.5 nm width a significant reduction of the valley
splitting is observed for a conduction band offset value 0.2 eV. The subband
splitting saturates at a value 0.04 meV. Although for the values of the conduction
band offset smaller than 4 eV the valley splitting depends on DEc, for larger values
of the conduction band offset it saturates.

The valley splitting dependence on strain as a function of the conduction band
offset for the film of 3.3 nm thickness is shown in Fig. 3. Without shear strain the
valley splitting is significantly reduced around the conduction band offset value of
1.5 eV. For the shear strain value of 0.25 and 0.5 % the sharp reduction of the
conduction subbands splitting shifts to a smaller value of DEc. However, the region
of significant reduction is preserved even for the large shear strain value of 0.5 %.
The value of the valley splitting at saturation for large shear strain is considerably
enhanced as compared to the unstrained case.

The splitting of the lowest unprimed electron subbands as a function of the
silicon film thickness for several values of the conduction band offset at the
interfaces is shown in Fig. 4. The valley splitting oscillates with the film thickness
increased. According to theory [9], we generalize the equation for the valley
splitting in an infinite potential square well including the spin-orbit coupling as

DEn ¼
2y2

nB

k0t
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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 !�����
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with yn, g and B defined as

Fig. 2 Splitting between the
lowest unprimed electron
subbands as a function of the
conduction band offset at the
interface for different
thicknesses for exy = 0,
kx = 0.1 nm-1 and
ky = 0.1 nm-1
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Here t is the film thickness. As it was shown earlier the conduction band value
of 4 eV provides a subband splitting value close to the saturated one. Because
Eq. 9 is written for an infinite potential square well, a slight discrepancy is
observed between the theoretical curve and the numerically curve calculated
for the conduction band offset value 4 eV in Fig. 4. A large value of the
conduction band offset demonstrates a better agreement between the theory
and numerically obtained results.

Following Eq. 9, the results shown in Fig. 2 can be understood as a conse-

quence of vanishing of the sin
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1�y2

n�g2

1�y2
n

q
k0t

� ����
��� term. Although the conduction

band offset is not included explicitly in the equation for the valley splitting, it can
be taken into account trough an effective film width of a finite potential well as:

teff ¼ t þ 2
a
; ð10Þ

Fig. 3 Valley splitting as a
function of the conduction
band offset for the film
thickness 3.3 nm for
kx = 0.1 nm-1 and
ky = 0.1 nm-1 for different
shear strain values
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a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m DEC � Eð Þ

�h2

r
; ð11Þ

where E is the subband energy. Thus, increasing the potential barrier height leads
to a decrease of the effective film thickness, which then results in the energy
splitting dependence shown in Fig. 2.

The valley splitting reductions shown in Fig. 3 are also the result of the
oscillating sine term in Eq. 9. The small increase of the shear strain leads to a

decrease of the
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1�y2

n�g2

1�y2
n

q
term. This means that in order to obtain zeros of the sine

term for larger shear strain values the effective quantum well thickness must be
larger. A decrease in the conduction band offset leads precisely to such an increase
of the effective thickness. Thus, the results shown in Fig. 3 are in very good
agreement with theory.

Figure 5 shows the dependence of the energy splitting on shear strain for the in-
plane wave vector k components are kx = 0.25 nm-1 and ky = 0.25 nm-1. The
significant valley splitting reduction around the strain value 0.145 % appears to be
independent of the quantum well width. According to Eq. 9, the valley splitting is
also proportional to B, and the valley splitting reduction around the shear strain

value 0.145 % is caused by vanishing of the Dexy � �h2kxky

M contribution. At this
minimum the valley splitting is determined by the spin-orbit interaction term
alone. The other valley splitting minima in Fig. 5 depend on the film thickness and

are caused by vanishing values of the sin
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1�y2

n�g2

1�y2
n

q
k0t

� ����
��� term.

