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Relaxation of a two-dimensional electron gas in semiconductor thin films at low temperatures:
Role of acoustic phonon confinement
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We study the effect of acoustic-phonon confinement on the energy and momentum relaxation of a two-
dimensional electron gas in thin films. The interaction via the deformation and piezoelectric potentials with a
complete set of phonon modes in films with stress—free and rigid surfaces is taken into account. We demon-
strate that in thin films the modification of the phonon properties and screening brings about substantial
changes of the electron relaxation rates in comparison to the case of interaction with bulk phonons at low
temperatures, where the effective reduction of the phonon spectrum dimensionality takes place. For suspended
films, relaxation rates are substantially enhanced: the temperature dependence of the momentum and energy
relaxation rates, in films with nonmetallizéchetallized surfaces, is found to b&”? (T>?) for both deforma-
tion potential and piezoelectric mechanisms. The reason for such an enhancement is the strong scattering of
electrons by flexural phonons having quadratic dispersion and a high density of states at low frequencies.
Conversely, for films with rigid surfaces the low-temperature relaxation of electrons is exponentially sup-
pressed due to the formation of a gap in the phonon spectrum.
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[. INTRODUCTION potential applications, and their importance in understanding
the physics of low-dimensional systems. The quantization of
The problem of electron-phonon interaction in nanostructhe acoustic-phonon spectrum in such structures manifests
tures has been studied for about 20 years. Basically, there aitself in optical® electrical! and recent heat-transpbrnea-
two principal phenomena that modify the process of electrorsurements. The effect of extreme confinement of acoustic
scattering on the lattice vibrations in nanostructures. Firstphonons on Peierls transitionand on electron-phonon
the reduction of the electron momentum space dimensionabkcattering’*?in free-standing quantum wires has been in-
ity brings about interesting properties of the electron-phonorvestigated theoretically. Previous restfitd? demonstrated
interaction kinematics, controlled by the momentum and enthe profound effect of different mechanical boundary condi-
ergy conservation laws? The second phenomenon arisestions on electron-phonon scattering rates. In experiménts
due to the modifications of the phonon modes caused by thand theory” the temporal behavior of the lowest-order non-
acoustic and dielectric mismatches of the materials formingequilibrium spheroidal acoustic mode in spherical quantum
the nanostructures. These changes in properties give rise tots of PbS was investigated. Recently, suspended nano-
phonon minibands in superlattices, as well as to confined anstructures received much attention as mesoscopic mechanical
interface phonons in quantum wells, quantum wires, angystems having the quantum behavior in the conductance of
quantum dots. There is extended literature devoted tdeat by phonon&*°
electron-phonon interactions in nanostructures embedded in In nanoscale films, the acoustic-phonon spectrum is rep-
bulk materials(see, e.g. the review in Refs. 3 and th this  resented by the series of brancheg), whereq is a two-
paper we address the less investigated problem of the twodimensional2D) phonon wavevector. At high temperatures,
dimensional electron ga®DEG) interaction with confined, electrons can interact with a huge number of phonon modes.
resonatorlike acoustic phonons in thin films. The completeCommonly, this cancels effect of the phonon confinement,
confinement of acoustic modes between the surfaces of @nd the electron relaxation characteristics are the same as in
structure can be ideally achieved in structures that are spdulk crystals. However, if the temperature falls below the
tially separated from the substrate for most of their extentharacteristic phonon mode spacing, only the lowest phonon
(so-called free-standing or suspendedstructures Free-  branches contribute to electron scattering. In this case, an
standing quantum nanostructures made of various semicorffective reduction of the phonon dimensionality takes place
ductors and metals fabricated of different shape and sizeshich affects essentially electron scattering. Previously, sev-
provide two-, one-, or zero-dimensional confinement of eleceral authors claimed that a reduction of the phonon dimen-
trons and acoustic phonoiisee, e.g., the review in Ref).5 sionality should modify the temperature dependence of the
Such nanostructures have attracted interest because of thelectron relaxation characteristics causing their enhancement
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(see, for example, Ref. 20For semiconductors, this effect II. ACOUSTIC PHONON CONFINEMENT IN FILMS
was observed in Ref. 21 for 2D holes confined in a Ge/SiGe We consider an infinite film of the width, and take the

heterostructure. In this paper we examine the impact ngis to be perpendicular to the film surface, the plame

acoustic phonon confinement in isolated films. We demonborresponds to middle plane of the film. The electron con-

strate that a reduction of the phonon dimensionality is not thgj,eent is due to the double heterostructure quantum well
only reason mpdlfqug thg electron relaxation. In addlt'lon tphaving, in general, a different width and asymmetric place-
the reduced dimensionality, low-frequency phonons in thinent inside the film. For simplicity, we assume that the elas-
films possess unique properties strongly dependent on thg properties of the film are isotropic and characterized by
mechanical properties at the surfaces. So, for free-standinge same constants in the quantum well and the barrier re-
films, flexural phonons exist that have quadratic dispersiongions. These assumptions make it possible to consider the
We show that flexural phonons cause effective electron scatnain qualitative peculiarities of the electron-phonon interac-
tering. This is due to the high density of states of suchtion brought about by the phonon confinement, and, on the
phonons. As a result, the momentum and energy relaxatioather hand, to express the results without very complex for-
rates in free-standing films are substantially enhanced commulas. Assuming that the film is uniform, we do not produce
pared to the case of scattering in bulk crystals, and obey a large error because typically the elastic properties of the
T2 temperature dependence provided that screening is takénaterials forming the nanostructure do not differ a lot. For
into account. It is important that this temperature dependencéxample, for a GaAs/AlAs heterostructure the mismatch of
holds both for deformation potenuﬂDP) and piezoe]ectric the denSity is about 25%, and the mismatch of the elastic
(PA) mechanisms of electron-phonon interaction. In the op<£onstants is about a few percent. o
posite case of rigid-surface films, a gap appears in the low- In t.he isotropic elastic contlnuum approximation, the lat-
frequency region of the phonon spectrum. Consequently, thic€ displacementi obeys the equation
electron relaxation rates are suppressed exponentially at low 7
temperatures. Note that a_3|mllar effect was detecte_zd for —u=st2V2u+(s|2—st2)V(V~u), (1)
guantum dots, where gaps in the phonon spectrum exist due 2
to its the purely discrete charactér® N o

