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Electron—acoustic phonon interaction in semiconductor nanostructures:
Role of deformation variation of electron effective mass
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We demonstrate that the phonon-induced variation of electron effective mass gives a substantial contribution
to the electron—acoustic-phonon interaction in semiconductor nanostructures. Calculations are carried out for
electrons in a quantum welRQW) and a quantum wir€QWR) of IlI-V heterostructure materials. This mecha-
nism gives rise to an interference effect in electron scattering with longitudinal acoustic phonons via the
deformation potential and allows the electrons to interact with transverse acoustic phonons. Due to these
peculiarities, the additional channel of scattering can either increase or decrease the total scattering rate. For a
given semiconductor, the modified scattering constant has been shown to depend on the dimensionality of the
electron gas, the size and the shape of the nanostructure, and on the temperature. The scattering constants for
intrasubband transitions in QW’s and QWR'’s are different for the electron energy and momentum relaxation.
For narrow QW's or flattened QWR’s, modification of the commonly used bulk deformation potential inter-
action at low temperatures originates mainly due to interaction with transverse acoustic phonons. For GaAs
QW of 50 A width, the ratio of the total relaxation rate of the electron energy to that from the bulk deformation
potential coupling is about 0.65 for the temperature 4 K and 1.7 for 20 K.
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[. INTRODUCTION In quantum structures, the bulk DP shifts the conduction-
band edge and the spatial quantized ener@gebbands or
The most important mechanism of interaction betweerdiscreet levelsat the same value. In structures with small
electrons and acoustic phonons in semiconductors is the inAterface spacing, this interaction has to be supplemented by
teraction via the deformation potenti@P). In a crystal of taking into account a direct deformation perturbation of the
. . . 0-12 H H
the cubic symmetry, the interaction energy of an electrorfnergy |el/e|2§- ~“ The expression for a quantized energy,
having a wave vectdk close to a conduction-band minimum E~7°/(m*L?), indicates that an additional coupling origi-
k=0 is determined byD(V - u) whereD is the deformation nates from phonon-induced changes of the effective size of
potential constant and is the acoustic displacement. This glectron I_ocallzatu?ri;}éal_nl(z tEe eIecr:ron r(]affect|ye rr(;%s:%* |
mechanism leads to the interaction of electrons only with ur previous analysis = shows that the main additiona
longitudinal acousti¢LA) modes. In a cubic crystal with the size-dependent interaction originates from the deformation-

enerav extremum located at the pokit 0 or in anisotropic related variation of the effective ma8¢EM mechanism In
gy P P contrast to bulk materials where VEM mechanism is negli-

d the elect int ¢ with t T r]jible (for energies near band edgéor nanostructures this
sor, and the electrons interact with transverse aco(ig interaction can play a noticeable role due to a finite value of

phonons as wefl. The bulk DP interaction is widely applied e |owest electron energy. If the interface spacing is small
to e_Iectrons confined in nanostructu_res although in crystalénough, electron scattering can be affected strongly by this
having heteroboundaries the translation symmetry is brokennieraction. The results of calculations briefly reported in
For such structures, the DP constant is treated as an adjustef, 13 show that the contribution of VEM mechanism to the
able material parameter differing from the bulk value. Ingelectron mobility in a narrow GaAs QW is comparable with
particular, for ALGa, —,As/GaAs heterostructures, by match- and can even overcome that from the usual DP coupling. For
ing the theory with the experimental data on electronquantum dots of small sizes, the additional scattering via the
mobility,>* |[D|=12 eV has been obtained while the com- VEM mechanism prevents the reduction of the electron
monly accepted value for bulk GaAs is 7-8 ¥Mt is usu-  relaxation rate with decreasing dot size as predicted by the
ally assumed that scattering of electrons in quantum wellgonventional DP theory.

