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1.  INIRODUCTION

The strong coupling that exists in a solid between the electrons and
the phomnons suggests the value of using phonons to study electronic
properties. The approach is particularly well adapted to low dimensional
structures such as two-dimensional electrom gases (2DEGs ) since the
electrons are confined to small regions by potential barriers and, at Low
temperatures, the phonons emitted by a hot 2DEG can travel across the
substrate without being scattered. Hence information on their angular and
frequency distribution can be deduced using detectors on the surface and,
in recent years, a nunber of experiments of this type have been carried out
on phonon emission from 2DEGs in Si and GaAs. There have also been
related expériments on phonon absorption and reflection using beams of
phonons incident onto a 2DEG and the two types of experiment are shown
schematically in figures 1 and 2. In these lectures ouly a selection of
this work can be given and a number of pioneering experiments have had to

be omitted that would be included in a complete review.

2.  BHONON EMISSION

When a 2DEG at low temperatures is heated by a current 1, the power
digsipated l‘RPD (R ,- sowrce-drain resistance ) is mainly radiated as
o ol

phonons with only a very small {raction emitted as fuv tutra-red. For

wodvrate puwer iuputs KT RS T I —vleetron temperaluie w o - opt jcal

plistien Lregqueney ) the phonons are largely acoustic but at highor powers,

uptical phonen ecmission beeomes nereasingly important.  The clitciency ot
The total cnergy transter to phonons in wero or quantizing mapuetic ficlds
can i Lacl be studied by makinog clectrival or oplical measurement s rather

than phonon measurements since it involves measuring T, as a lunction of
puwer input. T, can conveniently be obldined from R, (T,) at low
temperatures, T, TL‘E 10K ,since the phonon scattering is so weak that Ry,
cun be considered vo be independent of T, the lattice temperature. The
technique used ‘17 is to measure Ry, as a function of power input for say
T —IK and then to vary T, and callbrate Ry, against a standard thermometer.
In the calibration experiment a low current is used so that T -T

Magnetic fields are sometimes used to increase the sensitivity ¥’ using
the amplitude of the Shubnikov-de Haas oscillations in Rg, as a
thermometric property. This increase in sensicivity may introduce scme
uncertainty however since the heat transfer coefficient is unlikely to be
completely independent of magnetic field . The phonon scattering increases
rapidly with T, and above about 10K it no longer seems safe to assume that
R,, only depends on T, and the intensity of the far infra-red emission has

becn uscd to determine T.(3)'

Studies of this type, ol the total phonon emission rate frow a 2DEG,
and, in some cases, how it varies with sheet density n, provide valuable
gquantitative information. To obtain more detailed information however we
nevd to study the angular, trequency aod polarization distribution of the
phonons and alsue 1 some canes the locations of the sources of the emission

and to do this a nunbor ol techiigues have been used in reconl years



These vapnd on the fact already noted, that at Jow temperatures and mode st
frequencies (ﬁlnunuuz), the mean free paths of the acoustic phonons cmitted
are ouch preater than the thickness of the substrate so that the phonoens
travel in straight lines to the opposite face of the substrate . 5o t he
angular distribution from a small area source can be deduced from the
spatial variation of the intensity on this face -a 'phonograph’- and 1he
polarization distribution can be deduced by using time-of -flight techniques
to separate the faster longitudinal modes from the stower transverse modes.
The resolution of both of these measurcments can be improved by using Lhick
substrates, - 9w vatbher than the nsaal Oohmn, Sines the phonon intensity
is olten eloscly conlined to a cone around 1 he normal Lo the 2DEG, the
intensity phonograph can alse be used with a thin substrate 1o determine
the location ol intense sources of phonon emission such as oveur in the

