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We calculate the phonon-limited carrier mobility in (001) Si films with a fully atomistic frame-

work based on a tight-binding (TB) model for the electronic structure, a valence-force-field

model for the phonons, and the Boltzmann transport equation. This framework reproduces the

electron and phonon bands over the whole first Brillouin zone and accounts for all possible

carrier-phonon scattering processes. It can also handle one-dimensional (wires) and three-

dimensional (bulk) structures and therefore provides a consistent description of the effects of

dimensionality on the phonon-limited mobilities. We first discuss the dependence of the elec-

tron and hole mobilities on the film thickness and carrier density. The mobility tends to decrease

with decreasing film thickness and increasing carrier density, as the structural and electric

confinement enhances the electron-phonon interactions. We then compare hydrogen-passivated

and oxidized films in order to understand the impact of surface passivation on the mobility

and discuss the transition from nanowires to films and bulk. Finally, we compare the semi-

classical TB mobilities with quantum Non-Equilibrium Green’s Function calculations based on

k � p band structures and on deformation potentials for the electron-phonon interactions

(KP-NEGF). The TB mobilities show a stronger dependence on carrier density than the KP-

NEGF mobilities, yet weaker than the experimental data on Fully Depleted-Silicon-on-Insulator

devices. We discuss the implications of these results on the nature of the apparent increase of

the electron-phonon deformation potentials in silicon thin films. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4966616]

I. INTRODUCTION

For more than 50 years, silicon Field-Effect Transistors

(FETs) have been the cornerstone of the digital revolution.

The continuous downscaling of the gate length has enabled

considerable improvement of the integrated circuit performan-

ces.1 However, extreme scaling below 20 nm calls for innova-

tive device architectures2 in order to reduce short channel

effects. In this context, fully depleted silicon on insulator

(FDSOI) transistors based on silicon thin films are an attrac-

tive alternative to bulk Metal-Oxide-Semiconductor FETs

(MOSFETs).3–12 In FDSOI devices, the thickness of the chan-

nel is well below 10 nm, so that structural confinement effects

can be significant. Quantum modeling has, therefore, become

an important tool for their design and understanding,6,13–26

as was already the case for bulk MOSFETs in the strong

inversion regime.27–36 But quantum simulations are still based

on severe approximations and free parameters that must be

assessed using detailed comparisons with experiments23 or

more advanced modeling schemes.

In this paper, we present semi-classical Kubo-Greenwood

(KG) calculations of the low-field phonon-limited electron

and hole mobilities in silicon thin films. In contrast to previ-

ous studies, and in line with our recent works on bulk Si37 and

Si nanowires,38–40 we use a fully atomistic description of the

electron and phonon wave-functions and account for all possi-

ble carrier-phonon interactions. We achieve that way a consis-

tent description of electron-phonon interactions in bulk, film,

and wire structures. We investigate, in particular, the effects

of the oxidation on the mobility and the transition between

two-dimensional (2D) films and one-dimensional (1D) nano-

wires. We compare these semi-classical results with quantum

Non-Equilibrium Green’s Functions (NEGF) calculations

based on k � p models for the band structure and on deforma-

tion potentials for the electron-phonon interactions. We dis-

cuss open issues about the mechanisms that limit the mobility

in FDSOI devices, in particular, the strong enhancement of

the interaction with acoustic phonons that must usually be

introduced in deformation potential theories in order to repro-

duce the experimental data.

The paper is organized as follows. In Sec. II, we

describe the model FDSOI device considered in this work

(Sec. II A), and then the methodology for the semi-classical

atomistic calculations (Sec. II B) and for the quantum NEGF

calculations (Sec. II C). The mobility in Si films passivated

by hydrogen atoms is discussed in Sec. III, and the mobility

in oxidized Si films in Sec. IV. The transition from 2D (Si

films) to 1D (Si nanowires) is then investigated in Sec. V.

Finally, in Sec. VI, we compare KG and NEGF calculations

and discuss the problem of the enhancement of the acoustic

deformation potentials.
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II. METHODOLOGY

A. Model for the FDSOI device

A schematic view of the modeled FDSOI devices is

shown in Fig. 1.23 A (001)-oriented Si film with thickness tSi

is embedded between front- and back-gate stacks. The front-

gate stack is made of a 2.4 nm thick layer of SiO2 and a

1.8 nm thick layer of HfO2. The buried back-gate oxide is

25 nm thick. We assume that the back-gate is grounded.

B. Atomistic calculations of the mobility

The methodology for the atomistic modeling of the

phonon-limited mobility in Si films is fundamentally the

same as in our previous works on Si nanowires.38–40

However, calculations for 2D systems are computationally

more challenging because they require 2D integrations in k
space while the number of electron and phonon bands that

must be considered remains very large. Details are given

below and in the Appendix A.

We use the sp3d5s� tight-binding (TB) model of Ref. 41

for the electronic structure of the Si films. This model repro-

duces the main band gaps, effective masses, and deformation

potentials of bulk silicon (see also Appendix B). Spin-orbit

coupling is included for the holes. Except otherwise stated,

we assume that the surfaces of the Si films are passivated by

pseudo-hydrogen atoms. The pseudo-hydrogen atoms are

characterized by a single s orbital with energy EH¼ 0.175 eV

and nearest-neighbor Si-H hopping terms Vssr ¼ �4:129 eV

and V spr¼ 3.723 eV (notations of Ref. 42).43

The band structure, charge density, and electrostatic

potential in the device are calculated self-consistently in a

Schr€odinger-Poisson approach. The Poisson equation is

solved on a regular mesh with a step of 1 Å. The dielectric

constants of HfO2, SiO2, silicon, and buried oxide are set to

20.0, 5.2, 11.7, and 3.9, respectively. The charge in each

mesh element is obtained from the TB wave functions.

The phonon dispersion and phonon wave functions are

computed with the valence-force-field (VFF) model of

Vanderbilt et al.44,45

We scan the electron and phonon band structures for all

possible carrier-phonon scattering processes where an elec-

tron (hole) moves from an initial to a final state and concom-

itantly a phonon is either absorbed or emitted (energy and

momentum must be conserved). Initial and final electronic

states are sampled within a range of 610kBT around the

Fermi level, where kB is the Boltzmann constant and T is

the temperature. Umklapp scattering processes are taken into

account. Details can be found in Appendix A.

