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Abstract—We investigate the surface roughness and phonon induced 
spin and momentum relaxation in ultra-scaled SOI MOSFETs. We 
show that the spin-flip hot spots characterized by strong spin 
relaxation can be efficiently removed by applying shear strain 
resulting in an increase of spin lifetime by orders of magnitude. In 
contrast, the momentum relaxation time in ultrathin films, which is 
mostly determined by surface roughness scattering can be only 
increased by a factor of two, in agreement with strain-induced 
mobility enhancement data. 

I. INTRODUCTION 
Future microelectronic devices should substantially reduce the 
power consumption per operation. In addition, novel devices have 
to be smaller and faster. Spintronics considers novel devices 
which use the spin of electrons instead of the charge to perform an 
operation. A number of devices has already been proposed [1,2]. 
Silicon is an ideal material for spintronic devices [3], 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 [4] could compromise the reliability and 
become an obstacle in realizing spin-driven devices. Thus, deeper 
understanding of spin relaxation mechanisms in thin silicon films 
is urgently needed [5]. 

II. MODEL 
We present an approach to analyze surface roughness and phonon 
induced spin relaxation in thin silicon films. We investigate the 
dependences on temperature and uniaxial [110] shear strain for 
different (001)-oriented silicon films. 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 intrasubband and 
intersubband surface roughness scattering matrix elements are 
taken proportional to the square of the product of the subband 
function derivatives at the interface [6]. The spin and momentum 
relaxation times are calculated by thermal averaging [5-7] as: 

 ଵఛ ൌ ׬ భഓ൫۹૚൯௙ሺఌሻ൫ଵି௙ሺఌሻ൯ ௗ۹૚׬ ௙ሺఌሻ ௗ۹૚ , (1) 

׬  ݀۹૚ ൌ ׬ ׬ |۹૚|ฬങഄ൫۹૚൯ങ۹૚ ฬஶ଴ଶగ଴ ݀߮  (2) .ߝ݀

The surface roughness spin relaxation rate is calculated in the 

following way: 

 ଵఛೄೃሺ۹૚ሻ ൌ ସగ԰ሺଶగሻమ ∑ ׬ πΔଶܮଶ ଵఢ೔ೕమ ሺ۹૛ି۹૚ሻଶగ଴௜,௝ୀଵ,ଶ ԰రସ௠೗మ |۹૛|ฬങഄ൫۹૛൯ങ۹૛ ฬ   ڄ

ڄ  ൤ቀௗஏ೔۹૚ಚௗ௭ ቁכ ௗஏೕ۹૛ష഑ௗ௭ ൨௭ୀേ೟మ
ଶ exp ቀିሺ۹૛ି۹૚ሻమ௅మସ ቁ ݀߮,  (3) 

where ߝ is the electron energy, ۹૚,૛ are the in-plane wave vectors 
before and after scattering, ߳௜௝ is the dielectric permittivity, ܮ is 
the autocorrelation length, Δ is the mean square value of the 
surface roughness fluctuations, Ψ௜۹૚  and Ψ௝۹૛ are the wave 
functions, ݂ሺߝሻ is the Fermi function, and ߪ is the spin projection 
to the [001] axis. 

The momentum relaxation time is evaluated in the standard 
way [6]. The spin relaxation rate due to the transversal acoustic 
phonons is calculated as: 

 ଵఛ೅ಲሺ۹૚ሻ ൌ ଶగ௞ಳ்԰ఘ௩೅ಲమ ∑ ׬ |۹૛|ฬങഄ൫۹૛൯ങ۹૛ ฬଶగ଴   ڄ

ڄ  ൥1 െ ങഄ൫۹૛൯ങ۹૛ ௙൫ఌሺ۹૛ሻ൯ങഄ൫۹૚൯ങ۹૚ ௙൫ఌሺ۹૚ሻ൯൩ ଵଶ ׬ ׬ exp൫െඥݍ௫ଶ ൅ ݖ|௬ଶݍ െ ᇱ|൯௧଴௧଴ݖ   ڄ