Similar problems were addressed previously in Refs. 5, 24vheres, ands; are the velocities of longitudinal and trans-
and 25 by means of numerical calculations for the case oferseé bulk acoustic waves. The confined phonons are plane
unscreened DP electron-phonon interaction. In Refs. 5 antf@vesu=uo(z)exfi(ar—wt)], whereq=(qy,qy) is the in-
24 the choice of a particular system, a free-standing quanturd/@ne wavc?z)\/gctor and=(x,y). We will us%‘)the fol(llo)wmg
well where the regions of the electron and phonon confinel0tationsug” is thezcomponent ofl,, andug” andug * are
ment coincide, canceled the interaction of electrons witH"€ in-plane components parallel and perpendiculay, te-

flexural ph h t ies of the sysSPectively.
exural phonons due to the symmetry properties of the sys To define a system of the confined modes, @g.should

tem. In Ref. 25 a more general case of a quantum well situ- o .
S . . . e complemented by the boundary conditions at the film sur-
ated inside a wider film was analyzed briefly. In the presen . .
acesz= *a/2. We will concentrate on the following two

paper we obtain asymptotic dependences of the relaxat'Olli]miting cases: a film with stress-free boundaries and a film

trates |fn frget—r?taDr;jlngdagg r|g|:1|d;surfacr;]e fllm§ att Iowt.temper with rigid boundaries. In the first case, the boundary condi-
ures for bo an electron-phonon INteractions, aNGqng are imposed on the stress tensos=o,,=0,,=0 at

pregent the results of corresponding numerical calculation%: +a/2. They reflect the fact that there is not any force
As in Ref. 25, we assume an asymmetric placement of thging on the film surfaces from the surrounding media. For
qgantum well inside the film, which allows electron .co.u'plmg a film with rigid surfaces, the boundary conditions aggz

with flexural phonons. We also analyze the peculiarities of— + 53/2)=0. Since both these types of boundary conditions
screening of the electron-phonon interaction in films, antyo not depend on the elastic parameters of a surrounding
discuss the role of the electrical conditions at the filmmedium, the phonon Subsystem in such films can be consid-
surfaces. ered as isolated.

The paper is organized as follows. In Sec. Il we describe The procedure of obtaining the eigenphonon modes is
the peculiarities of the acoustic-phonon modes in a film withstraightforward. For suspended films, it was described in
stress-free and rigid surfaces. In Sec. lll, general expressioriRef. 26. We briefly present the dispersion equation as well as
for the matrix elements of the electron-phonon interactioreigendisplacements for both suspended and rigid-surface
via the deformation and piezoelectric potentials and thdilms in Appendix A. Here we would like to summarize the
equation for momentum and energy relaxation rates are depalitative properties of the acoustic phonon modes.
rived. Then, in Sec. IV, we obtain the low-temperature as- There are three types of modes, that differ by the kind and
ymptotes of the electron relaxation rates. The results of théhe symmetry of displacement components. For the first of
numerical calculations are presented and discussed in Sec. iem, the dilatational modes{? is an odd function ofz,
Finally, in Sec. VI, we present the principal conclusions ofwhile uf is an even function of (with respect to the mid-
this work. The phonon modes, screening factor in films, andlang. For the modes of the second type, the flexural modes
the role of the nonequilibrium phonon buildup in free- u$? is even andif’ is an odd function of. For both of these
standing films are described in the Appendixes. modesug“zo. Finally, the third type of modes the horizon-

205315-2



RELAXATION OF A TWO-DIMENSIONAL ELECTRON . .. PHYSICAL REVIEW B65 205315
20 20 -

15

- T
N 7

wal/s
t
wal/s

20 5 209

15 - s
10;_4 10 -/
|

o el/St
w
\
) a/s:t
n
| -

0 — 1T 0 —— T
2 4 6 8 2 4 6 8
gqa qa
20 20
]l ¢ ] ¢
IS I
s 15—__//

o4

0y a/St
o a/st

qa qa

FIG. 1. Acoustic phonon spectrum for a film with stress-free  FIG. 2. Acoustic phonon spectrum for a film with rigid bound-
boundaries: dilatational modéa), flexural modegb), and horizon-  aries: dilatational modesa), flexural modes(b), and horizontal
tal shear modegc). shear modegc). The spectra of all three types of modes have gaps
in the low-frequency region.

tal shear modes, have only a nonzero displacerm%‘h)t
which is perpendicular to the direction of wave propagationof the electron-phonon interaction at low temperatures, since
and lies in the plane of fﬂmgi)(z) is either an odd or even €lectrons have no phonons to interact with. It is important to
function ofz In Figs. 1 and 2 we show the dispersion curveshote that the gap in the phonon spectrum is conserved even
of few lower phonon modes for suspended and rigid-surfacéor a film with only one rigid surface. For example, for a film
films, respectively. In calculations we assumsg- 3.02 with one free surface and one rigid surface we obtained a
X 10° cm/s ands; =5.22x 10° cm/s. value of the gap which is half that of a film with two rigid

In the following, the low-frequency phonon modes will be surfaces.
especially important to us, since such phonons play a key
role in the processes of the electron scattering at low tem-
peratures. One can see from Figs. 1 and 2 that the phonon
properties in this range differ drastically for the two types of
mechanical conditions at the surface. For a free-surface film, In this paper, we calculate such characteristics of the
there are three “acoustic” branches with~0 atq—0. Two  electron-phonon interaction as electron momentum and en-
of them, dilatational modes and horizontal shear modes, havergy relaxation rates due to scattering with equilibrium con-
a linear dispersion at smaijl w~q, while the flexural modes fined acoustic phonons with lattice temperatliré€Electrons
have a quadratic dispersias~q?. Accordingly, the flexural ~ will be assumed to be concentrated on the lowest subband of
modes have a high density of states at smaWhich, aswe a quantum well with a wave functiory(z)exp(kr)/y/S,
will see below, gives rise to an enhancement of the electrowhereSis the normalizing area. Momentum and energy re-
scattering. laxation rates M, and 1f., respectively, are defined as pa-

Conversely, in a film with the rigid surfaces there are norameters characterizing a transfer of the average momentum
“acoustic” modes. The phonon spectrumat-0 has a gap per electron and energy per electron to the crystal lattice due
Aw~ ms;/a. Therefore, there should be a strong suppressioto intrasubband scattering. We use the model electron distri-

IIl. EQUATIONS FOR THE RELAXATION RATES
OF 2D ELECTRONS
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bution function for the case of a weak electric field: 9

10
ey—hkvg—eg\ |~
f= 1+exp($> (2 10’
Te -
Here g, ,=#%2k?/2m is the electron energyn is effective E 0

massgg is the Fermi energy, 4, is the drift velocity, andr',

is the electron temperature differing from the lattice tempera-
ture T (the temperature is measured in energy unithe 10
shifted Fermi-Dirac distribution function of Eq2) is well

justified for the case of strong electron-electron scattering.

The time scale for electron-electron scattering is estimated as

Tee~(hleg)(ep/T)? (see Ref. 2Y For a 2DEG in GaAs 10°
with an electron concentration=10" cm 2 and T~1 K,
Te.e~ 101 s. This value is small compared to the relaxation 107

times obtained in our calculations: see Figs. 3—6.

