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The energy relaxation associated with acoustic phonon emission in lattice-matchegbalnAs/
Ing5Alg4gAS heterojunctions, has been investigated using Shubnikov-de ($ak$$ effect measurements
performed in the temperature range from 3.3 to 25 K, and at electric fields up to 200, ime thicknesst)
of the undoped spacer layer in modulation-doped samples was in the range between 0 and 400 A . The SdH
oscillations show that two subbands are populated for all samples except thogg=wB0 A . The electron
temperature T,) of hot electrons in each subband has been obtained from the lattice tempefgfu@nd
applied electric field dependencies of the amplitude of SdH oscillations. For the sampleég=ath100, and
200 A , the power loss from the electrons in the first and second subbands is found to be proportional to
(Tg-TE) for electron temperatures in the range<831.B.,<12 K, indicating that piezoelectric scattering is the
dominant scattering mechanism. For the samples with400 A , however, in which only the first subband is
populated, the power loss is approximately proportionalli@T, ) in the same range of electron temperatures.

The experimental results are also compared with a three-dimensional model for electron energy loss by
piezoelectric and deformation-potential scattering.
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. INTRODUCTION confined in the 1gs{Ga, ,As ternary alloy>1"?4=2"To our
knowledge, there is no study to date concerning the acoustic
The energy relaxation of hot carriers in semiconductorhonon assisted energy relaxation of hot electrons in the
has been investigated extensively, both experimentally angh, . Ga, ,As/Iny s Al 46ASs heterojunctions with double-
theoretically in bulk and two-dimension&RD) structures  subband occupancy. In the present work we have investi-
(for review se& 3. The determination of the temperature of gated energy relaxation in modulation-dopeg dBa, 4As/
electrons, under electric-field heating conditions in the|n0.52A| 0.486‘5 heterojunctions' lattice-matched to InP sub-
steady state, provides useful information about the electronstrates, in which one or two subbands are populated by elec-
phonon interactions involved in the energy relaxation pro+rgns, depending on the thicknegs)(of the undoped spacer
cess. Since at temperatures below about 30—40 K, the poplgyer. We present the results of Shubnikov—de H&GdH)
lation of optical phonons is negligibly small, acoustic effect measurements in samples with spacer layer thickness
phonon scattering provides the only inelastic-scatteringn the range betweehs=0 and 400 A. In all but in the
mechanisnt samples withts=400 A, the first two subbands are already
Most of the previous experimental investigations of gccupied at liquid-He temperatures. The temperature of hot
power loss in 2D electron-gas systems, in the acoustic phasjectrons T.) in each subband of the samples and the cor-
non regime, were performed on modulation-dopedresponding power loss), have been determined as a func-
GaAs/Ga_,Al,As heterojunctions and quantum well struc- tion of the applied electric field. The results are discussed in

tures, in which only the lowest subband was populated byhe framework of the current theoretical models concerning
electrons and hence all the scattering processes were of @Brrier energy-loss rates in semiconductors.

intrasubband nature* A substantial increase in the 2D car-  The SdH oscillations in magnetoresistance, provide an ac-
rier density, moving the Fermi level above the second subeurate and sensitive technique that has been employed suc-
band, would give rise to inelastic intersubband scatteringessfully in the investigations of electron energy relaxation
processes, which may affect the overall energy relaxatioin the acoustic phonon regim&?2-3! |n  heavily
rates-**°The first experiments devoted to study the acoustianodulation-doped structures, where a highly-degenerate
phonon assisted power loss in a 2D electron gas with doubleelectron gas exists, the variations of the amplitude of the
subband occupancy, were carried out for modulation-dope&dH oscillations with applied electric field and lattice tem-
GaAs/Ga_,Al,As heterostuctures, where the carrier densityperature, can be used in the determination of the power loss,
was varied by using the persistent photoconductivityelectron temperature characteristics. All the samples used in
effect!41>18.22.23 the present paper are highly degenerate, so that the reduced
Comparatively little work have been published in the lit- Fermi energyn=(Eg-E;)/kgT>1 (Table ), even at electron
erature concerning measurements of the power loss of haémperatures of about 30 K, which is well above the range of
electrons in material systems, where the 2D electron gas i&mperatures considered here. Therefore, we employed the
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TABLE |. Sample parameters, electronic and transport properties of the modulation-dgpg8laln-As/Iny 5,Al g 46AS heterojunctions
determined at 3.3 K.