The valley splitting as a function of the quantum well width for different values
of the effective electric field is shown in Fig. 6. Without electric field the valley
splitting oscillates as shown in Fig. 4. With electric field the oscillations are not

Fig. 4 Splitting of the lowest
unprimed electron subbands
as a function of the silicon
film thickness for several
values of the band offset at
the interface, the shear strain
value is 0.05 %,
kx = 0.1 nm-1,
ky = 0.2 nm-1
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observed in thicker films. This is due to the fact that in thick films the subband
quantization is caused by the electric field. Indeed, for thin structures, when the
quantization is still caused by the second barrier of the quantum well, the shape of
the oscillations is similar to that in the absence of an electric field. According to
[12], the condition for the independence of the valley splitting from the quantum
well width is

Fig. 5 Intervalley splitting
as a function of shear strain
for different values of the
well width for
kx = 0.25 nm-1 and
ky = 0.25 nm-1

Fig. 6 Splitting of the lowest
unprimed electron subbands
as a function of the film
thickness for different values
of the effective electric field,
the shear strain value is 0 %,
the conduction band offset is
4 eV, kx = 0.1 nm-1,
ky = 0.1 nm-1
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For an electric field of 0.05 MV/cm the quantum well width must be larger than
6.9 nm in order to observe the valley splitting independent on the quantum well
width. This value is in good agreement with the simulation results shown in Fig. 6.

Figure 7 shows the dependence of the valley splitting on strain. Without electric
field the valley splitting reduces significantly around the strain values 0.116 and
0.931 % as shown in Fig. 7. With electric field applied the minimum around the
strain value 0.931 % becomes smoother, however, for a strain value around
0.116 % the sharp reduction of the valley splitting is preserved. For large electric
field the valley splitting reduction around the value 0.931 % vanishes completely.

For the strain value 0.116 % the sharp reduction of the valley splitting is still
preserved at a minimum value only slightly affected by the electric field. As
follows from Eq. 9, for kx = 0.5 nm-1, ky = 0.1 nm-1 the strain value 0.116 %

causes the term Dexy � �h2kxky

M to vanish and minimizes the valley splitting, in good
agreement with the first sharp valley splitting reduction in Fig. 7. Thus, the valley
splitting at this strain value is solely determined by the spin-orbit interaction term.
The second minimum in the valley splitting around the strain value 0.931 % in

Fig. 7 is caused by vanishing of the sin
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1�y2

n�g2

1�y2
n

q
k0t

� ����
��� term. The effective

electric field alters the confinement in the well and is therefore able to completely
wash out the minimum in valley splitting due to the sine term. However, in
agreement with Eq. 9, it can only slightly affect the first minimum due to the shear
strain dependent contribution, in agreement with Fig. 7.

Fig. 7 Splitting of the lowest
conduction subbands as a
function of shear strain for
different values of the electric
field, the quantum well
thickness is 4 nm, the
conduction band offset is
4 eV, kx = 0.5 nm-1,
ky = 0.1 nm-1
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4 Scattering and Relaxation Matrix Elements Calculations

The surface roughness scattering matrix elements are proportional to the square of
the product of the subband function derivatives at the interface [13]. The surface
roughness at the two interfaces is assumed to be equal and statistically indepen-
dent. It is described by a mean and a correlation length [13].

Figures 8 and 9 show the dependences on strain and electric field of the matrix
elements for intrasubband and intersubband scattering due to surface roughness.
The intrasubband scattering matrix elements have two decreasing features shown in
Fig. 8. These features correlate with the valley splitting minima in Fig. 7. As in
Fig. 7, for higher electric fields the second decreasing feature around the shear
strain value of 0.9 % vanishes. For the electric field of 0.5 MV/cm the intrasubband
matrix elements are sharply reduced only for the shear strain value of 0.116 %. At
the same time, the intersubband matrix elements show a sharp increase around the
shear strain value of 0.116 %. The electric field does not affect much the valley

splitting provided by vanishing of the term Dexy � �h2kxky

M , and the sharp increase in
the inter-subband matrix elements is observed at higher fields as well.

Figures 10 and 11 show the dependence of the inter- and intrasubband spin
relaxation matrix elements (normalized to the intravalley scattering at zero strain)
on the angle between the incident and scattered wave vectors simultaneously with
the valley splitting (calculated for the scattered wave vector value). As shown in
Fig. 10, for small strain the sharp increases of the relaxation matrix elements are
correlated with the minima in the valley splitting, which occur for the values of the

angle determined by zeroes of the Dexy �
�h2k0xk0y

M term. This is the condition of the
formation of the so called spin hot spots characterized by large spin mixing and

Fig. 8 Intravalley scattering
matrix elements normalized
by their values for zero strain
as a function of shear strain
for different electric field
values
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relaxation. For higher shear strain values, however, the condition Dexy �
�h2k0xk0y

M ¼ 0
cannot be satisfied. In this case the valley splitting reduction shown in Fig. 11 is

due to sin
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1�y2

n�g2

1�y2
n

q
k0t

� ����
��� ¼ 0, in contrast to Fig. 10. Correspondingly, these

Fig. 9 Intervalley scattering matrix elements normalized to the value of the intravalley
scattering at zero strain as a function of strain for different electric field values

Fig. 10 Dependence of the normalized spin relaxation matrix elements and valley splitting on
the angle between the incident and scattered waves for the quantum well thickness is 4 nm, the
conduction band offset is 4 eV, kx = 0.5 nm-1, ky = 0.1 nm-1, Efield = 0 MV/cm, exy = 0.01 %
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valley splitting minima do not result in sharp increases in the spin relaxation
matrix elements on the angle between the incident and scattered waves.