Quantum Hall regime

2.1 Zexo Magnetic Fields

Several theoretical treatments of the phonon emission have now been
given ¢g (4) and references therein, and these suggest that the angular
dependence of the phonons should be of particnlar interest.  For kT, <<k, ,
an electronic transition results in a maximum loss of ¢lectron wavevector

k in the plane of the ?DEG which is approximatlely equal to the diameter

11
of the Fermi circle and this leads 1o an in-plane compouent ot the phonon

wavevector, q <27k There 15 of eourse ne change in k sioce we are

v
considering transitions within a particular electric sub band. This docs

not, however, imply that g U since the electrons are localised within a

length -a and the Uncertainty Primciple only restricts 4, te <an’i. S0

the angular distribution is determined by the relarive sizes of )kF, an'l

and . ol course, q~kae/ﬁv= where v_ is the sound velocity of the mode. For
}kF<aU'], which is often the case, we can visualise the distribution
approximately as a cone of semi-angle sin't (?kp/4q) which can be opened up
or closed by varying the sheet density u  and so k. as shown in Figure 3 .
As u, is incresed still further, electrons start to accupy the first
excited sub-band B and since the Fermi diameter ?kFl of these electrons is
quite small, the phonons they emit come out in a small-angle cone as shown
in 1l liygure The theory also predicts thar the toral emission should
inerveane auite rapidiy with T, (for simplivity we assune T -1 ) and with
a temperature dependence which agaln depends rather erivically on the

relative sizes of Pk, a  and 4kT /v,

A number of cxperimental studies of the angular dependence of the
emission have now been made . In the first of these ¢*), the 2DEC in a Si
MOSFET was pulse-heated and superconducting tunnel junction detectors were
placed at several points on the opposite surface to study the emission at
difterent angles to the normal. Two types of junction were used. The
first, Al, acts effectively as a bolometer since it is sensitive to a wide
range of phonon frequencies, 100-800GHz, while the second, Pb, has only a
narrow detection windew trom 650-80GGH~z. Fig 4 shows the dependence of
thie TA phonon signal with o, at three angles # to the normal for the Pb
detector. Now theory predicts that the cut-off in the emission from a 2DEG
that oceurs when g 27k, should be preceded by a sirong peak at iy =2kp -
Su as n is varied, 1he signal detected at a frequency vd(=650—HOOCHz) and

at anple # to the normal should reach a peak when o *—fw(vdsinﬂ/\!‘.)z g0 that



ni(pcak) should increase with § as sinéf#. This incLease is clearly seen in
fig 4 and the peak pusitions are in reasonable agreement with the
theoretical predictions shown by the broken curves. The authors sugpest
that the second peak at 6=23° is due to occupation of an upper sub-band. [t
is also of note that it was possibie to observe a change in the angular
distribution with direction of electron drift velocity presumably as a

result of phonon drag.

Further pulse measurewments showing the concentration of the emission
in the forward direction have been made using discrete semiconducting cds
fiim bolometers (8 and by an imaging system which uses a large area (6bx4
mm?) superconducting tunnel junction as detector!?). The energy gap of the
superconductor can be reduced by illumination from a focussed laser beam so
by biassing the Juncrion approptiately , tunnel current can be made to
flow principally through the illuminated spot. The current is reduced when
a pulse of phonons is incident so the technigue can be used to measure the
local phouon intensity .The spot can be raster-scanned across the juuction
arca to bujld-up an image or phonograph . The technique is very sensitive
and of high resolution (~3pm) but cannot, of course, bu used in magnetic
ficlds and the interest in doing this led to a propusal based on CdS
(8)yhich has recently been built ‘97 and used in fields up to 7T ¢1"'. The
image is formed by a Ixdum? array of l00um strips of evaporated Cd$ film
whose resistance is measured using Cu strips as electrodes, Fig 3. cds is
a semi-insulator at low temperatures becsuse the donor electrons are
trapped by decp levels burt when illuminated briefly by a 100pm diameter
laser beam, electrons are excited to and remain in shallow donor states

producing & LOUum wide conducting path between two Cu strips whose

Lenlstauce 18 vely sensilive Lo wael]l rnercases in temperatiny caused by an
incident phonon pulse. When the phionon iuteusilty on this seusitized area
jues bueen weasured, the area is desensil ized by putting a large voltage
belween the Cu strips which hears the Cd3 film allowing the electrons to
veturn Lo deep tevels. The laser beam can then be raster-scammed as in the
previcus technique A phonon image produced in this way from a 2DEG in a
(100) $i MOSFET is shown in fig 6 . The phonon cune is seen as a circle at
the centre of the image. Outside the circle the intensity falls away but
in certain directions - those lying in (100) and (110) planes - it is
increased by ‘phonon focussing'. This is caused by the elastic anistropy of

$i which concenlrates the acoustie energy into beams .

