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Abstract—The electron spin properties are promising for future
spin-driven devices. In contrast to charge, spin is not a conserved
quantity, and having sufficiently long spin lifetime is critical for
applications. Silicon, the major material of microelectronics, also
appears to be a perfect material for spintronic applications. The
peculiarities of the subband structure and details of the spin
propagation in ultra-thin silicon films in the presence of strain
are investigated. The application of an uniaxial stress can lift the
degeneracy between the remaining two valleys in a (001) silicon
film. The [001] equivalent valley coupling through the I'-point,
which results in a subband splitting in a confined relaxed electron
structure, is properly included. Its impact on the shear strain
inflicted equivalent subband splitting is evaluated, and thereby
the dependence of spin lifetime on the valley splitting is predicted.
In all possible conditions, the spin lifetime is observed to be
boosted by several orders of magnitude.

I. INTRODUCTION

Recent advances in semiconductor device shrinking and
development of multi-core processor architectures have contin-
uously boosted the performance of modern computers. How-
ever, increasing technological challenges and soaring costs
are gradually guiding MOSFET scaling to an end [1], which
is driving the search for alternative technologies. MOSFET
operation in modern days is principally based on the charge
degree of freedom of an electron. Another intrinsic electron
property, the electron spin, attracts at present much attention
as a possible candidate for complementing or even replacing
the charge degree of freedom in future electronic devices.
Using electron spin may help to reduce power consumption
and increase the computational speed of modern electronic
circuits [2]. Because of the paramount importance of SOI and
FinFET 3D technology for technology nodes from the 22nm
to the 14nm nodes and even beyond, spin lifetime in such
structures is a very relevant issue under inspection.

Silicon is a popular material for spin-driven applications,
particularly due to its high spin lifetime [3]. The lower estimate
for the spin lifetime at room temperature obtained within the
three-terminal injection scheme is of the order 0.1-10ns [3].
The first demonstration of coherent spin transport through
an undoped 350um thick silicon wafer [4] has triggered a
systematic study of spin transport properties in silicon. The
possibility of injecting spin at room temperature [S] makes
the fabrication of spin-based switching devices quite plausible
in the near future. On the contrary, a large experimentally
observed spin relaxation in electrically-gated silicon structures
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could become an obstacle in realizing spin-driven devices [6].
Hence, a deeper understanding of the fundamental spin relax-
ation mechanism in silicon MOSFETs is needed.

Shear strain has been traditionally used to boost electron
mobility. We investigate the surface roughness (SR), and
electron-phonon (Ph) limited spin relaxation time behavior in
a (001) oriented thin silicon film subjected to [110] uniaxial
tensile stress known to produce a shear strain (e;,). The
longitudinal (L A) and the transversal (T'A) acoustic phonons
are under consideration [7], as the contribution of optical
phonons can be safely ignored for a film thickness of less than
3nm. In order to evaluate the subband wave functions and spin
flip matrix elements we use the k - p Hamiltonian [8] [9] with
spin degree of freedom [10], written at the vicinity of the X-
point for the two relevant [001] valleys along the OZ-axis in
the Brillouin zone. Valley splitting in a silicon quantum well
at zero strain as a function of the quantum well width has
been known for a long time [11]. The values of the valley
splitting [12] obtained from a 30-band k - p model [13] and
sp>d®s* spin-orbit coupled tight-binding model [14] can be
considered. This impacts the valley splitting under shear strain,
the spin relaxation matrix elements, and finally the spin-flip
mechanisms. The obtained results are compared.

II. MODEL
A. Valley Splitting in Relaxed Silicon

The valley splitting in unstrained films can be expressed
following [12] as:

2T 2AF .
AE¢c = Grorl)? | sin(kort)| , (1)
Parameter Value
Silicon lattice constant a=0.5431nm
Spin-orbit term Agso=1.27meVnm [7]
Shear deformation potential D=14eV
Acoustic deformation potential =2=12eV

Yafet type factor due to the spin-orbit
interaction

Electron rest mass in silicon Me
Transversal effective mass
Longitudinal effective mass

Dgo=15meV/kg [15]

m¢ = 0.19me
m; = 0.91me

Valley minimum position from X-point || kg = 0.15 - 27”
Splitting at I'-point Ar in eV
kor kor = 0.85 - 2%

TABLE I: Simulation parameter list
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Fig. 1: Variation of SR- and Ph-mediated spin lifetime with

€xy, When different possible values for Ar are considered.
t=2.7nm, Ng=10'2cm~—2, T=300K.
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Fig. 2: Variation of the spin lifetime with £, with the electron
concentration as parameter. t=2.7nm, T=300K.
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Fig. 3: Variation of the spin lifetime with ., with the sample
thickness as parameter. Ng=10'2cm~2, T=300K.

where t is the film thickness, and the other parameters as listed
in TableI. Ar is a parameter defining the strength of the valley-
orbit interaction with its value ranging between 2eV (30-band
k - p model) and 5.5¢V (tight-binding model), depending on
the approach used to evaluate the band structure. Both methods
reproduce the features of the conduction and valence band
equally well, but require additional experimental verification
at higher energies, where the discrepancy appears.

B. The k - p Hamiltonian with Spin Degree of Freedom

The effective two-band k - p Hamiltonian, including the
spin degree of freedom and shear strain, describes the electron
states in the conduction band of the two relevant [001] valleys
in the vicinity of the X-point along the OZ-axis in the
Brillouin zone.

