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Abstract

Electron-Phonon Scattering Rates
in GaAs/AlGaAs 2DEGs
below 0.5K

Anurag Mittal
Yale University
1996

This study is an experimental investigation of heat flow in a GaAs 2DEG below
0.5K. The heat flow due to phonon emission shows a temperature dependence proportional
to fifth power of the electron temperature. The measurements for the cleanest sample
constitute the first experimental verification of the theoretical predictions in the clean limit
for the screened B‘loch-Grﬁneisen regime [Price, 1982].

The electron-phonon scattering rates, extracted from these heat flow measurements,
show a temperature dependence proportional to the third power of the electron
temperature. The electron-phonon scattering rate is found to increase with decreasing mean
free path over nearly one decade of variation in mean free path. These are the first
measurements of the electron-phonon scattering rate as a function of the mean free path in

a GaAs/AlGaAs 2DEG.
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Chapter 1

Introduction

Electron-phonon scattering is one of the most fundamental processes in solids. In
clean bulk metals, it has been well established that the electron-phonon energy relaxation
rate, 't:e_ph—l, varies as T3 at temperatures below the Debye temperature, 6p. But our
understanding in lower-dimensional and disordered systems is limited [Bergmann, 1990
and Gantmakher, 1987]. Experimental studies in metal films have yielded a range of
different and conflicting results. Theoretical efforts to explain them have focused mainly

on the following two issues.

The first issue for electron-phonon scattering in metal films is a modification to the
T3 dependence due to disorder. The results obtained with different theories do not agree
[Takayama, 1973; Rammer 1973; Belitz, 1987] but it is now believed that the temperature
dependence of Te.ph~! should increase from T3 to T4 when the characteristic phonon wave
vector q becomes less than inverse of the electron mean free path, I (gl<1) [Reizer, 1986].
Most experiments in dirty films, however, yield a different dependence close to T? [e.g.,
Bergmann, 1990; Gershenson, 1990, Pitsina, 1995].

The second issue in metal films is the modification to the phonon spectrum, which is
three-dimensional for a bulk material. For a film thickness less than the typical phonon
wavelength, and a large acoustic mismatch between the film and substrate, one expects a
reduction in the effective dimensionality of the phonons [Belitz, 1987]. This leads to a
reduced phase space for phonons, resulting in a Te-ph~! e« T™, where 2<m<3. The same
considerations may also lead to a non-Debye like phonon dispersion relation [Lifshitz,
1952]. Unfortunately, these theories also do not agree with most experimental findings

[e.g., DiTiusa, 1992). Furthermore, most metals have a non-spherical Fermi surface, which



implies a non-uniform density of states and non-scalar interaction potential. These features

are harder to model theoretically.

A two-dimensional electron gas (2DEG) formed in GaAs at the interface of GaAs
and AlGaAs from electrons in the lowest quantized subband offers much more of a model
system in which to study the electron-phonon interaction in a two-dimensional electron
system. The lattice matched heterostructure ensures that phonons are three dimensional.
Since there is very little acoustic mismatch between GaAs and AlGaAs, the phonons
emitted by the electrons are not trapped at the GaAs/AlGaAs interface. Therefore they are
not trapped in the plane of the 2DEG and are able to thermalize with the bulk phonons in
the lattice. The parabolic energy band for the 2DEG results in a circular Fermi surface,
which is simpler to deal with theoretically. It is also easier to achieve desired amounts of
disorder in such heterostructures as compared to metal films. One can thus systematically
study the effects of reduced electron dimensionality and disorder on electron-phonon

scattering.

We have studied the electron-phonon energy relaxation rate in 2 GaAs 2DEG and its
dependence on disorder. Besides being of fundamental importance, this issue has important
implications for low temperature transport experiments and applications. Chapter 2
presents an overview of the work on electron-phonon scattering rates in GaAs 2DEGs at
low temperatures. Chapter 3 gives a theoretical treatment of the mechanisms of heat flow
which are important at these temperatures. In the next chapter, we discuss the design and
fabrication of samples keeping in mind the constraints imposed by the operating heat flow
mechanisms. Chapter 5 deals with the techniques used to measure the temperature of the
2DEG. This chapter is followed by a detailed treatment of the experimental techniques and
apparatus used. In Chapter 7, we discuss our experimental results and their analysis.

Finally, we briefly summarize our experiments and discuss the implications of this work.



Chapter 2
Background and Historical Overview

The electron-phonon energy relaxation rate is often extracted from measurements of
the energy transfer rate between the electron gas, assumed to be at a distinct temperature,
Te, and the lattice, maintained at Tph. The net energy transfer rate, Pe.ph, is determined by
the rate at which energy flows out of the electron gas by phonon emission, and the rate at
which energy flows into the electron gas by phonon absorption from the lattice.