These tmaging techniques have been used to provide detailed
inlormation on the angular distribution of the emitted phonons for power
iuputs down to ~20uWmm 2 and to get to lower levels {~0.2pvmm 2) a CW
Lechnique shown in tig 7 has been used ' . The phonou intensity in the
dirvetion normal Lo the 2DEG is interred {rom the temperaturve vise it
produces at a point on the surface oppusite the 2DEG. This is shown in fig
4 {or a JDEC in Si‘!'!? as a funciion ol gate voltage and so sheet density,
n_, for constant input power (the power is computer controlled to
compensate for resistance changes). The fail in forward inLensity as ng
and so the cone angle increases 1s clearly seen (B-C) as is the increase
(C-D} tor niinhcAﬁ.leulﬁm 2 (Vg-180V) caused by the increase in forward
intensity arising from the occupation of an excited sub-band which was
discussed varlier . The value of n&C gives a value for the excitation
cnergy bemﬁyﬁnhcb(ﬁ)xalmev .1t is interesting that the torward intensity

ivom this excited band remains constant and does not fall as n_ increases



as we should cxpect . This sngpests that ke and so E, must remain
approximately lixed relative to B and this is consistent with theoretical
arguments®i*) and is also supported by Shulmikov-de Haas measurements which
showed no change in period for ns>nh“.

The fall in forward intensity at low n_ (B+A) is also of interesr ancd
is thought to be due to the decreasing efficiency of TA mode emission due
to the decreasing number of available phonon medes. Therc is also a
decrease in the number of LA modes but this is less severe because of their
larger sound velocity. So there should be a gradual switch in emission from
TA to LA phonons. This leads to a decrease in forward intensity both
because LA modes can be emitted at large angles and because the 11600

forward direction is not a focussing divection for LA modes while it is lor

TA.

2.2 Quantiziog Magnetic Fields

In a streng magnetiec [ield B, where wB>l (g is the electron mohility)
phonon emission can occur efther by e¢lectronic transitions frem excited
Landan levels, (inter-Landau level transitions}, or by transitions within a
lavel .{ intra-Landau tevel transitions). Since the [irst process results
in emission at the cyclotron frequency, w o, and its harmanics, we relor to
the phonons cmittol s eyelovvan phonons and note that they are vvident Ty

of higher frequency than v he intra- bandan Tevel phonons whoso frequency

‘)1'“ where [0 i Vhe it width,  Theoretteal analvsis bos beons piven of
3

both vvelaotion phonon ciission' Pir el od intrac il oved

emisstont 7 Evident Ly the pooportion ol cyelotron plunons shonid beowvery

sensilive to the position of the Fermi level being greatest when this lies
in the middle of a pap. 11 should alsc depend on the electron temperature

and on the index of the highest filled Landau level.

An interesting complication in many experimental situations is that a
significant fraction of the phonon emission does nat oceur from the bulk of
the ?DEG sample but from two diagonally opposite corners where the current
enters and leaves. The reason for this can be seen in Fig 9 which shows
the equipetential lines in a Hall bar, in the Quantum Hall regime (EF
mid-pap, kTe<<ﬁwC), In the bulk of the 2DEG, the equipotentials are very
nearly parallel to the sides of the bar because p  <<R, so that the voltage
drop along the bhar is very much less than the Hall veltage V, across it.
However, since the 30 contacts are assumed 1o be good conductors and to
have negligible Hall voltages, the nearby electric ficld in the ZDEG must
Le perpendicular to the contacts requiving the equipotentials to be
parallel to them as shown. (An analytical description of the form of the
equipotentials has been given(!®).) The net result is a potential drop of