For weakly nonequilibrium electrons, the momentum re-
laxation rate relates the weak electric figtdand the drift
velocity vy, , while the energy relaxation rate relates small
temperature differenc€,— T and the rate of electron energy 10°
losses per unit aredy,

1 ™)

er
vdrzme, (Te—T)N=Wr,, (3) .

wheren is the electron density. Note that in contrast to the
momentum relaxation rate, the energy relaxation rate, being 10
determined by the scattering with phonons, conserves its rig-
orous meaning in the presence of intensive elastic scattering

1k )

10
on defects. Using the distribution function of Eg), in the
case of small deviation from thermodynamic equilibrium, we 5
obtain owT—7T T 1T 1T 1

1 %2 Temperature (K)

— L IAYA ,
- nmST?k, (k cosg—k'cosg’ )W

X[1=fo(k")fo(K), (4)

FIG. 3. Momentum relaxation rates vs temperature of a 2DEG
in a film with stress-free surfaces. The dielectric permittivity of a
material surrounding the filmeg, is different from the lattice di-
L L electric permittivity of the film,e;. The relaxation rates due to

, interaction with confined phonons via the deformation potential,
Te NST zf, (Sk_sk’)ZWKk’[l_fO(k )fo(k). (9 piezoelectric mechanism, and the total rates are presented in plots
' (@, (b) and(c), respectively; the caseg=1, €;, ande correspond

Heref, is the equilibrium distribution function, correspond- to the dashed, dotted, and dot-and-dashed curves. The solid curves
ing to Eq.(2) with v4, =0 andT,=T; W, is the probabil- correspond to_relaxation rates of the 2DEG due to scattering on
ity of the electron transitionk—k’, Sis the normalizing ~Pulk phonons in unbounded medium.
area, andp is the polar angle between the electric field and
the electron wave vectde. The probabilityW, . is defined

N [ .
as H= TwS[VDP(z)+e¢pA(z)](exp(iqr)bq+H.c.),

2 A 3 du®
Wk,k’:?% Ki[HAIF) el "28(Ei—Ef),  (8) VDPEEl(iqugl>+ ;‘; ) @

whereH, is the Hamiltonian of the electron-phonon interac-WhereE, is the deformation potential constarfipo(2) is the
tion; \ labels the phonon modek;f andE; ,E; denote the Macroscopic electric potential induced by the deformation of
initial and final states and the energies of the electronthe piezoelectric crystal, anl?iq is the phonon annihilation
phonon system in theses states; arid the screening factor operator. The simultaneous action of the two mechanisms of
of the 2D electrons derived in Appendix B. We take intothe electron-phonon interaction in general gives rise to the
account the DP and PA mechanisms of the electron-phonointerference between them, so

interaction. For one modéwe drop for brevity a mode’s ) . R R

labe) KilHop+Hpal f)P#Ki[Hppl F)P+Ki[Hpal ).
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o B e s i made from a matralof cubiosymety and s s
X : o ace is parallel to th¢100) crystal plane. As we will show

/2, and mt_erference vamshe;. Howeve_r, this is not the_ca elow, for such a case the contributions of interference terms
for the conflned modes. Qualltatlvely, this can be explaine o the relaxation rates are canceled upon averaging over the
in the following way. Confln_ed modes are formed due to th inal electron states.
interference between elastic waves, that are reflected mul- For the piezoelectric potential we have an equation
tiple times from the film surfaces. Reflection causes mutual
transformations of the longitudinal and transverse waves as
well as phase shifts of these constituting waves. As a result, du) du®
the interference between the DP and PA interactions does nof' d’PA_qzd, _2€u iq U0 +ig to —q,q,u
vanish (with the exception of the shear modes, which are dz PA €reg\ X dz Yodz VO
purely transverse waves and therefore do not interact with an (8)
electron via the deformation potenjiaNote that a similar
interference effect was discussed previously for electron ] ] ) ]
scattering on the acoustic waves of semi-infinite m@4fd. Whereey, is the only piezoelectric constant of a cubic crys-
It is worth mentioning that in films interference can be espef@l: €f ande, are the relative permittivity of the film and the
cially important. As we demonstrate below, relaxation rates@Psolute dielectric constant, and theandy axes coincide
due to DP and PA scatterings in films have the same temw_lt_h the crystal axes of the fourth order. The boundary con-
perature dependence, which is different from the case dfitions for ¢p, are
scattering in bulk crystals. Therefore, the interference term
can be important in a wide range of temperatures.

In the present paper, we will deal with the case when the bpal =a2= Ppal a2,

205315-5
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where ¢35, is the potential in the medium surrounding the
film, e is the dielectric permittivity of this mediumgg ,
satisfies Eq(8) with e;,=0 and obeys zero boundary con-
ditions at z=*. Note that in the limit ofes—c, the
boundary conditions of Eq9) are reduced to the conditions
dpa(z=*+al2)=0, corresponding to the case of metallized
surfaces.

As we showed in Sec. Il, phonon modes have either com-
ponentsuf’, uf? (dilatational and flexural modgsor u§"’
(shear modes If we introduce an angle, between the pho-
non wave vectorg and thex axis, thengpa(z,q) can be

written ase¢pa= dpa(Z.0)9(@g), Where

B SiN¢4CoSe
g(¢q)_[co§¢q—sin2<pq (10

PHYSICAL REVIEW B65 205315

Here, the upper line corresponds to the dilatational or flex-
ural modes, while the lower line corresponds to the shear
modes.

In order to calculate the momentum relaxation rate, in Eq.
(4) we change the integration over electron wave veckors
andk’, the angley’ to the integration over the electron en-
ergies e and &', and the angley betweenk and k to
y=¢—¢'. We obtain

1 2

Tm

m
87Tﬁ4pnT i

X|®pp+gPpal?(Ve cosp— e’ cogy— @))?

|

Here and hereafter, we use the common lalteldenote the
acoustic branches of all types of modes: 1 corresponds to
phonon absorption andj=—1 to phonon emission. The
magnitudesy and ¢ are determined by the momentum con-
servationk’ =k+ g, N,=(expfo/T)—1)* is the Planck
distribution function for phonons, and

fdsds dedyfo(e)(1—TFo(e'))

1-7

5 (11

1
X &(e—¢e'+phw) ol |2(N +

q)DP:deXZ(Z)VDPi (I)PA:ef dzx*(2)bpa-
(12

In Eqg. (11), the integration over the anglgis carried out
straightforwardly, and cancels the linear termg iwhich are
responsible for interference of the DP and PA mechanisms.
This results in independent contributions of these mecha-
nisms to the relaxation rate.