(QW), quantum wiresQWR), and quantum dots with acous-  The additional mechanism brings about qualitatively im-
tic phonons is described by the same DP constant that dogsoved features in the electron-acoustic phonon interaction in
not depend on the size of the nanostructigrg., see Ref.)7 low-dimensional structures. First of all, the matrix elements
and that the coupling constant that determines the energyf transition for electron scattering with LA phonons via the
loss rate is equal to that for the electron mobifiyThe goal DP and VEM interactions appear to be in phase. As a result,
of this paper is to reexamine the generally accepted approache transition probability depends on the sign of the DP con-
according to which the scattering of the confined electronstantD. In cubic crystals with the conduction-band minimum
with acoustic phonons via nonpiezoelectric interactions isat thel” point, electrons interact with TA phonons as well.
specified by a single scattering constant. Due to the interaction with TA phonons and the interference
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effect, the additional mechanism can either augment or supvherea=x, vy, or z, u,, is the diagonal component of the
press the total scattering rate with respect to the rate providestrain tensor, andy is a phenomenological parameter.
by solely DP coupling®'*The transition probabilities calcu- The perturbation of Eqi1) holds for all nanostructure types.
lated within the framework of the deformation-potential for- For QW’'s and QWR'’s, we will disregard the VEM for the
malism are proportional to the scattering cons@ftin this  directions along which the translation symmetry is pre-
paper we show that due to the additional VEM mechanismserved. For a weak deformation as in the conventional case
the effective scattering constant for the same semiconductaf acoustic phonons, the total interaction is defined by a su-
depends on the size and the shape of nanostructure and parposition of the deformation-potential interaction and the
the temperature. Moreover, the constants responsible for thgerturbation of Eq.(1). The parametery is expressed
electron energy and momentum relaxation appear to be dithrough a pressure coefficient of the electron effective mass
ferent. asy=(3K/m*)(dm*/dP)=(3K/Ey)(dE4/dP), whereK is

We investigate the influence of the deformation-relatecthe modulus of the hydrostatic compression. The last ap-
variation of the electron effective mass on scattering ofproximation holds for narrow-gap semiconductors where a
QW's and QWR's. We will be interested primarily in nano- linear relationship betweem* and the band-gap energy,
structures with electrons completely confined to the interioiis satisfied. For a low pressure, the electron effective mass
(the well or the wirg. In such structures, the influence of the increases with the pressure rise as in the case of the band-gap
VEM mechanism can be significant and the electron-acoustigariation® i.e. y>0. Using the data for the elastic moduli
phonon coupling is specified by only two material and pressure coefficients & given in Ref. 16, we findy
parameters—a bulk DP constant and the pressure=17 for GaAs, y=28 for the InsGa,,AS ternary com-
dependence coefficient of the electron effective mass. Morepound, andy=42 for InAs(for InAs, the pressure coefficient
over, this allows us to separate the electron motion in albf the spin-orbital splitting and the band gap are taken to be
three spatial directions and, thus, to perform an analyticaéqua). For GaAs, the measured pressure coeffictéént,
investigation of the associate additional channel of scatteringm* /d P=0.007* /kbar, corresponds tge=16. The in-
in nanostructures of different shapes. Penetration of electrongquality y>1, which holds for the previously considered
into barriers can be regarded as an increase of the effectiv@miconductors, implies the condition that the additional
sizes of nanostructure. It is clear that in this case the partighteractiort®!! attributed to the phonon-induced changes of
contribution of the finite-size mechanism decreases. Besidefhe distance between interfaces is small, compared to the
in order to describe the electron-phonon interaction in a/EM interaction. For semiconductors where a shift of
finite-barrier structure, one needs also to know the previouslyonduction-band edge provides the main contribution to the
mentioned parameters for barrier materials. For such Strugressure dependence Bf, (this is true for practically all
tures, we will estimate a role of VEM mechanism neglectingsemiconductof$, we get y= —3D/Eg4. This relationship
a difference in parameters of materials forming nanostrucshows thatD<0 and provides an estimate gf values,

tures. which is in acceptable agreement with previously obtained
In this study, we concentrate on the role of the VEM yalues when D=-8.1, —7, and —5.7 for GaAs,

mechanism in modifying the kinetic properties of confined|n, . Ga) ,As, and InAs, respectively.

