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We consider an electron-acoustic-phonon coupling mechanism associated with the dependence of crystal
dielectric permittivity on the straifthe so-called Pekar mechanisin nanostructures characterized by strong
confining electric fields. The efficiency of Pekar coupling is a function of both the absolute value and the
spatial distribution of the electric field. It is demonstrated that this mechanism exhibits a phonon wave-vector
dependence similar to that of piezoelectricity and must be taken into account for electron transport calculations
in nanostructures with extended field distributions. In particular, we analyze the role of Pekar coupling in
energy relaxation in silicon inversion layers. Comparison with the recent experimental results is provided to
illustrate its potential significance.
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The electron-phonon interaction is one of the fundamentatleformation potential and piezoelectric mechanisms, the Pe-
problems in solid-state physics. For coupling with acoustickar interaction can be tuned by controlling the electric-field
phonons in particular, much attention has been devoted to thdistribution of the system through, for example, the gate
two main mechanisms in semiconductors: the deformatiomias. It is also important to note that although particular
potential and piezoelectric interaction. In the presence of aproperties of Pekar interaction depend on the symmetry of
external electric fields, however, an additional process ap- the crystal, it is present, in general, in materials of any sym-
pears associated with the dependence of dielectric permittivnetry. This is because mathematically the photoelasticity is
ity on the strain. Due to this dependence, an acoustic phonotaused by the terms in the crystal free energy which are
can induce an effective ac electric-field component and subguadratic in electric field. This is in contrast with the piezo-
sequently an additional coupling with electrons. This mechaelectric interaction, which is due to terms linear in electric
nism was initially introduced by PeKat for the problem of field and is therefore relevant only for crystals without spa-
sound amplification by drifting electrons. It was shown l&ter tial inversion symmetry. Thus, the Pekar interaction is ex-
that the Pekar mechanism of electron-phonon interaction ipected to be particularly important for the structures based
related directly to the electrostriction effect. The induced amn the nonpiezoelectric materials.
electric field has a piezolike dependence on the phonon wave As a specific example, we consider low-temperature
vector g and can roughly be characterized by an effectiveelectron energy relaxation im-type (100) Si inversion
piezoconstant, layers. Our calculation shows that due to the Pekar mecha-

2 nism, the dissipated power in these nonpiezoelectric materi-

Bett ~ e0e"EP, D ais can exhibitT? dependence. Such dependence would

wherep is the characteristic photoelasticity constant agd be present for the case of piezoelectric interaction, while
¢ are the absolute dielectric constant and dielectric permitthe the deformation potential interaction providés
tivity of the unstrained crystal, respectively. In ordinary bulk dependence. This finding provides a clear explanation
crystals withE=<10* VV/cm, B is quite small. As a result, for a recent experimental observation of similar dependence
Pekar initially concentrated on the materials with a veryin Si  metal-oxide-semiconductor field-effect transistors
large & (e.g., e~ 2000 for BaTiQ) and electrostriction ef- (MOSFETS. It also suggests that the Pekar interaction can
fect. Efficient acoustoelectric coupling for such materialsbe responsible for piezolike energy relaxatioft and ther-
was observed experimentally in the 1970s. mopower characteristitésobserved in SiGe quantum wells.

As the dimension of the sample structure shrinks, interac- Let us start with a general analysis of the Pekar mecha-
tion mechanisms that are not allowed in bulk materials carism for the case of a nonuniform electric-field distribution
manifest themselves. For instance, modulation of the quarin layered stuctures. The variation of dielectric permittivity
tum well width and effective mass by strain gives rise to theunder strairu; can be written in the fornt
so-called macroscopic deformation potenti@imilarly, the
“traditional” mechanisms can exhibit different features. In
this Communication, we demonstrate that the Pekar mechavhere pj;,, is the photoelasticity tensamwe could use the
nism is essential for nanostructures with strong confiningelectrostriction tensor instead; however, the use of photoelas-
electric fields>” The interaction efficiency is dependent on ticity tensor allows one to extract explicitly the dependence
the magnitude of the field, spatial scale of its localization,of electrostriction one, which follows from the Clausius-
and the phonon wavelength. This suggests that unlike th®lossotti model?). The form of photoelasticity tensor is de-
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termined by the symmetry of the crystal. In the diamond and @
zinc-blende structures, there are only three independent non- o(z)

zero components of this tensor denoted usuallyp@aspio,
and p,,.'3 Moreover, g;; = §e.