For further calculations, it is convenient to change the
integration over the anglé to an integration over the wave
vectorq using the momentum conservation law, giving

2m
qP=" 5 (e &' =2 s cosy). (13

Upon integration oves’, Eq.(11) can be finally rewritten as

1
— jdsd
7'm 1677 pnT i
1-fo(e+ nh 1-
Ve+ nholsing,| |e|? 2
(14

Here|M;|?=|®}p|2+ a;| @b A% anda; is a constant, result-
ing from the integration of the squared matrix element of the
PA interaction overp; for the dilatational and flexural modes
a;=1/8 and for the horizontal shear modas=1/2. It is
worth mentioning that the same numerical coefficieats
appear in an isotropic model where the squared matrix ele-
ments of PA interaction, initially averaged over azimuthal
angle, are used. The anglgs are the values of allowed by

the energy and momentum conservation laws. Analogously,
Eq. (5) for the energy relaxation rate reduces to
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1 m qufy(e) and assuming small-angle scattering, we can express the re-
—=———— > | dedq laxation rates in the following form:
Iim

Te 8m2pnT? e(e+ nhw)
e p ve(e+n , , ,
1/rm] V2mf Joc dg|M| [Tq /Zm}

[L—fole+rho)] |  1=7| k _
Not ——IMiI% (A9 [ Ure)  16mpe??12 T Jo |ef2sint(hw f2T) | ©f

H 2
sin, || 8

Equations(14) and(15) are used in the present paper for jore the summation ovércan be restricted by the lowest

numerical calculations of the momentum and energy relaxp anches of the flexural, dilatational, and shear modes, and

ation rates. To study the peculiarities which stem from CONYve can use lowgt expansions oM, and.e.

finement nature of acoustic phonons, we will also calculate ot |et us analyze the temperature dependence of the
the relaxation rates in a 2D electron channel placed in theg|ayation rates in a film with stress-free nonmetallic sur-
boundless semiconductor. To obtain these bulk reIaxat|01f|aces In this cases(q) is given by Eq.(B6) and varies as
rates, we calculate the rates given by_E(q.g) and(15)in a q L. From the dispersion equations given in Appendix A in
thick film. The sought-for values, which correspond to thet e smallg limit, one can obtain
electron scattering on conventional bulk phonons, are founoP '
when the calculated rates do not depend on the film thick- _ 2 _ —

=saéq”, =2y3 , =54, 19
e, wr=58¢0%, ©g=2\3£50, w=54 (19)

We do not provide the general formulas fdrpp and  where £é=[(1—s?/s?)/3. For DP coupling, using expres-
®pp, that are used in numerical calculations, due to theifsions for the eigendisplacements provided in Appendix A, for
complexity. In Sec. IV we will present the small-frequency flexural (f) and dilatational §) modes: we obtain
asymptotes relevant for electron relaxation at low tempera-
tures. . 2iE 802 o 2Eistq

Vi - T V-
IV. RELAXATION RATES AT LOW TEMPERATURES S Ja S \/5

In this section we obtain analytical expressions for relax-For shear modes/(5)=0. Substitution of these expressions

ation rates at low temperatures, where the confinement nd?to Ed.(18) shows that the contribution of flexural phonons
ture of the phonon modes is most pronounced. By “low” t0 1/my and 1k is proportional toT”2 while the contribu-
temperatures, we mean the region when the interaction witon of the dilatational phonons is proportional 6 for mo-
the lowest branches of the phonon spectrum gives the domfentum relaxation and 6° for energy relaxation. Thus, at

nant contribution to the relaxation rates. We introduce a chaow temperatures, flexural phonons provide the dominant
acteristic temperature contribution to the relaxation rates. Neglecting by contribu-

tion of dilatational phonons, finally we have

(O]

(20

hs;
== O 1 105 72 a2u?

. . . . 7. 128 1 4.1/2_3/
through which the mentioned condition can be rewritten agm 128 \2m¢oh2 m'2pa’?sls; 8F2h5/2

T<T;. For real materialsT; is small. For example, foa
=10 nm ands;=3000 m/s,T; corresponds to 2 K. Consis-
tent with the conditionT<T;, for typical semiconductor
materials, the two following assumptions can be made. First, 1

electrons can be treated as strongly degenerate even for mod- Mm1== f zx?(z)dz. (22
erate electron concentrations. Second, we assume that the a

Bloch-Grineisen regime of low-angle electron scattering isThe 77/2 power law is valid wheru;#0, i.e., in the case of
realized; it can be shown that the characteristic temperaturgsymmetric distribution of the 2D electron density in respect
of the transition to the Bloch-Gneisen regime is abolty g the midplane of film.

for ke~1/a, ke being the Fermi wave vector. The long-wavelength asymptotes of the piezoelectric po-

For degenerate electrons, E¢$4) and (15) are substan- entials induced by the lowest modes are given by
tially simplified. Due to the small deviation of electron ener-

€s

2
712
ef) T (22

where( is the Riemann function® a is the effective Bohr
radius, andu is an integral:

gies from the Fermi energyr , one can replace the energy 5 q? (a2

by e and neglect the energy transfe® everywhere in Egs. qb(pf)\: P—|— —zz),

(14) and(15) except for the rapidly varying functiorfg(e) Val4

and fo(e £w). As a result, Eq(13) is simplified to the

commonly used relatioq= 2kgsin(/2). Using the remark- ~@_ 592 ~_ .5 92

able relationship between the Fermi and Planck distribution pAa=P—=, ¢pa=IP—, (23
functions Va 2\a

whereP=ee,/(er€) and the subscripts mark the type of
” _ _ _ the phonon mode. It is easy to verify that dilatational and
def 1—f hw)]=N(w)h 1
fo efo(e)l1=fole=hw) [=N(w)he @7 shear modes give rise to dependencigd~T® and . *
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~T°. The main contribution to the relaxation rates propor- The PA scattering experiences a dual influence as a result
tional to T”? again comes from the flexural modes, and weof the surface metallization. The metal-induced modification

obtain of the PA interaction originates not only from the reduction
of the screening but also from a modification of the bare
1 105 2( €s> 2 1(712) ajus s piezoelectric potential, and is also due to the vanishing of the
—=—P= o 32,5292 32112 potential at a metal surface. The PA potential associated with
Tmo 160 V€] 2me?? pe s a¥m the lowest flexural mode conserves the dominant role in elec-
24 ton scattering, and results in
Here u, is determined according to the equation 5
1 15/2¢(5/2) P2u2 %2 (28
472 o 9 3123 312 712,1/2,11/2 2 :
Moo= 1_ ?XZ(Z)dZ (25) m \/;4 pSFZh (Stg) a-m Em

The energy relaxation rates are expressed via the correspond-

The energy relaxation rates associated with DP and PA scalfd rates 1, that are given by Eqs27) and (28) by the
terings are expressed through the corresponding momentufglationship of Eq.(26), where the factor 89/2)/4(7/2) is

relaxation rates as replaced by 7(7/2)/{(5/2). Thus in a film with stress—free
surfaces, which make contact with metal, the relaxation of a
1 9{(9/2mags, 1 2DEG is more effective than the relaxation in a film in con-

—_ (26) tact with vacuum.
Te (AR 7 Note that the influence of the surface metallization on the
PA scattering is different for a 2D electron channel placed in
Shin films and near a surface of semi-infinite mefi&or the
latter screening is suppressed, similar to the case of a thin
ﬁlm, providing an enhancement of the electron-acoustic pho-
non interaction. However, the unscreened matrix element in
the vicinity of the metal is suppressed in such a way that—in
the final result—metallization does not change the tempera-
Stire dependence of the relaxation rates. But in the case of the
'ﬁlm, the overall influence of metal results in the enhance-

According to these results, the momentum and energy r
laxation rates have the same temperature dependéfider
both considered mechanisms of interaction, in contrast to th
case of interaction of a 2DEG with bulk phonons, where
Ur~T!, 1r,~TE for the DP interaction and #j,~T>,
1/7,~T* for the PA interactiorf: The resulting weaker tem-

tron relaxation on confined acoustic phonons is enhanced

;ﬁg\rﬁ):rzfon with the relaxation via scattering on bulkment of the PA electron-phonon interaction.

