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ABSTRACT

Spintronics attracts at present much interest tscaf

the potential to build novel spin-based devicescihi
are superior to nowadays charge-based devices.
Utilizing spin properties of electrons opens great
opportunities to reduce device power consumption in
future electronic circuits. Silicon, the main elemef
microelectronics, is also promising for spin-driven
applications. Understanding the details of the spin
propagation in silicon structures is a key for Hep@n-
based applications. We investigate the surface
roughness induced spin relaxation in a silicon-on-
insulator-based spin field-effect transistors farious
parameters including the potential barrier at the
interfaces, the film thickness, and shear straimea®
strain dramatically influences the spin openingeavn
opportunity to boost spin lifetime in a silicon sgield-
effect transistor.

Keywords: spin relaxatiork-p model, shear strain,
surface roughness, spin MOSFET

1. INTRODUCTION

Since modern microelectronic devices are near éo th
fundamental scaling limits, a further boost of thei
performance could be eventually provided by chaggin
their operational principles. Promising resultsénaeen
already obtained by utilizing the spin properties o
electrons. In order to achieve significant advaesalgy
utilizing spin, materials possessing a long spfertime
and low relaxation rate must be used.

Silicon is the primary material for micro-
electronics. The long spin life time in silicon &
consequence of the weak spin-orbit interaction ted
spatial inversion symmetry of the lattice (Li and
Appelbaum 2011, Li and Dery 2011). In addition,
silicon is composed of nuclei with predominantlyae
magnetic moment. A long spin transfer distance of
conduction electrons has already been demonstrated
experimentally (Huang, Monsma, Appelbaum 2007).
Spin propagation at such distances combined with a
possibility of injecting spin at room (Dash, Sharma
Patel, de Jong, Jansen 2009) or even elevated/diit
Erve, Jonker 2011) temperature in silicon mates
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fabrication of spin-based switching devices quite
plausible in the upcoming future. However, the
relatively large spin relaxation experimentally eb&d

in electrically-gated lateral-channel silicon stures

(Li and Appelbaum 2011) might become an obstacle in
realizing spin driven devices (Li and Dery 201I)da
deeper understanding of the fundamental spin rétaxa
mechanisms in silicon is urgently needed (Song and
Dery 2012).

In this work we investigate the influence of the
intrinsic spin-orbit interaction on the subbandisture,
subband wave functions, and spin relaxation matrix
elements due to the surface roughness scatteritignin
silicon films. Following Li and Dery (Li and Dery
2011), ak-p approach (Bir and Pikus 1974, Sverdlov
2011) suitable to describe the electron subbandtsire
in the presence of strain is generalized to incltite
spin degree of freedom.

In contrast to Li and Dery (Li and Dery 2011), our
effective 4x4 Hamiltonian considers only relevad@]]
oriented valleys with spin included, which prodube
low-energy unprimed subband ladder. Within this
model the unprimed subbands in the unstrained (001)
film are degenerate without spin-orbit effects urated.

An accurate inclusion of the spin-orbit interaction
results in a large mixing between the spin-up guid-s
down states, resulting in spin hot spots along[10€]
and [010] axes characterized by strong spin reil@xat
due to the spin-orbit coupling. These hot spotaukho
be contrasted with the spin hot spots appearinthén
bulk system (Cheng, Wu, Fabian 2010, Li and Dery
2011). Their origin lies in the unprimed subband
degeneracy in a confined electron system which
effectively projects the bulk spin hot spots at¢ldge of
the Brillouin zone to the center of the 2D Brillaui
zone.

Shear strain lifts the degeneracy between the
unprimed subbands (Sverdlov 2011). The energy
splitting between the otherwise equivalent subbands
removes the origin of the spin hot spots in a cwdi
silicon system, which should substantially imprdke
spin lifetime in gated silicon systems.
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2. METHOD
We solve numerically the Hamiltonian

H, H,
= [H; HZ] .

with H,, H,, andH; defined as

_ [ K CDIkoky | KR+
kxk .
Dgxy - My (ky - kxl)ASO
H3 = i kxky | (3)
(_ky kxl)ASO Dgxy - M

Herej = 1, 2,1 is the identity 2x2 matrixin, andm are
the transversal and the longitudinal silicon effert
massesk, = 0.15 x 2w /a is the position of the valley
minimum relative to theX point in unstrained silicon,
&yy denotes the shear strain componéfit! ~ m;* —
myt, and D = 14eV is the shear strain deformation
potential. The spin-orbit term, & (k,0, — k,0,) with

5 |5 BtV e
En—Eyx

Agy =

: (4)

couples states with the opposite spin projestioom
the opposite valleyss, and g, are the spin Pauli
matrices andr, is the y-Pauli matrix in the valley
degree of freedom. In the Hamiltonian (@}z) is the
confinement potential, and the valig, = 1.27meVnm
computed by the empirical pseudopotential method
(Figure 1) is close to the one reported by Li arehD
(Li and Dery 2011).

