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ABSTRACT

We present our theoretical investigations on the effects of disorder on the electron-phonon interaction in semiconduct-
ing GaAs system. Both the temperature (7) and disorder (electron mean free path /) dependences of the electron-phonon
scattering rate have been determined. On consideration of the dynamic screening, we find a significant change in the
temperature exponent as well as the pre factor « from the earlier reported temperature power law dependence result o7°
obtained under static screening. Also the dynamic screening makes a noticeable change in the character of the depend-

ence of scattering rate on the mean free path from the static screening result.
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1. Introduction

Electron-phonon interaction (e-ph) has drawn immense
interest in the recent past [1-7]. The e-ph interaction in
disordered metals has been extensively studied theoreti-
cally, by a good number of authors for over three decades,
but quite different predictions were concluded [8]. For
example, values for the temperature exponent (p) ranging
from 2 to 4 have been predicted. Experimentally, the tem-
perature dependence of 1/7,, reported by various mea-
surements on various material systems is not always in
agreement with one another. This issue becomes even more
delicate when one is concerned with the disorder behavior
of 1/7,,. On one hand, theories have predicted distinctly
different disorder dependence of 1/z,, and on the other
hand, few experiments in literature have succeeded in re-
porting a clear dependence of 1/7,, on disorder. The ele-
ctron-phonon interaction in disordered systems is due to
two process: a) the pure electron-phonon scattering (the
only mechanism of the electron-phonon interaction in pure
metals), and b) the inelastic electron scattering from vi-
brating impurities (defects, boundaries, etc). The last me-
chanism combined with the elastic electron scattering and
electron-phonon scattering, generates a variety of inter-
ference processes [9].

Interaction between electrons and phonons is strongly
affected by the disorder of the electron system and, there-
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fore, the problem is commonly divided into two special
cases: the pure and impure (or diffusive) limit. The cross-
over between these two limits is defined by ¢/ = 1, where
q is the phonon wave vector and / is the electron mean
free path. When the whole phonon system is consi- dered,
then the phonon wave vector can be conveniently re-
placed by the thermal phonon wave vector, ¢, =

(KsT)/hu where T is the temperature of the lattice and
u is the sound velocity. The e-ph interaction in disor-
dered semiconductors is much more complicated than in
pure bulk systems. Despite the progress in theory the
issue has not been settled completely yet [10]. Sergeev
et al. have obtained analytical results on the e-ph scat-
tering rates via the Deformation Potential (DP) for single
valley disordered semiconductor bulk and nanostructures
[7]. They predict that the e-ph energy relaxation is
strongly enhanced when the system enters from the pure
limit (¢ > 1) to the diffusive limit (¢/ < 1). Various tem-
perature (7) and mean free path (/) dependences have
been determined in the static screening condition. The be-
havior is the opposite in comparison to metals where it is
well known, since the pioneering work by Pippard [11],
that the disorder of the electron system tends to suppress
the e-ph energy relaxation. In semiconductors, due to small
electron density, the e-p/h interaction can be described by
deformation potential coupling constants, which do not de-
pend on the electronic variables, while in metals the cou-
pling strongly depends on the electron momentum [12].
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Chow et al. studied that the phonon emission power in
dirty sample is significantly enhanced due to disorder
induced change in the screening from static to dynamic
[13]. Other studies have also highlighted the significance
of dynamic screening [14-17]. Yu et al. [18] presented a
detailed experimental investigation of the effects of dis-
order on the electron-phonon interaction in semiconduct-
ing InN system. Both the temperature (7) and disorder
(electron mean free path /) dependences of the elec-
tron-phonon scattering time 7, , have been determined
from the weak localization analysis. They have found
() ! exhibits a tendency to change gradually from that the
charactenstlc dependence 7, h oc T’ in the pure limit
to the form of 7°7 " as the ﬁlms become disordered. Their
observation gives clear evidence for the substantial en-
hancement of the electron-phonon coupling in semicon-
ductor structures due to elastic electron scattering. Recently,
J. T. Muhonen et al. have focused on the signifycance of
the electron-phonon energy loss rate in a manyvalley semi-
conductor system due to lattice mismatch induced strain
[19].

