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In this paper we present theoretical calculations of the angle and mode dependence of the phonon emission

by hot two-dimensional electrons in gallium arsenide. We compare them with experimental results of heat-
pulse studies of the acoustic-phonon emission in GaA§al ,As heterojunctions and GaAs quantum wells.
It is shown that the ratio of the strengths of the longitudinal- and transverse-acoustic modes is correctly
predicted only by a theoretical model that properly includes the effects of acoustic anisotropy on the electron-
phonon matrix elements, screening, and the form of the confining potential. As a result of this work, we are
finally able to account for why longitudinal phonon emission from a heterojunction is not seen in heat-pulse
experiments despite the fact that earlier theories predicted that it should be the dominant mode.
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[. INTRODUCTION Traditionally, the electron-phonon interaction was calcu-
lated under the assumption that the electrons were embedded
Energy and momentum relaxation of electrons by emisin an elastically isotropic medium, see, e.g., Refs. 5-7. Di-
sion and absorption of phonons has important consequencesctionally averaged velocities were used for the different
for the performance of all semiconductor deviceBhere- phonon modes, which were assumed to be ideal, i.e., the
fore understanding the carrier-phonon interaction has alwave vector and polarization were exactly parallel for LA
ways been a key objective of semiconductor research. Iphonons and exactly perpendicular for TA. Once the angle
two-dimensional (2D) electron devices based on hetero-and mode distribution of the emitted phonon wave vectors
junctions and quantum wells, the electron confinementvas determined, then the phonon energy flux reaching the
leads to modification of the interaction of carriers with bulk detector was calculated allowing for phonon focusing in the
acoustic phonons compared with 3D electron devices. Asubstraté.In the rest of this paper we will call this the tra-
very powerful method for studying the electron-phononditional model.
interaction in such structures is the heat-pulse techrfique. The failings of the traditional model became apparent
In phonon-emission experiments, see, e.g., Ref. 3, a showhen an attempt was made to use it to account for heat-pulse
current pulse is passed through the device to heat the carriegphonon-emission measurements on 2D electrons in GaAs
above the substrate temperature. Phonons emitted by the deeterojunctions:>°In the experiments using a phonon de-
vice are detected using superconducting-transition-edge baector directly opposite the device, the LA mode was barely
lometers. If the excitation pulse is shorter than the differenceletectable while the TA mode was very strong. In measure-
between the flight times of the longitudindlA) and ments on 2D electrons id-doped GaAs(Ref. 1) an LA
transverséTA) acoustic phonons, then the two modes maysignal was observed, but still much weaker than the TA.
be resolved in the time-of-flight traces. In a standard-Subject to the assumption of elastic isotropy and a spherical
thicknesq(380 um) GaAs wafer, this means the pulse shouldband, only LA phonons can couple to the electrons via the
be shorter than about 30 ns. By placing the detector at difdeformation potentia(DP). The DP interaction is propor-
ferent positions angular resolution of the phonon emission igional to the phonon wave vectgrwhereas the piezoelectric
possible. (PE interaction is proportional tg~ . In GaAs the two are
Measurements of the strengths of the different phonor@bout equal in strength aj~10° m~?, corresponding to
modes as a function of electron temperature and detectdr.=7%qcs/3kg=3 K, herecs is the speed of sound. There-
position can give direct information about the electron-fore, the traditional model predicts that the LA mode should
phonon-interaction process. However, to interpret experibe strongest at the electron temperatures relevant to the ex-
mental results quantitatively, they must be compared wittperiments,T,=10-50 K. Even allowing for phonon focus-
theoretical calculations that take account of not only theng, which gives a TA:LA enhancement of about 28:1, a
electron-phonon interaction, but also of the effects of acousdominant LA signal is still predicted by the traditional
tic anisotropy of the substrate material on the phonon propamodel.
gation. In certain crystal directions there is channeling or It has been shown that the highg cutoff of the electron-
“focusing” of the phonon energy fluf.This means that the phonon interaction, due to perpendicular and in-plane mo-
mode and angle dependence of the energy flux reaching theentum conservation, leads to suppression of the DP
detector does not map directly to the mode and angle depeoupled LA emission in directions nearly normal to the 2D
dence of the phonon emission by the electron system. carrier system. In GaAs heterostructures the perpendicular
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component of the phonon wave vector is typically restricted The general expression for the phonon emission rate per
to less than about £am~*, which means that emission is cut electron is
off before the DP interaction takes over from PE as the domi-
nant phonon-coupling mechanism. This is easily included in 1 d .
the traditional model but it still cannot explain the near com- P(t)= N_Ex ﬁqukamqﬂﬁ(t)' (@)
plete absence of the LA mode in the heat-pulse signals. A s
serious deficiency in the model is that it does not include thevhere wq, IS the frequency of a phonon in the substrate
effects of acoustic anisotropy on the electron-phonon matrixvith (3D) wave vectorq, polarization\ (A=LA, fast TA,
elements. In an anisotropic crystal, the mode that we identif§low TA), and polarization vectog, , . The time derivative
o e e vecil the phonon number operadt, is calcuate or he