Sample MV572A MV576A MV577 MV578A

Spacer thickness,
ts(A) 0 100 200 400
Subband Index First Second First Second First Second First
2D carrier density,
N; (10* m~?) 1.67=0.05 0.33:0.01 1.09£0.005 0.210.005 0.86:0.01 0.12:0.01 0.5%0.001
Total 2D carrier density,
N;+N, (10 m™?) 2.00£0.05 1.36-0.007 0.980.01 0.510.001
Hall carrier density,
Ny (10 m™?) 1.95+0.05 1.16:0.04 0.910.02 1.13-0.03
Effective mass,
m* (mp) 0.039:0.001 0.041*+0.001 0.03#0.002 0.03%0.001 0.04Z0.001
Fermi Energy,
Er-E; (meV) 102+4 20.5-0.5 64+ 2 13.5-0.4 53+2 7.6-0.2 29.10.8
E,-E; (meV) 82+4 51+2 45+ 2
Hall mobility,
uy (M?V~ls™h 4.8+0.1 8.1-0.2 6.7-0.2 4.1+0.1
Transport mobility,
wi (M?V~-1s™1) 491 3.75 7.54 3.30 6.92 1.08 9.16
Quantum lifetime,
Tqi (10 %29 0.20+0.007 0.15-0.01 0.25-0.01 0.170.01 0.42-0.03
¥ 3.2 3.1 3.4 3.1 ~1
A(eVs 1K™ 9 25 6 28

SdH oscillations technique in our investigations. The method %

is based on the assumption that ionized-impurity scattering, D(x)= sinhy 2

alloy scattering, and interface roughness scattering, which

determine the low-temperature transport mobility of elec-with

trons, are elastic in nature. Consequently, the energy that is

gained by electrons in an applied electric field, is dissipated B 27kgT

via the emission of acoustic phonons. X= hog
The SdH oscillations in magnetoresistance of a 2D elec-

tron gas of single-subband occupancy, are well described byhere# is the Planck’s constant arkg is the Boltzmann
the analytic functioff~3° constant. The thermal damping of the amplitude of the SdH

oscillations is, therefore, determined by the temperature,
magnetic field, and effective mass via

Apy —m\  [2m(Er—Ey)
?MD(X) exp( wch)Co{ hoc —m @

A(T,B,) Tsinh27’kgTom*/7ieB,)
A(To,Bn)  Tysinh272kgTm* /4eB,)

)
whereApy,, po, Ef, E;, o(=€B/m*), m*, and 7, are
the oscillatory magnetoresistivity, zero magnetic-field resiswhereA(T,B,) andA(T,,B,) are the amplitudes of the os-
tivity, Fermi energy, first-subband energy, cyclotron fre-cillation peaks observed at a magnetic fié@lg and at tem-
quency, effective mass, and quantum lifetime of 2D electrongeraturesT andT,. In the derivation of Eq(3) from Eq.(1),

in the first subband, respectively. The effects of higher harit has been assumed that the quantum lifetimg) (s inde-
monics are neglected in E¢L).***° The formula in Eq(1)  pendent of both temperature and magnetic field. The quan-
was originally derivedf~**for carrier transport in a 2D elec- tum lifetime can be determined from the magnetic-field de-
tron gas of single-subband occupancy under the conditioBendence of the amplitude of the SdH oscillatiofe.,

wcTq<1. However, this condition is not stringent and Ed. Dingle plot9 at a constant temperature provided that the
(1) describes well the experimental SdH oscillations data foglectron effective mass is kno@it®-36
all w.7q values as long adp,,<p, (see Refs. 19,35,37-

39). The exponential term, exp(mw.r,), describes the A(T,B,)B,, sinh ) mm* 1

damping due to the collision broadening of the Landau lev- In X =C-— 8> (4)
els. The temperature dependence of the envelope function of a

the SdH oscillations is totally contained in the term whereC is a constant.
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GaAs undoped 504 (tg) of the undoped IpsAlg46AS spacer layer, which was
Ing g, Al , As 01023 sy | 2504 varied from O(no spacer layerto 400 A.'Table I lists the
— s o 0 300 ma 300K growth characteristics and the electronic and transport pa-
Ity Al undope (t;=0. 109, 200, an ) rameters of all the samples studied, which include structures
In,,Ga, . As undoped 6000 A with both single- and double-subband occupancy.
The magnetoresistance measurements were carried out as

In,,,Ga, . AS 1023 W3 20004 ' , ) o ! .

