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The authors have shown that the low-field electron drift mobility in the ultrathin silicon films can be
enhanced if they are embedded within acoustically hard materials such as diamond. The increase
results from phonon spectrum modification in the acoustically mismatched silicon/diamond
heterostructure and suppression of the deformation-potential electron-phonon scattering. The room
temperature mobility in silicon films with 2 nm thickness can be increased by a factor of 2–3
depending on the hardness and thickness of the barrier layers. The obtained results suggest a new
phonon-engineering approach for increasing the speed and drive current of downscaled electronic
devices. © 2008 American Institute of Physics. �DOI: 10.1063/1.3007986�

Aggressive scaling of the complementary metal-oxide-
semiconductor �CMOS� technology requires a high drive
current Id�Cg� in order to increase the circuit speed �here
Cg is the gate capacitance and � is the charge carrier mobil-
ity�. The latter explains very strong motivations for finding
new ways for increasing the carrier mobility � in silicon �Si�
transistor channels. There have been a number of methods
proposed for the mobility enhancement in the context of
CMOS technology.1–6 Most methods, including those real-
ized in state-of-the-art CMOS integrated circuits �IC�,
achieve the electron �hole� mobility enhancement through
strain engineering in the lattice mismatched layers. The
strain-induced band-structure modification in Si/SiGe films
is found to have a strong impact on the carrier mobility and
transistor performance.1–5 The drive current improvement
above �45% as compared to bulk Si was achieved in the
strained-Si n-type metal-oxide-semiconductor field-effect
transistors.6

At the same time, the strain engineering approach based
on utilization of SiGe or other alloy layers has a serious
problem related to the thermal budget. It is known that alloys
have an order of magnitude smaller thermal conductivity7,8

than the constituted bulk semiconductors. The presence of
the low thermal-conductivity layer complicates heat escape
from the transistor channel down to the substrate heat sink.
At the same time, the thermal issues are becoming increas-
ingly important for the high-end electronic chips and the IC
performance is now limited by the maximum power, which
can be dissipated.9 In this letter we show a possibility of the
electron mobility enhancement in downscaled Si transistor
channels, which is principally different from the conven-
tional technology. Unlike strain engineering our method uti-
lizes materials with high thermal conductivity such as dia-
mond or polycrystalline diamond, which improves heat
removal rather than deteriorates it. We show that the phonon-
engineering approach, which relies on spatial confinement of
acoustic phonon modes, works at room temperature �RT�.

We consider a generic heterostructure where a planar Si
layer is embedded between two barrier layers made of some

acoustically hard materials. The acoustic hardness is charac-
terized by the acoustic impedance �L,T=�VL,T, where � is the
mass density and VL,T are the longitudinal or transverse
sound velocities. Diamond �either crystalline or polycrystal-
line� is an example of such material with large �L,T, which
has extremely high thermal conductivity. Although the
growth of ultrathin crystalline Si layers on diamond is still a
technological challenge the diamond-on-Si and Si-on-
diamond structures are already available commercially.10 It is
reasonable to assume that further development of this tech-
nology will lead to thin Si layers with diamond claddings
and appropriate quality of the interfaces. In the diamond/Si/
diamond �D/Si/D� heterostructure the electron �or hole� is
confined within Si layer, while the acoustic phonon waves
propagate through the whole structure.

If the thickness of Si layer is few nanometers the acous-
tic phonon spectrum undergoes modification, which is char-
acterized by the appearance of confined dispersion branches
similar to electronic minibands.11–13 The strength of the
modification depends on the mismatch between �L,T of the
channel and barrier layers. We determined the phonon spec-
trum using both continuum and atomistic approaches. The
continuum approach is better suited for heterostructures with
multiple layers but limited to the phonon wave vectors rela-
tively close to the Brillouin zone center �BZC�. Owing to the
energy and momentum conservation laws, only the BZC
phonons participate in the electron-phonon scattering in our
structures. For this reason, in the calculation of the electron
mobility we used the acoustic phonon spectrum determined
by solving the inhomogeneous elasticity equation.11–14

Figures 1�a�–1�d� show the energy dispersions for �a� the
“symmetric” acoustic �SA� phonon modes in the freestand-
ing Si slab, �b–c� D/Si/D heterostructures with the different
thicknesses of the barrier layer, and �d� Si slab with the
clamped-surface boundaries, which correspond to a film em-
bedded in the “absolutely” rigid material. The thickness of
the Si layer in all cases is 2 nm to ensure the phonon con-
finement effect at RT. As one can see from Fig. 1, for all
phonon wave vectors q, the energies for each phonon branch
s in the freestanding slab are lower than those in the clamped
slab. The D/Si/D heterostructures occupy an intermediate po-
sition between these two limiting cases depending on the
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barrier layer thickness. Note that in the lowest phonon
branch s=1 in the free-standing slab there are always
phonons with the infinitesimal energies ��, for which the
Bose phonon distribution Ns=1

f ����= �e��/kBT−1�−1

�kBT /���q��1 for low but finite T �where kB and � are
Boltzmann’s and Plank’s constant, respectively�, while in the
clamped-surface slab all phonon modes in the branch s=1
are size quantized with the distribution Ns=1

c �����e−��/kBT

�1. The SA phonons depicted in Fig. 1 correspond to dila-
tational acoustic phonons in generic slabs. The “asymmetric”
acoustic phonon modes reduce to the flexural acoustic
phonons in the slabs. These phonons do not interact with
electrons in the ground state and are not considered in this
work.14