P Y Perp P oupled electron-phonon system including electron-

along directions of high symmetry. Therefore, there can be h d elect lect it . horés th
DP coupling to TA phonons. Another serious problem withPhonon and electron-electron Interactions, wheres the

some earlier calculations is that they only allow for Screen_correspondmg statistical operator. Within linear-response

ing, normally in a static approximation, of the PE interaction.theery and neglecting all higher-order phonon processes we

. : \ 13
The reason commonly given for not screening the DP interobtairt
action is that it is a short-range interaction for whigp

; : 2
>(qs, Whereq, is the in-plane component of the phonon p— N =N . 121G 2
wave vector andys is the inverse screening length. While NSV% @q:( ar q-”)| q'“' G(au)]
this is a reasonable approximation at large wave vector
where the DP coupling is dominant, for 2D electrons in a o XTe(wq,A ) @
heterojunction the electron-phonon interaction may be cut m 1= :
A g(a) x (wgx . dy)

off for wave vectors comparable tq,. Furthermore, for

be very small and screening is effective. of the phonon wave vector g, respectively.

In spite of its problems, the traditional model has per-y = Troy /kaT)— 111 is the phonon equilibrium dis-
sisted until now because it can account reasonably well foy & [expiwq, [keT) — 1] b d

the overall energy-loss rates of hot electrons and also th{nbunon function at temperaturg, whereT, is the effective

electrical transport properties. Calculation of both of thesq I;atptrop tempetrature;l:ﬁ< ?O KI) anleTTe |shthe subst[a}te |

involves averaging over all phonon wave-vector directions. 21 \c€ temperature. 1he ars?%aér electron-phonon matrix €l-

In addition, the problems of comparison with the heat-pulseement for acoustic phonon

data could in part be blamed on deficiencies of the early

experiments. These did not have sufficient sensitivity to detp, 2=

tect the emission at powers much below about 1 pW} @

electron, unless the device was large, in which case the an- 2

gular and temporal resolution was compromised. It was + (eq,k)quq2+(eq,x)quqy“L(eqm)quqX) ]

believed that at lower powers the balance would shift in fa- q° '

vor of the LA mode because the TA would not be enhanced 3)

by the early down-conversion products from optic phonon

emission at about 1 pW/electron and above. which includes both DP and PE couplirp, andh,, are the
One of the aims of the work described here was to derelevant coupling constants. In contrast to the commonly

velop a new theoretical model of the 2D electron-phononysed isotropic approximation

interaction applicable to GaAs quantum wells and hetero-

junctions. It was a requirement of the model that it shouldh NE

account for the results of angle- and time-resolved heat-pulse

=210- 2
20Cod 1(~Dq €an)

2ehyy

measurements as well as the overall energy-loss rates. The o 5 29q§q§q§

new model includes the effects of acoustic anisotropy, not E°q°+(2ehy,) e for LA
only on phonon propagation, but also on electron-phonon h o2 o o o _
coupling. It includes screening of the PE and DP interactions =5 o[ A0y +az(ax+ay)  9a,0y0;
in a full many-body approach. It also uses a realistic model PCarD | (2ehy,) q* q®

for the confinement of the electrons in a direction perpen- ;
dicular to the 2D gas that allows for the penetration of the or TA,
electronic wave function into the barrier. The model predic- (4)

tions were tested by comparing them with new experimental

measurements of the phonon emission by small devices &d- (3) contains nonzero contribution of DP-coupled TA
powers down to 1 fW per electron. phonons and is extremely emission-angle dependent, but it is