o v 1?2_ m _(B°) functions of (i) the applied electric field at a fixed lattice
InP (Fej substrate | Semi-insulating temperaturdl | (the lowest of the lattice temperature range

and (ii) the lattice temperatureT( ,<T_ <25 K) at a fixed

FIG. 1. The structure of the modulation-doped electric field F,, which was low enough to ensure Ohmic
INg 545G & 4AS/ INg 5Al 9 46AS heterojunctions samples used in the pa- conditions and hence to avoid carrier heating. The magne-
per. toresistance measurements were performed in a three-stage

closed-cycle refrigeration systeniHS-4 Heliplex, APD

In the case of a 2D electron gas of double-subband occuzsryogenics using a conventional dc technique in combina-
pancy, the quantum oscillations in magnetoresistance can Ryn with a constant current sourd&eithley 220 and a
represented by a weighted sum of contributions from all theyanovoltmeter(Keithley 182. The current flow was in the

populated subbands:*~*? plane of the 2D electron gas. Steady magnetic fiéRjsup
n . . to 2.3 T were applied perpendicular to the plane of the
Apxxocz D(i.x) ex —|7T>CO 2im(Eg—Ey) i samples and hence to the plane of the 2D electron gas. The
po =1 X) &Xp 0Ty hog T data were taken at equal intervals oB1/All the measure-

(5) ments were performed in the dark.

where the subscriptlabels the populated subbands.
Assuming that the change in the SdH amplitude with ap-
plied electric field can be described in terms of electric-field  Figures 2a) and 2b) show typical examples for the mag-
induced electron heating, the temperatliia Egs.(1) to Eq.  netoresistanceR,,) measurements in the modulation-doped
(5) can be replaced by the electron temperaflige There-  In, 54Ga, ,/As/INy 5,Al 4gAS heterojunctions sample withy
fore, T, can be determined by comparing the relative ampli-=100 A  for different lattice temperatures at a fixed electric
tudes of the SdH oscillations measured as functions of théield F,=3.84 Vm !, and for different electric fields at a
lattice temperatureT(=T,) and the applied electric fielF)  fixed lattice temperatur&, ,=3.28 K, respectively. The data
using’* 2822 clearly show the decrease in the amplitude of the SdH oscil-
lations with increasing lattice temperature or electric field. It
[ A(TL,Bn) } _ is evident from Figs. @) and 2b) that the oscillatory com-
ATLoBo)lp_p

) ponent of the magnetoresistance consists of two superim-
posed sets of oscillations with different periods indicating the
Here A(F,B,) andA(F,,B,) are the amplitudes of the os- occupation of two subband$:****This is also true for the
cillation peaks observed at a magnetic fiBldand at electric  Samples withts=0 and 200 A (see Ref. 4% Fourier trans-
fields F andF,, respectively. In order to obtain the electron form of the rawR,,(B) data for the samples witly=0, 100,
temperature from the lattice temperature and electric-fiel@nd 200 A yields two peaks confirming that two subbands
dependencies of the amplitude of the SdH oscillations, thé@re populated in these samples. For the sample w4th
quantum lifetime has to be independent of both the lattice=400 A , however, the SdH oscillations contain only one
temperature and the applied electric field. period (i.e., only the lowest subband is populatezhd are
superimposed on a positive background magnetoresistance
[Figs. 3a@) and 3b)]. It has been shown in Ref. 44 that the
strong positive magnetoresistance measured for this sample
The modulation-doped Gay 4AS/INg55Alg46AS het- is due to the parallel conduction in the Si-doped
erojunctions were grown by the molecular beam epitaxyings,Al g 4gAS barrier.
technique. During the growth, sample parameters including In order to separate the oscillatory components with dif-
doping density, alloy fractions, and layer thicknesses are egerent periods, the second-derivative technique and digital
timated from the calibrated charts for the specific growthfiltering have been employed. The second-derivative tech-
conditions and materials. After the growth, these parametermsique removes the effects of the background magnetoresis-
were measured for each wafer, using standard characterizeance, which varies slowly with magnetic field, suppresses
tion techniques such as photoluminescence, scanning trante amplitude of the long-period oscillations, and amplifies
mission electron spectroscopy, and capacitance-voltage préhat of the short-period oscillatioé****The SdH oscilla-
filing, and energy dispersive x-ray analysis. The samplesions associated with the first subband are extracted by di-
were fabricated in Hall-bar geometry and Ohmic contactgectly calculating the negative second derivative
were formed by diffusing the Au/Ge/ln alloy. The layer (— d°R,/dB?) of the raw experimental data with respect to
structure and doping parameters of all the samghfg. 1)  the magnetic field. To separate the SdH oscillations associ-
were nominally identical with the exception of the thicknessated with the second subband, suitable low-pass digital fil-

Ill. RESULTS AND DISCUSSION

A(F,B,)
A(Fo,Bn)

T.=TLo

II. EXPERIMENTAL PROCEDURES
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FIG. 2. Experimental results showing the effect§aftempera- B(T)
ture and(b) applied electric field on the magnetoresistaRgg(B)
measured for sample MV576A4=100 A) in which two subbands
are populated by electrons.

FIG. 3. Experimental results showing the effectd@ftempera-
ture and(b) applied electric field on the magnetoresistaRgg(B)
measured for sample MV578A4=400 A) in which only the low-

tering has been first applied to the r&y,(B) data and then €St Subband is populated by electrons.