3. RESULTSAND DISCUSSION

3.1. Valley splitting calculations

First we investigate the dependence of the valley
splitting on the value of the potential barrier the
interfaces. The numerical results are obtainedttier
wave vectok||[110] with the valuesk, = 0.1nnt and

ky, = 0.1nm". Figure 2 shows the splitting for different
values of the quantum well width. The valley spitt
theory in SiGe/Si/SiGe quantum wells (Friesen, Ghut
Tahan, Coppersmith 2007) predicts that in the chse
symmetric square well without an electric field the
valley splitting is inversely proportional to the
conduction band offs&tF, at the interface.

However Figure 2 demonstrates clearly that the
dependence is more complicated. For the quanturh wel
of 1.36nm width the splitting first increases bater
saturates. For the quantum well of 3.3nm width a
significant reduction of the valley splitting aralthe
conduction band offset value 1.5eV is observed. A
further increase of the conduction band offset detad
an increase of the subband splitting value. For the
quantum well of 3.3nm thickness the valley splgtin
saturates at about 0.17meV.
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Figure 1: Empirical pseudopotential calculationsthodf
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Figure 2: Splitting between the lowest unprimed
electron subbands as a function of the conductamb
offset at the interface for different thicknessdstte

unstrained silicon film without electric field

For the quantum well of 6.5nm width a
significant reduction of the valley splitting is sdrved
for a conduction band offset value 0.2eV. The saldba
splitting saturates at a value 0.04meV. Although fo
the values of the conduction band offset smallanth
4eV the valley splitting depends aXE,, for larger
values of the conduction band offset it saturates
indicating that the strength of the orbit-valley
interaction at the interface is proportional AF,
(Friesen, Chutia, Tahan, Coppersmith 2007).

The valley splitting as a function of the conduntio
band offset for the film of 3.3nm thickness withdlé
electric field is shown in Figure 3. Without shearain
the valley splitting is significantly reduced arauthe
conduction band offset value of 1.5eV. For the shea
strain value of 0.25% and 0.5% the sharp reduation
the conduction subbands splitting shifts to a senall
value of AE. However the region of significant
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Figure 3: Valley splitting as a function of the

conduction band offset for the film thickness 3.3nm

without electric field
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reduction is preserved even for the large sheainstr
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 influence of the effective electric field oreth
region of sharp splitting reduction is demonstrated
Figure 4. With the electric field applied the retioe
in the region of interest around the conductiondban
offset value 1.5eV becomes smoother. However, for
values of the conduction band offset smaller than
1.5eV the reduction of the valley splitting is Istil
observed. For the values larger than 1.5eV theaubb
splitting slightly increases and then saturates. the
electric field value of 0.05MV/cm the saturationue
of the valley splitting is almost equal to the sated
valley splitting value without electric field. Fahe
stronger electric field of 0.5MV/cm the valley gpiig
reduction vanishes completely and the splitting
becomes almost independent of the conduction band
offset.

According to Friesenet al. (Friesen, Chutia,
Tahan, Coppersmith 2007) the barrier heiyfit does
not directly enter the expression of the valleyitspy
for a perfectly smooth interface in the presencéhef
electric field. The result shown in Figure 4 foreth
large electric field value is in a good agreemeithw
the theory.

The splitting of the lowest unprimed electron
subbands as a function of the silicon film thiclésr
several values of the conduction band offset at the
interfaces is shown in Figure 5. The valley spigti
oscillates with the film thickness increased. Ading
to the theory (Sverdlov, Baumgartner, Windbached a
Selberherr 2009), we generalize the equation fer th
valley splitting in an infinite potential square We
including the spin-orbit coupling as
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Figure 4: Dependence of the valley splitting on the
conduction band offset at the interface for différe
values of the electric field, the shear strain gals
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AE, = 2948 sin( ’1—3;_,21—27;2 k0t> ., (B
kot Ja-vA-12)1-7D) o

with y,,, n, andB defined as

= e (6)

=13 ()

B = [82,(k2 +k2) + (Deyy - '“’jw—"Y)z ®)

Heret is the film thickness. As it was shown earlier the
conduction band value of 4eV provides a subband
splitting value close to the saturated one. Because
Equation 5 is written for an infinite potential sqa
well, a slight discrepancy is observed between the
theoretical curve and the numerically curve calimda
for the conduction band offset value 4eV in FighreA
large value of the conduction band offset showsebet
agreement between the theory and numerically obdain
results.