necessary to obtain the polarization vectors for all phonon

Il. THEORY modes(q, A). The expression
We consider a quasi-2D electron gé2DEG) with Ng X1.(@qx,0)
electrons. It is embedded in a 3D anisotropic substrate of Im :
volumeV and densityp. 1= v(a)g(a) x (@g, Gy
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in Eq. (2) is the imaginary part of the quasi-2DEG responsesystems? Therefore, we choose for the perpendicular com-
function including dynamical screening of the electron-ponent of the electron wave function in the case of a quan-
phonon interaction. The electron-electron interaction is contum well of widtha

sidered in RPA, thus

fle, —fle Aqw €Xp(\2mg Vi /52— mE k?/m* ]
. q
alona=im2 2 o s © <(Ir |-a2), |r,|>o
5—0 +q q, r,|—a , r =
. - } | I 17 - I . . CP(U)Z 1 11=5 ®)
is the polarizability function for a noninteracting 2DEG with a
fllf as the Fermi equilibrium distribution function at tempera- Bqweoskr, , [r,|= >

ture T,. For our calculation we will assume that only the

lowest electron subband is occupied. This holds true irwherem* andmg are, respectively, the effective masses of
GaAs/ALGa, _,As systems as long as the electron densitieglectrons in the well and barrier regions. In the case of a
are not too highk, is the in-plane component of the electron single-modulation-doped heterojunction, we do not use for
wave vector and is the corresponding single-particle elec- ¢(r, ) the commonly applied trial solution in the form of the

tron energy.r(q,) is the 2D Fourier transform of the Cou- Fang-Howard or modified Fang-Howard functithput the

lomb potential. exact solution for the corresponding Sofirger equation
The functions with the linear potential[V(r, )~yr, for r, >0, V(r,)
_ ~Vpg for r, <0]
G(Ch):f drpe*(rp)e "9 ie(r)) (6)
Anexp(\2mEVg /h2—[msk?/m*Jr,), r, <0
and eUI=1 g Air, 11—-K212), r=0.
9

)=Jdr *(ry) r)fdr’ *(r'y)
o L7 (r)elr e Ai(x) is the Airy function and = (%%/2m* 7). The use of

X o(r' Yo @ lr-ril ) Fang-Howard func’;ions would simplify our calculations, but
L the emitted power is, through the functi@{q, ), very sen-
arise from the finite extension of the component of the elecsitive to the wave functionp(r,). While it is true that a
tron wave function along the axis normal to the 2DEG planevariational procedure is good enough to estimate the electron
and depend strongly on the chosen form of the confinemerground-state energy, it does not guarantee a good approxima-
potential. tion to the electron wave function itself. By expressing the
To study this influence on the phonon emission in morecontinuity conditions ar, =0 and|r, |=a/2, respectively,
detail we use, both for the heterostructure and the quanturand the wave function normalization, it is possible to calcu-
well, confinement potentials with finite conduction-band off- late A, By, ro andAg,, Bqy, k. Additional effects, caused
setVg. This allows for a penetration of the electron waveby the electron-effective-mass mismatch of the electron
function into the barrier material. Because of the muchwave functior® are being ignored here.
smaller conduction band offset in IlI-V heterostructures Changing in Eq(2) the summation oveg into integration
(Vg=~0.3 eV) than in the Si-SiQsystem {/z~2eV), the in the spherical coordinates and integrating over all phonon
penetration of the 2DEG into the barrier material will influ- frequencies we obtain the emitted power per unit angle in
ence the electron-phonon interaction in GaAs@®d, ,As  space(in directiong=q/|q|) for a given mode\,

X1 (@,0))
[1—w(a)g(a Xt (@,a) 1%+ [v(a)g(a) X (©,q)]>

2 f T
A= dww3(NT—N °)|h |2|G(q )|2
A o N /lTaA +
N2l ‘

(10

where y+ and 7 are the real and imaginary parts of the In real space the phonons are propagating in the direction of
¥ ¢ the group velocityvg, . In the long-wave limit also the

. . group velocity depends only on the directi@mof the phonon

%nd s m_l%q./(%O) catr: be replaclfd with ;hﬁ hfelp Or: th.e wave vectorg but, in general, is not parallel tg owing to

dentity =qw/Cg,\ , where we make use of the fact that In 5. gtic anisotropy. This feature strongly influences the an-

the relevant frequency range the long-wave approximatioy gy distribution of the emitted power in the substrégibo-

for the phase velocities, , =Cg, is valid. non focusing. So the emitted power of modein the unit

To compare with heat-pulse experiments we need theolid angle around has to be expressed by the product of
power emitted in selected directiofis:r/|r| of real spacé® P4, With the corresponding focusing factd  ,

polarizability function, respectively. The quantities q;,
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TABLE |. Parameters of quantum-well samples.