V. between the two contacts and dissipation lVH=[1‘RH shared between the two

i
diagonally opposite corners where the potential drop oceurs and
experimental evidence for this was obtained by obuzerving the FIR cyclotron
cmission [rom the sample!®? . Two of the corners were shaded and the
cmission {rom the rest of the sample was seen to lall when the ficld

A et i wire ovesed so that corners where the porential drops occur
moved into the shaded vopions. i1 is. ol conrsc, abso w teature ol this
deseription that the currom should enter and leave the Hall bt at these
Lwir cotiers il ewidenee Tor this was oblained using contacts sphit into B}

depatale repions' b In these corners the currenl s to pass belween
I [ I



equipotentials resulting 1o dissipation, E.J- 0, while in the bulk ot Lhe
sample whoero po -0, LU and the current tlows slong Uhe equipotential

Jines. Woe aote, dncidontally, that in this idealised model we have assamed

the current to {low through the bulk of the sample and nor along the edpo.

1 have discussed this situation in some detail,because of the interest
in learning more about it through the phonon emission from the corners.
The first experiment on this was carried our on a 2x3emx? $i MOSFET (0. bmm
substrate) using the arrangement shown in fig 10 . Thermometer contacis of
area 0.25mm? were attached opposite one of the corners and opposite the
middle of the Hall bar. The power input IZR,, was again kept comstant by
computer control while the gate voltage was swept and Fig 11 shows the

Cmn'l——pf Do A Cr
temperatures opposite (a) the middle, T,, and (b) the’jﬂlé, T, (18)  When
B=+6T and Er is in a pap, as indicated by the minimum in Ryp, the middle
cools and the corner under the contact warms up (T, out of phase with T,)
demoustrating the movement of dissipation from the middle to the corner.
When the field was reversed (B=-6T), the average value of T  fell
consistent with the dissipation moving to the other two corners., It then
cooled still further when E; was in the gap in phase with T, as expected.
The wost interesting result of this experiment, however, was the effect of
reversing the current so exchanging the positions of Lhe current entry and
exit points. No change in T, could be detected to 17300 , the experimental
limit, suggesting that the dissipation was shared equally between the
current entry and exit poiuts as would be expected in the siwple model
described earlier. This is mot an obvious result however and, indeed, the
only wicroscopic anslysis published so far suggested that Lhe dissipalion

should be greatest at the corner where the electrons cotertt?r

The esperiments have since been reprated over a vange of currents from

S0 1o Lob0pA aml show ve evidenee ol ansymmetryt 2

but it has not, so far,
been pussible 1o extend them below | with any preeision {1 -15pA at &l1).
Exporiments providing further contirmalion ol the inteose c¢mission from hot
spols have also been carried out using the Cd5 imaging techniyuet?l?  and
alsu by un ingenious techniquef??’ which uses superfluid helium film to
image the surface temperature and was originally developed to study phonon
focussing?¥) .  The thickness of the tilm increases with temperature
because of tountain pressure and can be displayed by shining a laser outo

the surface

Despite this work there remains a great deal more to be learnt about
Lhic dissipation processes in the hot spots and whether these are the same
4s those that occur in the bulk of the 2DEC when IxI - It seems likely that
in both cases part of the emission cccurs as cyclotron phonons although the
emission process for these is expected Lo become very slow at high fields
because of the difficulty of consevrving both in-plane and cut of plane
mometiun g, and q1(13,2a)_ The electrons are localised to -1, ,the
magnetic length ,(fi/eBYr | so that q,,% ln'lm BY and since ¢ o« B ,the phonon
emission is restricted to an increasingly narrow cone of phunons
perpendicular to the 2DEG as B increases and becomes slower aud slower when
qg 4 exceeds au'l. In this situation the electron temperature seems
likely tu rise to values where optical phonon emission becomes possible,

