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Si/Sh 458 36 heterojunctions withp-type conductivity exhibit an electron overheating effect.

An analysis of the damping of the amplitudes of the Shubnikov—de Haas oscillations upon a
change in temperature and applied electric field yields the temperature dependence of the
electron—phonon relaxation timgpt= 10 8T"2's. © 2000 American Institute of Physics.
[S1063-777X00)00512-0

Two-dimensional electron system@nversion layers, loss time on the overheating temperature was found, and it
delta layers, heterojunctions, and quantum wellve was concluded that the main channel of electron energy loss
unique properties in that, on the one hand, the charge carrieis the emission of acoustical phonons.
in them have a two-dimensional character of their motion  In this study we have realized the electron overheating
and, on the other hand, this two-dimensional state is realize€ffect in Si/Sy ¢/5&, 36 heterojunctions containing implanted
in the bulk of the semiconductor, i.e., the phonons interactindporon, which led to g-type conductivity. The samples were
with the carriers are three-dimensional. Information aboupbtained by molecular beam epitagy/BE)." The conduct-
the electron—phonon interaction in inversion layers, deltdng region had a width of 0.55 mm, and the distance between
layers, and heterojunctions at low temperatured (K) can-  the potential contacts was 2.25 mm. The mobile charge car-
not be obtained from the behavior of the quantum correctionger concentratiom was 2x 10 cm™?, and the Hall mobility
to the conductivity due to the weak localization and electror@f the carriers was-12000 criv~'s".

interaction effectgsee, e.g., Refs. 1),7since at such tem- At low temperature$0.35-2 K the heterojunctions ex-
peratures the dominant inelastic relaxation process iibited pronounced SdH oscillationtsig. 1). Naturally, as
electron—electron scattering. the temperature was raised, and also as the current flowing

mined by studying the electron overheating effetn the ~ SdH oscillations fell off. The electron temperatuifg under
electron overheating effect the electron temperafiyeex- conditions of high current flow can be determined from a
ceeds the phonon temperatuFg, under the influence of a comparison of the change in the amplitude of the SdH oscil-
high electric field(curreni or of other, “heating” factors. lations under the influence of current and under the influence
The transfer of excess energy from the electron to the phd?f temperature. We carried out such an analysis for three
non system, even under conditions of strong elastic scattefX(rema in the magnetic field interval 814 kOe. Figure 2
ing, is governed by the time,. Therefore the problem of shows the change in the amplitude of the SdH oscillations
determiningr,,, experimentally reduces to finding the value with quantum numbers=5,6,7 as the temperature and cur-
of the overheating of the electron gaF = (T,— T, under rent are varied. From a comparison of the curves one can find
conditions of high current flow. To realize the electron over-Te a_f_r:eachlspec;ﬁed valu: of tlhelcur;efnt. he data for th
heating effect it is necessary to ensure the free escape oI € Valug Olrep, Can be calcu ated from the data for the
phonons from the conducting layer into the surroundinge ectron overheating effect with the use of the heat l;alance
crystal(i.e., to provide good acoustical coupling of the Con_eqluatlog,_whlch _f;lssulmes '_[hat thel tele::r':rlcal powtefli 7
ducting layer and the crystalThis requirement is manifestly released In a unit volume 1S equal to the amount of energy

satisfied for inversion layers, delta layers, and heterostruct-ranSferreOI by the electrons to the lattice per unit time:

tures.
The electron overheating effect has been analyzed previ- g2,— f TEM_ (1)
ously with the use of Shubnikov—de Ha@dH) oscillations Toh Tepn(T)

for inversion layers on silicah'®and for Si/Sj ;Ge, 5 hetero-

structures witm-type conductivity*® In the cited papers the If it is assumed thatr;,= TP and that the electronic
falloff of the amplitude of the oscillations with increasing heat capacityCo(T)= T, then it follows from(1) that'?
applied electric field was used to find a relation between the

electron temperature and the rate of loss of the excess energy E2g— ﬂ(Tp+2_Tp+ 2 @
by the electrons; in Ref. 11 the dependence of the energy p+2° ¢ ph /-
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FIG. 1. Shubnikov—de Haas oscillations at various temperatlré]: 8T ' )
0.334(1), 0.619(2), 0.834(3), 0.984(4), 1.281(5), and 1.5146) (a) and at 0 1 2 3 4 5 6 7 8
various current$nA]: 100 (1), 1000(2), 1790(3), and 3000(4) (b). I IJA

FIG. 2. Change in the amplitude of the SdH oscillations with quantum

. numbersy=>5 (1), 6 (2), 7 (3) upon changes in temperatu@® and current
Under the conditionT.>T,, one should observe a depen- ().

denceT,xE?(P*™2) Figure 3 shows the experimental depen-
dence ofT, on the applied electric fiel& (pointy together
with the relationT . EY? (continuous curvg which approxi-

mates the experimental data quite wetkcept for the points ) , 6 )

at smallE, for which the conditionl > T, is not satisfiegl (kTe)™=(KTpn) ™+ ;(eE) D Teph, )
Thus we arrive at the preliminary finding that the expongnt

in the relatiom-;p},z aTP is equal to 2. where D is the electron diffusion coefficient, arfel is the