Wafer no. NU665S NU590S NU535S NU667S NUG66S
Well width (nm) 3 5.1 6.8 12 15
2DEG density & 10'° m~?) 1.8 1.8 2.0 3.7 3.6
Mobility (m?V~1s™1) 4.4 6.2 15 48 53
g\ heat the electrons. The power dissipated per elecRpwas
Pi= >, FaaPaq n o (11  determined from the amplitudes of the forwaxg,, and re-
i=1

flected, V,, pulses on the 50} coaxial line between the
where §; (i=1,..ng,) are the solutions of the equation Pulse generator and the sample,
vga=F and the focusing factor is defined by, 5 o
=an/de, wheredQ,,EM is the body angle subtending 1 (Vf Vr),

, , p—_— |2t
all vectorsv corresponding to all vectorg subtended by NsA150 50
whereA is the active area of the device. Estimation of the

dQ; (for details of the calculation see Ref.)190 obtain the
power from Eqs.(10) and (11) we calculate, as input, the gjectron temperatures reached was by comparing the resis-
tance of the device during the puldgy=50(V;+V,)/(V;

group velocityry , , the phase velocitgg, , and the polar-
—V,), with a steady-state calibration of the device resistance

(12

ization vectoreg , for all phonons ¢,\) and, additionally the

focusing factor for any detector direction. For comparison,s temperature, as described in Ref. 20. Emitted phonons
with the experiment, the sum in E(LD) is calculated over \yere detected by the bolometers that were sensitive to the
the finite extension of the corresponding detector and sourcgqy, | temperature change caused by the phonon pulse. Aver-
areas. aging of up to & 10° pulses was possible using a Perkin-
Elmer 9826 digital signal averager, which results in a signal-
lNl. EXPERIMENTAL METHOD to-noise ratio good enough to detect phonon emission at
powers as small as 1 fW per electron.

The samples used in the experimental work were grown Typical heat-pulse signals for the 15 and 5.1 nm wells at
by molecular-beam epitaxy on 0.4-mm-thick semi-insulatingthe same total dissipated power efl pW/electron are
(001) GaAs substrates. Device structures were fabricated bghown in Fig. 2. The LA and TA phonon pulses are resolved
optical lithography and wet etching, and large AuGe contacbwing to their different flight times. We determine the ratio
pads were formed at the ends of the active region, which wasf LA-to-TA phonon emission from the relative heights of
120X 50 um? in size. Sample parameters for the quantumthe peaks, taking into account the fact that the LA peak may
wells are given in Table I, the carrier densities and mobilitiesnot have completely decayed before the TA phonons arrive at
were determined from magnetotransport measurements. Thiee bolometer. In the case of the 15-nm well, the transverse
heterojunction sample had a 2D electron density of 2.§honon peak has developed a long “tail.” This is attributed
X 10"° m~2 and mobility 80 MV ts to optic phonon emission. The emitted optic phonons decay

On the polished back face of the wafer an array of threen picosecond time scales to large-wave-vector transverse
100x10 um? aluminum superconducting bolometers wasphonons, which propagate dispersively and diffusively to the
fabricated. Infrared front-to-back alignment was used to cenbolometers. The tail is not seen in the case of the 5.1-nm
ter one bolometer directly opposite the active part of the

device. The other two bolometers made angles of 14° and
28° with the normal to the device as shown in Fig. 1. sl == 15 nm well
The samples were cooled in liquid helium to the super- = 5 nmwell
conducting transition temperature of the aluminum bolom- §
eters T= 1.9 K). Short(=20 n9 voltage pulses were used to §0 A
R 0.4}
~ 0.4 mm %
= > bolometers g
2
14 deg.
,—— to signal ) )
20 ns "-_—l>ﬂi“‘ger 0 100 200 300
I__ 0 deg. time (ns)
FIG. 2. Time-resolved bolometer tracéeeat-pulse signalfor
28 deg. 5.1 and 15 nm quantum wells using the bolometer located directly
opposite the device. The power dissipation was 1 pW/electron in
FIG. 1. Experimental geometry. both cases.
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FIG. 3. Theoretical angular distributions of the phonon emission
by a 5.1-nm quantum wellT,=25 K). The intensities are repre- ‘
sented as a function of the detector position and the contributions of QW thickness [nm]