— 9’°R,/9B? has been calculated. For further details of data

analysis, refer to Ref. 44. Typical plots of the two oscillatory independently from the SdH oscillations and Hall effect mea-
components, as extracted from tl&g,(B) data for the surements, are in good agreement. This indicates that any
sample withts=100 A , are shown in Figs.(8—4(d). Both  parallel conduction due to carriers outside the 2D channel is
series of SdH oscillations could be isolated completely. Thenegligible for these samples at low temperatures. The in-
SdH oscillations associated with each subband have welplane effective mass of 2D electrons in each subband of all
defined envelopes and can be represented by(BqThe the samples is practically independent of magnetic field in
SdH oscillations similar to those given in Figsag-4(d), the range from 0.8 to 2.3 T. The carrier density, quantum
have been analyzed to yield the electronic transport propelifetime, and transport mobility of 2D electrons in each sub-
ties and power loss electron temperature characteristics apand are found to be essentially independent of both the
propriate to the individual subbands in the samples withattice temperature in the range from 3.3 to 15 K and the
double-subband occupancy. applied electric field up to 120 Vit.

The carrier density ;) in each subband, the Fermi en- It can be seen from Figs. 2—4 that increasing the lattice
ergy with respect to the subband ener@¢{E;), the energy temperature T,) or the applied electric fieldF) results in
separation of the two populated subbanés-E,), the in-  the damping of the amplitude of the SdH oscillations. Fig-
plane effective massf*) and the quantum lifetimer() of ~ ures 5 and 6 show the amplitudes of the SdH oscillations,
2D electrons, as determirfédrom the analysis of the SdH normalized, as described by H6), as functions off| andF
oscillations measured under cold electron conditions, aréor the samples witlig=100 and 400 A , respectively. The
summarized in Table I. The transport mobility,) of 2D  relative amplitude of the SdH oscillations decreases with in-
electrons in each subband of the samgEzble ) has been creasingT, (or F) in accordance with the thermal damping
determined from magnetoresistance measurements in tHactor given in Eq.(2). In the figures, only the relative am-
classical regimé? For the samples with double-subband oc-plitudes at a given magnetic fieRl, are shown for clarity. A
cupancy, the total carrier density of 2D electrons, determinegimilar analysis made for all the SdH peaks observed in the
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FIG. 4. The effects of temperatugepper pangland applied electric fieldower panel on the SdH oscillations arising from the electrons
in the first[(a) and(b)] and secondl(c) and(d)] subbands, as extracted from fRg(B) data for sample MV576Atg= 100 A) shown in Fig.
2. The full curves through the experimental data points are intended as a guide to the eye.

magnetic field range from 0.8 to 2.3 T has established thaated. It has been possible to extract quantitative information
the relative amplitudes of SdH oscillatiotiand hence the about the power loss characteristics of hot electrons in both
electron temperaturgsn our samples are essentially inde- the first and second subbands of the sample wjth100
pendent of magnetic field. This indicates that the magnetid. However, the amplitude of the short-period component of
field used in our experiments does not alter significantly thehe oscillations originating from the first subband of the
energy relaxation processes of hot electrons. Although weample withts=0 A , was much smaller compared to that of
have observed well-resolved SdH oscillations in all thethe long-period oscillations associated with the second sub-
samples with double-subband occupancy at lattice temperdand and diminished with increasing lattice temperature or
tures up to about 25 K or applied electric fields up to abouthe applied electric field. We were, therefore, able to deter-
200 Vm !, the data obtained in the rang@>15 K and mine T, of electrons only in the second subband of this
F>120 Vm ! are not used in the determination of the elec-sample. Because of the lack of prominent oscillation peaks
tron temperature. This is because, at higher lattice temperdrom the second subband of the sample wigk 200 A | the
tures or electric fields, the relative amplitude of the SdHelectron temperature can only be obtained for the first sub-
oscillations decreases to less that 10% of the initial value antdand.
the rate of change in relative amplitude with or F be- The electron temperature associated with each populated
comes very smallsee Fig. 5, so that the experimental reso- subband in the modulation-doped (§Gay 4AS/
lution reduces and hence the evaluation Tof becomes Ingy Al 46AS heterojunctions, as obtained by comparing di-
gradually unreliable. rectly the curves similar to those in Figgaband 3b) [and

It should be noted that the determination of the electrorFigs. §a) and Gb)], is plotted as a function of the applied
temperaturd , from the lattice temperature and electric-field electric field in Fig. 7 for all the samples studied. It can be
dependencies of the amplitude of SdH oscillations becomeseen from the figure that, for the sample wiigs= 100 A | the
complicated in the samples where two subbands are popwelectron temperatures determined separately for the electrons
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FIG. 5. () Temperature andb) electric-field dependencies of FIG. 6. () Temperature andb) electric-field dependencies of
the normalized amplitude of the oscillation pealBgtmeasured for  the normalized amplitude of the oscillation pealBgtmeasured for
sample MV576A {s=100 A). The data points represented by the sample MV578A {s=400 A). The full circles correspond to the
full circles and open circles correspond to the SdH oscillations arisexperimental data and the full curve is the best fit of &j.to the
ing from the electrons in the first and second subbands, respectivelgxperimental data.