In view of these aforementioned points, we investi-
gated the electron phonon rate in disordered three dimen-
sional electron gas (3DEG) confined to GaAs system in-
teracting with bulk (3D) phonons in the full diffusive li-
mit incorporating the dynamic DP, to determine by what
degree and character the dynamical behavior of these func-
tions influences the electron-phonon scattering rate. The
paper is organized as follows: Section 2 describes the
formalism; Section 3 contains the results and discussion
and lastly; Section 4 concludes the work.

2. Formalism

The e-ph relaxation rate, 7. o

lowing kinetic equation [17]:

1 & dn(e)
T on(e) dt M

e-ph

is determined by the fol-

where n(g)is the non equilibrium electron distribution
function in a spatially uniform system. In equilibrium,
phonon and electron distribution functions respectively
are N,=N, and n, =n/, and the 7, ph at the Fer-
mi surface (g 0) is given by

L4y da__ ZSR{ §<q’w"))}{Nij+n§"}

T (275)3 ‘g(qaa’q) l—ef(q,a)q

(@)
where 7 is the relaxation time for electron-impurity scat-
tering, %7 is the Planck’s constant, q is the 3D phonon
momentum, v =mk, /n’h’ is the 3D electronic density
of states; m* is the effective electronic mass,
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y=D,(q-e) /(erq )l/ * is the vertex of the unscreened

electron acoustic phonon DP interaction, D, is the cou-
pling constant of DP, e is the polarization vector, p is the
density of the material, @, = |g|u, is the linear phonon
dispersion, u is the longitudinal sound velocity,

N;‘; :[exp(h @, [ksT )—1]71 is the phonon distribution
= [exp(h a’q/kBT)HT is

the electron distribution function at equilibrium, g(a)q,q)
is the dynamic dielectric function, and

ﬂ%[f(a)q,q)/(l—f(a)q,q)ﬂ is the real part of the pola-

rization function that has been obtained by simplifying
the response functions [7]. The dynamic screening of DP
is described in terms of the dynamic dielectric function
which is given by;

e(q,0,) =1+V"(9l(¢, ®,) )

in which V° (q ) = 4TC€2/ 6'06]2 is the 3D Fourier transform
of the bare Coulomb potential, e is the electronic charge,
& 1s the background dielectric constant, and H(q,a)q ) is
the polarization operator. In the limit of small ¢ and @,
the dielectric function in the diffusive limit is given by
[20].

. eger . eq
function at equilibrium, 7

dne®  vDq®

o(g.0,) =1+ )

&4q° —iw, +Dq’
where D=vir / 3 is the 3D diffusion constant. The dy-
namic polarization function for 3DEG is obtained as [7];
1 _ ql
(g0 )= —tan™ —F—— (5)
( q) ql (l—ia)qr)

For, @, [ Dq, , the @, -dependence of the dielectric
function in Equation (4) can be dropped to yield the stati-
cally screened dielectric function,

2
e(g)=1+5 ©)

2

q

where k° =4mne’v. The dynamic polarization function
in Equation (5) in the static limit reduces to
-1
tan” g/ %)

$(q)= ”

The electron-phonon rates have been calculated in Ref.
[7] from Equation (2) by substituting, static dielectric
function &(g,), which is a result of static polarization
function (g, ). In terms of dimensionless parameters;
x=hqu/k,T, y=kyTl/hu and z=k,T [huk,, where
ky, and 7 are the Boltzmann’s and Planck’s constants

respectively, k is the inverse screening length [17], the
Equation (2) takes the form;
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1 Dik,’T’
Toph Tt p
o X'z ()c“y4 +9x%y° (u/vF)Q)
[ xPdx - ®)
0 X’z {x4y4 +9x7y* (u/v,) }-i—x“y4

Re{—xy tan_ {1y }}}{qu nt)

Xy — tan™' {xy

The analytical result under strong screening for the
case T <hu/Ksl is reproduced here from Ref. 7, for
the ease of reference,

1 3n° DvK,'T*

= 9
4 pu’ktpri’nt )