electrons. In Sec. Il, we introduce the interaction Hamil- we will ignore the effect of acoustic mismatch at the in-
tonian and estimate a pressure coefficient of the electron eferfaces and use the standard expansion of the displacement
fective mass for typical Ill-V materials. Then, in Sec. Ill and | over the bulk acoustic modes that are found in the isotropic
Sec. IV we evaluate and analyze a contribution of the addizontinuum approximation. The differences in elastic con-
tional interaction to the electron energy and momentum restants for the I1l-V materials forming conventional hetero-
laxation due to intrasubband scattering in QW's and QWR'sstryctures are smafland approximation of the same acous-

Principal conclusions of this work are given in Sec. V. tic phonons in the nanostructure and in its matrix is well
established® Based on the same elastic constants, the con-
Il. BASIC EQUATIONS tinuum approximation can be used without limitation on the

nanostructure size. The probability of a transition between
In bulk semiconductors, the interaction Hamiltonian asso+the initial i and the finaff electron states is calculated in the
ciated with a deformation variation of the electron effectivefirst order of perturbation using the Fermi golden rule
mass is well knowR.For low-dimensional systems, the cor-

responding perturbation has been derivéd using the . 2w h ol (e 11
kinetic-energy operator of the Ben Daniel-Duke fofin, er=72 (2 Vw‘)|M{f’| N(ﬁ)ﬁiz}
(—%2/2)V-[m Y(r)V]. The energy of interaction between R °

electron and the lattice deformation originates from the lin- X 8(ef—ei=hsiq). (2

ear term of an expansion of the inverse effective mass,
1/m(r), over the components of the strain tensor. For cubidierep is the density of crystal is the normalization vol-
crystals, we get ume, andVl);~ is the matrix element of the transition; and
g are the phonon frequency and wave vecforl and j
=t,, label longitudinal and two transverse phonon modes,
LUMVQ), (1)  respectively, andN is the Planck distribution function. In
Eq. (2) and throughout the remainder of this paper the
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upper sign corresponds to emission and the lower sign ttailed calculations were carried out in Ref. 20. In order to
absorption of the acoustic phonons. We use a linear isotropitiustrate the role of the additional scattering, we calculate
relationw; = s;q where the sound velocities in a cubic crystal the electron energy and momentum relaxation ratgsand

s; are taken to be equal to the appropriate average,, respectively. We will assume that the electrons are de-
quantities® The unit vectors of the phonon polarizatien  generate, i.ekgT<eg, whereeg is the electron Fermi en-

are chosen in the following form: ergy, and the electron temperaturg deviates slightly from
) the lattice temperatur€. The ratev, that relates the electron
8=0a/q, e:1=(0x0,,qy0,,—qj)/qq), power loss(per electroh Q with the differenceT,—T, as
Q=—vekg(Te—T), is given by
&= (0y /0, — 0x/),0), (3 e
whereq; = (a.dy,0) andq= JaZ+ qy2. m* 2

Ve s T2
41 nzpﬁ(kBT)
IIl. QUANTUM WELL

w2 [ @M [?[F ]2
We consider rectangular QW of an infinite length in the ij: JO dafo do , ho |\’ (@)

x,y directions. Electrons confined indirection have two- qjS; sml"?(m)

dimensional wave vectok=(k,,k,) and the energy,, B

+¢&(k), whereE,, is the lowest energy level of size quanti- \yhere qu:[wZ/sz_(sz sin 022 ke = (2m* s ) Y21, 20

; 722 : Tt . o -
zation ande (k) =%°k“/(2m*) is the kinetic energy of elec- s the angle between the electron’s initial and final momenta,
tron. We take into account the deformation modulation of theandnzz k|2:/27T is the sheet density of electrons. The variable

electron effective mass mdwgctlon: For the double-ba_rner w is expressed through the energy transfer of the electrons as
heterostructures under consideration, we also take into ac- e'|I%

count the “macroscopic deformation potentifl’associated @TIE

ith the def . lated ch fthe interf . Let us first consider the Bloch-Gneisen regime when the
with the deformation-related change ot € intertace spacin cattering processes are substantially inelastic. This regime
This interaction is expressed through a confinement potenti