The full and dashed curves are the best fits of Bjto the experi-

mental data for the first and second subbands, respectively. . )
Ga _,Al,As heterojunctions, developed a strong dependence

in the first and second subbands are identical within the exen magnetic field in the range below about 0.8 T, and sug-
perimental error due to the complex pattern of the SdH osgested it to be due to cyclotron phonon emissisee also
cillations. This shows that the electrons in the two subband&ef. 19.

are in thermal equilibrium with each other, as would be ex- The SdH oscillations measured for the sample with
pected from electron-electron scattering on a time scale that 400 A |, decrease rapidly when increasing the applied elec-
is orders of magnitude less than the energy relaxatiotric field and become vanishingly small fér>30 Vm™?
time231823 50 that the 2D electron gas itself represents dsee Figs. @) and 6b)]. The electron temperature deter-
system in thermal equilibrium characterized by an electrormined for this sample, rises quickly with increasigreach-
temperatureT, greater that the lattice temperatufge. The  ing 15 K whenF=25 Vm ! (Fig. 7). The 2D electrons in
electron temperatures determined for all the samples aréis sample are easily heated by a relatively small electric
found to be practically independent of magnetic field in thefield, possibly due to their higher transport mobility when
range from 0.8 to 2.3 T. This result is in line with that found compared with the samples of double-subband occupancy
for modulation-doped GaAs/Ga,Al,As heterojunctions, (Table ).

where only the first subband was populat&®?*Recently, In the steady state, the power loss from hot electrons by
however, Leadleyet all® reported that, when the applied the emission of acoustic phonons is equal to the power sup-
electric field was increased above about 5 Vimthe elec- plied by the applied electric field, which can be calculated
tron temperature determined for high-mobility GaAs/ using the energy balance equafiéfi*®
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other. Since the layer structures and doping parameters of all
the samples are identicéfig. 1), the observed variations in

14 ]
‘-‘ P power loss may be associated with the differences in spacer
12+ ! Pnﬂ’fﬁwgff thickness(and hence 2D carrier densitgf the samples.
_/" 5/353;;"56’;/‘/.,.444 The variation of the power loss per electron with electron
10k ; R temperature has been often approximated by the relationship
; g
: P Dos./u;/;0Q
; P a P=A(T=T), (8)

H /,nj{ A where the proportionality constahAt depends on the elastic
L . . .
Sl (0A (socond subband, B.=1.37T) moduli of the matrix, the coupling constants, and the 2D

carrier density. Theoretical calculations of the acoustic pho-

ﬁ/o/;/ —— tz=1 00 A (first subband, B =1.74T)
e e A —o—t_=100 A (second subband, B"=1.36 m . .
4 e 432200 A (frst subband, B,=166T) non assstedenergy loss rates of hot electrens ina 2D elec-
. —#—t,=400 A (first subband, B =1.71T) tron gas of single-subband occupancy, pregietl at high
2 . ! . ! . ! . ! . temperaturegwhen Maxwell-Boltzmann statistics is appli-
0 25 50 75 100 125 cable and equipartition is assumeahd y=3 (unscreened

piezoelectric scatteringy=>5 (unscreened deformation po-
tential and heavily-screened piezoelectric scattejingad

FIG. 7. Electron temperatureT{) versus applied electric field y=7 (heavily-screened deformation potential scatteriaty
(F) for all the samples studied. The full curves through the experi-lOW temperaturegsee for instance Refs. 3,11,14,15,23,48,
mental data points are intended as a guide to the eye. 49).
For the modulation-doped (R{Ga 47AS/INy 5Al 4AS
heterojunction samples with spacer thickniess0, 100, and