: wual fil lect h int i b di For DP scattering, the factor of the high density of states
i dndac uf‘ tlhms, elec ron-pf olnon in eiar '?n (t:aré N rlnoﬂ']'.occurs to be so strong that it leads to relaxation rate enhance-
\ed due fo the presence of close metal electrodes. In tig, . despite the almost transverse character of the flexural

paper we attempt to model their influence by considering th?nodes As we see from E€RO), the value olNpp for flex-

electron relaxation in films with metallized surfaces. This, o o qeg at smalj is less than that for the almost longi-
case demands special consideration. Calculating the rel"’uﬁ]dinal dilatational modes. For PA scattering, the enhance-

ation rates due to phonons in a slab covered by metal fllmment of the electron relaxation occurs to a lesser degree.

we will neglect their change caused by Coulomb coupling o o
between electrons in the QW and electrons in the metal ﬁImQualltatwer, this is because of the nonlocal character of the

Measurement2 of the counling between 2D and 3D electron PA interaction. Acoustic vibrations in the film induce an elec-
piing : ric field not only inside the film, but also in the regions
gases showed that the drag was small. According to Ref. 3

due t ing in th ve | the infl £ thi urrounding the film. The electric field outside the film de-
ue 1o screening In the passive fayer, he infiuence of thi ays exponentially with the characteristic length determined

dacreases andlor the concentration of cariere m he passi, e MVeISe phonion wave vector. AL low femperatifes
P <T;, the major contribution to the relaxation rates is pro-

hich 15 iteresiing for us the change o relaxation due 144 bY phonons with a value ofnuch larger than the
interlayer electron-electron collisions can be neglected im thickness. This means that the electric field "spreads’
From Eq.(B7) it follows that in metallized film screeni'ng over Iarge dlsta_mces; its value |ns_|de the film decreases, and
) ’ the PA interaction of electrons with phonons becomes less

of the electron-phonon interaction is suppressed: in the Iongéffective. Similar arguments are also valid for the case of a

wa\_/ele.ngth I|m|t,_e(q) does not depend o The DP inter- metallized film. Although the electric field in this case is zero
action is altered in the presence of metal only by the ChangSutside the film, its value inside the film is reduced as a

in screening. As a result, the previously obtained power law .
. result of screenin the electrons of the metal.
T2 s reduced to &°? power law esult of screening by the electrons of the meta

It is important to mention that the reduction of the phonon

2 112 dimensionality in itself leads to an increase in the phonon
1 15 {(5/2 £2 H1St 52 (27) density of states. As a result, for the DP interaction, the con-

Tm 16 \[27£72 1m1/2pa5/25|48'5;/2ﬁ3/26r2n ’ tribution of dilatational modes having a linear dispersion ex-
ceeds the relaxation rates for the case of bulk phonons. For

where the screening facto¢,,= e(q—0), is given by Eq. the PA interaction, however, the effect of the electric field
(B7). “spread” prevails over the effect caused by the phonon den-
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sity of states for dilatational and horizontal shear modes, andnd a 5-nm QW with infinite barriers whose center is situated
their contributions to the relaxation rates are less than that a distance 2 nm from the midplane of the 10-nm film. The
values for the scattering on bulk phonons. electron concentration was %m~2. The model of infinite

An important peculiarity of the obtained results is that DPparriers is good enough for many actual heterostructures. For
and PA interactions cause the same temperature dependensgample, for GaAs/AlAs heterostructures the barrier for elec-
of the relaxation rates. For the case of interaction with bulkrons is about 1 eV, which is great enough to treat it as

phonons, the PA scattering is stronger than the DP scatteringsinite for a 5-nm QW where the energy of ground level is
at temperatures lower than some critical value. The lattegpout 100 meV.
depends on the material parametgrs e,4, ande;. Con- In Figs. 3 and 4 the temperature dependencies of the re-
versely, for the f|Im., the relation between the strengths of thzyation rates for the DP and PA mechanisms for films with
DP and PA scatterings does not depend on the temperaturgyess-free surfaces are shown. The results for films with
The ratio between the relaxation rates due to DP and Pfygiq surfaces are presented in Figs. 5 and 6. Three types of
scatterings Is electrical boundary conditions were studied: the case when
the film is surrounded by vacuumed=1), a medium with
the same dielectric constaai=€;, and a metakg=c. For
comparison, the corresponding temperature dependence of
the relaxation rates due to scattering on bulk phonons is
As we see, besides the material parameters, this ratio dghown on each plot. As we see, for a film with free
pends on the film thickness. For GaAs paraméfemsda  surfaces—Figs. 3 and 4—the behavior of the DP and PA
=10 nm we obtain that the ratio of E(9) is of the order of  relaxation rates is qualitatively different if we compare them
0.3. As we see, for such parameters the DP and PA contribwith the bulk—phonon values. For the DP interaction, the
tions to the relaxation rates are of the same order. temperature dependence is quite close to the asymptotic ex-
It is also important to stress that the potential energy ofressions of Eqg21) and(26). That is, for sub-Kelvin tem-
DP interaction for flexural mode¥\),, is an odd function of ~ peratures the relaxation rates are enhanced strongly with re-
z As a result, if the electron wave functigr{z) is even, the spect to those for interaction with bulk phonons, exceeding
matrix element of the DP electron-phonon interaction forthe latter byseveral orders of magnitud€onversely, for the
flexural modes vanishes, and the asymptotic formulas for th@A interaction the behavior of the relaxation rates is more
relaxation rates should be rewritten in order to incorporatecomplex, especially for the case of energy relaxation. This is
the scattering on the dilatational modes. Finally, in this casenainly because for PA scattering the enhancement of the
the enhancement of the relaxation rates with respect to theontribution of the flexural phonon modes is less pronounced
bulk phonons is less pronounced. Such symmetry holds, fathan for DP scattering, while the contributions of the dilata-
example, for the free-standing quantum wé@WVs). How-  tional and horizontal shear modes is less than the bulk value.
ever, even for them the interaction with the flexural modesAs a result, depending on the temperature, the relaxation
can be switched on by the electric field applied perpendicularates can be larger or smaller than for the bulk. In particular,
to the film surface, which breaks the symmetrydt). for some temperatures the PA relaxation rates can be of the
Let us now consider the case of a film with rigid surfaces.order of magnitudelower than the bulk value, and the
The main peculiarity of the phonon spectrum in such films isasymptotic dependencies obtained in Sec. IV can be ob-
the existence of a forbidden gap of the widthv~ 7s,/a at ~ served only for very low temperatures, where the criterion
g—0. This restricts electron scattering at low temperaturesT <Ty is well fulfilled. Respectively, such a complex behav-
T<hAw~T;. From Eq.(19) it was found that foT<T; the ior leads to a relatively weak difference between the relax-