The valley splitting as a function of the quantum
well width for different values of the effectiveeetric
field is shown in Figure 6. Without electric fieltie
valley splitting oscillates as shown in Figure 5ithW
electric field the oscillations are not observedhitker
films. According to Frieseret al. (Friesen, Chutia,
Tahan, Coppersmith 2007) the condition for the
independence of the valley splitting from the quamt
well width is

3 2m?h? (9)

mieEfield
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Figure 5: Splitting of the lowest unprimed electron
subbands as a function of the silicon film thicleésr
several values of the band offset at the interfdlice,
shear strain value is 0.05%,= 0.1nn', k, = 0.2nm"

For thinner structures, the quantization is caused
by the second barrier of the quantum well. The shafp
the oscillations is therefore similar to that ie tibsence
of an electric field. For the electric field of 8/V/cm
the quantum well width should be larger than 6.9nm
order to observe the valley splitting independentite
quantum well width. This value is in good agreement
with the simulation results shown in Figure 6.

We now discuss the effect of shear strain on the
conduction band splitting and spin relaxation dae t
scattering induced by the surface roughness. The
surface roughness scattering matrix elements &enta
to be proportional to the square of the subbandtion
derivatives at the interface (Fischetti, Ren, Saom
Yang, and Rim 2003). A (001) oriented siliddm
of 4nm thickness is considered, the incident wave
k||[510], the valuesk, = 0.5nn¥, k, = 0.1nnt, the

scattered wavek'||[510], the valuesk, = -0.5nn,
ki, = -0.1nmt, the spin is injected along [110]
direction.

Figure 7 shows the dependence of the valley
splitting on strain. Without electric field the &y
splitting reduces significantly around the straelues
0.116% and 0.931% as shown in Figure 7. With altectr
field applied the minimum around the strain value
0.931% becomes smoother, however, for the strain
value around 0.116% the sharp reduction of theeyall
splitting is preserved. For large electric fiele thalley
splitting reduction around the value 0.931% varishe
completely. For the strain value 0.116% the sharp
reduction of the valley splitting is still presedvat a
minimum value, which is determined by the spin-brbi
interaction term, only slightly affected by the ahic
field. As follows from Equation 5 the splitting beten

2
the subbands depends olhsxy—h';‘ky, and the
subbands is

degeneracy between the unprimed
increased, when this term is nonzero.
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subbands as a function of the film thickness for
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Figure 7: Splitting of the lowest conduction subti&n
as a function of shear strain for different valoéshe
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For k, =0.5nnt, k, = 0.1nn" the strain value
0.116% causes this term to vanish and minimizes the
valley splitting, in good agreement with the figtarp
valley splitting reduction in Figure 7. The valley

. . . . 1—}/721—7]2
splitting is also proportional tgsin Tkot
“In

The second minimum in the valley splitting arouhd t
strain value 0.931% in Figure 7 is because of #r® z

- ,1—3/%—772
sm( = k0t>

electric field alters the confinement in the wetidais
therefore able to completely wash out the minimam i
valley splitting due to the sine term. However, in
agreement with (5), it can only slightly affect the
minimum due to the shear strain dependent
contribution, in agreement with Figure 7.

value of the term. The effective
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Figure 10: Dependence of the normalized spin
relaxation matrix elements and valley splitting the
angle between the incident and scattered wavethdor
quantum well thickness is 4nm, the conduction band
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3.2. Scattering and relaxation matrix elements

calculations

The surface roughness at the two interfaces is
assumed to be equal and statistically indepdnttas
described by a mean and a correlation length (Bttich
Ren, Solomon, Yang, and Rim 2003). Figure 8 and
Figure 9 show the dependences on strain and electri
field of the matrix elements for the intra-subbaart
inter-subband scattering. The intra-subband saadter
matrix elements have two decreasing regions shown i
Figure 8. These regions are in good agreementtvith
valley splitting minima in Figure 7. For higherlfis the
second decreasing region around the shear straie va
of 0.9% vanishes. For the electric field of 0.5Mw/c
the intra-subband matrix elements are sharply rediuc
only for the shear strain value of 0.116%. At fagne
time, the inter-subband matrix elements show apshar

increase around the shear strain value of 0.116%.
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Figure 11. Dependence of the normalized spin
relaxation matrix elements and valley splitting e
angle between the incident and scattered wavethéor
quantum well thickness is 4nm, the conduction band
offset is 4eV, k, = 0.5nnt, k, = 0.1nnt,
Efield = OMV/Cm,Exy =0.92%

The electric field does not affect much the valley
splitting provided by the zero value of the tebw,,, —
h2kyky

and the sharp increase in the inter-subband

matrix elements is observed at higher fields.

