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We study the electron-phonon relaxation (dephasing) rate in disordered semiconductors and low-
dimensional structures. The relaxation is determined by the interference of electron scattering via the
deformation potential and elastic electron scattering from impurities and defects. We have found that in
contrast with the destructive interference in metals, which results in the Pippard ineffectiveness condition
for the electron-phonon interaction, the interference in semiconducting structures substantially enhances
the effective electron-phonon coupling. The obtained results provide an explanation to energy relaxation

in silicon structures.
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Elastic electron scattering from impurities and defects
drastically changes the electron-electron and electron-
phonon (e-ph) interaction and modifies the temperature
dependencies of the relaxation or dephasing rate. As a
result of the diffusive motion of electrons, the electron-
electron interaction is significantly enhanced in bulk and
low-dimensional conductors [1]. Recent theoretical [2,3]
and experimental [2,4] studies have shown that the piezo-
electric e-ph coupling is also enhanced in semiconductors
with a short electron mean free path. The effects of dis-
order on the deformation e-ph coupling are more compli-
cated. In impure metals, the deformation coupling origi-
nates from “pure” electron-phonon scattering, electron
scattering from vibrating impurities, and various interfer-
ence processes. If electron scatterers vibrate in the same
way as host atoms, the destructive interference of scatter-
ing mechanisms [5,6] results in the Pippard ineffectiveness
condition [7], which means suppression of the e-ph relaxa-
tion. In this case, at low temperatures the relaxation rate
modifies from 77 dependence in the pure materials to 7*
dependence in the impure metals. However, even a small
amount of static scatterers (e.g., tough boundaries) or an
incomplete drag of impurities and defects increases the
e-ph relaxation [8]. Disorder-suppressed relaxation is ob-
served in disordered metallic films [9,10], while alloys
commonly demonstrate the disorder-enhanced relaxation
with 72 dependence of the relaxation rate [11].

Recently, there has been significant interest in the elec-
tron relaxation in disordered semiconductors and struc-
tures, where the electron relaxation is determined by
electron-phonon scattering via the deformation potential
(DP). The relaxation rate has been measured in Si crystals
containing a &(Sb) layer [12,13] and in Si films [14].
Experimental results, including 7* dependence of the elec-
tron relaxation rate, were associated with the Pippard in-
effectiveness condition, obtained for metals. However, in
the temperature ranges investigated in Refs. [12—14], DP is
strongly screened and the relaxation rate in pure 2D and
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quasi-2D structures follows to T° dependence [15,16].
Therefore, the ineffectiveness would result in the 7° rather
than the 7* dependence.

It is not surprising that the theory developed for metals
[5-7] fails to describe semiconductors. Indeed, DP in
metals and semiconductors has a different nature [17]. In
metals, DP is associated with electron gas compressibility,
while in semiconductors this contribution is negligible due
to small carrier concentrations. DP in semiconductors re-
sults mainly from a shift of the conduction band edge under
the deformation, while in metals such contribution is small
because of strong screening. It is important that DP has
different tensor structures in metals and semiconductors
[17,18], and this difference clearly manifests itself even in
weakly disordered conductors [19]. Here we show that the
tensor structure of DP plays a crucial role in kinetics of
strongly disordered conductors: in contrast to the destruc-
tive interference in metals, the electron-phonon-impurity
interference in semiconducting structures substantially en-
hances e-ph coupling.

Here we report results on the e-ph relaxation in disor-
dered bulk semiconductors, two-dimensional electron
structures, and multichannel one-dimensional conductors
interacting with 3D phonons. Effects of disorder are de-
scribed by the dimensionless parameter g/, where ¢ is the
characteristic momentum transferred to the electron due to
e-ph scattering, [ = v is the electron mean free path due
to scattering from impurities, and v is the Fermi velocity.
In the impure limit, g/ << 1, a phonon interacts with an
electron that diffuses in the interaction region, L ~ 1/q >
[. In bulk conductors, ¢ is the wave vector of a thermal
phonon, gr = T/u (u is the sound velocity), and the cross-
over to the impure limit occurs at T ~ u/!.

In low-dimensional conductors, the characteristic mo-
mentum ¢ is determined by the phonon wave vector com-
ponent g, which is parallel to the conductor. In two-
dimensional systems, g is of the order of gy and, as
well as in bulk semiconductors, the crossover is described

© 2005 The American Physical Society



PRL 94, 136602 (2005)

PHYSICAL REVIEW LETTERS

week ending
8 APRIL 2005

by the parameter gy = T1/u. In 1D channels the trans-
ferred momentum ¢ is ~(u/vr)qr and effects of disorder
become important at significantly higher temperatures,
Tt~ gyl <1. The same parameter 77 describes modifi-
cation of the electron-electron interaction [1].