The electron-phonon interactions are proportional to

the derivatives of the TB Hamiltonian with respect to the

atomic positions. The scattering rates are computed from these

derivatives, the carrier and the phonon wave functions with

the Fermi golden rule. The mobility is then obtained from an

exact solution of Boltzmann’s transport equation.38 In bulk Si,

the calculated electron mobility (l¼ 1407 cm2/V s) is in excel-

lent agreement with the experiment (lexp’ 1400 cm2/V s), but

the hole mobility (l¼ 678 cm2/V s) is overestimated (lexp

’ 500 cm2/V s).39

C. NEGF calculations

We have performed NEGF simulations based on a con-

tinuous –instead of atomistic –description, for comparison.

The methodology46 is described in Refs. 24 and 23. The con-

duction band structure of the Si films is calculated using a

two-band k � p model (2KP).47 At variance with the effective

mass approximation (EMA), the 2KP model accounts for

non-parabolic corrections. We have checked that the 2KP

conduction band structures are in good agreement with TB.

The EMA mobilities (not shown) are systematically larger

than the 2KP mobilities, which highlights the importance of

non-parabolic corrections.29,30,48 The valence band structure

is calculated with a six-band k � p model (6KP).24

For electrons, the intra-valley acoustic phonon scattering

is described by an isotropic deformation potential Ne
ac

(Appendix B). We also consider inter-valley optical phonon

scattering by the 3 f-type and 3 g-type processes of Ref. 49.

For holes, we use a diagonal hole-phonon interaction with

one single acoustic deformation potential Nh
ac and one single

optical deformation potential DKop¼ 15 eV/Å (optical pho-

non energy Eop¼ 63 meV).33,50 In all cases, the electron-

phonon interactions are limited to local self-energies.23,50,51

For reasons that will be discussed in Sect. VI A, we con-

sider two sets of acoustic phonon deformation potentials:

Ne
ac¼ 9 eV and Nh

ac¼ 10.2 eV, which are the usual values for

bulk Si, and Ne
ac¼ 14.6 eV and Nh

ac¼ 15.5 eV, which yield

NEGF carrier mobilities in better agreement with experi-

ments on FDSOI devices.24

III. RESULTS FOR Si FILMS PASSIVATED BY
HYDROGEN ATOMS

In the following, we discuss the electron and hole mobili-

ties in Si films with thickness tSi ranging from 1 to 10 nm, and
FIG. 1. Schematic view of a FDSOI device. The back gate is grounded, and

the bias is applied to the top gate.
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for four carrier densities, n! 0,52 n ¼ 1012; n ¼ 5� 1012,

and n ¼ 1013 cm–2. The mobilities are calculated for an electric

field applied along the ½110� and ½1�10� directions, i.e., along the

principal in-plane crystallographic axes of the Si films.

A. Electron mobility

The phonon-limited electron mobility is plotted as a func-

tion of tSi in Fig. 2. There is a small difference between the

mobility l110 along ½110� and l1�10 along ½1�10�, especially at

high carrier density and in thin films. In bulk Si, the mobility

is the same in the two directions, which are crystallographi-

cally equivalent. The symmetry is broken in ideal (001) films,

since there are two different kinds of (001) surfaces in a dia-

mond lattice: the bonds connecting the Si atoms to the hydro-

gens (or embedding material) are, indeed, all aligned either

along ½110� or along ½1�10�. Under high inversion bias or

strong confinement, the carrier wave functions are pushed

towards the top surface, as shown in Fig. 3. In these

conditions, the transport properties become sensitive to the

symmetry of the surface (or interface). Experimentally, this

small anisotropy shall, however, be washed out by surface

roughness.

Figure 2 shows that the electron mobility exhibits a

similar behavior at all densities. The mobility is very low in

the thinnest films, then rises and reaches a maximum near

tSi¼ 3 nm, and finally shows a dip near tSi ¼ 5–6 nm. The

mobility at low density slowly increases with tSi > 6 nm

and reaches 1225 cm2/V s for tSi¼ 14 nm (not shown53),

still far from the bulk value (1400 cm2/V s). However, the

mobility saturates above a certain tSi at high carrier densi-

ties. This saturation results from the localization of the elec-

tron gas near the top interface under the effect of the

electric field (Fig. 3). As a consequence, the effective film

thickness probed by the electrons becomes practically inde-

pendent of the nominal film thickness, and the mobility is

degraded like in thinner films. Therefore, we basically

recover the situation of bulk Si MOSFETs in the strong

inversion regime.7,28–30,54,55

The poor mobility in ultimate films (tSi < 3 nm) is

known to result from the strong confinement of the electrons,

which increases the overlap between the squared wave func-

tions of the confined initial and final states, hence the

electron-phonon interactions.7,13,56 A very similar behavior

has been predicted in thin Si nanowires.18,38–40,48,57,58 The

mobility tends to decrease with increasing carrier density for

two reasons. First, the interactions between the electrons and

acoustic phonons get enhanced when the electron are more

confined, as discussed above. Second, the density of possible

final states for scattering (hence the scattering rates)

increases with increasing carrier energy.

The peak near tSi� 3 nm and the small dip above have

been observed in FDSOI devices.7 This behavior results

from the effects of quantum confinement on the band struc-

ture of (001) Si films,7,25 as illustrated in Fig. 4. The six

equivalent conduction band valleys of bulk silicon indeed

split into two groups. The two Dz valleys project onto C
(k¼ 0) in the 2D Brillouin zone of the film, while the Dx

and Dy valleys fold near the corners of the Brillouin zone.