200 A , wefound thaty=3 for each populated subbarske

whereP, u, andF are the energy losr energy supply  Taple |) by fitting Eq.(8) to the experimental da(ig. 9). In
rate per electron, transport mobility, and applied electricy)| cases a constant value for the expongi obtained over
field, respectively. The transport mobility of 2D eIec'Frons iNthe whole temperature range from 3.3 to 12 K. This result is
modulation-doped  lsdGay 4AS/INg 5Al0 4gAS heterojunc-  consistent with the theoretical predictions that the main en-
tion samples has been found to be essentially independent gfgy |0ss mechanism is the scattering of hot electrons by the
both the lattice temperature and applied electric field in theyiezoelectric potential of acoustic phonons. The effect of
ranges of interest, since it is determined mainly by alloy-screening of the electron acoustic phonon interaction by 2D
disorder scattering and ionized impurity scatteftidl  electrons, is expected to increase towards low temperatures
which lead to momentum relaxatlon of electrqns but not entqy samples with high carrier density, as the scattering of
ergy relaxation to the lattice. In the calculations of powerscoustic modes involves smaller and smaller wave veéfrs.
loss, therefore, we used the transport mobilities as g!ven "Although the 2D carrier density in our samples is large
Table I. The power loss versus electron temperature is plofanough so that the screening is anticipated to be effective, we
ted in Fig. 8 for all the samples studied. The magnitude o%g,nd no evidence for a higher value of the expongngs
the power loss varies significantly from one sample to an{T.-T,,)—0. One could also consider that the temperature
range of our experiments is intermediate between the low-
temperatureBloch-Grineisen and high-temperaturéequi-
partition) limits.181923  For modulation-doped
Ing 54G& 47AS/INP heterojunctions and single quantum wells
of single-subband occupancy, Barl@val® found an expo-
nent between 3 and 5, for electron temperatures in the range
e from 2 to 20 K, which was explained by assuming that en-
; ergy relaxation is due to acoustic phonon emission via mixed
unscreened piezoelectric and deformation potential interac-
tions (see also Ref. 27 However, for the modulation-doped
INg 54Gay 47AS/INg 5Al 5 46AS heterojunctions sample witty
=400 A , inwhich only the lowest subband is populated, we
found that the power loss is approximately proportional to
(Te-TLo)- A linear dependence of power loss on electron
temperature was reported previously for a weakly degenerate
2D electron gas in modulation-doped ¥Ga, 4AS/
Ing 5Al g 46AS heterojunctions in the lattice temperature range
3<T, <20 K and for InsGaysAs/INP and
FIG. 8. Power loss per electron versiis-T,, for all the  (InGa),(GaAs), /InP heterojunctions at electron tempera-

samples studied. The full curves through the experimental datéures below 10 K The linear behavior is in accord with the
theoretical predictions for the variation of power loss with

F (V/m)

P=euF?, 7

1x10™ E

—

110

Power loss (watt

s
10" B/ —o—t=0A (second subband, B =1.37T)
3 / —e— =100 A (first subband, B =1.74T)
49 —0—1,=100 A (second subband, B =1.36 T)
/ —a— =200 A (first subband, B =1.66 T)
—=—t_=400 A (first subband, B =1.71T)

1x10™" —L— : '
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points are intended as a guide to the eye.
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FIG. 9. Comparison of the experimental power loss determine
for the (8 first and (b) second subbands in sample MV576#; (
=100 A) with theory. The full circles represent the experimental
data. The full curve corresponds to the best fit of E).to the
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subband as a result of electron-phonon scattéfingAs
mentioned above, formulae fdP,;(T.) were derived by
many researchersee, for instanc&®19234849 py consider-

ing the energy relaxation in the presence of one populated
subband. The expressions deritedfor the electron-
temperature dependencies of the intersubband scattering pro-
cessed, and P,;, are rather complex and differ from the
simple power-law behavior dP,; with T,.

In the case of low temperatures and weak heating such
that kgTe< [8m* V3(E,-E;)]*2 a condition that is satis-
fied to a large extent in our experiments, Kreshcktlal,**
showed thatP;,~ P, exp(—[8m* V4(E,-E1)[¥kgTe),
where Vg is the sound velocity. For 2D electron-gas struc-
tures with large subband separatioB,{E;)>kgT., which
is the case for all our samples with double-subband occu-
pancy (see Table)l the inelastic intersubband scattering is
expected to be greatly suppressed when compared with the
intrasubband scattering. It is well known that a minimum
phonon wave vector and a corresponding minimum phonon
energy are required for an intersubband transition to occur.
Therefore, at low temperatures, when the phonon occupancy
is small, intersubband transitions due to the emission of
acoustic phonons of energy much greater thaf,, are
blocked by the Pauli exclusiofi.This suggests an approxi-
mate subband decoupling scheme at low temperatures with
energy relaxing mainly by small-angle intrasubband
scattering*°° Consequently the total energy loss rate can be
approximated byP=P,;+ P,,. When a hot electron under-
goes an intrasubband transition by the emission of an acous-
tic phonon, the electron changes its momentum and at the
same time it loses energy to the phonon. At low tempera-
tures, the Fermi gas has a sharp boundary curve and conse-
quently momentum changes, which involve the emission of

n acoustic phonon of energy much greater thgh,, are

indered greatly. Hence only small-angle scattering is al-
lowed at very low temperaturé$>° Then, in the case under
discussion, low-angle scattering should occur in the first sub-