The dependence of the intersubband spin relaxation matrix elements on shear
strain for several values of the electric field is shown in Fig. 12. The spin

Fig. 11 Dependence of the normalized spin relaxation matrix elements and valley splitting on
the angle between the incident and scattered waves for the quantum well thickness is 4 nm, the
conduction band offset is 4 eV, kx = 0.5 nm-1, ky = 0.1 nm-1, Efield = 0 MV/cm, exy = 0.92 %

Fig. 12 Spin relaxation
matrix elements normalized
to intravalley scattering at
zero strain dependence on
shear strain for several values
of the electric field,
kx = 0.5 nm-1,
ky = 0.1 nm-1
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relaxation increases up to the strain value 0.116 %, the point determined by the
spin hot spot condition. Applying strain larger than 0.116 % suppresses spin
relaxation significantly, for all values of the electric field. In contrast to the
scattering matrix elements (Figs. 8 and 9), the relaxation matrix elements dem-
onstrate a sharp feature only for the shear strain value of 0.116 %. Large electric
fields lead to an increase of the spin relaxation matrix elements due to the addi-
tional field-induced confinement.

5 Spin Relaxation

We are considering three mechanisms which contribute to the spin and momentum
relaxation: surface roughness (SR), intra- and intervalley (for spin relaxation)
scattering by acoustic phonons.

The spin and momentum relaxation times are calculated by thermal averaging
[4, 8, 13] as

1
s
¼
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f ðeÞdK1
; ð13Þ
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The surface roughness momentum (spin) relaxation rate is calculated in the
following way

1
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 !
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ð15Þ

where e is the electron energy, K1,2 are the in-plane wave vectors before and after
scattering, u is the angle between K1 and K2, eij is the dielectric permittivity, L is
the autocorrelation length, D is the mean square value of the surface roughness
fluctuations, WiK1 and WjK2 are the wave functions, and f(e) is the Fermi function,
and r = +1 is the spin projection to the [001] axis.

The momentum relaxation time is evaluated in the standard way [13, 14]. The
spin relaxation rate due to the transversal acoustic phonons is calculated as
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where kB is the Boltzmann constant, T is the temperature, q = 2,329 kg/m3 is the
silicon density, tTA = 5,300 m/s is the transversal phonons velocity,
(qx,qy) = K1 - K2 and M is the 4 9 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 the longitudinal acoustic phonons is

calculated as
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Here tLA = 8,700 m/s is the speed of the longitudinal phonons and the matrix M is
defined with Eq. 17.

The intervalley spin relaxation rate contains the Elliot and Yafet contributions
[8], which are calculated in the following way
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Here the matrix M0 is written as

M0 ¼
MZZ MSO

M
y
SO MZZ
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: ð20Þ

MZZ ¼
DZZ 0

0 DZZ
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MSO ¼
0 DSO ry � irx

� �
DSO �ry � irx

� �
0
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(rx,ry) = K1 + K2, Dzz = 12 eV, and DSO = 15 meV/k0 with k0 = 0.15 9 2p/
a defined as the position of the valley minimum relative to the X-point in
unstrained silicon [8].

6 Wave Function Evaluation

Because of the spin hotspots determining the strong dependence of the spin
relaxation scattering matrix elements on the relative angle between the incoming
and scattered waves the assumption of the independence of the subband wave
functions on the in-plane momentum frequently employed to estimate momentum
relaxation cannot be used to evaluate the spin lifetime. Indeed, because spin-orbit
effects are linear in in-plane momentum, the calculation of the surface roughness
scattering matrix elements at the center of the 2D Brillouin zone usually performed
for mobility calculations would result in the complete loss of all the effects due to
spin-orbit interaction. Therefore, in order to accurately compute the spin lifetime
numerically, one needs to know the subband wave functions as a function of the
in-plane wave vector. Numerical evaluation of the wave functions with subsequent
integration makes the task prohibitively expensive. To simplify the problem, we
obtain the wave functions in a semi-analytical manner. For this purpose we rotate
the Hamiltonian (Eq. 1) by means of the following unitary transformation. The
four basis functions X1:, X1;, X2:’, X2;’, for the two [001] valleys with spin up,

spin down are transformed by Eqs. 23–30 with tan Hð Þ ¼ DSO

ffiffiffiffiffiffiffiffiffi
k2

xþk2
y

p

Dexy�
�h2kxky

M

. The trans-

formation effectively decouples the spins with opposite direction in different
valleys.
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W1 ¼
1
2