Moreover, the Dx,y valleys, which are confined along the

light transverse mass axis, lie at higher energy than the

Dz valleys, which are confined along the heavy longitudinal

mass axis (but show a lighter transport mass). The differ-

ence DE between the energies of the Dz and Dx,y conduction

band minima strongly depends on tSi in thin films

(Fig. 4(a)). When tSi � 3 nm, DE is large enough so that the

electrons mostly occupy the light Dz valleys at C. In addi-

tion, DE is larger than the optical phonon energy (about

63 meV), which inhibits inter-valley scattering. When tSi is

increased, DE drops below 63 meV, so that inter-valley

scattering is enhanced. Also, the electrons progressively

occupy the four valleys at k 6¼ 0 characterized by a heavier

transport mass. Meanwhile, the acoustic phonon scattering

rates decrease as 1=tSi.
7,13,29 The combination of these

opposite effects explains the mobility peak near tSi ’ 3 nm,

the dip in the mobility near 4–5 nm, and the rise or the satu-

ration above.

FIG. 2. Phonon-limited electron mobility as a function of the film thickness.

Solid lines represent the mobility in the ½1�10� direction, dashed lines the

mobility in the ½110� direction. The horizontal line at 1407 cm2/V s indicates

the bulk Si mobility.

FIG. 3. The unit cell of a Si film (tSi ¼ 5 nm, inset of (a)) and the squared

electron wave function of the conduction band minimum at different bias

corresponding to (a) n ¼ 1012, (b) n ¼ 5� 1012, and (c) n ¼ 1013 cm�2.
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B. Hole mobility

The size-dependent hole mobility calculated in TB is

plotted in Fig. 5(a). Again, it presents a sizable anisotropy

along the ½110� and ½1�10� directions. The anisotropy is small

at low carrier density but, in contrast to electrons, becomes

huge at high carrier density. This behavior also results from

the low symmetry of the ideal (001) surfaces, which trans-

lates into a strong anisotropy of the topmost valence bands

(Fig. 6(a)). The highest valence band (which has a dominant

“heavy-hole” j3=2; 63=2i character) indeed shows a much

lighter mass along the ½1�10� than along the ½110� direction.

The situation is reversed for the second band. This picture is

supported by ab initio calculations. The anisotropy of the

topmost valence bands is negligible at small carrier density

but increases with increasing carrier density as the holes are

pushed towards the top surface of the film (Fig. 6(c)). Note

that the mobility along ½100� and ½010� is simply �l ¼ l100

¼ l010 ¼ ðl110 þ l1�10Þ=2.

As expected from the above mechanism, the anisotropy

of the topmost valence bands and of the hole mobility are

strongly dependent on the passivation of the Si film. It is, in

particular, possible to adjust the TB parameters of the

pseudo-hydrogen atoms so that the topmost valence bands

are almost isotropic (EH¼ 2.925 eV, Vssr ¼ �3:0 eV, and

Vspr¼ 5.2 eV, see Fig. 6(b)). Interestingly, the mobility cal-

culated in that case (hollow markers in Fig. 5(b)) is very

close to �l –in other words, �l is little sensitive to the passiv-

ation of the film, at variance with the difference l110 � l1�10.

We will investigate the effects of surface passivation in more

detail in Section IV.

Again, in practical devices the anisotropy of the mobility

shall be washed out by surface roughness. In the following, we

therefore take �l as an estimate of the mobility in FDSOI devices.

For tSi � 2 nm, �l is small and is almost the same for all

densities. �l increases continuously with tSi in the low density

regime (Fig. 5) and should reach the bulk value for tSi

� 10 nm. However, for n 	 5� 1012 cm–2, the mobility

quickly saturates at relatively small values compared to the

bulk. Like electrons, the holes are strongly confined near

the top surface by the electric field, so that their mobility

becomes independent of tSi and is low because of a stronger

coupling to acoustic phonons.

IV. RESULTS ON Si FILMS WITH OXIDIZED SURFACE

In this section, we investigate the effect of the surface

passivation on the electron mobility by considering two

models for oxidized surfaces (Sec. IV A). The atomic struc-

ture of these models is not relaxed using the VFF model of

Vanderbilt et al.,45 but using the Tersoff interatomic poten-

tial59 because a parameterization is available for systems with

Si-O bonds.60 Tersoff parameters for Si-H bonds are taken

from Ref. 61. The same potential is used to calculate the pho-

non band structure and wave functions needed as input for the

scattering rates. The structural relaxation and the phonons are

computed with GULP.62 In Sec. IV B, we show that the nature

of the interatomic potential used to describe the phonons has a

substantial influence on the electron mobility in H-passivated

films. The comparison between mobilities calculated for

H-passivated and oxidized surfaces is discussed in Sec. IV C.

A. Models of oxidized surfaces

The first model (Model 1) of an oxidized surface is

depicted in Fig. 7(a). We start from a (001) film of Si. On the

top surface, we remove one ½100� line of Si atoms out of two,

and the dangling bonds on the Si atoms of the sub-surface

FIG. 4. (a) Energy difference DE ¼ Ek � E? between the fourfold degenerate ðDx;DyÞ and the twofold degenerate ðDzÞ valleys. The horizontal line is the high-

est phonon energy. Inset: Contour plot of the lowest conduction band energy in the first Brillouin zone (k1 is along ½1�10�, k2 along ½110�); Ek indicates one of

the fourfold degenerate Dx;y valley; E? the twofold degenerate Dz valley at C. The band structure of the film is plotted along ½100� (pink line) for tSi¼ 2 nm (b),

4 nm (c), 6 nm (d), and 10 nm (e).

174301-4 Li et al. J. Appl. Phys. 120, 174301 (2016)



plane are saturated by hydrogen atoms. The dangling bonds

of the surface atoms are saturated by O-Si-H2 radicals and,

in each pair of radicals connected to the same Si atom of the

surface, bonds are created to form a Si dimer. The opposite

surface of the film is defined symmetrically.

The second model (Model 2, Fig. 7(b)) is based on the

well-known ð2� 1Þ reconstruction of the (001) surface by

dimerization. In this reconstruction, pairs of Si atoms, origi-

nally second-nearest neighbors, move to nearest-neighbor

positions to form a covalent bond, and rows of dimers are

formed along the ½1�10� direction. The partial oxidation is done

here by introducing an oxygen atom at the center of each

dimer, relaxing the strain in the back bonds. This leads to the

formation of oxygen bridges between the Si atoms, which

almost come back to their original second-nearest neighbor

position, a configuration that has been widely studied in the lit-

erature (e.g., in Refs. 63 and 64). The remaining dangling

bonds (one per Si atom of the surface) are passivated by

hydrogen atoms. Once again, the opposite surface of the film

is defined symmetrically.

