acta phys. slov. 40 (1990), No. 1

THE INTERACTION BETWEEN ACOUSTIC PHONONS
AND ELECTRONS IN A 2-DIMENSIONAL ELECTRON
GASY

RAMPTON, V. W2 NEWTON, M. [, CARTER, P. J. A_? HENINI, M., HUGHES, O. H.?
HEATH, M.,” DAVIES M., CHALLIS, L. J.” KENT. A. J.” Nottingham

Experiments have been made using surface acoustic waves (SAW) at 200 MHz and
bulk longitudinal ultrasonic waves at 9.36 GHz to study the electron-phonon interac-
tion in a 2-dimensional electron gas (2-DEG) at a GaAs/AlGaAs heterojunction. The
bulk waves were incident either normally or at 35° to the 2-DEG. Quantum oscilla-
tions are found in the SAW attenuation as a magnetic field is applied and follows the
Shubnikov——de Haas oscillations in conductivity. Three magnetic field dependent
attenuation phenomena are found with 9.36 GHz bulk waves. A relaxation attenua-
tion because of a strain dependent effective mass occurs for both angles of incidence.
Quantum oscillations at the same period as the Shubnikov——de Haas oscillations and
a magnetoacoustic geometrical resonance for which the electron orbit diameter
matches the component of ultrasonic wavelength in the plane of the 2-DEG occur
when the angle of incidence is 35°.

1. INTRODUCTION

The availability of MBE grown semiconductor layers has stimulated interest
in the 2-dimensional electron gas (2-DEG). This shows interesting new proper-
ties and there are many new device possibilities. The electron-phonon interac-
tion is of considerable importance in devices which may be produced from MBE
material. The electron-phonon interaction is likely to determine the electron
relaxation time and thus many of the high frequency transport properties.

Studies of the interaction between surface acoustic waves at 70 MHz and the
2-DEG at a GaAs/AlGaAs heterojunction have been made by Wixforth et
al. [1}. They found that the SAW attenuation oscillated as a magnetic field was
applied to the 2-DEG and the oscillations had the same period as the Shubni-
kov—de Haas oscillations; the results could be interpreted in terms of a piezo-
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electric electron-phonon coupling and the measured electrical conductivity of
the 2-DEG.

The electron-phonon interaction in a 2-DEG has also been investigated using
heat pulses [2, 3] and also by observing the phonons emitted by the 2-DEG when
a surcedrain current flows in a HEMT device [4, 5).

We have investigated the electron-phonon interaction in a GaAs/AlGaAs
heterostructures using ultrasonic waves and surface acoustic waves. Bulk lon-
gitudinal utrasonic waves at 9.36 GHz were used and surface acoustic waves at
200 MHz.

H. EXPERIMENTS

GaAs/AlGaAs heterostructures have been grown by MBE on semi-insulating
GaAs wafers. Standard wafers of 0.45 mm thickness were used for the experi-
ments using surface acoustic waves but wafers 5 mm thick were used for the
experiments with bulk ultrasonic waves. Layers of GaAs and AlGaAs were
grown on the (100) faces of the wafers to produce a heterojunction at which the
2-dimensional electron gas (2-DEG) would form just below the surface of the
wafer. The set of layers grown is shown in figure 1; similar layers to this have
given an electron mobility of about 15 m? V~'s~' and had carrier concentrations
of about 4.5 x 10" m~2,

200 A UNDOPED GaAs

400 A DOPED AlGaAs
200 A UNDOPED AlGaAs
2,m UNDOPED GaAs

5 mm S.1. GaAs

Fig. 1. MBE grown layer structure.

IL.1. Surface acoustic waves

A device with source and drain electrodes but no gate was formed on the
surface of the wafer and the surroundings etched back to the semi-insulating
substrate. Surface acoustic wave transducers were formed on the surface of the
substrate on either side of the device to generate waves at 200 MHz. The
propagation direction was [110] and the path length between transmitter and
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receiver was 10 mm. The experimental arrangement is shown in figure 2. The
transducers were excited with rf pulses at 200 MHz and pulse length 500 nsec.
The transmitted pulses were amplified and detected and examined with a box-
car circuit which was used to improve the signal to noise ratio. The samples were
in a vacuum can in a bath of liquid He at 4.2 K. A magnetic field up to 5 T could
be applied normal to the surface of the wafer.
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Fig. 2. Block diagram of the apparatus for surface acoustic wave experiments. The sample was cut
from a wafer of GaAs 0.450 mm thick.