experimental data points and the dashed curve to the power logand, which is characterized by the dependendras

calculated using E(9) (see text

«(T3-TP) for deformation potential scattering an@;;
o« (T3-T3) for piezoelectric scatterintf:*® In the case of

electron temperature for a 2D electron gas in the equipartisamples with high carrier density, such that the Fermi level is

tion regime. However, as pointed out by Ridfethe experi-
mental observation th&«(T.-T o) may also be an indica-

well above the second subband enekgy the theory” pre-
dicts that the hot electrons in the second subband should also

tion of the influence of parallel conduction in the barrier, undergo low-angle scattering so tH,e (T2-T?) for piezo-

which is present in our sample witiz=400 A (see Ref.

electric scattering, but with a different proportionality con-

44). If the parallel conduction is significant, energy relax- stantA [see Eq.(7)] compared to that for the first subband.
ation in the 2D channel may be affected by electron-electrod he fact that the density of carriers in the second subband is
interactions between the electrons in the 2D channel andonsiderably smaller than that in the first subbésee Table

those in the barrief®

I) is not so important because the power losses are not due to

Theoretical calculations of the energy loss rate in theall the electrons in each subband, but rather due to the elec-

acoustic phonon regime were also mdder the case of a
2D electron gas with double-subband occupancy by assunef the Fermi leve

trons within a narrow range of energies in the close vicinity

F.4,18

ing that the electrons in both subbands are described by a For the modulation-doped {B4Ga 47AS/INg5Al 49AS
Fermi-Dirac distribution function with the same Fermi level heterojunctions samples witg=100 A , we found that both

Er and with the same electron temperatiiie In this case
the total energy loss rate consists of four terrRss Py

P.. and P,, are indeed proportional toTE-TZ) but with

different values for the coefficiet (see Table)l, in agree-

+Py,+ Py+ Py, WhereP;; is the energy loss rate of hot ment with the theoretical predictions* This is also true for

electrons in theth subband, which are transferred to fie

the electron temperature dependencieRgfandP 4, deter-
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mined experimentally for the samples wiik=0 and 200 A,

PHYSICAL REVIEW B 64 085301

(polar acoustiginteractions, respectively, for a bulk material

respectively. Therefore, it appears that in our samples witkexpressed in terms of the Fermi wave vedtprand sound
double-subband occupancy, the values found for the Fermielocity Vg, and(% ) is the acoustic phonon energy aver-
energy with respect to the bottom of the second subbaneged over the Fermi surface. The functi6(il.,T,) ap-

(Eg-E,) and the subband separatida,(E ;) are sufficiently

proaches unity at high temperatures and falls exponentially

large (see Table), so that the intersubband scattering pro-at low temperatures. Equatidf) provides an approximation

cesses P, andP,,) can indeed be neglected and hence theaxtending

the high-temperature regime towards low

energy loss rates from hot electrons in both populated suttemperatured The power loss, as given by E@), has been
bands show the same electron temperature dependence aiculated using the valug3able |) determined experimen-
represented by Eq7) with y=3. This result is in contrast to tally for the effective mass, carrier density, and Fermi energy
the case of GaAs/Ga,Al,As heterojunctions with double- of 2D electrons in the modulation-doped bGa 4AS/

subband occupancy, where it was fotfht? that the mean

Ing 5Al g 46AS heterojunctions samples; the other physical pa-

exponenty, saturated at a value of about 2 when the Fermrameters of bulk IpsdGay 4/As used in the calculations
energy was increased well above the bottom of the secongound velocity Vg (=4810 ms?t), density p(=5590
subband, by using the persistent photoconductivity effectkgm™2), deformation potentiaE (=6.5 eV), average elec-
The latter was explainéd™® by assuming that the electrons tromechanical coupling constaimt?, (=2.0x1073%), and

in the second subband experience quasielastic scatf@ringpermittivity €. (=13.77)]

which is characterized by the dependereg,«(T-T,).
However, the observation of=2 would also imply that the

are taken from the
literature!’>* Equation(9) fits reasonably to the experimen-
tal data for the first subband of the sample wigs100 A

measurements were carried out over an intermediate reginj€ig. 9a)], although not as good as that of E§). For the

(see Refs. 3,10,16,23

second subband, however, the power loss predicted by Eq.