ڄ  ൣΨ۹૛ற ሺݖሻܯΨ۹૚ሺݖሻ൧ൣΨ۹૛ற ሺݖᇱሻܯΨ۹૚ሺݖᇱሻ൧   ڄ

ڄ  ൤ඥݍ௫ଶ ൅ ௬ଶݍ െ ଼௤మೣ௤೤మି൫௤మೣା௤೤మ൯మ௤మೣା௤೤మ ݖ| െ ᇱ|൨ݖ  ᇱ, (4)ݖ݀ݖ݀

with ݇஻ is the Boltzmann constant, T is the temperature, 2329= ߩ ୩୥୫య is the silicon density, ்ݒ஺=5300୫ୱ  is the transversal 
phonons velocity, ݐ is the film thickness, ൫ݍ௫, ௬൯ݍ ൌ ۹૚ െ ۹૛, 
and ܯ is the matrix 4 ൈ 4. Written in the basis for the spin 
relaxation rate the matrix ܯ is:  

ܯ  ൌ ێێۏ
ۍێێ 0 0 ஽ೣ೤ଶ0 0 0஽ೣ೤ଶ 0 0

0஽ೣ೤ଶ00 ஽ೣ೤ଶ 0 0 ۑۑے
 (5) .ېۑۑ

Here ܦ௫௬=14eV is the shear deformation potential. 
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The intravalley spin relaxation rate due to the longitudinal 
acoustic phonons is calculated as: 

 ଵఛಽಲሺ۹૚ሻ ൌ ଶగ௞ಳ்԰ఘ௩ಽಲమ ∑ ׬ |۹૛|ฬങഄ൫۹૛൯ങ۹૛ ฬଶగ଴   ڄ

ڄ  ൥1 െ ങഄ൫۹૛൯ങ۹૛ ௙൫ఌሺ۹૛ሻ൯ങഄ൫۹૚൯ങ۹૚ ௙൫ఌሺ۹૚ሻ൯൩ ଵଶ ׬ ׬ exp൫െඥݍ௫ଶ ൅ ݖ|௬ଶݍ െ ᇱ|൯௧଴௧଴ݖ   ڄ

ڄ  ൣΨ۹૛ற ሺݖሻܯΨ۹૚ሺݖሻ൧ൣΨ۹૛ற ሺݖᇱሻܯΨ۹૚ሺݖᇱሻ൧   ڄ

ڄ  ସ௤మೣ௤೤మ൬ට௤మೣା௤೤మ൰య ൣඥݍ௫ଶ ൅ ݖ|௬ଶݍ െ |ᇱݖ ൅ 1൧݀ݖ݀ݖᇱ. (6) 

Here ݒ௅஺=8700୫ୱ  is the speed of the longitudinal phonons and the 
matrix ܯ is defined with (5). 

The intervalley spin relaxation rate contains the Elliot and 
Yafet contributions [5], which are calculated in the following 
way: 

 ଵఛಽಲሺ۹૚ሻ ൌ ଶగ௞ಳ்԰ఘ௩ಽಲమ ∑ ׬ |۹૛|ฬങഄ൫۹૛൯ങ۹૛ ฬଶగ଴ ൥1 െ ങഄ൫۹૛൯ങ۹૛ ௙൫ఌሺ۹૛ሻ൯ങഄ൫۹૚൯ങ۹૚ ௙൫ఌሺ۹૚ሻ൯൩   ڄ

ڄ  ଵଶ ׬ ൣΨ۹૛ற ሺݖሻܯΨ۹૚ሺݖሻ൧כ௧଴ ൣΨ۹૛ற ሺݖሻܯΨ۹૚ሺݖሻ൧݀(7) .ݖ 

Here the matrix ܯ is written as: 