These two models have been chosen not only for their

simplicity but also in order to avoid strains in the film that

could be induced by the oxidation of the surface. There is no

strain here because the oxide layer is discontinuous in the

plane of the surface. We have also tried to consider more

elaborate models for the oxide that are continuous in the

(001) plane.65,66 However, we have found that the complete

FIG. 5. (a) Phonon-limited hole mobility as a function of film thickness. Solid

lines represent the mobility l1�10 along ½1�10�, dashed lines the mobility l110

along ½110�; (b) Average mobility �l defined as �l as �l ¼ ðl110 þ l1�10Þ=2.

The hollow markers represent the mobility calculated with pseudo-hydrogen

parameters such that the topmost valence bands are almost isotropic. The hori-

zontal line at 678 cm2/V s indicates the calculated bulk Si mobility.

FIG. 6. Valence band structure calculated for tSi¼ 2 nm (a) with the TB

parameters of Ref. 43 for pseudo-hydrogen atoms, (b) with the TB parame-

ters for pseudo-hydrogen atoms adjusted so that the highest valence band is

almost isotropic at n ¼ 1� 1013 cm�2. (c) Same as (a) but at low carrier

density (n ¼ 1� 1012 cm�2). Blue solid lines: k k ½1�10�. Red dashed lines:

k k ½110�.

174301-5 Li et al. J. Appl. Phys. 120, 174301 (2016)



relaxation of these models using the Tersoff potential leads

to very important strains (>5%) in the Si film, which are not

realistic. Therefore, these models cannot be used to compute

carrier mobilities that are very sensitive to strains.40,67 The

latter are likely reduced when the Si film is embedded in an

amorphous oxide, but this situation cannot be studied using

the present methods limited to periodic systems with small

unit cells.

The band structure and mobility are calculated once

again as described in Sec. II B. The TB parameterization for

Si-O bonds is given in Appendix D.

B. Tersoff model for phonons

Before discussing the influence of the oxidation, it is

interesting to investigate the effects of the replacement of the

VFF model of Vanderbilt et al. by the Tersoff potential on

the results for hydrogen-passivated films. Figure 7(c) shows

that the electron mobility at 300 K takes higher values with

the Tersoff than with the Vanderbilt model, the difference

being as large as 33% in a 2.4 nm thick film at carrier density

n 
 1012 cm–2. We have found that this discrepancy mainly

results from the bad description of the transverse acoustic

(TA) modes with energies above 
10 meV by the Tersoff

potential, as shown in Appendix C. As a matter of fact, the

mobilities predicted by the two potentials agree within a few

percent when only phonons below 10 meV are considered,

or at T¼ 77 K, i.e., when higher energy phonons do not con-

tribute to the scattering of electrons. This demonstrates the

importance of using accurate descriptions of the phonon

band structure in order to get reliable results.

C. Influence of the surface passivation on the electron
mobility

It is nevertheless relevant to compare the mobilities

obtained with the Tersoff potential for different surface pas-

sivations. The comparisons are restricted to electrons, and

to thin films, due to computational limitations. Figure 7(c)

shows that the mobilities in oxidized films are smaller than

in hydrogen-passivated films, though the difference remains

small. Quite similar results are obtained for structural

Models 1 and 2. The effect of the oxidation should be even

smaller for thicker films, when the carriers are less sensitive

to the surface. We conclude that the phonon-limited electron

mobility is not considerably degraded by the presence of an

oxide, at least in the absence of interface roughness and

strain, and in the absence of “remote” phonon scattering by

polar optical phonons in the gate stack.20,32

V. TRANSITION FROM Si FILMS TO Si NANOWIRES

The present methodology can also be applied to bulk37

and nanowires.38–40 It therefore provides an unique, consis-

tent description of the effects of dimensionality on the trans-

port properties of silicon nanostructures. In this section, we

investigate, in particular, the transition from 2D films to 1D

nanowires.

Figure 8 shows the evolution of the electron and hole

mobilities when going from ½110� nanowires of rectangular

section to (001) films (at low carrier density n! 0). The

1� n nanowires with characteristic size d have ð1�10Þ facets

with height H¼ d and (001) facets with width W¼ nd. The

huge differences between the mobility in nanowires and

films highlight the effects of quantum confinement on the

electronic band structure, on the electron-phonon interac-

tions, and therefore on the transport properties of these

nanostructures.38–40,57,58 Interestingly, the behaviors of the

electron (Fig. 8(a)) and hole (Fig. 8(b)) mobilities are very

different.

The lowest conduction bands in both (001) films and

½110� nanowires pertain to twofold degenerate valleys with

a light effective mass (m� � 0:19m0).39 These can be identi-

fied as the projection of the bulk Si Dz valleys at the C point

of the Brillouin zone. In both cases, the conduction band

minima at higher energy and k 6¼ 0 are derived from the Dx

and Dy valleys with larger effective mass.39,68 However, the

splitting DE ¼ EðDx;yÞ � EðDzÞ between the heavy and light

valleys is smaller in ½110� nanowires than in (001) films

FIG. 7. (a) First model of oxidized surface (Model 1). The surface dangling

bonds are saturated by O-Si-H2 radicals. The Si atoms are represented by

large-diameter gray spheres, O atoms by medium-diameter red spheres, and

H atoms by small-diameter white spheres. (b) Same for the second model

(Model 2) characterized by oxygen atoms inserted in Si dimers. (c) Phonon-

limited electron mobility in (001) Si films. Circles and squares: H-passivated

surfaces. Triangles: oxidized surfaces, Model 1. Hexagons: oxidized surfa-

ces, Model 2. The results are plotted for n ¼ 1� 1012 cm�2 (red color, filled

markers) and n ¼ 5� 1012 cm�2 (blue color, empty markers). All calcula-

tions have been performed using the Tersoff potential except those repre-

sented by circles for H-passivated surfaces performed using the VFF model

of Vanderbilt et al.
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with the same thickness d because lateral confinement rises

the light Dz faster than the heavier Dx,y valleys and hence

reduces DE with respect to films. Therefore, the population

of electrons in the heavy mass valleys is larger in nanowires

than in films. Lateral confinement also enhances the interac-

tions between electrons and acoustic phonons.7,13,56 The

mobility of electrons is hence smaller in square ½110� nano-

wires than in (001) films. It rapidly tends, however, to the

mobility in (001) films when increasing the width of the

nanowires.