2

(PA)
T Ei €€

AoP) | eg,a

relaxation rates are exponentially small: ation rates in the film and in the bulk when we consider
simultaneous action of the DP and PA mechanisms. Accord-
1 hAw ing to these results, the strong enhancement of the electron

Tm‘e~ex T ) (30 relaxation in thin free-surface films is likely to occur in non-

_ _ _ piezoelectric materials, where only DP scattering is present,
This result is common for the DP and PA mechanisms of thguch as Si, Ge, etc. For multivalley semiconductors, another

electron-phonon interaction. qualitative feature is important. That is, electrons in them can
interact with transverse phonons via the DP mechanism. In

V. RESULTS OF THE NUMERICAL CALCULATIONS bulk materials this peculiarity does not change the tempera-
AND DISCUSSION ture dependence of the relaxation rates, since both longitudi-

~nal and transverse phonons have linear dispersions. For
To trace the temperature dependence of the relaxatiofims, however, the situation is different. As we see from Eq.
rates more rigorously and to find those at intermediate teme0), the DP potential energy for flexural modes is propor-
peratures, we carried out numerical calculations. These Cafional toq?. This is because long-wavelength flexural modes
culations take into account interaction with all phonongare aimost transverse, and the DP interaction is partially sup-
branches and exact expressions for the poten¥igls and  pressed forl-valley electrons. Conversely, for multivalley
dpa, as well as the phonon spectrum obtained by means afemiconductors the transverse character of flexural modes
the numerical solution of the dispersion equations. The caldoes not suppress DP scattering, in general, and one can
culations were carried out for GaAs material paraméters expect an even stronger enhancement of DP relaxation rates

205315-9



GLAVIN, PIPA, MITIN, AND STROSCIO PHYSICAL REVIEW B65 205315

with respect to the bulk characteristics. employing Matheissen’s rule. Experiments with hot
Even more pronounced results are obtained for the eleslectrond®?! as well as mobility measuremefftsvere suc-
tron relaxation in a rigid-surface film. Here the relaxationcessfully used to study peculiarities of the electron-phonon
rates are suppressed exponentially in accordance with Emteraction in ser_niconducting structures With bulk phonon
(30). Note, however, that this result should be applied forsPectrum. In particular, the techniques used in Refs. 39 and

real structures very cautiously. This is because the model df+ 210WS energy relaxation measurements for weak levels of
- o7 . excitation, that assures a probing of the phonon confine-
a rigid-surface film is somewhat artificial. As opposed to a

: C : . “ments. The problem of close-to-equilibrium measurements
suspended film which is completely isolated, the rigid-can pe more important in the case of free-standing films.
surface condition can be obtained for a film sandwiched beThis is because in such films the removal of the phonons
tween the layers of a very rigid material. Rigorously, in suchgccurs only through the edges of the film; as a result, a
a system there are two kinds of phonon modes. First, thergonsiderable buildup of the nonequilibrium phonons can be
are phonons confined in the film. For such phonons, the gaganifested even at weak electric fields. This would give rise
in the spectrum really exists. Apart from these, there ar@o phonon drag and a phonon bottleneck in the electron en-
phonons penetrating to the film from the surrounding layersergy relaxation. We analyze these issues in Appendix C. Ac-
They have a 3D-like spectrum without a gap. However, suclording to this analysis, the phonon buildup should not be
phonons have a relatively small density of states due to thghanifested in flms whose length is much less than some
large value of the sound velocity in the surrounding materialcritical value; for a GaAs film with a thickness of about 10
and we expect that their interaction with electrons in the filmnm, this critical length is about 1 mm. In addition, even in
is relatively weak. Note that similar behavior holds for a film |ong films the phonon buildup is unimportant in the case of
with one rigid surfaces and one free surface. We have obtransient measurements. This especially concerns the energy
tained a phonon dispersion equation and found that a lowrelaxation process, which is a direct result of the low heat
frequency gap exists for such a system as well. To analyzgapacity of degenerate electrons. We believe that our results
the abovementioned system quantitatively, it is necessary t@ill stimulate experiments with nanostructures, where pho-
find the phonon spectrum using the general boundary condhon confinement significantly modifies the electron energy
tions at the film surface in contact with a semi-infinite me- relaxation rate and phonon contribution to the m0b|||ty

dium, which will be done in a subsequent publication. It

should also be mentioned that a fabrication of the rigid- VI. CONCLUSIONS
surface films is not an easy technological problem. This is
because it is quite difficult to find materials having consid-
erable elastic mismatch and, simultaneously, a good-qualitg
interface. Perhaps, such structures can be fabricated using t . S .
epitaxial lift-off method®® allowing a fusing of a film with phonons in thin films. It is shown that, at low temperatures,

thickness of about several tenths of a micron to a substratg‘.’hen the electro.ns. can interact only with a few phqnon
Originally, this method was used for the deposition of themodes, the peculiarities of the phonon spectrum drastically

GaAs film on a LiNbQ crystal, whose sound velocity is modify the temperature dependence of the electron momen-

considerably higher than that of GaAs. A stronger elastidym and energy relaxation rates._l_n particular, the rel_axation
mismatch could be obtained in the case of deposition on Lates are foun_d_ to be very sensitive to _the m_echanlcal and
lectrical conditions at the surface. For films with stress-free

diamond or sapphire substrates. For such relatively thick .
films, however, the phonon confinement should be mani_surfaces, the relaxation rates normally become larger than for

fested at lower temperatures, less than 100 mK. the interaction with bulk phonons, especially for the defor-

The calculation method derived in the present paper gimation potential mechanism of interaction. This is a direct
. : Eesult of the high density of states of the confined phonons. It

less sophisticated system than a 2DEG inside a film: a metdf3S found that at low temperaturles, the momeptum and en-
or semiconductor film with 3D electrons, where the role of €19y relaxation rates for such a film are proportlonaTI'fé?