2 ; orresponds to the temperatureshat are less than or com-
V.(Z) as uZdV/qZ' S0, only| an_dtl modes, Wh'Ch_ have parable to the characteristic temperatiig=2sfikg/Kg .
displacements withu,#0, contribute to the additional

mechanisms of electron—acoustic-phonon interaction. Let ugor thlstFreg_lTe, tg%mequflggzjézﬁl ;ﬁ sl"."t'stf'ed’ and or;e
consider the intrasubband transitions between thq.i?.rse thlej ;bosg exZ(rgzs)si_on Zf(or) .regucsslrt]g Ing case o
electron statek,k’ in an infinitely deep rectangular QW . p e

bounded by planez=0 and z=L,. We obtain M{j

=M;F; 5k,’k1q”, where ”

15£(5)V2m* D2(kgT)*
- 312 ’ ®

mhpsie?

M =igi[D+(q,/a))’D(a)], _ _ _ _
where{(x) is the Riemann’g function andD. is the renor-

M= —i(9,0)/d)D,(dzy), (4)  malized DP constant, which is given by
where ;= w/s;, Q,j=0,L,/2, and E;,= 7?4% (2m*L?). S\ 4] 52) 12 E
The electron form factofy; and the functionD,(q,) are D.=D{1+6+|3+ 2= , 5:(X—2)£,
: ) |8 D

given by

2 (L . z 2sinQ,; .
Flsz—j dzéqzizsinz(t—>=772—Qz’2e'sz, Equation (8) with D, determined byD=%=4 and &

zJo 2] Qg7 —=Qy) =E,/E4 formally coincides with the rate of energy losses

(5 calculated in Ref. 21 for Si metal-oxide-semiconductor field-
effect transistors using the deformation-potential interaction
Eq(V-u)+E,u,,. Thus, in a semiconductor with the
conduction-band extremum &t point, the low-temperature
energy relaxation of electrons in a QW due to scattering on
The previously obtained matrix elements can be derived@coustic phonons is described by a tensor of deformation
using the interaction energ¥,,D ,,U,., Where the nonzero potential that takes place for many-valley semiconductors. In
components of the DP tensor al,=D,,=D and D,, our case, a deformation potential related to shear defor-
=D+D,(q,). The symmetry of this tensor reflects the axial mation emerges from the additional interactior,
symmetry of the QW structure. Separating the bulk potential=(x—2)E1;,.
one can rewrite this modified DP interaction BV -u) The average momentum relaxation rate of electrons in a
+D,u,,. QW, vy, can be obtained straightforwardly from E@) by
Kinetic properties of electrons in QW’s subjected to scat-multiplying the integrand by QBTkE sirfl(m* w?). This rate
tering with acoustic phonons via deformation and piezoelecdetermines the acoustic-phonon-limited electron mobility as
tric potentials are described by Price’s thebtymore de- e/(m*v,) (e is charge of the electronin the limit asT

D,(9,)=Ei | x—2—(x—1) (6)

z
272

qiLzl
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30 60 90 120 150 180 T (K)
L (&) . .
z FIG. 2. Normalized electron energy relaxation rates as a func-
FIG. 1. Ratio of effective coupling constani®2 andD?Z, that tion of the temperature for the GaA%-3), InAs (4) quantum wells,
determine the electron energy and momentum relaxation rate?,nOI for the finite-barrier ;4G 47As quantum well5). The width
respectively, to the bulk valu®? versus the width of quantum of quantum well{(1) 40 A (12), (52250 A; (3) 80 A; (4) 150 A. The
well. Solid lines correspond t®2/D?, dotted lines toD%/D?; electron densityn,=2x10' cm?.
(1),(1') GaAs D=-8 eV, x=17); (2, (2') TA, LA-InAs
(D=-5.8 eVx=42). The curves TA and LA illustrate contribu- Equations(9) and (10) obtained in the limitT—0, be-
tions of transverse and longitudinal phonons. come invalid as the temperature increases. With incredsing
phonons withg,>q begin to dominate in the scattering. So
—0, this rate obeys the dependence, valid for farasM~qy, the contribution of TA phonons decreases. At