In contrast with electrons, the mobility of holes is con-

siderably larger in square ½110� nanowires than in (001)

films, up to a factor 4 for d� 3–4 nm (Fig. 8(b)). However,

it draws rapidly near the mobility in (001) films when

increasing W. This behavior results from the effects of

lateral confinement on the valence bands. Indeed, lateral

confinement tends to promote bands with a light hole

character along the nanowire axis.39,68 Therefore, the

effective mass of the holes decreases when going from

(001) films to ½110� nanowires, and the mobility increases

despite the enhancement of the coupling to acoustic pho-

nons. The transition from wires to films is, as expected,

faster in weakly confined structures with large characteris-

tic size d.

VI. COMPARISON WITH KP-NEGF AND DISCUSSION
ON THE ACOUSTIC DEFORMATION POTENTIALS

In this section, we compare the mobilities computed

in the above semi-classical Kubo-Greenwood plus tight-

binding framework (TB-KG), with the mobilities computed

in the NEGF framework using k � p models for the band

structure and deformation potentials for the electron-phonon

interactions (hereafter denoted KP-NEGF). We use these

comparisons to discuss issues about the magnitude of the

acoustic deformation potentials. The section begins with a

short review of the literature on this topic.

A. Experimental evidence of enhanced acoustic
deformation potentials

While for tSi > 20 nm the electron mobility shows

the same behavior in SOI as in bulk MOSFETS,7,69,70 it is

significantly degraded in thinner films, especially for tSi

< 10 nm,7,11,23,71,72 and the degradation is stronger than in

bulk MOSFETs for a given effective field.54,55,73 One of the

reasons put forward to explain this degradation is the

enhancement of electron-phonon interactions.

In device simulations,30,49 electron-phonon scattering is

usually modeled with the deformation potential theory. In its

simplest form, the carrier-phonon interaction is characterized

by a single, effective acoustic deformation potential Ne
ac (Nh

ac

for holes). Due to the anisotropy of the conduction band val-

leys of bulk Si, Ne
ac is defined as an average of the deforma-

tion potential over initial states of constant energy and over

all possible angles of scattering (see Refs. 74 and 30, and

Appendix B). Lumping all interactions into the dominant

coupling to longitudinal acoustic (LA) phonons, a value for

Ne
ac around 9–10 eV yields l ’ 1400 cm2/V s for electrons in

bulk Si, in good agreement with experiments.49

The deformation potential theory predicts an enhance-

ment of electron-phonon scattering in inversion layers and

thin films, which results from the increase of the overlap

between the squared wave functions of the confined initial and

final states.7,13 This enhancement is not, however, strong

enough to explain the experimental data. As a consequence,

Ne
ac must be significantly increased in order to reproduce

the experimental mobilities in both bulk Si MOSFETs29,55 and

SOI devices.7,13 As a matter of fact, Ne
ac � 12 eV is often used

in simulations on bulk MOSFETs.55,75 An even higher value

Ne
ac¼ 14.6 eV is widely used in simulations on FDSOI and Si

nanowire FETs,6,13,48,76,77 which corresponds to an increase of

roughly 50% with respect to the bulk. To solve this issue, other

authors have introduced a spatially dependent Ne
ac, which

sharply increases close to the interfaces with the oxide.11,25,78

The reality of this enhancement could be questioned

since the mobility in bulk MOSFETs and FDSOI devices

results from a complex interplay between carrier-phonon

interactions, interface roughness,17,79,80 and Coulomb

scattering.20,32,35 However, experiments show that the low-

temperature (25 K) mobility in FDSOI devices is the same

for tSi¼ 60 nm and tSi¼ 7.2 nm, whereas at room tempera-

ture the mobility is much smaller for tSi¼ 7.2 nm than for

tSi¼ 60 nm.7 This demonstrates that the degradation of the

mobility in thin films is due to a large extent to a

FIG. 8. (a) Phonon-limited electron mobility in (001) Si films with thickness

d (green circles), square ½110� Si nanowires with side d (red lozenges), and

rectangular ½110� Si ribbons with sides d � 2d (magenta stars) and d � 3d
(black triangles). The horizontal line indicates the calculated bulk Si mobil-

ity. (b) Same for holes.
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temperature dependent mechanism, which is readily identi-

fied as electron-phonon scattering.

The enhancement of Ne
ac is also confirmed by a recent

work combining NEGF calculations and experiments, which

shows that Ne
ac must be close to 15 eV in thin FDSOI devices.24

Similarly, for holes, Nh
ac must be increased from 10.2 eV, the

bulk value, to 15.5 eV. This conclusion was reached by playing

with the top- and back-gate biases independently in such a way

that the carrier density at the Si-SiO2 interfaces is minimized.

In that limit, surface roughness scattering and remote Coulomb

scattering become considerably weaker than phonon scattering

(up to a factor 6 for electrons, 10 for holes), so that the phonon-

limited mobility can be safely de-embedded by a comparison

between theory and experiments.24

Therefore, the enhancement of the acoustic deformation

potential in inversion layers can be considered as an estab-

lished fact, although its origin remains largely ununderstood.

In particular, it is not clear whether it follows from the fail-

ure of the deformation potential theory and of the approxi-

mations behind (isotropic average deformation potentials),

or if it can be physically related to the effects of confinement

on the electrons and phonons, or to the presence of an inter-

face with an oxide. In the following, we try to shed new light

on this important problem by comparing the mobilities

calculated with the atomistic methodology and with the

KP-NEGF approach based on deformation potentials.