ܯ  ൌ ቈܯ௓௓ ௌைறܯௌைܯ  ௓௓቉, (8)ܯ 

௓௓ܯ  ൌ ൤ܦ௓௓ 00  ௓௓൨, (9)ܦ

ௌைܯ  ൌ ቈ 0 ௬ݍௌைሺܦ െ ௬ݍௌைሺെܦ௫ሻݍ݅ െ ௫ሻݍ݅ 0 ቉, (10) 

 defined as the ܽ/ߨௌை=15meV/k0 with ݇଴ = 0.15ൈ2ܦ ,௓௓=12eVܦ
position of the valley minimum relative to the X-point in 
unstrained silicon [5]. 

In order to find the subband wave functions and subband 
energies a perturbative kڄp approach [7-9] suitable to describe the 
electron subband structure in the presence of strain and spin-orbit 
interaction is applied. We consider only the two relevant valleys 
along the [001] axis. The Hamiltonian is written in the vicinity of 
the X-point along the kz-axis in the Brillouin zone [10]. In order to 
find the subband wave functions and subband energies the 
Hamiltonian [10] is transformed to eliminate the coupling 
between the spins with opposite direction in different valleys. 

ܪ  ൌ  ൤ܪଵ ଷܪଷܪ  ଶ൨, (11)ܪ

 
Figure 1.  Dependence of the momentum relaxation time induced by surface 
roughtness(SR), longitudinal phonons (LA), and transversal phonons (TA) on 

temperature for two different thicknesses, ߝ௑௒=0, 
and electron concentration 1.291012ڄcm-2 ܪଵ, ܪଶ, and ܪଷ are written as: 

ଵ,ଶܪ  ൌ  ቂ ԰మ௞೥మଶ௠೗ ൅ ԰మ൫௞మೣା௞೤మ൯ଶ௠೟ ൅ ሺെ1ሻ௝ߜ  ቃ  (12) ,ܫ

ଷ  ൌܪ   ቎԰మ௞బ௞೥௠೗ 00 ԰మ௞బ௞೥௠೗
቏. (13) 

Here  ߜ ൌ ටቀߝܦ௫௬ െ ԰మ௞ೣ௞೤ெ ቁଶ ൅ Δௌைଶ ൫݇௫ଶ ൅ ݇௬ଶ൯, I is the identity 2 ൈ 2 matrix, mt and ml are the transversal and the longitudinal 
silicon effective masses, ିܯଵ ൎ ݉௧ି ଵ െ ݉଴ି ଵ, ߝ௫௬ denotes the 
shear strain component, and  D = 14eV is the shear strain 
deformation potential, Δௌை=1.27meVnm is the effective spin-orbit 
interaction [10]. Then the approach similar to that used 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 [7] is 
applicable to find the subband functions and subband energies. 

III. RESULT AND DISCUSSION 
Figure 1 shows the dependence of the momentum relaxation time 
on temperature. The contributions from the surface roughness 
(SR), the longitudinal acoustic phonons (LA), and the transversal 
acoustic phonons are shown. For the film thicknesses 2.1nm and 
1.36nm the contribution from the surface roughness is dominant 
at low temperatures. However, for a temperature around 240K the 
contribution from the surface roughness and from the acoustic 
phonons for the film of thickness 2.1nm are equal. Any further 
increase of temperature leads to higher values of the momentum 
relaxation time caused by acoustic phonons. Figure 1 shows that 
the dominant relaxation mechanism strongly depends on film 
thickness. The phonons limited momentum relaxation is  
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Figure 2.  Dependence of the momentum relaxation time induced by surface 
roughtness(SR), longitudinal phonons (LA), and transversal phonons (TA) on 

shear  strain for 1.36nm and 2.1nm film thickness, for ܶ=300K, 
and electron concentration 1.291012ڄcm-2 