11.2. Bulk ultrasonic waves

The samples for experiments with bulk ultrasonic waves were 5 mm thick.
Two samples were prepared; one for propagation along the [100] direction
normal to the 2-DEG and the second for propagation along the [111] direction
at an angle of 35.3° to the 2-DEG. Quartz rod transducers 3 mm in diameter
were used to generate the ultrasound. The quartz rod was cemented to the back
face of the first sample using epoxy; the second sample had the quartz rod
cemented to a face cut at the appropriate angle on the wafer. Figure 3 shows the
two samples and a block diagram of the apparatus. The end of the quartz rod
was placed into a resonant cavity which was excited with microwaves from a
100 W pulsed magnetron. Longitudinal ultrasonic waves at 9.36 GHz were
generated in pulses of length 500 nsec. The ultrasonic pulses were detected using
a CdS bolometer (see [6]) on top of the wafer after the waves had travelled
through the 2-DEG. The box-car circuit was used to improve the signal to noise
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ratio. A magnetic field up to 2.T could be applied-1o-the sample-and-could-b
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Fig. 3. (a) Sample for 9.36 GHz bulk ultrasonic wave experiment with ultrasound incidence norm-
m:w on the 2-DEG. (b) Sample for 9.36 GHz bulk ultrasonic wave experiment with ultrasound
incident at an angle to the 2-DEG. (c) Block diagram of the bulk ultrasonic wave apparatus.

HI. RESULTS

IT1.1. Surface Acoustic Waves

The results obtained using surface acoustic waves at 200 MHz are shown in
figure 4. We also show the source-drain conductance of the 2-DEG device.

1::".\3 are oscillations in the transmitted SAW amplitude which follow the
oscillations in the conductance.

8

SAW Pulse height

0.8t ! 1 1 1 =
0 1 2 3 4 5

Magnetic Field/T

Fig. 4. Results of the SAW experiments. The
solid line shows the height of the transmitted
SAW pulse as a function of applied magnetic
field; the dotted line shows the source-drain
conductance of the device. The frequency was
200 MHz, the temperature 4.2 K and the mag-
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Fig. 5. Results of the bulk ultrasonic wave ex-
periment. The detected ultrasonic pulse height is
shown as a function of applied magnetic field
when the angle between the ultrasound and the
2-DEG was 90°. The temperature was 2 K and
the magnetic field was normal to the surface of
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Fig. 6. Results of the bulk ultrasonic wave experiment. The solid line shows the detected ultrasonic

pulse height as a function of applied magnetic field when the angle between the ultrasound and the

2-DEG was 35°. The dotted line shows the source-drain conductance of the device. The temperature
was 2 K and the magnetic field was normal to the surface of the sample.




HIL2. Bulk—wultrasont
va—th LwWaves

’ The Mn.m::m obtained :&:m.o.u@ QIN longitudinal bulk waves are shown in
gures 5 and 6 for the two orientations and with the magnetic field normal to
.:;m. 2-DEG. The results are different for the two cases. When the phonons are
w:o_amsﬁ normally on the 2-DEG the attenuation increases as the magnetic field
Increases and no oscillations are found at least up to 2 T, the limit of the magne-
tic maE we could use in the bulk wave experiments. irw: the ultrasonic imém
are incident along the [111] direction — that is making an angle of 35° with the
N-O.mO — then we find oscillations in the attenuation as the magnetic field is
<mn.5a.. These oscillations have the same period as the Shubnikov—de Ha
omo_=m:w=m in the source-drain resistance of the device. In addition, when :ww
ultrasonic waves are incident along the [111] direction and there is a component
of the ultrasonic wave vector in the plane of the 2-DEG, an extra minimum in
the detected ultrasonic pulse height appears at 0.36 T. When the angle between
the magnetic field and the 2-DEG was changed, the results were consistent with

w:U HMQO observed effects depending on the component of field normal to the

IV. DISCUSSION

. When a magnetic field is applied to a 2-DEG, the electronic states split u

mto Landau _m<m_m.. Thus the density of states at the Fermi level depends om
whether the Fermi energy coincides with a Landau level or is between the
hm:am:. levels. The density of states at the Fermi level oscillates at the applied
magnetic field is increased and any phenomenon, such as source |U%BE

resistance, which depends on the densit i
» whi y of states at the Fermi surface oscill
as the magnetic field is increased. e

IV.1. Surface acoustic waves

12.5 results of the SAW experiments follow those of Wixforth et al. [1]
obtained at the lower frequency of 70 MHz. We find an attenuation ei.:or
follows the Shubnikov—de Haas oscillations in conductance. Our measure-
ments .Om conductance are only two terminal measurements so .sa are not abl
to derive the longitudinal and transverse conductivities of the 2-DEG H:M

frequency is too low to gi
o give a wavelength short enough to show eff
dent on electron orbit size. ¢ vt depen-
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V.2, Bulk ulfrasonic waves

There are at least three effects that we observe in these experiments. Firstly,
we find an increase in ultrasonic attenuation as the magnetic field is increased
for both directions of propagation, secondly we find oscillations in the mag-
nitude of the attenuation for incidence at an angle and thirdly we find an
increased attenuation at 0.36 T also when the ultrasonic waves reach the 2-DEG
at non-normal incidence.