B. Electron mobility: Comparison with KP-NEGF
calculations

Three important facts must be pointed out about the rele-

vance of the comparison between the different calculations.

First, the average deformation potential Ne
ac¼ 8.6 eV extracted

from the TB calculations (Appendix B) is very close to the

value (9–10 eV) commonly used in bulk Si. Second, it was

shown in Refs. 23 and 81 that quantum NEGF and semi-

classical KG calculations predict similar phonon-limited elec-

tron mobilities in Si films and wires if the same models are

used for the band structures and for the electron-phonon inter-

actions. Third, KP-NEGF calculations using Ne
ac¼ 14.6 eV

reproduce very well the experimental mobilities on FDSOI

devices in a wide range of carrier densities, back gate biases,

and temperatures.24

The TB-KG and KP-NEGF mobilities are compared

in Fig. 9. For n 
 1012 cm�2, KP-NEGF with the bulk Ne
ac

¼ 9 eV and TB-KG predict similar results, especially for large

tSi. This supports the widely used approximation of an average

deformation potential independent of energy and scattering

angle (Appendix B).74,82 For larger carrier densities and for

very thin films (Figs. 9(b) and 9(c)), TB-KG predict smaller

mobilities than KP-NEGF with Ne
ac¼ 9 eV. In this regime

where the electrons are strongly confined near the top inter-

face of the film, it is not surprising that atomistic (TB) and

continuous (k � p) descriptions deviate. The isotropic defor-

mation potential approximation might also break down in that

limit. However, the TB-KG mobilities remain much larger

than the KP-NEGF mobilities with Ne
ac¼ 14.6 eV that repro-

duce the experimental data on FDSOI devices. Therefore, the

atomistic TB-KG calculations capture only part of the mobil-

ity degradation measured in thin film devices.

C. Hole mobility: Comparison with KP-NEGF
calculations

The comparison (Fig. 10) between TB-KG and KP-NEGF

is less straightforward for holes than for electrons because the

FIG. 9. Electron mobility in Si films. Comparison between TB-KG (green circles) and KP-NEGF calculations with Ne
ac ¼ 9 eV (red squares) and Ne

ac ¼ 14:6
eV (blue lozenges). (a) n ¼ 1012 cm�2; (b) n ¼ 5� 1012 cm�2; (c) n ¼ 1013 cm�2. The horizontal line at 1400 cm2/V s is the experimental mobility in bulk Si.

FIG. 10. Hole mobility in Si films. Comparison between TB-KG calculations (green circles) and KP-NEGF calculations with Nh
ac ¼ 10:2 eV (red squares) and

Nh
ac ¼ 15:5 eV (blue lozenges). (a) n ¼ 1012 cm�2; (b) n ¼ 5� 1012 cm�2; (c) n ¼ 1013 cm�2. The green dotted lines are the original TB values, while the

green solid lines are rescaled by a factor 1/1.356 in order to account for the difference between the experimental and TB-KG bulk mobility.
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TB-KG bulk hole mobility (678 cm2/V s) overestimates the

experimental result by 35.6%.39 For the sake of comparison,

we have therefore rescaled the TB-KG mobilities by a factor

1/1.356 in Fig. 10. The original mobilities are also shown as

dotted lines for reference.

The comparison between the TB-KG and KP-NEGF cal-

culations leads to the same conclusions for holes as for elec-

trons (Sec. VI B). For n 
 1012 cm�2, the rescaled TB-KG

mobilities are close to the KP-NEGF mobilities calculated

with the bulk Nh
ac¼ 10.2 eV. However, when n is increased,

the rescaled TB-KG mobilities decrease faster than the

KP-NEGF mobilities. Interestingly, for n ¼ 1013 cm�2, the

TB-KG mobilities are not far from the KP-NEGF data calcu-

lated with Nh
ac¼ 15.5 eV (but they are still larger). This

shows, again, that TB-KG is able to capture part—but only

part—of the enhancement of the interaction with acoustic

phonons in thin films.

D. Discussion about the acoustic deformation
potentials

We can summarize the conclusions from the above

comparisons as follows: First, there is, at low carrier den-

sity, a close agreement between TB-KG and KP-NEGF cal-

culations with bulk, isotropic deformation potentials. This

supports the validity of the simplest deformation potential

models for n � 3� 1012 cm�2. Second, the TB-KG mobility

decreases faster than the KP-NEGF mobility with decreas-

ing film thickness and with increasing carrier density. The

effects of confinement are, indeed, a bit stronger in TB. The

TB-KG mobilities remain nonetheless significantly larger

than the KP-NEGF mobilities calculated with the enhanced

deformation potentials that match the experimental data—

especially at low carrier density. Therefore, a significant

part of the expected enhancement of the electron-phonon

interactions does not naturally come out from the atomistic

TB calculations. The confinement of the carriers and pho-

nons, which is in principle well described by the TB-KG

calculations, cannot explain it alone. Moreover, the intro-

duction of oxidized surfaces in the atomistic models does

not result in a significant decrease of the electron mobility

(see Sec. IV).

The validity of Boltzmann’s equation can hardly be

questioned, at least for electrons, since the KG and

NEGF mobilities are very close if the same band struc-

tures and electron-phonon interactions are used as input

for both.23,81 Therefore, we believe that the possible defi-

ciencies of the KG approach cannot explain why the

electron mobilities are overestimated by TB-KG in thin

films.

The reasons why TB-KG overestimates the hole mobil-

ity in bulk Si are, admittedly, more intriguing, as the TB

model reproduces all valence band deformation potentials.

The first order perturbation theory (Fermi Golden Rule) used

in TB-KG might be less accurate in the nearly degenerate

heavy- and light-hole bands of silicon.39 In this respect, the

diagonal deformation potential model used in NEGF calcula-

tions is very simplistic as it decouples the heavy- and light-

hole bands. The comparison between KG and NEGF

calculations based on this deformation potential model

would not, therefore, be conclusive as to the validity of

Boltzmann transport equation for holes.