Investigating the electron energy relaxation, we focus
our attention on the time scale much longer than the
electron momentum relaxation time. In this time domain,
electron-phonon kinetics is described by the angle-
averaged electron and phonon distribution functions, 7,
and N,. We consider interference processes, which are
characterized by the momentum transfer much smaller
than the Fermi momentum. In this case, the interference
of electron-phonon and electron-impurity scattering is
taken into account by the electron self-energy diagram
shown in Fig. 1. The corresponding electron-phonon col-
lision integral is [6,8]

4, [dade ¥ Ly
Q2m)* lexl? 1=,

X N(une(l - ne+a)) - (1 + Na))(l - ne)ne+w’ (1)
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where DR(g, ) is the phonon Green function
DR(q @) = (w — wq +i0)! + (0 + wq +i0)~!, (2)

y = Dy(q - e)/(2pw,)'/? is the vertex of the electron-
phonon interaction, Dy is the constant of DP, and e is the
phonon polarization vector.

In the collision integral 1., £, is an integral over the
impurity-averaged electron Green functions [6],
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where v, is the two-spin electron density of states in
n-dimensional electron system. We limited our considera-
tion by the condition g/ > u/vy ~ 1072, which allows us
to put w = 01in {3 and &5.

The screening of DP is described by the dielectric func-
tion €R(g, w). Further calculations show that in the 3D and
2D electron systems the characteristic frequencies w ~ T

FIG. 1. Electron self-energy diagram. A wavy line stands for
e-ph scattering, a dotted line stands for elastic electron scattering
from random potential, and a straight line stands for the electron
Green function.

are small compared with Dg? (D is the diffusion coeffi-
cient). In this limit the dielectric function is

1+ (rk3/q)% K3 =4me’vy 3D;
R(,) — 3 3 3
€n(9) { 1+ (ky/qy), Ky =2me*v, 2D. “)

For 1D conductors we should take into account the dy-
namical character of electron screening. If g r > 1 (r is
the conductor radius), the dielectric function is

(qy1)*
(qn)?* (q)? — (w7)? — iwT

The e-ph relaxation rate is calculated as a variation of
the collision integral Te__i)h = —081,-pn/6n,. In equilibrium,
N, = No(T) and n. = nZ!(T), and the relaxation rate of
electrons at the Fermi surface (e = 0) is

ef =1+ ¢e?v,In

&)

&n(w,)
1= (0,)
(6)
We also calculate the heat flux from hot electrons with the
temperature 6 to phonons with the temperature 7. The heat

flux may be presented through the energy control function
F(T) as
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First we calculate the relaxation rate in a bulk semicon-
ductor. Substituting {3 [Eq. (3)] and eg(q) [Eq. (4)] into
Eq. (6) we find
1 Dlvy T
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These formulas in limiting cases are summarized in
Table 1. In the pure limit, 7//u > 1, we reproduce well-
known results [17]: in the case of weak screening, T >
uks, the relaxation rate is proportional to 7°; for screened
DP, T < uk;, the relaxation rate changes as 77. In the
impure limit the relaxation rate is proportional to 72/1
for unscreened DP and to 7%/l for the screened DP.
Thus, contrary to the Pippard ineffectiveness condition in
metals [5-7], the relaxation rate in semiconductors is
enhanced by a factor of u/(TI) due to elastic electron
scattering. The energy control function may be estimated
as F(T) = C,T/7,pn, where C, is the electron heat ca-
pacity. In Table I we present F(T) with exact coefficients,
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TABLE 1. Electron-phonon energy relaxation time and energy control function in a bulk semiconductor.
T > uk; (weak screening) T < uk; (strong screening)
T>u/l T<u/l T>u/l T<u/l
1 17(3) Dvs 13 3m2 Divs 12 571577(7) Dgvs 17 3m8 Dyvs 6
e-ph 4 pu? (prpu)? 4 pu? pilu 8 pu? priju® 4 pu preile’
D2v? 5 4 D2v? 4 D2v? 8 D2v? 8
0¥ _ T W5 T LER id 47 V3 T
F(T) 67 (5) pu* (pru)? 10 pu® priu 100807T§(9) pu? pretub 5 pur preile’

because measurements of F(T) are widely used to obtaine
D,.

Now we consider the e-ph relaxation in two-dimensional
electron gas. Using Egs. (3) and (4), we find that the
relaxation rate [Eq. (6)] may be presented as

1 D3T?
=————®(g7l, X 11
To-ph 277_2va”4 (qT qT/KZ) ( )
0 5 /2 Xy
d(y, 2) = dxx de
0 0 V1 + (xysinf)* — 1
2¢in3
(xz)*sin’0 (N9 + ), (12)
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These formulas in limiting cases are summarized in
Table II. In the pure limit, we reproduce well-known results
[15]. In the temperature range T >> k,u, where DP is
weakly screened, the relaxation rate is proportional to
T3; for strongly screened DP the relaxation rate changes
as T°. In the impure limit, in the case of weak screening,
the relaxation rate is proportional to 72 InT and inversely
proportional to [. At low temperatures, where DP is
strongly screened, the relaxation rate is proportional to
T /1. Thus, in heterostructures, elastic electron scattering
significantly enhances the e-ph interaction.