At the same time the electric field washes out and
a sharp minimum around the shear strain value 3%o0.
in Figure 9 occurs. With the electric field incredghe
confinement pushes the carriers closer to the fader
which results in both inter-and intra-subband scaty
matrix elements increased.

Figure 10 and Figure 11 show the sum of the inter-
and intra-subband spin relaxation matrix elements
(normalized to the intravalley scattering at zetr@in)
on the angle between the incident and scatterede wav
vectors simultaneously with the valley splitting
calculated for the scattered wave. As shown in
Figure 10, for small strain the sharp increaseghef
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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

25,07
xky

Déeyy — term. This is the condition of the

formation of the so called spin hot spots charatdr
by spin mixing. In contrast to Figure 10, the walle

- ; - 1-yi-1n?
splitting reduction due to thgin = kot
—In

shown in Figure 11 does not lead to sharp incregses
the spin relaxation matrix elements on the angle
between the incident and scattered waves.

The dependence of the spin relaxation matrix
elements shear strain for several values of thetrade
field is shown in Figure 12.

The spin relaxation matrix elements increase until
the strain value 0.116%, the point determined by th
spin hot spot condition. Applying strain larger nha
0.116% suppresses spin relaxation significantly,afb
values of the electric field. In contrary to thettering
matrix elements (Figure 8 and Figure 9), the rdlara
matrix elements demonstrate a sharp feature onlghéo
shear strain value of 0.116% at zero electric fieltge
electric field leads to an increase of the relati
matrix elements due to the additional field-induced
confinement resulting in higher values of the acef
roughness induced spin relaxation matrix elements.

term

3.3. Overlap calculations

In the presence of strain and confinement the four-
fold degeneracy of tha-th subband is partly lifted by
forming an n+ and n- subset (the valley splitting),
however, the degeneracy of the eigenstates with the
opposite spin projectionst ) andn + U) within each
subset is preserved.

The degenerate states are chosen to satisfy

(Mnx|fntl) =0, (10)

with the operatof defined as
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f=cosfo,+sind (cos @ oy +sing ay), (11)
whereé is the polar ang is the azimuth angle defining
the orientation of the injected spin. However, the
expectation value of the operatbromputed between
the spin up and down wave functions from the déffer
subsets is nonzero, when the effective magnetid fie
direction due to the spin-orbit interaction is dint
from the injected spin quantization axis:

f=(Mnt|f|¥+nl)*0. (12)

Figure 13, Figure 14, and Figure 15 show the
dependence of on the orientation of the injected spin
for k.= 0.1nm', k,= 0.1nni" for different values of
shear strain. The absolute value of the overfap
characterizes the strength of the spin up/dowrestat
mixing caused by the spin-orbit interaction. Thensp
mixing significantly decreases with shear strain
increased in the whole range of spin orientatidrgs
result explains the spin relaxation reduction véttear
strain.

120 180

180 _qgg -120 60 O 60

0
Figure 13: Dependence of the overlap of wave fonsti
between two lowest conduction subbands on the spin
injection direction fork,= 0.1nnt, k,= 0.1nni", the
shear strain value is 0%
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Figure 14: Dependence of the overlap of wave fonsti
between two lowest conduction subbands on the spin
injection direction fork,= 0.1nnt, k,= 0.1nni", the
shear strain value is 0.1%
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Figure 15: Dependence of the overlap of wave fonsti
between two lowest conduction subbands on the spin
injection direction fork,= 0.1nnt, k,= 0.1nni", the
shear strain value is 1%

4. CONCLUSION

We have investigated the lowest unprimed electron
subband splitting in a thin film of a SOI-basedcsih
spin field-effect transistors in a wide range of
parameters, including the conduction band offséhat
interfaces, the width of the film, the effectiveeetric
field, and the shear strain value. We have incluithed
spin-orbit interaction effects into the effectivewt
energy k-p Hamiltonian to investigate the valley
splitting, scattering, and spin relaxation indudsdthe
surface roughness. We have demonstrated that the
valley splitting minima due to zero values of theléke
term can be removed by the electric field, but the
2
minimum due to a vanishin@exy—hljw—"ky term is
preserved even for large electric fields. We hawans
that, due to the inter-subband splitting increabe
matrix elements for spin relaxation decrease rgpidl
with shear strain. Thus, shear strain used to exhan
electron mobility can also be used to boost spin
lifetime.
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