Let us consider the first of these which appears for both angles of incidence.
We suggest that is a relaxation type of attenuation. The effective mass of the
2-DEG electrons is a function of compressional strains and the spacing of the
Landau levels fluctuates as the longitudinal ultrasonic wave passes through. If
the relaxation time for the restoration of thermal equilibrium between the
Landau levels is comparable to the period of the ultrasonic wave, then a strong
attenuation is to be expected. As the magnetic field is increased then the
mean separation of the Landau levels increases and the relaxation time due to
coupling to the thermal phonons will change. Hence a magnetic field dependent
attenuation of ultrasound is expected as we find in our experiments.

The second phenomenon, the quantum oscillations in ultrasonic attenuation
observed at magnetic fields above 1 T and coinciding with the Shubnikov-—de
Haas oscillations, can be explained as follows. When the longitudinal ultrasonic
waves are travelling along the [111] direction, there is a component of shear
strain present when refferred to the fourfold (100) axes. These strains in GaAs
are piezoelectrically coupled to the electric field whereas a longitudinal ultra-
sonic wave along the [100] direction, having only compressional strains with
respect to the {100) axes, is not coupled to the electric field. A longitudinal
ultrasonic wave along [111] produces a component of electric field in the plane
of the 2-DEG. Thus the ultrasonic attenuation is a function of the sheet
conductivity of the 2-DEG for propagation of the ultrasound along the [111]
direction and the attenuation follows the Shubnikov—de Haas oscillations.

The third phenomenon we have observed is the attenuation maximum at
0.36 T when the ultrasonic waves are incident at 35° to the 2-DEG. We believe
this is the magnetoacoustic geometric resonance [7]. The distance, measured
along [110], between the wavefronts of a longitudinal ultrasonic wave at
9.36 GHz, travelling along [111], in GaAs is 70 pm. If we fit this to the diameter
of a circular electronic orbit at the Fermi surface, we find a Fermi wave vec-
tor of 1.9 x 10®* m~'. We note however that the theory of Pippard [8] for
a three-dimensional metal shows that in that case there is a phase factor and the
maximum ultrasonic attention occurs when the circular electron orbit diameter
is 1.25 times the wavelength. There are only a few Shubnikov-—de Haas oscilla-
tions visible (figure 6, dotted line) but they enable an estimate to be made of the
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electron concentration as 3.7 x 10 M=~ Fhis-imphes a-Fermi wave vector for
the electrons of 1.5 x 10° m~'. The agreement between the two values for the
Fermi wave vector is not close but is sufficiently near to suggest that the

Interpretation of the results is correct. The assumption of a precisely circular

normal to a four-fold mmproper Symmetry axis. A sample with higher mobility
in which geometric resonances could be observed at lower magnetic fields and
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B3AMMOAEACTBUE ®OHOHOB C DJAEKTPOHAMHU B ABYXMEPHOM
IJNEKTPOHHOM IA3E

,m_u_.qs APON3BEAEHHI IKCNEPUMEHTBI C HCHOJIL30BAHAEM MOBEPXHOCTHBIX MMHMMM:MM.A.“M MMM“
[TAB) ua uacrote 200 MHz ¢ uesbio H3y4HTb 31eKTPOR-GOHOHHOE B3auMO1e e epon
: HoM ra3se (2-M3T) B rereponepexonax GaAs/AlGaAs. Omwo_ug:r_n BOJIHb! :
o bHO, b0 noa yraom 35° k 2-MDT". Beln HafiieHbl KBAHTOBBIE OCIMILIL
e ogoﬂﬂﬁw :o“n BO3J€HCTBHEM MATHHTHOTO NOJIA, KOTODhIE CNEAYIOT OCLMILIALASIM
Al umdim::«v_a NpOBOAMMOCTH. TDH SIBJICHUS 3aTYXAHHA B 32BUCHMOCTH OT MATHHUTHOIO
Ewm::xOmmfw_n mmomM 9 mm GHz o6bemunix ponn. Penakcaunonnoe satyxanue, o6ycioBiIeHHOe
e mr_“__“%.w :MMMM%& umw.:osz_om OT nedopmauyi, NOABJIAETCS A 060HX yrnos HaeHus. [To-
MWM“M::S :o:P:Eo.qon KBAHTOBBIC OCLHJLIALMH HA TOM Xe NEpHoje, YTo B octyuasinu [ly6-

0
HukoBa—/e Xaaca, eci YroJ HajeHus paseH 35°.