The electrostriction effect in a static external fi@ldeads
to appearance of an effective fidﬁj:—V}%. The equation for Sio, Si

potentiaIZS can be derived from the equation for the electric
displacemenD,

. = .= T . (2) T
\% ~D 0, Dj (8” 58I1)EJ ) (3 0 ddepl 2
where E®)=E+E is the total electric field in the crystal.
Assuming that the strain is small, we obtain B@ | (b)
~ 19
Vip==—(SeyEy). (4)
& (?Xi E

S
In the simplest situation, the external electric field Es |
=[0,0,E(2)], which corresponds to the confining field in a
guantum well. We also assume an elastically uniform me-
dium with the functional dependence afj, ds;; ~ exgi( 0

—ot+gz+qe)] and  ¢=¢(dexdi(-wt+qge)], where

g,=(0x,9y) and@=(x,y) is the coordinate vector in the quan-  FIG. 1. (a) Schematic illustration of the potential well in an

tum well plane. Under these conditions, Ed). simplifies as  n-type Si inversion layer. The thickness of the depletion layer is
denoted bydgyep (b) z dependence of the confining electric field in

N

ddepl

d?¢ ~ dE(z2)\1 the inversion layer.
ﬁ - Qf(ﬁ: G(2, G(2= <iE(Z)qi58iz + 5822%)2: g
(5) The electron potential well near the Si/Sidterface and
the electric field associated with the inversion layer are
resulting in shown schematically in Fig. 1. The strong static electric field
E=-d¢(z)/dz associated with the inversion layer confines
Tﬁ:—ieqlzfm G(z)e 9 d7 ~ ie"qzjz G(z)e" d7 the electrons in a thin silicon layer near the interface. The
q . 2q, . ' electrostatic potentialp(z), quantized electron levels, and

wave functions(r) = x(2explike) are determined from the
6) self-consistent solution of Poisson and Schrddinger
equationg. In the following, we assume that only the ground
electron subband is populated at low temperatures.
The induced potential is determined by E@). The
boundary conditions at the Si/SjGnterface(z=0) under a
small strain are

It is important to note two significant features of First, 3)
is not a plane wave as a functionmfwhich is a direct result
of the assumed nonuniform character of the electric field

Second, ¢ strongly depends on the spatial domain of
electric-field localizationd. For g,d>1 andq,d>1, the es-
timate of Eq.(1) applies. Fom,d<1 andq,d<1, however, 39 = iino cOES 4 5eOE® = gnIEI9 4 5. (IN9E(ing
the induced potential is suppressed substantially with a factor ' ‘ “ z “ '
qd, which one can reveal considering the functional form of (7)
G on g, andq;.

Let us consider a specific example, namely, the process (}Ix
energy relaxation im-type (100 Si inversion layers at low
temperatures. The built-in confining electric fields in such Seg, = — 26°Paslyg,
structures can be as high as a MV/cm. In this case, the role of
Pekar mechanism is particularly important since silicon itself
is not a piezoelectric material and the Pekar contribution is
expected to be dominant at low temperatures, where the de- _ 2
formation potential interaction is less effective. Of course, 962= = & Paalizz + Prallyy *+ U], ®)
the Pekar mechanism also provides a contribution to the mowherex,y,z are the symmetry axis of the crystal. For sim-
mentum relaxation rate that determines the mobility. How-plicity, we disregard the mismatch of elastic and photoelas-
ever, at low temperatures the momentum relaxes mainly dugicity constants in Si and SiQlayers. We also assume that
to the elastic scattering by various imperfections, and thehe actual phonon wavelength exceeds the thickness of the
contribution of phonons is hardly measurable. Thus, we conelepletion layer in silicor(see Fig. 1 and yet is much less
centrate on energy relaxation. than the thickness of the SjQayer. The former assumption

hereEZ: —de/dz For the considered geometry, the follow-
g photoelasticity terms are relevant:

— 2
Oey; = = 26 Paalys,
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can be justified at low enough temperatures, where the con- At a low temperature, the small-ang(Bloch-Griinizen
tribution of the Pekar mechanism exceeds that of the deforscattering regime is realized. For degenerate electrons after
mation potential. In the case when the latter condition isthe standard transformations, we obtain a piezolike tempera-
violated, the induced potential becomes weak in accordanderre dependence,

with the general analysis given above. In fact, this restricts Q=C(T3-T3)
the parameters of actual structures where the Pekar mecha- - e '
nism is important. 2 i 2
. ~ ~ 1 mA(Ey?e? g@glins
Under these assumption&izy?(z) 4(z) = ¢(0), and C=(Cp+ CTA)725—17)2—§(3)(W ,
7 hcng < p ev+e
(9) . (ing)
~ ee Es
P0)=——5—F5 ; 1w
¥+ q +iq, Cia= ;§(4p§4+ 2py1P12+ 3p3; + 3p5),

X {(pmﬂ +ig Py, + <p443_Z + ip12> (usq)] . -
| (9) Cra= 35(4@214"' (P11~ P12, (14

Here, E5 and ug are the electric field and the phonon dis- Wherem is the electron effective mass for the in-plane mo-

placement at the silicon side of the interface, respectively. tion, ne is the electron concentration in the inversion layer,
Using Eq.(9), we calculate the electron scattering ratesand ¢ is the Riemann zeta functiog(3)~1.20. _
Wﬁﬁi for electron transitiork—k’ with absorption(+) or For a numerical estimation, we use the following material
emission(—) of an acoustic phonon, parameterses;=12, p=2 g/cn, ssio,=4, §=9x10° cm/s,
$=5.4X 10° cm/s, andm=0.19n, [for the (100) interfacd.
. 7re2(E5)2< 8(s)g(ins)

, 2 5 The values of the photoelasticity tensor gvg=-0.093,
Wk = S0 4 509 |1(0)|° s e, e p1»=0.026, andp,,=-0.051% As mentioned previously, the

Vpoyg electron density and electric field at the interface must be

-~ Ng+1 determined by a self-consistent procedure. As a rough esti-
~ & ¥ hag) N , (10 mate, we adoptE,=3x10° V/cm and n,=5x 10" cm™2,
a which provide C=10* W/K3m?. This corresponds to the

wheree, is the electron energy arid, represents the Planck energy relaxation time of about 1 ms at the electron tempera-
population of the phonon modes characterized by the latticére of Te~1 K andT~Te.

temperaturd. The index of the function|(6)| denotes the In a recent experiment on silicon MOSFETthe cubic
type of the phonon modes. In particular, piezolike dependence o on T, was observed at low
temperatures, which was followed byTé dependence for
| a(0) = [Ty + (4p5, = 2pT1 + 2p11P1)Sir? 6+ (pTy + pl, T.>0.6 K characteristic for the deformation potential

2 4 coupling. The authors of Ref. 8 attributed t'ﬁédependence

= 2py3p12 = 4pgsin’ 6], (1) {0 the appearance of effective piezoelectric properties

due to the specific structure of the interface. Indeed, the in-

|ara(6)|2 = [P24(Sir? 60— o 6)%+ (P11~ Pro)’SirE 6 cog 6], terface reduces the symmetry of the system which can give

rise to nonzero piezoelectricity in the vicinity of interface.
However, this does not provide bulklike piezointeraction.
The piezoelectric potential in this case is determined by the
Poisson equation with the solution similar to E&) but
with G containingz-dependent piezocoefficient and its de-
rivative. Similar to the case of narrow regions of electric-
ﬁ‘eld localization for Pekar interaction, for the phonon wave-
length exceeding the thickness of this “piezoelectric” layer,
the piezoelectric potential induced by the phonon is sup-
pressed. Therefore, the observed cubic dependence is more
likely to be due to the Pekar mechanism. Note also that the
ngglzk,k',qz(fk—Gk')[\/\/f(izf+)+\/\/fizi )]fTe(k)[l_fTe(k’)L \eligjeerin?;n?all?ﬁ?tamed above is close to that measured
(13 In addition to the MOSFETS, the piezolike dependence of
energy los&!! and thermopowé?f was reported for SiGe
whereg is the electron degenerapy=4 in a(100) inversion  quantum well structures as well. Since the experiments were
layer taking into account both the spin and valley degenconducted in the presence of strong confining electric fields
eracy andSis the cross-sectional area for normalization. In(i.e., in either modulation doped quantum wells or the quan-
the expression foQ, we assume that the electron-electrontum wells embedded in thp-i-n structurey these results
interaction establishes a Fermi distribution for electrons withcan also be explained by the Pekar interaction.
an electron temperaturg.. In summary, we show that the Pekar mechanism of