the different modes and coupling mechanisms are shown separately. _ .
ping P y FIG. 5. Contributions of the different phonon modes and cou-

pling mechanisms to the total emitted powegE 40 K as a func-
sample. For the same total power dissipafedis less in the  tion of the quantum-well widthN,=1.8x 10'> m~?).
5.1-nm well than in the 15-nm well and at 1 pW/electron it is
less than 50 K where optic phonon emission starts. electron-phonon coupling and would be totally absent in the
traditional model.
Comparing the results for the two different well widths,

IV. RESULTS AND DISCUSSION we see that, for all modes and coupling mechanisms, the

angular distribution of the emitted power is narrowee.,

Calculations of the phonon emission were performed for

electron temperatures in the range 10-50 K where we expeg{oser to the normal to the 2D the case of the 5.1-nm

the energy relaxation to be dominated by acoustic phononé’ve”' This is the result of the stronger confinement, which

In the discussion that follows we present results Tee= 25 Gpens up more momentum space for electron-phonon scat-

and 40 K as characteristic examples that correspond to ﬂj{?enng perpendicular to the well. In the calculations, the

electron temperatures in the experiments. ound-state form factoB(q, ), defined in Eq(6), accounts

Theoretical angular and mode dependences of the phongﬂr this effect. For the 15-nm well, the intensities have been

emission for two different quantum well widths of 5.1 and 15mu|t|pl|eq by 5 toh compﬁnzate fodr the Iowerr] total emitted I
nm are shown in Figs. 3 and 4, respectively. The calculation§°WVe" Figure 5 s ows the dependence on the qu_antum we
assumed a point source, a detector size ok2% um?, width of the total emitted powefper electrom at T,=40 K
substrate thickness of 33@m, T,=25K, and N;=1.8
X 10" m~2. The emission is clearly very anisotropic for all ,
phonon modes and coupling mechanisms. In the case of theg 107 T, =40K
TA patterns, features associated with focusing of the slow 8
and fast TA phonons are clearly visitfieA significant result

of our calculations is the strong DP-coupled slow TA-phonon
emission in a direction nearly normal to the quantum well.
This is due to the inclusion of acoustic anisotropy in the

()
~
=)
)
)

10
TA

relative power emitted in normal di

-5 L L ! | L 1 L | 1 | L
107 4 6 8 10 12 14 16
QW thickness [nm]

FIG. 6. Calculated well-width dependence of the fraction of the
total emitted power, which falls on a detector located directly op-
posite the device. The source and detector dimensions are the same
as in the experimenf[,=40 K andN¢=1.8x 10'® m~2. The con-
tributions of the different modes and coupling mechanisms are
FIG. 4. As Fig. 3 but for the 15-nm quantum well. shown separately.
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TABLE IIl. Comparison of experiment with theory for the
6.8-nm well at a power dissipation of approximately 0.1 pW/
electron. At 27° the TA signal cannot be resolved from the noise,
this sets a lower bound on the value of LA/TA.

Detector 0° 14° 28°

LA/TA (experimenk 1.1 3.8 >30

LA/TA (new theory 0.53 6.9 97

(a) (b)

DP interaction. However, it is not possible to ignore screen-
ing when calculating the angular distribution of the emission
FIG. 7. Theoretical angular distribution of the DP-coupled LA because, for emission in a direction close to the normal to the

emission by the 2DEG in a heterojuncti6h,=25 K andN,=2.8 2D electronsg, is very small and so the DP interaction can
X 10" m~2) (a) without screening an¢b) including screening. still be effectively screened. It is worth noting that for this