The scattering of 2D electrons from ionized impurities, (9) is about an order of magnitude greater than that deter-
alloy disorder, interface roughness, and acoustic phononsnined experimentallyFig. Ab)]. This indicates that the use
leads to broadening of Landau levels, which can be approxiof the bulk expression for calculation of the power loss from
mated byl’=7/27,.?%3 Using the values obtained for the hot electrons in the second subband of our samples, is debat-
quantum lifetimer, of 2D electrons in the modulation-doped able. Furthermore, in contrast to E8), Eq. (9) predicts that

INg 5858 47AS/INg 5Al g.4gAS heterojunctiongTable |) yields
values in the range from 1.6 to 4.4 meV fbr The mean

the contributions of piezoelectric coupling and deformation-
potential coupling to power loss are comparable with each

energy(f w) of the acoustic phonons involved in the scatter-other.
ing process is estimated to be smaller than 1 meV in the The energy relaxation timer{) for intrasubband pro-

temperature range of the measuremenéee below There-

cesses can be obtained from the power loss measurements

fore, the energy-level broadening in our samples is severdbr each populated subband using

times larger than the mean energy of acoustic phonons. This
implies that the 2D behavior of the electron gas does not
affect appreciably the electron acoustic phonon
interaction®3® the scattering of electrons from acoustic
phonons can be treated as bulklike. Therefore, it is instrucFigure 10 shows the energy-relaxation time as a function of
tive to compare the results for energy loss rates determineglectron  temperature  for the  modulation-doped
experimentally for modulation-doped JeGay 4AS/ INg 548G & 47AS/INg 52Al g 46AS heterojunction samples studied.
Ing 5Al 5 46AS heterojunctions with a theoretical motl?*  The values obtained forg fall in the range of values found
based on the three-dimensional electron energy loss by ppreviously, in the acoustic phonon regime, for GaAs/

p— (ﬁw) (kgTe—kgTL) .

TE KgTe a3

ezoelectric and deformation potential scattering

P:f(Te’TL)(Cnp"'Cp)(kBTe_ KgTL) ©)

with
sinh( X, — Xe) X Xe
f(Te’T'—)_sinhXL—sinhXe X =X/’ (10
Cnp=3E°m* ke | wph?, (11)
and
3e2K2 m*2v2
p: av S (12)
Zﬂfshgkp
Here X =(fhw)/2kgT., X =(ho)2kgT, and (fw)

=2 Veke . Cpp andC,, are the magnitudes of the defor-

mation potential(nonpolar acousticand the piezoelectric

Ga,_,Al,As heterostructuregsee for instance Refs. 3,7
Such large values of: indicate that the energy loss mecha-
nism in this temperature range is not so efficient and lead to
the rapid rise of electron temperature when the input power
is increasedsee Fig. 8 However, as can be seen from Fig.
10, the energy relaxation due to acoustic phonons becomes
faster at higher electron temperatures. Althoughshows a
similar behavior withT, for all the samples studied, its mag-
nitude differs considerably from one sample to another,
which may be a consequence of differences in the values of
transport mobility and Fermi wave vector used in the calcu-
lations of the input power and the mean phonon energy,
which are required to estimate the energy-relaxation time.
The energy-relaxation times determined for the electrons in
the first and second subbands of the sample wjth100 A,

are essentially the same for T, ¢)>2 K (Fig. 10. This
suggests that the two populated subbands behave as parallel
channels for energy loss but with negligible inelastic inter-
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W77 17— implies that the parallel conduction in the barrier of this
. —o—t=0A (second subband, B,=1.37T) ] sample has a considerable effect on energy relaxation.
250 \ —e— =100 A (first subband, B,=1.74T)
-9 —o—1=100 A d subband, B =1.36 T)
& - +t5=200A(:f:t‘):ubz:n:réftes m IV. CONCLUSIONS
o —=—t,=400 A (first subband, B =1.71T) . . .
200 L \/ ' " | The energy loss rates, in the acoustic phonon regime, of
i 2D electrons in  modulation-doped lg¥Ga, 4 AS/
—_ Ing 55Al g 4gAS heterojunction samples of single- and double-
(] . . .
2 150 - - subband occupancy, have been investigated using
= e T Shubnikov-de HasgSdH) effect measurements at lattice
o 100 L | temperaturesT; ) between 3.3 and 15 K, and applied elec-
tric fields up to 120 Vm?. The electron temperaturd ()
4 has been determined from the changes in the amplitude of
50+ 1/ 1 the SdH oscillations measured as functions of the lattice tem-
] perature and applied electric field. The electron temperatures
0 L determined separately for the first and second subbands are

10 12 essentially the same; the electrons in both subbands are in
thermal equilibrium with each other. For the samples with
double-subband occupancy, the energy loss rate from the

FIG. 10. Energy relaxation timerf) versusT.-T,, for the  €lectrons in each subband to the lattice is proportional to
modulation-doped  If{Ga 4AS/ Ny sAlg4gAs  heterojunction (Tg-TE) but with different proportionality constants, in
samples studied. The full curves through the experimental datagreement with the theoretical predictions for power loss due
points are intended as a guide to the eye. to unscreened piezoelectric scattering.
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