kT.- - r“‘Ji. G



5x1

Evidence {or oprical phonon emission has been obtained from a 1
me? 2DEG in GnAs for power inputs of 5S0mW (257 A CdS bolometer on the
aopposite face of the bmm substrate was used as a detector and was paled tor
a time after the input pulse ecqual to the time taken by TA phonaonsg to
travel ballistically acress the sample . The detector signal is shown in
Figl? as a tunction of magnetic field and it is seen that there are
resonant increases at tields corresponding to ne =w , When this condition
is satistied | inter-lLandau level transitions of energyfiw are able
resonantly 1o execite optical phonons ol enerpy ‘ﬁwl‘m which can then decay
rapidly down to ballistic TA phonons . The size of the increase indicates
how much more efficient the optical phonon process is al the higher fields
comparcd with cyclolron phonon emission . Evidence for resonant excitation
of optical phonons from a ZDEG  has of couwrse been seen before throngh
LB

resonant changes in electrical resisitivity , the magneto-phonon effect

, but this is the first time it has been seen directly in phonon eminssion,

3 GHON SCATTE G

Phonon absorption can take place as a result of electronic transitions
by the reverse process to that already describaed with simitar constraints

to q,, and and this should then normally bo followed by either

qy
stimilated or spontaneocus emission of one or more phonons . Stimalated
emission could be induced by phonons lrom the incoming beam so that the
emitted phonon would either occur in the direction of the incoming heam or
in the direction of specular reflection Trom the plane of the PDEG while

spontaneous emission should lead to an anpular distribotion of phonong

broadly similar to that from a hot 2DEG. In peneral those cffects will be

modifivd by the thermalising effects of electron-electron scattering
alihouph these svem likely to be less effective when the phonon absorption

cnergy Tw o> kT .

[t is also interesting to consider a macroscopic description in which
specular reflection of sound is the result of a change in acoustic
impedance pv_ . To see why the velocity of sound inside the ?DEG should be
different from that in the surrounding $] we recall that the wave equation
velates the response of a system pu Lo a driving lorce which, ontside the
DEC, is caused by the strain together with the elustic moedulus of the
lattice . lowever, inside the 2DEC , there is an additional {orce arising
fram the deformation porential and this leads to a change in v, and so in

acoustic impedance

The tirst experiment to demonstrate phonon scatrtering by a 2DEG used
the arvangement shown in fig 13 (270 90ns pulses of phonons were
generated by shining a laser pulse onto a constantan film on the suface of
the Si and were detected using a superconducting Al bholometer placed at the
angle for specular reflection. The gate and so n, were pulse-modulated to
determine the signal associated with the 2DEG and it was found tLhat the
specular reflection from the 31-810, interface was reduced by up to about
24 when the 2DKC was created. Lt was later shown that this is 100 large an
cliect to attribute to absorption but could be explained by destructive
intevterenee between the reflection from the 5i-5:i0, inturface and that
from the 2DEC *"? . Farther information has becen obtained from recent
studies onoa Si ?DEGC jn which the bolometer was replaced by an Al

superconducting tunnel junction which only detocted phonons of frequency



above fUCHz!29} . Intercstingly .the reflected signal now increages with
sheet density n, by up to 6% suggest ing that the amount ot specular
reflecrion from the 5i-5i0, intertace is rather weak above JUGHz so there
is little or no destructive interference . This suggests that the earlier
results are due to the higher degree of specular reflection expected from
the §i-8i0, inverface at lower frequencies although, since it seems &
litile surprising that these contribute so strongly to the total signal,
the interface in that sample may also have been somewhat more specular at

higher frequencies . A decrease with n  was also seen for a gated GaAs

e

B - wHLDY

opEG 29} . The(highly polished)GaAs surface wes coated with SiOAso it seems
Lo -

reasonable to expect strong specular reflection to occur at the GaAs/Si0

interface

A nunber of studies have also been made of the field dependence of the
phonon transmission of 2DEGs in both Si and GaAs using a €d$ bolometer and
an arrangement similar to that in fig 2 though with normal incidence . Fig
L4 shows transwission data for Gaast®®). The phenon spectaus of the
incident pulse is cut-oft at around 1000 GHz as & result of isotope
scattering in the substrate . 5o since the cyclotron frequency v = 4 /0B GHz
T-!, there are no phonons in the beam capable of inducing inter-Landau
level trausitions when B 32T, and the transmission loss must be due to
int.e-Landau level transitions. This leads to the signal winima observed
when E, lics within a Landau level. However when BZIT inter-Landau level
transitions become possible and the resulting loss in trensaission due 1o
these processes should be greatest when Ep lies in a Lundau gap . So this
is Lhe explanation for the change in phase apparent in Fig 14 at around