geometry, the PE-coupled LA mode makes no significant
for the different modes and coupling mechanisms. This wagontribution to the flux arriving at the bolometer.
obtained by summing over all emission directions. The total We now compare the theoretical results to the heat-pulse
emission is dominated by DP-coupled LA phonons, with allmeasurements. Table Il shows the ratio of the LA-to-TA-
other contributions being at least ten times weaker. As thgignal amplitudes at the bolometer directly opposite the de-
well width increases, the proportion of the DP-coupled LAvice, from experiment, from the traditional theory, and from
and TA emission decreases while PE-coupled emission resur new model. Note that, at the low powers involved, some
mains fairly constant. This is due to the effect @{q,), of the experimental phonon signals were quite noisy and so a
which suppresses the emission of highDP-coupled maximum uncertainty in LA/TA of +100/~50)% should be
phonons in the wider wells. When considering only the totalallowed for when comparing the experimental results with
emitted power, the DP-coupled TA emission is negligible.theory. Using a DP constant of 11 eV, the agreement between
This accounts for why the traditional model has, in the pastthe new theory and the experimental data is quite good
proved adequate for calculation of the total energy and mo¢within a factor of about Pacross the range of samples mea-
mentum relaxation of 2D carriers. sured. In the calculations we have included isotope

Different behavior is observed when calculating the emisscattering? of the phonons as they traverse the substrate.

sion (relative to the totalinto a restricted range of angles This attenuates the higher-frequency500 GH2 phonons
corresponding to the experimental geometry of the heatin the emitted spectrum and so leads to the reduction of
pulse measurementfor the bolometer directly opposite the LA/TA at very small well widths. It should be pointed that
device, Fig. 6. For well widths<8 nm, the DP-coupled LA the confinement model used, although an improvement on
mode makes the largest contribution to the phonon flux at thehe traditional theory, is still approximate and could account
bolometer. However, for well widths-8 nm the TA mode for some of the difference between experiment and theory,
(DP+PE) becomes dominant. This is due to two factors: theespecially for narrow wells. The traditional theory is shown
effect of weaker confinement d&(q, ), which leads to re- to be totally inadequate, producing an LA/TA ratio that is
duced emission of highy- phonons and also screening. If much too large even though, in this case, it includes screen-
screening of the DP coupling is ignored, as is sometimes thimg of the DP interaction in the static approximation. The
case in the traditional theory, emission of DP-coupled LAmain reason for the large difference between our results and
phonons would always dominate in the direction normal tothe traditional theory is the absence of any DP-coupled TA
the 2D electron system. This is shown in Fig. 7, where theemission in the traditional theory.
results of calculations for a heterojunction without screening Considering now the angular dependence of the emission.
(@ and including screening) are presented. Screening of Table Ill shows LA/TA as a function of detector angle for the
the electron-phonon interaction is not effective for wave vec-6.8-nm-wide well compared with the theoretical predictions.
tors much larger than the inverse screening lerigthin @ The ratio increases on moving to larger angles because the
typical 2DEG, the crossover from PE to DP coupling occursDP-coupled TA phonons that are strongly focused close to
atg,=qs, which appears to justify ignoring screening of the [001], see Figs. 3 and 4, do not fall on the bolometers. As in

TABLE Il. Comparison of experiment with theory, for bolometer directly opposite the d€0ideand a
power dissipation of approximately 0.1 pW/electron.

Hetero-
Well width junction 3 nm 5.1 nm 6.8 nm 12 nm 15 nm
LA/TA (experimenk 0.05 0.7 0.9 11 0.5 0.1
LA/TA (traditional theory 35 255 144 94 29 18
LA/TA (new theory 0.1 0.83 0.84 0.53 0.19 0.16
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the case of the well-width dependence, the traditional theorgorrectly predict the relative strengths of the emitted LA and
is totally inadequate, giving LA/T&100 for both the 14° TA phonons in different source-detector geometries and for

and 28° detectors. different quantum-well widths. In contrast, the theoretical
approach used in the past is totally inadequate to account for
V. CONCLUSIONS the heat-pulse measurements. The main differences in the

. . predictions of the new and old theory, which affect the com-

We have developed a revised theory of the acoustic phoyarison to experiment, are the following: including acoustic
non emission by 2D electron gases in GaAs quantum wellgpisotropy allows DP coupling to TA phonons, and screening
and heterojunctions. The model includes the effects of acougsrevents a strong peak in the DP-coupled phonon emission in

tic anisotropy on the electron-phonon coupling as well ag, girection nearly normal to the 2D electron gas.
phonon focusing in the substrate, screening in a full dynami-

cal (random-phase approximatijpapproach and proper con-
sideration of the carrier confinement. The theoretical results
have been presented and compared with new, high-
resolution, heat-pulse measurements of the phonon emission We acknowledge support of EPSRC of the UK for the
in a range of different samples. The new theory is able taexperimental parts of this work.
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