We determined the electron spectra in Si slabs and
D/Si/D taking into account that the size quantization in the
two energy ellipsoids along Z-axis is determined by the
heavy electron mass ml=0.98�m0,15 while in the four other
ellipsoids, with the principal axes in the �X ,Y�-plane, the
quantization is determined by the light effective mass mt
=0.19�m0,15 where m0 is the free electron mass. For Si
layer with the thickness d=2 nm the electron ground-state
energy in the four horizontal ellipsoids 	�

0=279.94 meV is
larger than the electron ground-state energy 	�

0 =87.02 meV
in the two vertical ellipsoids due to the difference between ml
and mt. This energy splitting leads to larger population of the
vertical ellipsoids. The drift electron mobility ��T� was cal-
culated using the expression16,17
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e

m�kBT
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where f0�	� is the Fermi distribution, e is the electron charge,
�1�	� is the kinetic relaxation time of an electron with energy
	 in the first �ground state� electron subband, and 	1

0 is the
size-quantized energy of the electron ground-state subband.
The kinetic relaxation times �1 have been obtained from the
numerical solution of the integral Boltzmann’s equation17,18

taking into account the acoustic phonon dispersion, inelastic-
ity of the electron-phonon interaction, and the effect of the
electron screening following the procedure outlined in Refs.
19 and 20. We have used the described modeling approach to
calculate the electron drift mobility in Si channels embedded
between diamond barrier layers and compared it with the
results for free-standing and clamped-surface Si slabs. The
material parameters used in our calculation are given in
Table I.

The dependence of the electron mobility in Si channel
on temperature is shown in Fig. 2 for the different thick-
nesses of the diamond barrier layers. The low-field drift elec-
tron mobility in Si channel in the D/Si/D heterostructure is
higher than that in free-standing Si slab and increases with
the increasing diamond barrier thickness. It is interesting to
note that the mobility in the clamped-surface slab is not nec-
essarily the upper limit for the mobility enhancement in Si
channels with the acoustically hard barriers. To demonstrate
this we calculate the electron mobility in heterostructure with
and the acoustically “super hard” �SH� barriers. Under the
SH we consider a fictitious material with the elastic modulus
three times larger than that in diamond. One can see in Fig. 2
and the inset that there are temperature regions where the
electron mobility in SH/Si/SH heterostructure is higher than
that in the clamped-surface slabs with the same thicknesses.

The mobility enhancement factor with respect to the mo-
bility in a free-standing Si slab �with the electron sheet den-
sity Ns=5�1012 cm−2� is in the range 4–10 at low tempera-
ture depending on the thicknesses of the acoustically hard
barriers. It decreases to the factor of 2–2.5 at RT for
2-nm-thick Si channels. There are several features of the
phonon states and electron-phonon interaction in the consid-

FIG. 1. Dispersion of the SA phonon modes in �a� free-standing Si slab,
��b�–�c�� diamond/Si/diamond heterostructures, and �d� clamped-surface Si
slab.

TABLE I. Material parameters.

Si Diamond

vL �km/s� 8.4 17.5
vT �km/s� 5.84 12.8
� �g cm−3� 2.329 3.515
�L �kg cm−2 /s� 1956.4 6151.25
�T �kg cm−2 /s� 1360.1 4499.2

FIG. 2. Electron drift mobility as a function of temperature for 2 nm silicon
layers with and without acoustically hard coatings.
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ered heterostructures, which explain the mobility enhance-
ment in Si layers embedded within the acoustically hard bar-
rier layers. As one can deduce from Fig. 1, the phonon
density of states �DOS� in the free-standing slab is equal to
zero only for q=0, while in the clamped-surface slab DOS is
equal to zero in the interval of phonon energies up to the first
branch ��5 meV�. As a result, the number of phonons avail-
able for scattering in the free-standing slab is larger than in
the clamped-surface slab for all temperatures. The latter ex-
plains a much higher mobility in the clamped-surface slabs,
particularly at low temperature. The strength of the electron-
phonon deformation potential interaction is smaller for the Si
layers embedded within the acoustically hard barriers. It can
be explained by suppression of some of the SA modes in
D/Si/D heterostructures, where the Si–D interfaces are
“fixed” at their positions by the hard diamond barriers. One
should note here that the inclusion of the surface roughness
scattering does not strongly influence our result obtained for
the low-field mobility since the roughness scattering be-
comes strong for the very high transverse fields only.4,5,21

Indeed, even for the very thin, few nanometer thick, Si chan-
nels the low-field mobility is limited by the phonons.5,21 For
convenience of comparison and experimental verification,
Fig. 3 shows the mobility enhancement factor with respect to
the mobility in a free-standing Si slab. The expected phonon-
limited mobility enhancement can reach an order of magni-
tude at temperature approaching 10 K. The enhancement fac-
tor also strongly depends on the acoustic mismatch and the
thicknesses of the acoustically hard barriers. It decreases to a

factor of 2–2.5 at RT for 2-nm-thick Si channels. At very low
temperatures impurity scattering starts to play the dominant
role and has to be taken into account.

In conclusion, we have shown that the RT electron mo-
bility in the ultrathin Si layers can be enhanced if they are
embedded within acoustically hard barriers such as diamond.
Unlike conventional strain technology the proposed method
of the mobility enhancement relies on materials with high
thermal conductivity, which is beneficial for thermal man-
agement.
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