the acoustic phonon confinement should be very important 29" Poth DP and PA interactions, which is essentially differ-

well. Such a study is important, for example, for the control€Nt from the scgtterir_ng of 2DEG in the bulk materials. Mor_e-
of energy relaxation in modern detector structid®eslote  OVer for metallized films, the enhancement of the relaxation

that previously some authors detected an anomalous terfiates becomes even more pronounced due to the suppression

- : 512 -
perature dependence of the electron scattering rates in thfff screening, Ieadlr_lg o3 dependence. of _the_ r_elaxatlon
metal films at low temperaturéé3®Although the role of the  'ates. Conversely, if the surface of the film is rigid, the re-
reduction of the phonon dimensionality was proposed as {xation rates at low temperatures become exponentially

possible reason for the modification of the eIectron—phonoﬁ?a” due tlo fzrmanon of a gap 'nfth? phononh spectrulm.
interaction in Ref. 38, the role of specific phonon propertiesT 1ese results demonstrate a way of electron-phonon relax-
tion tailoring by means of phonon control in the modern

in films (for example, the appearance of flexural phonons i

the suspended filmsvas not discussed. eterostructures.
Note that the energy relaxation rate of hot electrons is

directly determined by the electron-phonon interaction, while

the phonon contribution to the electron mobility should be This work was supported by the U.S. Army Research

separated on the background of other scattering mechanisnifice.

In conclusion, we have analyzed in detail the peculiarities
f 2D electron interactions via the deformation potential and
iezoelectric mechanisms with completely confined acoustic
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APPENDIX A: ACOUSTIC PHONON MODES IN FREE- ka/ ka ka
STANDING AND RIGID-SURFACE FILMS ulg)= — Agkicot—-| sin—-sink:z— sin7sink|z>
Here we summarize the obtained results for the spectrum (A8)
and eigen displacements of the acoustic phonons in freqy, the dilatational modes. and by
standing and rigid-surface films. Let us begin with the case '
of free-standing films. For the dilatational modes the disper- ka q°> ka
sion equation is tan7+ Wtan7=0, (A9)
1Rt
ka 497Kk kia kia k.a
—t _ — . . N . . B .
tan— (qz_ktz)ztan 5 =0, (A1) u(()f)—|qu(sm73|nktz—sm75|nk|z),
where ) ka ka ka
uyf = Askjtan——| cos—-cosk,z— cos—-cosk,z

. . 2 19952 2
w w

ki=\/ =~ k=\/Z—d? (A2) (A10)
Si St

for the flexural modes.

. . . The displacements of shear modes are given b
The eigendisplacements can be written as P 9 y

" " w coskyz if j=1,3,...
a a =Aq . . All
qu:iAdq<(qz—kf)sint?cosklan 2k|ktsin|7cosktz), Uos'(2)=As sinkyjz, if j=24,..., (ALD)

where k;; are the same as for the shear modes in free-

@ b, o K@ , . ka standing films.
Usd = —Adki| (9°—ki)sin—-sinkjz—2q"sin—-sinkz |, We label the solutions of Eq(1), i.e., eigenvectors
(A3) u(r,z,t), by the complex quantum numbér;(v,j ,0),
wherev=d,f,s stand for the types of modes, apldbels the
whereAy is the arbitrary constant. branchesw;(q). The set of complex-valued vectoug(r,z)
For flexural modes the dispersion equation and displace= ug, (z)exp(qr) represents a full system of orthogonal
ments are functions in a volumeV=a$S. The constant®\ (v, ,q) are

determined by the normalization rule

ka 49%kk,  ka
tan—+ —ztan— =0, (Ad) *
2 (g>-kH? 2 drdZ uy(r,z)-uf(r,2)]=1. (A12)
™
W 2 12 kia kia | This provides the condition that each mode carries energy
Uor =1Aa| (9"~ ki) cos—-sink;z+2kik,cos—-sinkz |, f w in volumeV, that is necessary for the procedure of quan-
tization of the acoustic waves. In the so-called “second
ka ka guantization representation,” the phonon displacement op-
uld = Ak, ( (92— k?)cos—-cosk z— 2g%cos——cosk,z . erator takes the form

2 2
(A5)

1/2
- . : o 0= (—) [Ugy(2)€' @~ “\Vp, +H.c],
The displacement associated with the shear modes is given X \2pw)\S
by (A13)

coskyz, if j=0,2 whereb, is a phonon annihilation operatgr,represents the
(L) _ ’ 1Ly e d t

Ugs’(2)=Ag) . o A6 ensity.

0s (2) S|smktjz, if j=1,3,..., (A6) Y

wherek,; = j/a. The dispersion relation for shear waves is APPENDIX B: SCREENING FACTOR OF 2D ELECTRONS

CONFINED INSIDE A FILM
wj=s/k;+ 7.

~Let us proceed with the case of rigid-surface films. The  To determine screening of the electron-phonon interaction
dISperS|0n equatlon and the elgendlsplacements are given %tentia| energwe_ph, one should take into account the po-
tential energy,, induced by the perturbation of the electron

ka d° ka densitysn in the resulting fieldV=Vq ,n+ Ve, . ForVe, we
ST - ’ -ph el el
tano-+ kik; tan— 0. (A7) have the Poisson equation
ka k.a d*Ve e?
ug‘g:iAdq cos%cosktz—cost?cosk,z , dzze —q? e|=—?605n. (B1)
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The redistribution ofon is determined by the total perturba- APPENDIX C: ESTIMATE OF THE NONEQUILIBRIUM
tion V. On the boundaries of discontinuity= +a/2, stan- PHONON BUILDUP IN FREE-STANDING FILMS
dard boundary conditions for the potential are applied. For

the matrix element of the resulting perturbatinone ob- In free-standing films, the relaxation of the phonons emit-

ted by electrons to equilibrium is a slow process at low tem-

tains peratures. This is because, first, the scattering of phonons due
1 to the lattice anharmonicity and defects is characterized by

f sz(z)dz=—f Ve_phxz(z)dz, (B2 small rates, and, second, because ballistic removal of

€ phonons occurs only through the edges of finite-length films.

wheree is a dynamical screening factor: Obviously, if the length of the filmL, is large enough, this

5 should cause a considerable buildup of the nonequilibrium

_ € phonons even at low electric field and, consequently, a de-

c(0.q)=1+ 2qefeOH(w’q)(q)l+q)2)' (B3) crease of both momentum and energy relaxation rates. Here

we are going to estimate the critical lendth, at which the
buildup of the nonequilibrium phonons becomes important.
We consider the momentun relaxation first, assuming that
electric field and, consequently, the electron drift velocity
and deviation of the phonon population from equilibrium are
small. The electron momentum balance equation, taking into
account the nonequilibrium character of the phonon distribu-
tion, is

HereIl(w,q) is the random phase approximation polariza-
tion function*! The zero-temperature expression Fbfw,q)

is given by a simple analytic expressidnfor nonzero tem-
peratures I1(w,q,T) has been expressed in terms of
II(w,q,T=0) in Ref. 42, and calculated in detail in Ref. 43.
The functions®, and®, are defined by the equations

<I>1=fx2(2)d2f x*(z)exp —q|z—2'|)dZ’,
dvg, = Mo g,

m—_—=eF-

2xx-exp—qa)(es—e)’— (X2 +x%)(es—€f) dt Tm

expqa)(est e)?—exp—qa)(es—e)?