Finally, we consider the e-ph interaction in the multi-
channel 1D system. Channels may be associated with
wires, shells, and electron subbands. Variations of the
multichannel model are applied to one-dimensional or-
ganic conductors, CuO chains in high-T, superconductors,
and multiwall carbon nanotubes [20]. For simplicity we
consider identical channels and neglect the Coulomb in-
teraction between channels. We suggest that electrons are
scattered between channels and interchannel scattering
prevails over backscattering in the same channel, so the
system is in the conducting state. Electron-phonon scatter-
ing keeps an electron in the same channel and, therefore, it
is screened by electrons in this channel. Using Egs. (3) and

(6), we find that without screening the relaxation rate in the
pure conductor is given by

1 7((3) D3T?

=_2" 7 7

(13)

Te-ph 87 puru

Calculating the integrant in Eq. (6) in the general case, note
that for a 1D conductor g = g cos¢p = gx (¢ is the angle
between q and a wire) and within the logarithmic accuracy
the integral over the direction of q is given by

ldx (qlx)?
ﬁ 2 [(1 = 2€%v, Ingrx)(glx)? — (w7)*P + (w7)?
_ 1 /2 T > 1;
B 2¢I(1 — 262y, Ing,r)*/? { T/NSwT wT < 1.
(14)

Equation (14) shows that the crossover to the impure limit
is described by the parameter w7, which is of the order of
T7. In the impure limit, 77 < 1, the characteristic value of

the transferred momentum ¢, =~ /o7/(lJ/1 + €*v,) =

JT7/(IJ1 + €v;) is much smaller than g;. In this case,
the relaxation rate and energy control function for the one-
dimensional multichannel conductor are

1 _ 38 — v2)£(5/2) DT
Teph 644271 — €v; In(q.r)?P/? JTpvpu? s
2. 19/2
) 105£(9/2) D3u,T
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As seen from Eq. (15), screening substantially changes
values of 7., and F(T), but just weakly affects the
temperature dependencies. Comparing Eqs. (13) and
(15), we find that in the impure limit, the electron-phonon
interaction is enhanced by the factor of 1/+/Tr.

The electron-phonon-impurity interference in metals
and semiconductors may be qualitatively understood in
the following way. First, elastic electron scattering effec-

TABLE II. Electron-phonon energy relaxation time and energy control function in two-dimensional electron structures.
T > uk, (weak screening) T < uk, (strong screening)
T>u/l T<u/l T>u/l T<u/l
- 7(3) DT DT T 93¢(5) DT P
e-ph 47 puput plvpud " kqu 87 provpul 4 pr3lvpn’
F(T) 64(5) DgraT? 272 DyroT! 90(7) DT’ 87 Dgl®
T puput 15 plvgid T kvpu’ 63 pr3lvpu’
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tively averages DP over the Fermi surface. Second, the
diffusive motion holds an electron in the interaction region
and increases the interaction time. In metals the Fermi
surface average of the deformation potential equals to
zero [17,18]. As a result of this averaging, the effective
e-ph vertex is substantially decreased (see Ref. [6]). In
metals, this effect prevails over the modification of the
interaction time and strongly suppresses the e-ph relaxa-
tion. In semiconductors, DP weakly depends on the elec-
tron momentum and the DP tensor is usually approximated
by a constant. Therefore, elastic scattering in semiconduc-
tors enlarges the interaction time, which in turn enhances
the e-ph relaxation.

Recently, the e-ph relaxation rate has been directly
measured in 2D electron gas in Si with a molecular-
beam-epitaxy-grown Sb & layer [12,13]. Because of lack
of the theory for semiconducting materials and structures,
the observed T* dependence was associated with the
Pippard concept of the ineffectiveness of the e-ph interac-
tion. According to our results, the T dependence in 2D
structures originates from disorder-enhanced screened DP
coupling (see Table II). Analogous data with 7% depen-
dence have been obtained in heavily doped quasi-two-
dimensional Si films at subKelvin temperatures [14].
Note that e-ph relaxation rate is often evaluated from the
electron dephasing rate. Such data also give evidence in
favor of significant enhancement of e-ph coupling in dis-
ordered semiconductors. For example, in 3D Si:P layers
with [ ~ 5 nm, the relaxation time at 4.2 K was found to be
10 ps [21], which is significantly shorter than that in pure
materials.

To conclude, we calculate the e-ph relaxation rate in
disordered semiconductors [Eq. (9), Table I], two-
dimensional [Eq. (11), Table II], and one-dimensional
[Eq. (15)] semiconducting structures. Our results show
that the e-ph relaxation is strongly enhanced due to
disorder.
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