Te -ph

3. Results and Discussion

The approximate analytical evaluation of Equation (1)
cannot be a replacement for a full numerical treatment of
the concerned equation. In order to see the complete ef-
fects of dynamic DP on temperature and disorder we took
recourse to numerical computation, as in Ref. 7 only ap-
proximate analytical results in the static weak and strong
screening and impurity limit respectively have been ob-
tained. The electron-phonon scattering rates is computed
as a function of 7, / and carrier density (N) for disordered
3DEG confined to GaAs system that has been modeled in
terms of the following material parameters; Dy = 8.0 eV,
& =125, u=52x10" cm/S, p =52 gm/cm’ m" =
0.067 m, and electron density N = 5 x 10" ¢cm™. This
electron density corresponds to the Bloch-Gruneisen
temperature limit of 19.50 K. Figure 1 presents (a) the
extracted exponent of temperature p and (b) the e-ph
scattering rate (Z';_Lh) for a fixed value of mean free path
(I = 10 nm) as a function of temperature. The curve A
displays the analytical result of Equation (9) under static
screening case. Curves B and C of Figure 1(b), has been
obtained by computing Equation (2) and Equation (8) in-
corporating the static and dynamic dielectric functions
respectively. We observe that the power exponent (p) of
temperature varies from T®"** to T*%°, for the lower and
upper values of plotted range of temperature. It is ob-
served from the Figure 1(b) that the analytical curve A
and the numerical dynamic result B and static result C
merge with each other for values of temperature less than
5 K but above this temperature the curves B & C together
trace a different path from that of the analytical curve A.
To investigate the behaviors of e-ph rate with disorder,
we plotted in Figure 2, the variation of electron-phonon
scattering rate with mean free path (/) for a fixed value of
temperature T = 10 K. Curve A of Figure 2 is plotted for
the analytical static case from Equation (9) and curves B
and C are plotted for numerically static and dynamic case.
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Figure 1. (a) Values of p as a function of temperature (T); (b)
Electron-phonon scattering rate (re_ph‘l) versus temperature
for electron mean free path (I = 10 nm). Curve A displays
the analytic result reported in [7]. Curves B & C are plotted
numerically by taking static and dynamic screening from
Equations (2) & (8), respectively.
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Figure 2. Electron-phonon scattering rate (re_ph‘l) as a func-
tion of mean free path (I). Curve A displays the analytic
result reported in [7] at T = 10 K. Curves B & C are plotted
numerically by taking static and dynamic screening from
Equations (2) & (8), respectively.
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It is noticed from Figure 2 that the analytical curve A
varies inversely with mean free path (/) but the numerical
curves B & C deviate from this strict inverse behavior.
These curves A, B & C come close together for higher
values of (/) and separate out from each other in the op-
posite limit of decreasing (/). The variation of the elec-
tron-phonon scattering rate with carrier density N can be
seen in the Figure 3 which is plotted at a temperature of
10 K. Again the analytical curve A is observed to vary
inversely with carrier density (N). However, the numeri-
cal curves B & C departs from this linear behavior as has
been the case in the above two figures. The differences
between the analytical and numerical static and numeri-
cal dynamic is best highlighted in this figure. All this three
figures corroborate the results produced in each of them.
Therefore, clearly this comparative theoretical study of the
electron-phonon scattering rate with the static and dyna-
mic screening shows that the dynamic screening cannot
be ignored as it significantly modifies the magnitude and
behavior of electron-phonon scattering rate in disordered
bulk semiconductor system.

4. Conclusion

The temperature and mean free path variation of (re_p;,’l)
depend strongly on disorder. The character of the electron-
phonon interaction via the deformation potential (DP) is
affected significantly by the inclusion of the dynamic
screened DP and the polarization operator. On inclusion
of dynamic screened DP the temperature exponent is en-
hanced at lower temperatures and reduces at higher tem-
peratures from that of the analytical T® result obtained
under the statically screened DP approximation. The ma-
gnitude is also reduced at higher temperature. Further the
dynamically screened electron-phonon scattering rate is

Electron-phonon scattering rate

1 T T T
0.1 1 10

Carrier density N(10"cm®)

Figure 3. Electron-phonon scattering rate (re_ph‘l) as a func-
tion of electron density (N). Curve A displays the analytical
result reported in [7] at T = 10 K and | = 10 nm. Curves B
and C are plotted numerically by taking static and dynamic
screening from Equations (2) & (8), respectively.
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found to decrease with mean free path too, in comparison
to the earlier reported analytical calculation under static
screening case. We therefore conclude from this com-
plete numerical computation of the electron-phonon
scattering rate that dynamic nature of screened DP can-
not be ignored as it significantly affects the calculations
and therefore governs the temperature and mean free
path dependence of the electron-phonon scattering rate.
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