1.67

Siwilar results have been seen in 5i MOSFETS!®? und measurements as 4
{unclion ob the sheet demsity ng allowed the magnitude of the loss te be
weasured . AT B=0 this was -6% tor n - 5 x b%m? and since this is
similar in magnitude to the amount of specular reflection'?¥? it seems
reasonable to assume that the transmission louss is largely due to
retlection, suggesting a 40% difference Ln the velocity of sound in the
2DEG trom that in Si. The loss falls with magnetic fields presumably
because 1he 2DEG becomes transparent for phounons in the beam with

frequencies between v and 2I' {the Laundau level width).

Although must of the absorbed energy is rapidly re-emitted, the
eleclron vnergy /lLemperature is raised during the duration ot the incident
pulse and in Si this gives rise to an increase in resistance Rg,. The
tirst experiment to show this was on a Gahs/(AlGa)As heterostructurel®l) at
02K ( ﬁwL > kT ) and the absorption due to intra-Landau level transitions
with w <20" ~ 200Hz was studied as a fanetion ul Landau level index. The
CRpUriment was carried out by holding the heater power constant and varying
the low {requency inteusity by pasusing the pulse through *le which
dowtt-converts 4 certain propertion ol the phonons to < Z0GHz . The
proporticn decruases with increasing prussure in line with the fall in
absorption signal seen in tig 15 which also shiows that the absorprion

increascs with Landau level index N.
Hesults showing absvrption at hipher frequencies in i 51 MOSFET are

shown In fig b as a funciion ol o oy B - JT¢*%) . AL the lower phonon

powers, ihe rise du clectron temperature is greatest when E, lies wirthin a

14



Landon Tevel ampdying that intra Lanebn bowvel transitions are larpely
responsible. However, at the higher powers, additional peoks oveny whon B
is mid gap sugpesting that strong absorption is alse cccurring at the
cyclotron ireguency and this was conf irmed at lower tields by showing that
the rise in T, was proportional to the intensity at v (This was
increased by Increasing the power to the heater). So this system provides
a frequency-selective phonon detector. The band-width is large in Si, -

300GHz ., because of the modest mobility but band-widths of a few GHz should

be possible with GCaAs/(AlGa)as heterostructures.

Field dependent phonon scattering from a 2DFG has also been seen in the
thermal conductivity below 1K of a 50um CaAs wafer with multilayer
heterostructures on one face. The surface scattering is largely specular
and so sensitive to diffuse scattering (from absorption and re-emission)
that is greatest when Ep lies in a Landau level] (33,342

We aluo note two other very imeresting experiments in which thie
angular dependence of the clect ron phonon interaction has been imaped Iry
moving the source of phonons - a focussed laser beam . In the fivst ol
these 4% the signal measured is the electric field along the 2DEG
resulting Irom the absorbed in-planc momentum -phonon dray, - and in the
second 11 is the resistance change produced by the temperature rise due to
the absorhed energy P80

Scattering measurencnts have also beoen made at much lTower Iroquencies
and Fig 1/ shows the transmission loss in a LaAs JDEG tor longitadinal

wltrasenics at Y. 360200 The transmitsed sipnal was detected with a CdS

bl ot t e The ul trasound wodulates wé and so T and the at tenuat jon at
neri] ineidence and the backgromsd av obligue tueidence, may be the result
ol relnxation effeets . Oscillations in the attemuation for B > LT are
attribited to Joule heat loss due 10 piczo-electric fields and the signal
winimun a1 (36T to the first observation in 72D of mignetoacoustie
prometric resonance. The ultrasound produces modulation in the 2DEG plane,
with wavelront separation A ;- A/sing = 0.70 ym. Ceomerric resonances

showld oceur when ni, ~ the electron orbit diameter, 2hk /Be ~ 0.95um so

11
tower ficld resonances (n=2,3...) may be observable at higher mobilities.