We now discuss other possible reasons why TB-KG

overestimates electron and hole mobilities in thin films. Of

course, we cannot exclude that TB, a semi-empirical

method, underestimates the scattering rates and the effects

of confinement on the electron-phonon coupling. It must be

noticed, however, that the TB scattering rates tend to be

larger than the ab initio scattering rates in bulk Si.83

Therefore, density functional theory would not likely give a

different picture –at least when the electron-phonon matrix

elements are computed (as is usually the case) in the insu-

lating ground state. It would, however, be interesting to

understand better the effects of band filling on these matrix

elements.

As discussed in Sec. IV, strains at the Si/SiO2 inter-

face—as well as subtle interactions between different scat-

tering mechanisms—might change the apparent deformation

potentials. Surface roughness and structural disorder in the

oxides could, in particular, scatter the phonons and alter the

electron-phonon coupling. It has for example, been shown in

graphene84 that a slight admixture of optical phonon compo-

nents into the acoustic branches can have a significant impact

on the net acoustic deformation potential. Such interactions

are, however, beyond the reach of our calculations, which

are restricted to small unit cells at present.

VII. CONCLUSION

We have investigated the phonon-limited carrier mobil-

ity in (001) Si films using atomistic methods (tight-binding

for electrons and valence force field for phonons). The scat-

tering rates have been computed from the electron and pho-

non wave functions with the Fermi golden rule and the

mobilities from an exact solution of Boltzmann transport

equation. All possible carrier-phonon scattering processes

have been included in the calculations.

The electron and hole mobilities are always found

smaller in Si films than in bulk Si. They basically decrease

when the film is thinned down and when the carrier density

(or electric field) is increased, as the structural and electric

confinement enhance the carrier-phonon interactions. The

comparison between the mobilities in Si films and in Si

nanowires gives further insights into the effects of quantum

confinement and dimensionality on the transport properties

of silicon. In order to understand the impact of surface pas-

sivation, we have also compared Si films with hydrogenated

or oxidized surfaces. The electron mobilities are actually

similar in both cases, at least in the absence of disorder and

strains.

Non-Equilibrium Green’s Functions calculations based

on k � p band structures and bulk-Si deformation potentials

for the carrier-phonon interactions yield mobilities in good

agreement with TB calculations at low carrier density.

Therefore, atomistic TB calculations cannot explain why the

acoustic deformation potentials need to be systematically

enhanced by around 50% in the simulation of FDSOI devi-

ces, and more generally in confined 2D Si systems, in order

174301-9 Li et al. J. Appl. Phys. 120, 174301 (2016)



to match the experimental mobilities. We suggest that this

enhancement could result from a subtle interplay between

electron-phonon interactions and other scattering processes,

such as surface roughness scattering. Further studies are thus

needed to solve this important issue.
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APPENDIX A: NUMERICAL DETAILS

The electron and hole states are calculated on a non-

homogeneous triangular mesh in the Brillouin zone. The

mesh is much denser in the areas where the electronic bands

are close to the Fermi level. The phonons are calculated on a

regular square mesh.

The scattering processes are searched using the algo-

rithm (1). The wave-vector k of the initial electron state runs

over the nodes of the triangular mesh and the energy E of

this state runs over all bands. For each initial state, we look

for possible final states in all triangles. Let kj (j¼ 1, 2, 3) be

the vertices of a triangle, and Ej the energies of a band at

these vertices. The phonon energies �hxj of each phonon

band are first bi-linearly interpolated from the square mesh

to the wave-vectors qj ¼ kj � k. To test for phonon absorp-

tion, we then compute the energies dEj ¼ Ej � ðEþ �hxjÞ on

the three vertices. There are possible final states in the trian-

gle if the three dEj do not have the same sign. A similar algo-

rithm is used for holes and for phonon emission processes.

ALGORITHM I. Searching for scattering events (phonon absorption).

for each node in the triangular mesh (initial state) do

for each electron band (initial state) do

for each triangle (final state) do

qj ¼ kj � k

for each electron band (final state) do

for each phonon band do

interpolate �hxj

compute dEj ¼ Ej � ðEþ �hxjÞ
if min(dEj)< ¼ 0 and max(dEj)> ¼ 0 then

compute scattering rate

end if

end for

end for

end for

end for

end for

On each such triangle, the final states are assumed to be

on the line dE ¼ 0 obtained from the interpolation of the

dEj’s within the triangle. The scattering rates along this line

are then written as linear combinations of the scattering rates

on the vertices of the triangle using barycentric coordinates.

The scattering matrix elements for a given phonon wave-

vector qj are computed using the phonon wave functions at

the closest q vector on the square mesh.

Typically, for tSi¼ 10 nm, we use a mesh of 14 332 tri-

angles in the Brillouin zone, 5000 q vectors, 32 electron

bands, and 240 phonon bands.

FIG. 11. Angular-dependent deforma-

tion potentials for the coupling to LA

[(a) and (c)] and TA [(b) and (d)] pho-

nons derived from TB calculations [(a)

and (b)], or calculated using Eq. (B2)

with Nd ¼ 0:91 eV and Nu ¼ 8:70 eV

(c), (d).
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APPENDIX B: BULK SI ELECTRON DEFORMATION
POTENTIALS CALCULATED IN TB

In the first part of this section, we show that magnitude

and angular dependence of the TB intra-valley scattering rates

are consistent with the deformation potential theory for elec-

trons in bulk Si. In the second part, we extract a value for the

average deformation potential Ne
ac from the TB calculations.

1. Anisotropic scattering rates and deformation
potentials

We consider scattering events taking place between

the electronic states of a given valley of silicon, at energies

close to the conduction band edge, where non-parabolic cor-

rections are negligible. The scattering rates may be written

as R ¼ ð2p=�hÞjMðh;/Þj2 Nb þ 1
2
6 1

2

� �
dðDE6�hxphÞ, where

DE is the difference between the energies of the final and

initial states, and Nb is the average number of phonons with

energy �hxph at room temperature (Bose-Einstein factor).