(12)

where 6 is the angle between the phonon wave vectand
the z axis, V and p are the normalizing volume and density,
respectively, andv,=sq is the phonon frequencyy, cor-
responds to the contribution of the transverse phonons with
vertical polarizationu lies in the plane formed by theaxis
and q); the contribution of the phonons with a horizontal
polarization(u is parallel to the interfagds zero. The power
Q dissipated by electrons is given'as

081305-3



RAPID COMMUNICATIONS

GLAVIN et al. PHYSICAL REVIEW B 71, 08130%R) (2009

electron-phonon interactidmelated to the electrostriction ef- with a recent experiment. It also suggests that the Pekar in-
fect) can become important in nanostructures due to the preseraction may be responsible for the piezolike dependence
ence of strong confining electric fields and must be considebserved in the electron transport characteristics in SiGe
ered along with the deformation potential and piezoelectrigyuantum well structures.

mechanisms. The effectiveness of Pekar coupling depends on

both the absolute value and the spatial distribution of the We are indebted to V.N. Piskovoi for many valuable
electric field. An estimation of power dissipation by this comments and discussions. The work was supported
mechanism in a silicon inversion layer is in good agreemenin part by AFOSR and CRDEGrant No. UE2-2439-KV-0R

1S. 1. Pekar, Zh. Eksp. Teor. FiZ9, 621(1965 [Sov. Phys. JETP 88, 016801(2002.

22, 431(1966)]. %Y. H. Xie, R. People, J. C. Bean, and W. Wecht, Appl. Phys. Lett.
2A. A. Demidenko, V. N. Piskovoi, S. I. Pekar, and B. E. 49, 283(1988.

Tsekvava, Zh. Eksp. Teor. Fi&0, 124(1966 [Sov. Phys. JETP 110G ansaripour, G. Braithwaite, M. Myronov, E. H. C. Parker, and

o203 84(1966]. _ T. E. Whall, Appl. Phys. Lett76, 1140(2000.
Y. V. Gulyaev, Fiz. Tverd. TeldLeningrad 9, 1816(1967 [Sov. 1 Leturcq, D. L'Héte, R. Tourbot, V. Senz, U. Gennser, T. lhn

Phys. Solid State9, 1425(1967)]. . . N
4N. K. Zhabitenko, I. Ya. Kucherov, E. G. Miselyuk, S. |. Pekar, IélE:g‘;I(lgo(% Dehlinger, and D. Gratzmacher, Europhys. Lett.

and N. S. Chernaya, Zh. Eksp. Teor. Fiz. Pis'ma R&d. 458

(1971 [Sov. Phys. JETPL4, 312 (1971] 12C. Possanzini, R. Fletcher, M. Tsaousidou, P. T. Coleridge, R. L.
5F. T. Vasko and V. V. Mitin, Phys. Rev. B2, 1500(1995; P. A. }’;"(‘)‘(‘%ms, Y. Feng, and J. C. Maan, Phys. Rev.@, 195306

Knipp and T. L. Reineckeipid. 52, 5923(1995; V. I. Pipa, V. : _ o _

V. Mitin, and M. A. Stroscio, Appl. Phys. Lett74, 1585(1999. 33w Tucker. and V. W. RamptoMicrowave Ultrasonics in Solid
6T. Ando, A. B. Fowler, and F. Stern, Rev. Mod. Phys4, 437 State Physic¢éNorth-Holland, Amsterdam, 1972

(1982. 14N. W. Ashkroft and N. D. MerminSolid State Physic&Saunders

70. Ambacher, J. Majewski, C. Miskys, A. Link, M. Hermann, M. College, Philadelphia, 1976
Eickhoff, M. Stutzmann, F. Bernardini, V. Fiorentini, V. Tilak, °V. E. Gantmakher and Y. B. Levinso@arrier Scattering in Met-
B. Schaff, and L. F. Eastman, J. Phys.: Condens. Mati&r als and Semiconductof®orth-Holland, Amsterdam, 1987
3399(2002. 167, H. Levine, H. Zhong, S. Wei, D. C. Allan, and J. W. Wilkins,
80. Prus, M. Reznikov, U. Sivan, and V. Pudalov, Phys. Rev. Lett. Phys. Rev. B45, 4131(1992.

081305-4