There are two types of interactions by which the electrons can exchange energy with
phonons. A longitudinal acoustic phonon generates periodic spatial dilations as it
propagates through a lattice, and causes the electron to scatter ineleastically as it moves
from one region to another of slightly different periodicity. This phenomenon is known as
Deformation Potential (DP) interaction, and occurs in all solids. Furthermore, if the lattice
has oppositely charged ions with different masses which are displaced by different
amounts as the phonon (longitudinal or transverse) propogates through the solid, then an
additional electrical field with the periodicity of the phonon wavelength is created. The
interaction of the electrons with this polarization field is what is known as Piezoelectric
(PZ) coupling. In a polar semiconductor, the electrons and phonons interact both via
Piezoelectric and Deformation Potentials. For kg Te << EF, the net energy transfer rate for

each contribution is given by

Pe—ph= a(T{; - Tg,,), 2.1)

where o and p depend on the specific type of electron-phonon interaction, and o is

proportional to the device area A. The relative magnitudes of the PZ and DP contributions



to the total energy transfer rate depend on the temperature range of interest. Whenever one

type of interaction dominates, the energy relaxation rate is given by

-1 e—Pp. e | — T -2 :z ‘2
T —1 —_— —_— p -
€ ph ( Ce ) Ce (A'Y) € ( )

where Geph is the thermal conductance due to phonon emission for the dominant
interaction, and Ce=AyTe is the electronic heat capacity of the electron gas, with y the

Sommerfield parameter per unit area.
Bloch-Griineisen Equipartition

2k

. q 2k q

typ

Figure 2.1  Electron-phonon scattering regimes based on qryp being less or greater
than the diameter of the Fermi sphere (2kg).

The electron inelastic scattering time is the typical time it takes the electron to relax
to the Fermi energy from a state kg T higher in energy. In an electron-phonon scattering
event, an electron in state k; can possibly relax its energy by kT to go to a state ky, by
emitting an acoustic phonon with a wave vector qeyp = kpTe/hs, where s is the velocity of
sound. At the low temperatures of interest (<30K) in 2D semiconductor systems, two
major temperature regimes can be distinguished based on the size of qiyp (= 0.5- 108 Te [m™
1K-17) compared to the diameter of the Fermi circle, 2kg (= 5-108 ng!”2 [m~1] where ng is
the electron density in units of 1016 m-2). At low electron temperatures, where qgyp < 2kp,
an electron can relax its energy by an amount kg Te by emitting a single phonon. At higher
temperatures, where qyp > 2kF, momentum conservation requires that the electron has to

emit multiple phonons with q < quyp to relax its energy by kpTe. The crossover between



these regimes occurs at a characteristic temperature, T, which lies between 3-10K for
GaAs. The temperature regime above T¢ is known as the equipartition regime, and that
below it as the Bloch-Griineisen regime.

The Bloch-Griineisen regime can be further divided into two regimes based on how
well the electrons screen the electron-phonon interaction. Suppose a positively charged
particle is fixed at a given position in an electron gas. It will attract electrons, creating a
surplus of negative charge in its neighborhood, which reduces (or screens) its electric field.
In a similar fashion, the electric field created by the phonons will be screened by the
electron gas. There is an effective distance beyond which the effect of the electric field is

no longer felt i.e. the field is strongly screened. This distance is known as the screening

length As. At the high temperature end of the Bloch-Griineisen regime, the phonon
wavelength is much smaller than A and the electron-phonon interaction is unscreened. As
the temperature is lowered, the phonon wavelength increases until it exceeds the electron
screening length A (or qrypAs < 27) leading to the screened Bloch-Griineisen regime at the
lowest temperatures. In this regime the strength of the electron-phonon coupling is reduced
because of screening. This occurs below 1K in GaAs.

As an aside, in a metal the Fermi energy is much larger than in a 2DEG. Therefore in
a metal, kg is much greater than the maximum phonon wave vector, which is of order
QDebye- Thus, in a metal an electron can always relax its energy by emitting a single

phonon. The Bloch-Griineisen regime in metals occurs when Te << 8p.

For a 2DEG in the equipartition regime, both PZ and DP interactions are predicted to
result in p=1 in eq. 2.1 [Price, 1982]. In GaAs, the predominant interaction is DP, with PZ
typically adding just 10% of the DP contribution [Price, 1982]. In the unscreened! Bloch-

Griineisen regime, it is predicted that p=3 and 5 respectively for PZ and DP interactions

IStrictly speaking, some screening always exists. But it is so weak in the so called unscreened Bloch-
Griineisen regime that the screening function is unity. In comparison, in the screened Bloch-Griineisen
regime, the screening function is directly proportional to q (eq. 3.5). This is what leads to a difference in
temperature dependence proportional to Te 2 between the two regimes.