Due to the anisotropy of the valley,30,74 the electron-phonon

interaction matrix element Mðh;/Þ must depend on the angle

h between the wave vector q of the emitted/absorbed phonon

and the longitudinal axis of the valley, but should in princi-

ple be independent of the polar angle /. From Mðh;/Þ, we

can define an effective angular-dependent deformation

potential49

N h;/ð Þ ¼ jM h;/ð Þj2

jqj

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2NMSixph

�h

r
; (B1)

where MSi is the mass of a Si atom and N is the number of

atoms per unit cell.

Nðh;/Þ is plotted in Figs. 11(a) and 11(b) for the longi-

tudinal (LA) and transverse (TA) acoustic phonons. For TA

phonons, the deformation potential is an average over the

two TA branches, i.e., NTA ¼ ðN2
TA1 þ N2

TA2Þ
1=2

. As shown in

Figs. 11(c) and 11(d), NLA and NTA match the deformation

potential theory74

NLA ¼ Nd þ Nu cos2h

NTA ¼ Nu sin h cos h; (B2)

where41 Nd ¼ 0.91 eV and Nu¼ 8.70 eV describe the response

of the conduction band edge to dilation and shear deforma-

tions, respectively. The TB deformation potentials show a

small dependence on / because the valley only has a fourfold

symmetry axis at the atomistic level. We conclude that our

TB description is consistent with the deformation potential

theory for intra-valley scattering at low energy.

2. Average scattering rates and deformation potential

As discussed in Sec. VI A, most simulations of Si

devices do not make use of the above angular-dependent

deformation potentials but assume an isotropic deformation

potential, which is often adjusted on experiments. In the

FIG. 12. (a) Density of states in the lowest conduction band of bulk Si

(blue dots). The solid line is proportional to
ffiffiffi
E
p

. (b) Average scattering

rate calculated for electrons on a constant energy surface of the conduc-

tion band of bulk Si, versus energy (blue dots). Solid line: analytical fit

using Eq. (B3).

FIG. 13. Phonon band structure of Si calculated using Tersoff59 (blue dashed

lines) and Vanderbilt et al.45 (red solid lines) potentials compared to the

experimental data of Ref. 85 (green crosses).

TABLE I. TB parameters (notations of Slater and Koster42) for SiO2 in

an orthogonal sp3 model. The Si-O and O-O hopping matrix elements

are assumed to depend on the Si-O ðdSiOÞ and O-O ðdOOÞ distances

as ðd0
SiO=dSiOÞ2 and ðd0

OO=dOOÞ2, respectively, with d0
SiO ¼ 1:60 Å and

d0
OO ¼ 2:61 Å.

Parameters for SiO2 (eV)

EsðSiÞ 3.10 EsðOÞ �21.40

EpðSiÞ 5.60 EpðOÞ �6.20

VssrðSiOÞ �2.80 VssrðOOÞ �0.50

VsprðSiOÞ 3.70 VsprðOOÞ 0.00

VsprðOSiÞ 5.70

VpprðSiOÞ 5.30 VpprðOOÞ 0.86

VpppðSiOÞ �1.40 VpppðOOÞ �0.33

Parameters for Si-H and O-H (eV)

EH 0.00

Vssr �35.70 Vspr 61.83
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following, we derive the isotropic deformation potential Ne
ac

of bulk Si from the TB calculations. For that purpose, we

first compute the scattering rates from the initial states on a

surface of constant energy in a given conduction band valley.

We then average the scattering rates over both initial and

final states in that valley, so that the result only depends on

the initial carrier energy.

The average scattering rate calculated in that way is

plotted in Fig. 12(b). Its variations with the electron energy

E are fully consistent with the following expression for the

electron-phonon scattering rate 1=s3DðEÞ:49

1

s3D Eð Þ
¼ kBTNe 2

ac pD3D Eð Þ
�hv2

s q
; (B3)

where vs¼ 9040 m/s is the velocity of LA phonons,

q ¼ 2:329 g/cm3 is the mass density of silicon, and D3DðEÞ
/

ffiffiffi
E
p

is the density of states. Using the TB D3D(E)

(Fig. 12(a)), Eq. (B3) reproduces the scattering rates of

Fig. 12(b) with Ne
ac¼ 8.6 eV, which is close to the value of


9 eV adjusted on experimental data for bulk Si.

APPENDIX C: PHONON BAND STRUCTURES FOR
BULK Si

Figure 13 shows that the phonon dispersion curves of

the VFF model of Vanderbilt et al.45 are in excellent agree-

ment with inelastic neutron scattering experiments.85 In

comparison, the longitudinal acoustic (LA) and transverse

acoustic (TA) sound velocities are correctly given by the

Tersoff potential,59 but the optical phonon branches are too

high and, above all, the energy of the TA branch at the L and

X points of the Brillouin zone is strongly overestimated, a

common problem with descriptions based on atomistic inter-

atomic potentials.86

APPENDIX D: TIGHT-BINDING MODEL FOR SiO2

The TB model used in the present work to describe Si-

O bonds has been developed for the more general purpose

of modeling the band structure of silicon oxides (unpub-

lished). The idea was to build a simple model that can be

applied to different forms of crystalline or amorphous SiO2

with a reasonable accuracy. Silicon and oxygen atoms are

represented by one s and three p orbitals, spin-orbit cou-

pling is neglected, and the hopping matrix elements are

restricted to nearest-neighbor Si-O interactions and to

interactions between oxygen atoms sharing a common Si

neighbor. The TB parameters are given in Table I. For

convenience, the reference of energy for the on-site

terms is defined so that the top of the valence band of the

ideal b-cristobalite SiO2 crystal (space group Fd3m) is at

�4.4 eV, i.e., close to the valence band offset at Si/SiO2

interfaces. In spite of its simplicity, this TB model predicts

band structures (Fig. 14) in relatively good agreement with

ab initio calculations for ideal b-cristobalite87 and a-quartz

structures.88 Detailed studies of crystalline and amorphous

SiO2 compounds using this TB model will be published in a

specific paper.

Table I also provides the parameters for the Si-H and O-

H bonds, which are present in the model structures of oxi-

dized surfaces studied in Sec. IV.
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FIG. 14. Band structure of SiO2 crystals with the b-cristobalite (a) and a-

quartz (b) lattices.
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