deformation-potential scatterirtd,and is specified by the the same time, due to the change of the sigb () in M,

coupling constant the additional scattering at LA phonons starts to increase the
total rate. This complicated situatiorT (is of the order or
61 <23 U2 greater tharT,) must be investigated numerically. The tem-
Dn=D)1+ is+ 14| = o 10)  Perature dependences of the normalized relaxation rates cal-
m ’ ( ) . . .
2 St/ |8 culated for various semiconductor materigRef. 22 are

shown in Figs. 2 and 3. The ratiog/»"" and vy, /v{°?

which differs fromD,. So, in order to describe electron can be considered as the normalized effective scattering con-
scattering in a QW in the framework of deformation- stants, which depend on the temperature. Fer0, they
potential theory, one should not use only one but two adjustapproach to the previously discussed valué,/0)? and

able constants—one for the energy losses and another for t{®,/D)?, respectively. We see that the interaction via VEM
electron mobility. The ratio of the scattering constants to themechanism slows down the electron energy relaxation at low
bulk value, D,/D)? and O,,/D)?, as the functions of QW temperatures and accelerates it at high temperatures. On the
width L, are shown in Fig. 1 for GaAs and InAs-based het-contrary, the relaxation of electron momentum becomes
erostructure¢dependences for InAs are shown only for wide faster at lowT and slower at higi. Comparing curves 2 and
QW'’s where the electron states satisfy the two-band model
We can see that the renormalization of the DP constant is
more pronounced in semiconductors with small electron ef-
fective masses. The electron momentum relaxation is more
affected by the additional scattering than the energy relax-
ation: D2, exceed®? and increases with the decreasing val-
ues ofL,, while the constaan varies nonmonotonically
and, over a wide range &f,, deviates slightly fronD?. It is
worth emphasizing an important role of TA phonons in elec-
tron scattering at low temperatures. Curves TA show that the
enhancement of the electron relaxation is caused mainly by
scattering at TA phonons. On the contrary, due to the inter-
ference effect between the DP and VEM mechanisms, the
additional scattering on LA phonons leads to the suppression
of the total rate. This peculiarity is illustrated by the sections
of the curves 1,2’ for whichDZ<D? and by the curves LA. FIG. 3. Normalized momentum relaxation rates of electrons in
Note, that an interaction Strength smaller than the theoretica{uamum wells. The notations are the same as in Fig. 2. The curve
calculation of the DP interaction has been observed for elea-A corresponds to the data presented by curve 2 with the scattering
tron energy losses in Si heterostructéfe. on TA phonons disregarded.
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LAin Fig. 3, one can see that augmentation of the relaxatiomonent g, = \g>+q2. For GaAs it holds for £(k)
rate in the lowT range originates from the scattering with ~0.01 meV Negleéting the, component in the phonon
: : z

TA phonons. ; ;
Certainly at highT, in contrast to the above case of dispersion laws, we get
—0 illustrated by Fig. 1, the influence of the additional M,=iq,(D+D,coS¢+ Dysinz¢),
channel of scattering is more pronounced for the electron
energy relaxation. Moreover, with increasing the rate Mt1=iq2t(Dx0052¢+ Dysin2¢),
ve(T) does not tend to saturation 8" (T) does'® This
peculiarity originates from the nonlocal nature of the inter- M,=iq, (Dy—Dy)cos¢ sing, (12

action given by Eq(1). For highT when the inequalities
q,>qy.L, " are satisfied, the function® M,|?|Fy|%/qy in
Eq. (7) increases a®’sirf(wl,/2s,) with increasingwm while