+ F{ SN, (Cy

where the termF describes drag due to the nonequilibrium
(B4) phonons. The phonon distribution function can be written
wherey. = [dzexp(*q2x*(2), ande; and e are the dielec- down asN,=N,+ 6N, , whereN,, is the Planck function
tric constants of the film and surrounding material, respecand, as in Appendix A\ labels the phonon modes. FiN

tively. the following kinetic equation can be introduced:
Note that the form factorg. and hences(w,q) depend
on the quantum-wel(QW) position. In the simplest case, N

d
—2=pEM(1+N,)-PEIN, — B(N,~N,). (C2

when electrons are degeneratep<<er and q<kg, the dt

functionII(w,q) is reduced to the constaht~m/##?, and

Eq. (B3) can be rewritten as Here P(*™a" are the rates of the phonon emission and ab-

2 sorption, andB is the phenomenological parameter charac-
e=1+—(d,+,), (B5) terizing removal of the nonequilibrium phonons. Equation
asq (C2) can be rewritten as
whereag=4meqeshi?/e’m is the effective Bohr radius. Go-

ing further, forgag<1l, qa<1 we have dsN,
——=G—(a+B)Ny, (C3
2 dt
€e=_———, (B6)
ag(Q €5

whereG describes the process of the nonequilibrium phonon
whereeg was assumed to be finite. The analogous screeningeneration by the electron drifiq( is proportional tov ;)
factor of 2D electrons placed in the bulk ég, =2/(agq), anda=PE>—pEm p{Emab) heing the rates of the phonon
i.e., in films, screening of long-wavelength phonons is enemission and absorption withy,=0. Here we do not pro-
hanced fores<e; and suppressed fars>¢€;. The limiting  vide explicit expressions faF, G, and «, which can be ob-
case of metallized films can be obtained by puttiger in  tained in a straightforward manner with the use of the previ-
Eq. (B4). For a 2DEG confined in a rectangular infinitely ously derived Hamiltonian of the electron-phonon
deep QW with widthd we obtain interaction.
From Eq.(C3), in the steady statejN, =G/(a+ ). It

can be shown by direct calculations thaBif0, then the last
(B7)  two terms in Eq.(C1) are mutually compensated and no

steady state exists. Physically, this result is obvious: without
in the limit of smallg. Herez, is the distance from a center the phonon removal, the electron-phonon system possesses
of the film to a center of a QW. One can see that for ano actual momentum relaxation. Therefore, if for a typical
metallized film in the long-wavelength limit the screening phononps>«, then F<mugq, /7, and the phonon drag does
factor is of the order of unity and does not dependgon not modify essentially the electron transport. An analogous
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consideration of the electron energy balance provides a simi- L a2s3ph3 [ €\ 2
lar criterion for the role of the nonequilibrium phonons in the L—°~ T(—) (Co)
electron energy relaxation. e Ejagmeg |\ €s

Using the previously derived Hamiltonian of the electron-Tnjs ratio is about 100, which is high enough to provide
phonon interaction, results for the phonon spectrum, and thgimultaneously diffusive electron transfer and fast removal
screening factore can be easily calculated. For flexural of the phonons in films withL,<L<L.. Note that the
phonons withhw~T, T<T;, and DP coupling, we obtain simple expression we used for the electron-electron scatter-
the following approximate expression: ing time overestimates,. (see Ref. 4% and that the ratio of

25l 322 Eqg. (C6) can be even higher, which facilitates the achieve-
_ BT m™ag ment of this condition.
a= 32552}, 92 8;1:/2 So far, we treated only the steady-state case. However, it
is possible to show that a buildup of the nonequilibrium
Here we assumed that the quantum well and film widths ar@honons should not be manifested in transient measurements
of the same order. Since we aim to make a rough estimate wgven in long films. Indeed, accordfing to E@1), in the
do not take into account the difference between the longituabsence of nonequilibrium phonons the steady-state drift ve-
dinal and transverse sound velocities, and just put some “avtocity is onset with a characteristic time on the orderrgf
erage” sound velocitys in Eq. (C4). Provided that the On the other hand, the steady-state phonon distribution is
phonon-phonon scattering and phonon scattering by defectsnset with a characteristic time of aboutdMJsing the ex-
is weak, only a ballistic removal of the phonons from thepressions for i, [Eq. (21)], anda, we can write
film is important. In this case, which corresponds to the
lower limit of B, we can estimatg~g/L, whereg is the 1r T
group velocity of thermal phonons. Finally, for, we have measp
an approximate expression

€ 2
S) . (C4)

€¢

i 2

(C7)

Sincefi/(san)~100 fora=10 nm, at not too low tempera-
)2 tures the quasi-steady-state drift velocity is onset before a

2.3 4_1/2
:a Sph7er (ef (C5) substantial buildup of the nonequilibrium phonons. Let us

c €

E2T2aZm? now turn to the energy relaxation. The energy balance equa-
. . tion is
For the system parameters used in our calculatiegs e,
andT=1 K, we obtainL.~1 mm. Therefore, the buildup of dE T—T
the nonequilibrium phonons should not be manifested in gt - Wn-n P (C9

films of length about tens of microns or less. Direct calcula- ) ) )
tions for dilatational and shear phonons show that, for themWhereE is the average electron energy per unit area\afis
buildup occurs in even longer films; this is because of thdhe power input to the electron subsystem per unit area.
stronger screening of the thermal phonon coupling with e|eC]'her(_afore, the onset of the eIectron_ temperature occurs on
trons. For piezoelectric scattering, in Eq. (C5) should be the time scalerr=r7cc./n, wherec. is the electron heat
substituted for byee,,a/(ege;). Fora~10 nm, these values capacity. For degenerate 2D electrooss mT/(347). So,
are of the same order of magnitude and, therefore, providesing the results for, [Egs.(21) and(26)], we obtain
similar L. 1 A

On the other hand, the film should be long enough to —~g—. (C9)
ensure the diffusive electron transfer. THusust satisfy the 7T sam
conditionL> L =vg7ee, Wherevg is the electron Fermi ve- This means that for typical film the quasi-steady-state elec-
locity and 7. is the characteristic time of electron-electron tron temperature onsets before the phonon buildup takes
scattering. Using the estimate for thg, mentioned in Sec. place. In contrast to the case of the drift velocity onset, this

[ll, we can obtain occurs at an arbitrarily low temperature.
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