The Hamiltonian can be expressed following [10] as:

| Hi Hs
H_ |: H3 H2 :| ) (2)
with
R2k2 0 (k2 +k2) .
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where (k;, ky, k) represents the projections of the k vector on
the coordinate axes, U (z) is the confinement potential, M ~! =
-t —m_', and the other parameters are defined in TableT.
The value for § is

2
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The energy dispersion relation can thus be written as
2
R2k2 hP(k2 + k2 2k k
B(k,) = —= + ( Wy 2) +42. (6)
2my 2my my

The individual spin relaxation time components are cal-
culated by the corresponding thermal averaging of the re-
spective subbands in-plane momentum dependent scattering
rates [7] [15] [16] [17]. The total spin lifetime (75) is evaluated
by the Matthiessen rule [18].

III. RESULTS
A. Spin Lifetime with Strain

We analyze the variations of the SR- and Ph-mediated
spin relaxation components of 75 with €;,, with and without
including the parameter Ar into the computation (Figure 1).
One can observe a giant increment of the components, when
Ar is not included. The increase is less pronounced, when the
value of Ar increases. However, even when Ar is taken to be
5.5eV, the value of 75 increases by two orders of magnitude.
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Fig. 4: Variation of the spin lifetime with ., with the
temperature as parameter. Ng=10'2cm™2, {=2.7nm.

It is further noted that for a film thickness of ¢=2.7nm, the
acoustic phonon-induced spin-flip mechanism is dominating
in all three distinct cases.

Now we analyze the variation of 75 with €;,, when the elec-
tron concentration (/Ng) is used as a parameter, c.f. Figure 2.
The spin relaxation becomes less severe for higher carrier con-
centrations for all considered mechanisms. This happens due
to the lifting of the Fermi level with increasing concentration.
Figure 3 shows the increase in 7g with ¢, for different values
of ¢. Figure4 describes how 7g is sensitive to the operating
temperature (17). The figure confirms that at higher temperature
where the phonon scattering rate is significantly increased,
the value of 7g is shorter as compared to its value at lower
temperature, at each strain point. From these results we can
conclude that 75 is distinguishably sensitive on the operating
parameters like ¢, Ng, and T In all cases, the increase of 7g
becomes less pronounced when Ar is high. It is also noted that
at high ¢,,, the values of g become the same with respect to
the values of Ar.

B. Inter- and Intravalley Transition

In order to elucidate the spin relaxation mechanism, we
consider the spin-flip caused by the intra- and inter- valley
transitions. Figure 5 shows the minimum energy levels (when
ky=k,=0) of the two lowest unprimed subbands primarily
responsible [19] [20] for the spin relaxation, for several Ar.
The unprimed subbands are degenerate at zero strain without
the Ar term. The Ar term lifts the degeneracy even at zero
strain. The figure also shows how an increasing &, inflicts
the subband splitting between the unprimed valley pair. This
splitting pushes out the regions of large mixing between the
spin-up and spin-down states to higher kinetic energies outside
of the occupied states. With increasing e, the influence of A
vanishes as is obvious from (6). Nevertheless, this lifting of the
degeneracy is the crucial factor for the spin lifetime enhance-
ment. We point out that the degeneracy between equivalent
valleys was a longstanding problem in silicon spintronics.
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Fig. 5: The minimum energies of two lowest unprimed sub-

bands with e,, at two distinct Ar values. Ng=10"2cm—2,

t=2.7nm, T'=300K.

10°F

—
(=}
)

Spin lifetime [ns]

1 1 1 1
0.003 0.006 0.009 0.012 0.015
€

Xy
Fig. 6: Spin relaxation time with the respective components.
Ng=10"2cm™2, ¢t=2.7nm.

Figure 6 depicts the inter- and intravalley scattering com-
ponents of Tg at two distinct values of 7'. It is observed that
the major contribution to the spin relaxation comes from the
intervalley transition process, which is significantly reduced
at high strain, in accordance with Figure5. At high valley
splitting, the spin relaxation is determined by intra-valley
scattering which does not depend on Ar.

C. Spin Lifetime and Valley Splitting

In Figure 7 we plot the variation of 7g with the total valley
splitting, c.f. Figure 5. One observes how 7g strongly depends
on the different possible values of Ap, particularly at the
lower range of the valley splitting. The squared .S R-induced
intersubband spin relaxation matrix elements, normalized to
the squared intrasubband scattering matrix elements at zero
strain [20] (M, sr) and for a certain in-plane k vector, are
shown in Figure 8. The sharp increase of M, 32 gp 1s located
at the position where the valley splitting attains its minimum
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Fig. 7: Variation of the spin lifetime with the valley splitting
results shown in Figure 5.
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Fig. 8: Intersubband spin relaxation matrix elements as func-
tion of &,,, where k,=0.3nm~!, k,=Inm™~!, and for different
possible values for Ap. ¢=2.7nm.

value, and this occurs at the spin hot spot condition, which in
turn is characterized by the large mixing of the up(down)-spin
states [20] because

Rk, k,
M
Nevertheless, the behavior of the spin lifetime as delineated in
Figure 7 is correlated with the suppression of the spin hot spot
peaks with increasing AFE¢, as found in Figure 8. However,
in all cases the spin lifetime is boosted by several orders of

magnitude.

Dey, — =0. (7)

IV. CONCLUSION

We have discussed how shear strain-induced subband split-
ting causes a giant increase of spin lifetime in a thin silicon
film. This enhancement is strongly sensitive to the different
parameters like sample thickness, electron concentration, and
operating temperature. We have explained that this is a con-
sequence of the reduction of the intervalley spin relaxation.

The possible values of the valley splitting in an unstrained
structure are included, and their impact on the spin relaxation
mechanisms is compared. It is concluded that in all cases the
spin lifetime is boosted by at least two orders of magnitude.
Therefore, shear strain routinely used to enhance mobility can
also be used to boost spin lifetime.
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