where ¢ is an azimuth angle in the polar system, (
=q, cos¢,g,=q, sin¢g) and

for DP scattering it decreases as®il/2s,)/ w?. This rep- L2

resents the unusual situation where the reduction of the elec- D (0,)=xXE1al 1— — “) a=X,y (13
. . . @ a a 2 1 1)

tron momentum space dimensionalitiescribed by the elec- 2

tron form factorF,;) does not restrain the electron scattering )

at short-wavelength phonons. The contribution of such The matrix elements of Eq12) correspond to the follow-
phonons is restricted only by the phonon-distribution funcnNg components of the modified DP tensoB.=D
tion. On the contrary, the influence of VEM mechanism on*Dx,Dyy,=D+D,,D,,=D. In the general case, all these
the momentum relaxation weakens with increasingcor  three components are different.

this relaxation process, the electron collisions with short- Some important peculiarities of the electron-acoustic-
Wa\/e|ength phonons occur under the phonon equipartitioﬁhonon interaction associated with the VEM mechanism can

distribution (;w<kgT) and the contribution of such be revealed from the analysis of the dependence of scattering
phonons is restricted by the electron form factor. It results irfate on the electron kinetic energy For the rates of phonon
the usual high-temperature asymptotg(T)=»CP(T)~T.  emission,»(7)=3,,W,,,, and absorptionp() =32, W,,, ,

The set of curves 1-3 in Figs. 2 and 3 show that for GaAsipon the integration ovey, we get

QW's the corrections related to the VEM mechanism become

important when the width does not exceed 80 A . (o) 1 (m*)l’2
T 4m’ph\ 2
IV. QUANTUM WIRE o
We consider electrons occupying the lowest subband of a X; fo d¢
rectangular QWR of infinite length im direction having a
y-directed widthL, and anx-directed widthL, (let it be L, o dau [M;]2[F 5|2
<L,). Assuming that the potential walls are impenetrable for X fo W(’\H 1/2=1/2), (14
electrons, we can present the effective-mass electron wave ! i
functions in the multiplicative form as wherej=1,t2. (The contribution oft1 branch of the trans-
verse mode is negligible due to the inequatity<q, .) For
2 the emission rate, the upper limit of integration equals
(X T ) T s .
= —sm(—) sm(—) elkz (11 gl (#s;), this limitation is imposed by the requirement that
VL L, Ly Ly the expression under the square roots must be positive. For

the absorption rate, the integration owgr can be formally
wherelL, is the normalization length along the axis of the extended up toe.
wire. The electron energy i&,+E; +e(k), where E,, For scattering of electrons with small energies (
=m?h?(2m*L2), a=xy, and e(k)=#%k?/(2m*). The  <2mhs/Ly,), one can simplify Eq(14) settingF =1 and
scattering rate and the transport properties of electrons in @eglecting theg-dependent terms iD, andD,, . In this case,
QWR, which interact with acoustic phonons through the dethe rates of Eq(14) are proportional to the effective constant
formation potential, were calculated in Refs. 23 and 2452 which equalD?(1+ ) for QWR'’s with a square cross
Here, we focus on the role of the additional mechanisms o§ection andD2 of Eq. (9) for the flattened QWR's I,
Eq. (1) in intrasubband scattering of electrons in QWR'S.<|_y)’ where now 8= yE,,/D. Assuming also thatiw

The probability of electron transitions from the initial stite <kgT, we find the low-energy asymptote of the phonon
to the final statek’ with the assistance ofth acoustic-  emission rate

phonon mode is given by Eq(2) where now ML’E,

= M]FZJ 5k’,kiqz- Here, FZJ = FlJ(QX)FlJ(Qy) Where Qa
=q,L,/2. From the energy and momentum conservation it
follows?>2*that for the accepted range of the lowest electron
energies £ <m* 5,2), the longitudinal component of the pho- that forD =D coincides with the rafé obtained for the DP
non wave vectoq, is much smaller than the transverse com-interaction. We see that in contrast to the DP interaction, the