 
Figure 3.  Dependence of the intersubband and intrasubband components of the  

momentum relaxation time induced by surface roughtness(SR), longitudinal 
phonons (LA), and transversal phonons (TA) on shear strain for the film 

thickness 1.36nm,  ܶ=300K, and electron concentration 1.291012ڄcm-2 

characterized by a much weaker thickness dependence and does 
not change significantly while the thickness decreases from 
2.1nm to 1.36nm. The surface roughness limited momentum 
relaxation decreases  by  more  than  an  order  of magnitude 
because of the expected ݐ଺ dependence [6,11]. Thus, for the 
thickness 1.36nm the surface roughness induced spin relaxation 
is the dominant mechanism for the whole range of considered 
temperatures. 

Figure 2 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 60% 
for the film thickness of 2.1nm and around 110% for the film 
thickness 1.36nm. The transversal acoustic phonons limited 
momentum relaxation improves around 45% for 2.1nm and for 
 

 
Figure 4.  Dependence of the surface roughtness (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 ߝ௑௒=0, and film thickness 2.1nm 

1.36nm. The surface roughness limited momentum relaxation 
time increases around 120% for 2.1nm and for 1.36nm. Because 
the SR mechanism is the dominant for the film thickness 1.36nm, 
the increase of the total momentum relaxation time is higher for 
1.36nm than for 2.1nm. 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 3 demonstrates the contribution of the inter- and 
intrasubband processes to the LA, TA, and SR limited 
momentum relaxation. The domination of the intrasubband 
relaxation processes for all three mechanisms of the momentum 
relaxation is shown, in agreement with the selection rule that the 
elastic processes result in strong intrasubband relaxation. The LA 
and TA mechanisms should be considered, since their 
intrasubband contributions are of the same order. The domination 
of the SR mechanism for the film thickness 1.36nm shown in 
Figure 1 and Figure 2 is the consequence 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 Figure 4. The spin relaxation is more 
efficient for higher carrier concentrations for all three considered 
mechanisms. While the temperature increases, the difference 
between the spin lifetimes for different values of the electron 
concentration becomes less pronounced. Figure 4 shows that the 
SR mechanism dominates for all concentration values. 
Relaxation because of the LA phonons induced intravalley 
scattering shows the largest spin lifetime among the three 
considered mechanisms.  
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Figure 5.  Dependence of the intersubband and the intrasubband component of 

the spin lifetime for different spin relaxation mechanisms (surface 
roughtness(SR), longitudinal phonons (LA), and transversal phonons (TA)) on 

shear strain for the film thickness 1.36nm,  ܶ=300K, 
and electron concentration 1.291012ڄcm-2 

 
Figure 6.  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. 

Figure 5 demonstrates that the main contribution to the spin 
lifetime comes from the intersubband processes. This is due to 
the presence of the spin relaxation hot spots characterized by the 
sharp peaks of the intersubband spin relaxation matrix elements. 
Their position is shown in Figure 6. For higher shear strain 
values the hot spots are pushed to higher energies away from the 
subband minima (inset in Figure 6). The strong increase of the 
spin lifetime on shear strain for SR and the phonon mechanisms 
is shown in Figure 7. SR remains the dominant mechanism 
determining spin relaxation in thin silicon films. 

IV. CONCLUSION 
We have investigated thin silicon films by utilizing a generalized 
kڄp Hamiltonian which includes the spin-orbit contribution for 
the momentum and the spin relaxation time in thin silicon films  

 
Figure 7.  Dependence of the spin lifetime on shear strain for the film thickness 

1.36nm,  ܶ=300K,and electron concentration 1.291012ڄcm-2 

 
for different thicknesses, shear strain values, and temperatures. 
We have shown that the momentum relaxation time for 1.36nm 
wide silicon film is determined by surface roughness scattering 
and can be increased by 110%, while applying shear tensile strain, 
in contrast to the 2.1nm thin film, where it can only be boosted by 
60% due to the strong contribution of phonons. 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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