X1" þ X02"

� �
þ ðX1# þ X02#Þ

kx � ikyffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

x þ k2
y

q

2
64

3
75; ð23Þ

W2 ¼
1
2

X1" þ X02"

� �
� ðX1# þ X02#Þ

kx � ikyffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

x þ k2
y

q

2
64

3
75; ð24Þ

W3 ¼
1
2

X1" � X02"

� �
þ ðX1# � X02#Þ

kx � ikyffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

x þ k2
y

q

2
64

3
75; ð25Þ

W4 ¼
1
2

X1" � X02"

� �
� ðX1# � X02#Þ

kx � ikyffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

x þ k2
y

q

2
64

3
75; ð26Þ

X1 ¼ W1 cos
H
2


 �
� iW3 sin

H
2


 �
; ð27Þ

X2 ¼ W2 cos
H
2


 �
þ iW4 sin

H
2


 �
; ð28Þ

X3 ¼ W3 cos
H
2


 �
� iW1 sin

H
2


 �
; ð29Þ

X4 ¼ W4 cos
H
2


 �
þ iW2 sin

H
2


 �
: ð30Þ

The Hamiltonian (Eq. 1) can now be cast into a form in which spins with
opposite orientation in different valleys are independent

H ¼ H1 H3

H3 H2

� �
; ð31Þ

H1, H2 and H3 are written as

H1 ¼
�h2k2

z

2ml
þ

�h2 k2
x þ k2

y

� �

2mt
� dþ UðzÞ

2
4

3
5I; ð32Þ
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H2 ¼
�h2k2

z

2ml
þ

�h2 k2
x þ k2

y

� �

2mt
þ dþ UðzÞ

2
4

3
5I; ð33Þ

H3 ¼
�h2k0kz

ml
0

0 �h2k0kz

ml

" #
; ð34Þ

with d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Dexy � �h2kxky

M

� �2
þD2

SO k2
x þ k2

y

� �r
.

Following [10] we find the wave functions analytically in the same manner as
for the two-band k � p Hamiltonian written in the vicinity of the X point of the
Brillouin zone for silicon films under uniaxial strain.

Figure 13 demonstrates an excellent agreement between the semi-analytical
and the numerically obtained results for a silicon film of 4 nm thickness for the
values kx = 0.25 nm-1 and ky = 0.25 nm-1. For the numerical calculations a
barrier of 10 eV height has been assumed.

7 Results and Discussion

Figure 14 shows the dependence of the momentum relaxation time on tempera-
ture. The contributions from the surface roughness (SR) and acoustic phonons
(PH) are shown. For the film thicknesses 2.1 and 1.36 nm the contribution from the
surface roughness is dominant at low temperatures. However, for a temperature
around 280 K the contributions from the surface roughness and from the acoustic
phonons for the film of thickness 2.1 nm are equal. Any further increase of tem-
perature leads to higher values of the momentum relaxation time caused by
acoustic phonons. Figure 14 shows that the dominant relaxation mechanism
strongly depends on film thickness. The phonons limited momentum relaxation is
characterized by much weaker thickness dependence and does not change sig-
nificantly while the thickness decreases from 2.1 to 1.36 nm. The surface rough-
ness limited momentum relaxation decreases by more than an order of magnitude
because of the expected t6 dependence [13, 15]. Thus, for the thickness 1.36 nm
the surface roughness induced spin relaxation is the dominant mechanism for the
whole range of considered temperatures.

Figure 15 shows the dependence of the different mechanisms of the momentum
relaxation together with the total momentum relaxation time on shear strain. The
improvement of the momentum relaxation time due to the shear strain is around
82 % for the film thickness of 2.1 nm and around 120 % for the film thickness
1.36 nm. The acoustic phonons limited momentum relaxation improves around
45 % for 2.1 nm and around 92 % for 1.36 nm. The surface roughness limited
momentum relaxation time increases around 110 % for 2.1 nm and around 120 %
for 1.36 nm. Because the SR mechanism is the dominant for the film thickness
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1.36 nm, the increase of the total momentum relaxation time is higher for 1.36 nm
than for 2.1 nm. We point out that the increase of the momentum relaxation time is
due to the corresponding scattering matrix elements dependences’ on strain.
Combined with the strain induced transport effective mass decrease it should result
in an even better mobility improvement supporting the use of uniaxial tensile
strain as the mobility booster in fully depleted ultra-thin SOI FETs.