V(+)(8):

2D%kgT [m* |12
B ( ) 312 (15)

37TpS|4ﬁ4 2
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FIG. 4. Total scattering ratesolid lineg and the rate due to DP
interaction (dotted line$ versus electron energy for the electron

transitions in the lowest subband of GaAs-based quantum wire

with the different cross sectionél),(1’) 50x50 A?; (2),(2') 50
X100 AZ?; (3),(3") 50x150 A2 T=20 K.
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brought about by VEM mechanism into the electron-phonon
scattering via DP interactioiiThe energy losses of electrons
in a QWR due to DP interaction were analyzed, using the
electron-temperature approximation, in Rej. Transport
properties of electrons are described within a linear response
to applied electric field. For degenerate electrons, under such
assumptions we obtain

[ (e—&")2kgT

Ve
Ym
I h2(k—k'y2Im*,

where fy(e) is the equilibrium Fermi distribution function,
n,=2kg /7 is the electron concentration in a QWR. In Eq.
%16), we replace the summation oviefk” with the integra-
ion overe andw=|e —¢’|/% and take into account the dis-
continuity of the probability(NLyk, ate=¢', according to Eq.
(2). Since, for degenerate electrons, the energy trarisbeis

1

= ot 2, W fol@)[ 1= Toe")]

jik k!

(16)

phonon emission rate depends on the thickness and the shag®all compared to the Fermi energy ahkl- /m*>s;, we
of a QWR. For flattened QWR's, as follows from the analy- find thatq, ;= w/s;>q,. Performing the integration over,
sis of D, for electrons in a QW, the emission of TA phonons we obtain the following final expressions:

appears to be important and the overall rate of phonon emis-
sion can be smaller than the rate of LA-phonon emission via
solely DP coupling. When the width, is less than some
critical value, the emission of TA phonons dominates over

m*
47T3n1ph kBT

Ve

[)-

LA-phonon emission. As seen from Ed.2), in QWR’s that 27 w w|Mj|2|F2j|2

have a square-shaped cross section, TA phonons are not in- XE f d¢f dw—ﬁ

volved in scattering on low-energy electrons. 10 o g sinhz(—w)
The electron scattering rafthe sum of the phonon emis- J 2kgT

sion and absorption rates calculated from @4)] as a func-
tion of electron energy is shown in Fig. 4 for the three dif-

2m* w2/ (m°n2kgT)

17

X
ferent cross sections of the QWR. For comparison we have ‘1,
also plotted the scattering rates corresponding to the DP in

: . vherej=1,t2. It is easy to see from Eq17) that at low
teraction. All pairs of curves that correspond to QWR of the ’ i .
same width, e.g., curves 1 and, Hemonstrate that the VEM temperatures, when the long-wavelength phonons dominate

mechanism decreases the scattering rate in the Iow—enerin electron scatteringFa;~1 andD4(qa)~D4(0)], both
9 We energy and momentum relaxation rates are proportional

range, shifts the maximum of the spectrum, ar_1d Increases “18 the same effective scattering constant, in contrast with the
rate for electrons with high energies. The first peculiarity

appears to be due to the interference effect. The shift of the
maximum and increase of the scattering rate at high energies
reflect the nonlocal nature of the interaction of Ef). the
dependence of the matrix elements on phonon wave vector,
presented by Eq$12) and(13), prevents the rapid reduction

of the scattering rate.