These cffects may be compared with magnetoresistance oscillations seen

recently using statie periodie modulationf??®)

Shubnikov-de Huas effects can also be seen using surface acoustic waves
(SAWY( '’ 390 and provided the first observations of ultrasonic interactien
with a 2DEGC39! . The SAW are generated in a range irom /0 -600MHz using

interdigital transducers and examples of data are given in tig 180377,

AL CONGLUSION

Phonon siudjes of two-dimeusional eiectron gases are evidently capable of
providing a great deal of inforwmatlon that is uot possible to obrain in
olther ways. The studies are still relatively recent and there 1s much more
to be done on these ?DEG systems as well as on other types of
Jow-dimensijonat stineture which should also be sensitive to this Lype of

wedsurenent
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Figure taplions

| ¢honon Emission . The 2DEG is heated clectrically (Pnl’Rsh) and the
anpular irequency of the phenens cmitted is measured from detectors on

the opposite face of the substrate.

2 Phonon Scattering . The phonons incident on the 2DEG are gencrated by a

heater or by an ultrasonic transducer.

3 The effect of increasing sheer density ,n, , on the angular distribution
of the emitted phonons .{a) shows the increase in EF and so kF which leads
eventually to the occupation of an excited sub-band and (b) shows the
increasing cone angle of the phonon distribution and the appearance of a

gecond cone when the excited sub-band is reached. .

4 Phonen cmisssion in the frequency range 650-800GHz at 3 different anples

to the normil to the ?DEG (solid Lines) . The measurcments werc maide at

constant electriec {ield so that the power decreases with increasing n_. The

broken lines show theoretival resuits 077

5 Thonon imaging systew based on an extended CdS bolemeter.

6 An image of the phonons emitted from a (100) Si MOSTVET.! Lo

7 The experimental arrangement used to investigate changes in the angular
distribution of the phonon emission by measuring the temperature at polnls

on the oppusite substrate surface ©'17

8 The change in temperabionre (phonon intensity) direct Iv opposite the MDRG

in a Si MOSFET as a function of pate voltage and soon LA

9 Fquipotentials in the Guantum Hall regime for bulk currcent 1low.
10 Experimoatal arrangement for observing the phonon emission from "hot

spots’ in the Quantum Hall vegime! "' M O and R are thermomet er contael s

The $i devicee ,mounted in g vacum s conneetled to o b beth by a Cu Tink.

Il The temperatures Ty, and T, oppesite the middie and one corner of a 2DEG
in A Si MOSFET Lor P=T2R.,=350uW (&) Be+6T (b) Bo-67 (1% The minima in

R,

oy indicate when Ep is in the gap between two Landau levels (Quantum Hall

regime)
12 Magneto-phonon resonances in the phonon emission from a ?DEG in GaAs(%3)

13 Experimental arrangement used to study phonon scattering from a 2DEG in
$1'%7) The cut in the substrate prevents direct transmissjon between
penerator and bolometer.

14 The trapsmission of LA phonons through a 2DEG in taAs®??).

In Envrgy absorbed by a 2DEG in Gaas 217 A proportien of the phonons from
0 heater are down-converted to <20 Gllz by passing through tiguid “He and
tiwe propention increases with hydrostatic pressure . The 3 curves show the

absorption when by fies in the N= 0,1, and ? Landau levels

1n Plonon absorptjon by a ?DEG in 8i' 1 hen the dominant phonon
[requency {rom the heater is less than v (P 0. %W “) the resonant
absorption is due to intra Landau-level transitions while at higher
frogueneies (P-5Winn™#) maxima due to cylotron phonon absorption are also

proesent .

1/ Ultrasonic transmission by a 2DEG in GaAs (0 expurimental arran,cwment

() resulrs 3700

18 Atlcmut ton of surface aconstic waves by a JDEG in Gaas #°'7?
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