Figure 16 demonstrates the contribution of the inter- and intrasubband pro-
cesses to the acoustic phonon and SR limited momentum relaxation. The domi-
nation of the intrasubband relaxation processes for both mechanisms of the
momentum relaxation is shown, in agreement with the selection rule that the

Fig. 13 Intrasubband
scattering matrix elements
normalized to their values at
zero strain for the film
thickness 1.36 nm for
kx = 0.25 nm-1 and
ky = 0.25 nm-1, and subband
splitting as a function of shear
strain

Fig. 14 Dependence of the
momentum relaxation time
induced by surface roughness
(SR) and acoustic phonons
(PH) on temperature for two
different thicknesses, exy = 0,
and electron concentration
1.29 9 1012 cm-2
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elastic processes result in strong intrasubband relaxation. The dominance of the SR
mechanism for the film thickness 1.36 nm shown in Figs. 14 and 15 is the con-
sequence of the high intrasubband relaxation rate.

The dependence of the spin lifetime on temperature for phonon scattering, and
SR scattering for different carrier concentrations is shown in Fig. 17. The spin

Fig. 15 Dependence of the
momentum relaxation time
induced by surface roughness
(SR) and acoustic phonons
(PH) on shear strain for
1.36 nm and 2.1 nm film
thickness, for T = 300 K,
and electron concentration
1.29 9 1012 cm-2

Fig. 16 Dependence of the intersubband and intrasubband components of the momentum
relaxation time induced by surface roughness (SR) and acoustic phonons (PH) on shear strain for
the film thickness 1.36 nm, T = 300 K, and electron concentration 1.29 9 1012 cm-2
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relaxation is more efficient for higher carrier concentrations for all three consid-
ered mechanisms. While the temperature increases, the difference between the spin
lifetimes for different values of the electron concentration becomes less pro-
nounced. Figure 17 shows that the SR mechanism dominates for all concentration

Fig. 17 Dependence of the surface roughness (SR), the longitudinal phonons’ (LA), and the
transversal phonons’ (TA) contribution to the spin lifetime on temperature for different values of
the electron concentration, for exy = 0, and film thickness 2.1 nm

Fig. 18 Dependence of the intersubband and the intrasubband component of the spin lifetime for
different spin relaxation mechanisms (surface roughness (SR), longitudinal phonons (LA), and
transversal phonons (TA)) on shear strain for the film thickness 1.36 nm, T = 300 K, and electron
concentration 1.29 9 1012 cm-2
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values. Spin relaxation due to TA phonons is weakest among the three considered
mechanisms.

Figure 18 demonstrates that the main contribution to spin relaxation comes
from the intersubband processes due to the presence of the spin hot spots char-
acterized by the sharp peaks of the intersubband spin relaxation matrix elements.
Their position is shown in Fig. 19. For higher shear strain values the hot spots are
pushed to higher energies away from the subband minima (inset in Fig. 19). This
results in a strong increase of the spin lifetime with shear strain for SR and the
phonon mechanisms as shown in Fig. 20.

Fig. 19 Normalized
intersubband relaxation
matrix elements as a function
of the conduction electrons
kinetic energy in [110]
direction. The inset shows the
positions of the hot spots for
different values of shear
strain

Fig. 20 Dependence of the
spin lifetime on shear strain
for the film thickness 2.1 nm,
T = 300 K, and electron
concentration
1.29 9 1012 cm-2
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8 Conclusion

We have included the spin-orbit interaction effects into the effective low-energy
k�p Hamiltonian to investigate the valley splitting, scattering, and spin relaxation
induced by the surface roughness and phonons in a thin film SOI MOSFET in a
wide range of parameters. We have demonstrated that the valley splitting minima
due to zero values of the sine term can be removed by the electric field, but the

minimum due to the vanishing Dexy � �h2kxky

M term is preserved even for large
electric fields. We have found that, due to the inter-subband splitting increase, the
matrix elements for spin relaxation decrease rapidly with shear strain. To evaluate
the wave function dependence on the in-plane momentum and spin relaxation time
the k�p Hamiltonian is solved analytically. We have shown that by applying shear
strain the momentum relaxation time can be improved by almost a factor of two
for ultra-thin films. We have demonstrated a strong, several 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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