The change of the transition probability modifies both the
energy and the momentum relaxation of electrons. To illus-
trate the role of the VEM mechanism in transport properties
of a QWR, we will analyze as in the case of a QW, the
average electron energy and momentum relaxation rates.
These values are derived from the corresponding balance
equations under conditions of a small deviation from equi- =
librium. As well as for a QW, we use the Fermi distribution L&)
function with the electron temperatuflg . This assumption
supposes that the electron-electron scattering rate greatly ex- FIG. 5. Normalized electron energy relaxation rates versus
ceeds the electron-phonon relaxation rate. Although such dighe width of GaAs quantum wire with square cross section
tribution function can be a crude approximation, this model(L,=L,=L) for different temperature3: (1) 1 K; (2) 5 K; (3) 10
makes possible to consider the main qualitative peculiaritie&; (4) 15 K.
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2.0 T T T - higher temperatures it results in a decrease of the rate. Note,
that in contrast with the QW case, the effect of TA phonons
at low temperatures is less pronounced. Indeed, for QWR’s
having a square-shaped cross section, the rates given by Eq.
(17) are proportional a3 —0 to a scattering constaft?(1

+6) that determines the scattering at LA phonons only.
2 Thus, while electrons in a QW are scattered predominantly
> 4 on TA phonons, electrons in a QWR with square cross sec-
tion do not interact with TA phonons at all.

(DP)

n

m

V. CONCLUSIONS

80 75 90 We have studied the role of deformation-induced varia-
L&) tions of electron effective mass and the associated contribu-
tion of acoustic-phonon scattering to relaxation processes in
FIG. 6. Normalized electron momentum relaxation rates versug low-dimensional electron gas. The electron scattering rates
the width of GaAs quantum wire with square cross sectibp ( due to interaction of electrons with acoustic phonons via the
=L,=L) for different temperature$: (1) 1 K; (2) 5 K; (3) 10 K;  conventional deformation potential and the VEM mechanism
(4) 15 K. have been calculated for 1lI-V semiconductor QW's and
- QWR'’s. The nanostructure-size dependent additional mecha-
case of a QW. This constant coincides with thezalue that  njsm under consideration brings about qualitatively im-
determines the scattering rate of E§j5). With increasindl,  proved features in the electron-acoustic phonon interaction.
when the scattering with short-wavelength phonons becomes gives rise to an interference effect in electron scattering on
important, the “energy” and “momentum” scattering con- | A phonons via the deformation potential and results in the
stants appear to be substantially different. For QWR's with anteraction of electrons with TA phonons. We have found that
square cross section, the rateg¢T) and v, (T), normalized  in narrow QW's or thin flattened QWR’s, the emission of TA
at the corresponding rates due to DP coupling, are presentgfhonons can dominate over the emission of LA phonons un-
in Figs. 5 and 6 for several temperatures as a function of thgler the relaxation of electrons at low temperatures. The in-
width of QWR. As seen, both relaxation rates experience gerference leads to a dependence of the scattering rate on a
dual influence as a result of electron scattering on phononsign of the deformation potential constabt These pecu-
due to the VEM mechanism. As well as for electrons in ajiarities lead to an unusual situation where the additional
QW, the peculiarities appear due to the interference effect ighannel of scattering can either increase or decrease the total
scattering on LA phonons and due to the scattering on TAscattering rate. In other words, an effective scattering con-
phonons. Comparing Figs. 5 and 6, one can see that only atant that describes the electron relaxation in nanostructures
low temperaturegcurves ) the “energy” and “momentum”  (equalsD? in the deformation-potential thedrgppears to be
scattering constants are close to each other. For higher teronuniversal. For a given semiconductor, the modified scat-
peratures, these constants differ in magnitude, especially @ring constant depends on the dimensionality of the electron
high T, and have a qualitatively different dependence on theyas, the size and the shape of the nanostructure, and on the
transverse dimensions of the QWR; see curves 4. Figure famperature. We have also demonstrated that one has to use

shows that for QWR's with the same cross section, the scagifferent coupling constants in order to describe the electron
tering constant depends nonmonotonically on the temperanergy losses and mobility.

ture and—for a given temperature—can either decrease or
increase with the increasing of thickness of QWR. As seen in
Fig. 6, for a narrow electron channdl €40 A) and low
temperatures, the additional scattering increases the momen- This work was supported by U.S. Army Research Office
tum relaxation ratécurve 1), while for the wider channels or (Contract No. DAAH04-96-C-0086
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