We attempted to find the temperature dependencelectric field that leads to heating of the electrons. This rela-
Tepn(T) directly from the experimental data presented abovetion is obtained from Eq4) with the electronic heat capacity
Let us assume that in the steady statg, in (1) corresponds and conductivity expressed in terms of the density of states
to a certain temperatufk,,, that characterizes the electron— v,.: C.=(7%3)k?v4sT and c=e?vyD. For two-dimen-
phonon interaction under conditions of electron overheatingsional electronsvys=m*/(7%?), D=(1/2Zr, and the
Then from(1) we have Fermi velocityv = (#/m*)(2mn)Y2. The elastic scattering

time can be determined from the formuRi'=ne?s/m*.
_ (3)  For the effective mass we take the vame =0.242n, (mg
2 Teph(Tepn) is the free electron massobtained from an analysis of the
SdH oscillations. The electric field in a conducting channel
of lengthL and widtha can be found from the values of the
current | and the resistance per squaR,: E=IR/L
E2g =IRy/a (sinceR=RpL/a). For Ty, one should take the
TeTon="7— Tepr( Tepn)- (4)  temperature of the crystgin our caseT ,,=0.37 K).
¥ eph From calculations based on E&) we obtained the tem-
Since the value of is unknown for our objects of study, we perature dependence of,, (Fig. 4. We assumed, as in
must turn to the relatidf Refs. 15 and 16, thalep,=1/2(Tput+ Te). The temperature

Te+ Tph Y

E20=(Te—Tpn

For Tepn=(Te+ Tpn)/2 EQ.(3) implies the following relation,
which was first given in Ref. 13:
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FIG. 3. Electron temperaturg, versus the applied electric field (points 0.2
and the approximating functiof,>E¥? (continuous curve
) 01 I | 1 | L 1
dependence,,(T) presented in Fig. 4 can be approximated 0.4 0.6 08 1.0
at temperatures above-0.4 K by a power law: 7¢py, Teph > K

=10 8TP, wherep~2. o
Let us discuss the possible causes of a temperature dEI-G' 4. Temperature dependence of the electron—phonon relaxation time

1 -2 . . . Teph found from the decrease in amplitude of the SdH oscillations with
pendencere;, < T°. For three-dimensional conductors in the , 2nwm numbers=5 (A), 6 (V), and 7 ©) under the influence of a
“clean” limit one should havergT® (Refs. 17 and 18 current,
while for strong disordering, in the “dirty” limit, the theory
predicts a weakening of the electron—phonon interaction and
the appearance of a temperature dependence of the forplied to the heterostructures studied here, since in them the
re’plhocIT“, where | is the mean free path of the elec- two-dimensionality is inherent to the electron system, while
trons 192 (the transition from the “clean” to the “dirty”  the phonons remain three-dimensional.
limit corresponds to a transition from the inequaliy In our view, the temperature dependt%nzt;}g}ch2 ob-
>1 to the inequalityg, <1, so that in the latter case the tained in this study is due to the two-dimensional nature of
mean free path of the electrons is shorter than the wavelengthe electron system. In heterojunctions, as a result of the
of a thermal phonon =27/ qp,=27As/KT, whereqynis  discontinuity of the bands at the heterointerface and the ap-
the phonon wave vector argds the phonon velocity pearance of internal electric fields, a potential vielhich to

Our experimental dependena:g,lhocT2 is very often ob-  a first approximation is triangular in shapis formed in
served for thin films in an analysis of the behavior of thewhich the motion of the electron®r holes in the direction
quantum corrections to the conductivity due to weak localtransverse to the welblong thez axis) is quantized, while in
ization and electron interaction effectsee, e.g., Refs. 16 the plane of the interfacexy) the motion remains free. The
and 21-2% or in the analysis of experiments on electron electrons occupy size-quantization levédabbandsand are
overheatingsee, e.g., Refs. 15 and 26-2%he appearance described by the dispersion relation
of a temperature dependence of this kind for films can be

2 2
attributed to modification of the phonon spectrum in thin 8:M+8i_ (7)
films. Let us clarify this statement. The timeg,, is deter- 2m
mined by the Hashberg functiona?(w)F(w) in the fre- At low temperatures the absorption or emission of
quency region corresponding to the energy of thermalhonons is accompanied by a change in the electron momen-
phonons: tum component®, ,p, . At high temperatures, intersubband
) (0)F(w) transitions can occur. According to Ref. 33, ol >kT,
Teph™ 47'rf dwm. 6) =8m<W (whereW= w2%2%/(2md?) is, in order of magni-

tude, the ground-state energy of the size quantizasi@ithe
For a quantized phonon spectrum the density of states is speed of sound, amdlis the characteristic width of the well
linear function ofw, i.e.,F(w)>w. In that casdwith allow-  the electron—phonon scattering processes are quasielastic
ance for the weak dependence @fon w) it turns out that and are characterized by a temperature dependﬁgajgeT.
T;plhOCTZ. An analogous result was observed in an analysis ofAn estimate ofT, for our objects(for s=9x10° cm/s3* d

the possibility that shear wavesvaves of the Love type ~100 A) gives a value~40 K. At low temperatures T
with an unusual dispersion relatianxq*? can exist in a <T,) a situation can arise in which the wave momentum of
film—substrate systerit. We might also point out Refs. 12 a thermal phonong;=kT/(%s), is sufficient to change the
and 32, in which a dependenc:g;)lhoclT3 was obtained in the electron wave vector by the maximum valukg2 since at
“dirty” limit for the case of a two-dimensional phonon spec- lower temperatures one has<2kg, and only small-angle
trum. Accordingly, in the “clean” limit one would expect a scattering of the electrons is possible. The temperaiyre
dependence of the forngpimTz. However, these variant ex- separating these regions corresponds to the conddipn
planations of the beh<'1vi0fgp}1c>cT2 cannot be directly ap- =2kg. In the region of partial inelasticityT>T,) an elec-
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