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An improved model of electron-phonon interaction for longitudinal-optical phonons in layered
semiconductor quantum wells is developed. In this simple modified dielectric continuum model, the
LO phonons are confined modes having electric and displacement fields that agree with both elec-
trostatics and microscopic models of longitudinal-optical phonons. Numerical results are presented
and discussed for the electric fields of these modes. The resulting scattering rates of electrons for
emission and absorption of LO phonons in a quantum well are calculated and presented in graphical

form.

I. INTRODUCTION

In the past decade, quasi-two-dimensional (Q2D) elec-
tron systems in semiconductor heterojunctions and quan-
tum wells (QW’s) have attracted much attention. It is
well known that the mobility of a quasi-two-dimensional
electron gas (Q2DEG) is considerably enhanced at low
temperatures by the so-called modulation-doping tech-
nique in these structures. This is due to the spatial sepa-
ration of the Q2DEG from the parent ionized donor im-
purities, which drastically reduces the ionized impurity
scattering. At high temperatures (7 >40 K), however,
the scattering of electrons by optical phonons plays a
dominant role for various electronic properties. Hence,
there has been considerable interest in the problem of
electron-optical-phonon interaction.

The problem of scattering of electrons by optical pho-
nons in semiconductor microstructures has been treated
by a number of authors.!~® But in these papers the usual
Frohlich interaction was used,'® which is based on 3D
bulk LO phonons, and only effects of the electron
confinement have been properly taken into account.
However, the optical phonons are strongly influenced by
the presence of the heterointerfaces. The polar or
Frohlich type of electron-phonon interaction (EPI) in po-
lar media is based on the dielectric continuum model.!!
This results from the fact that only long-wavelength opti-
cal phonons produce large polarization fields. Using the
dielectric continuum model, Fuchs and Kliewer!'? showed
that the spectrum of long-wave optical phonons of a po-
lar layer consists of LO and TO phonons, which are
confined modes in each individual layer with vanishing
influence at the interfaces, and interface phonons with
fields mainly localized at the interfaces of the system and
decaying exponentially from them. Using the dielectric
continuum model, the EPI was considered for various
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layered structures.'* 2% The general Hamiltonian for this
type of EPI in layered and multilayered polar systems in-
cluding electronic polarizability?! was applied to different
types of single heterostructures,? to a double heterostruc-
ture,?? an infinite superlattice,’* and a semi-infinite super-
lattice.?> As in the bulk case, the electrons do not in-
teract with the TO phonons.

Riddoch and Ridley? calculated the electron-
scattering rates in a thin ionic slab by interaction of the
electrons with both types of optical phonons, namely,
confined LO and interface phonons. But in this paper the
dispersion of the interface phonons was neglected.
Wendler et al.*° calculated the electron-scattering rates
for semiconductor QW’s and superlattices and showed
the increasing contribution of the interface phonons if the
layer thickness decreases. In the usual dielectric continu-
um model, the LO phonons are dispersionless and there-
fore degenerate at the bulk values of the frequency for
zero wave vector even in the layered structure. Babiker?!
considered optical modes of a semiconductor QW taking
into account the spatial dispersion by an extended dielec-
tric continuum model. In this model he used hydro-
dynamic boundary conditions at the interfaces, neglect-
ing mixing of LO and TO modes completely.

However, there are indications that the node structure
of the confined LO phonons derived from the dielectric
continuum model disagree with some experimental
Raman-scattering results’>3® and with results calculated
from microscopic models.>* 4 One reason is that the
dielectric continuum model is a macroscopic model that
corresponds to the long-wavelength limit of optical lat-
tice vibrations. The application of this model to systems
with sharp discontinuities at the heterointerface is some-
what problematic. These discrepancies led some au-
thors*!"*? to change the boundary conditions for the fields
in the dielectric continuum theory. But this was neither
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justified nor in agreement with the electrostatics that is
the underlying physics of the dielectric continuum
theory.*1#2

In the present paper we use a modified dielectric con-
tinuum model®’ for the LO phonons of layered semicon-
ductor structures, for instance, GaAs-AlAs QW’s. The
boundary conditions used here agree with both electro-
statics and microscopic models. We consider the
electron-LO phonon interaction and calculate the
electron-scattering rate by interaction with these
modified confined LO phonons and compare the results
with those for the usual confined LO phonons. We note
that the modifications investigated here do not influence
the interaction of the electrons with the interface pho-
nons. For the latter case, the theory is developed in Refs.
21, 22, and 24. Further, Raman-scattering experiments
show that the dielectric continuum model describes well
the interface phonons.*> Microscopic model calculations
for interface phonons also show perfect agreement with
the dielectric continuum model results in the low-wave-
vector limit.>’

II. THE DIELECTRIC CONTINUUM MODEL

A. Confined LO phonons

In the local continuum model the LO phonons are de-
scribed by Maxwell’s equations of electrostatics with the

lattice  dielectric  function e/(w)=€, (0}, —w?)/
(w%,—w?*) and with the conventional boundary condi-

tions of electrostatics. €, is the optical (high-frequency)
dielectric constant of the layer v, and w; , and wr, are the
longitudinal- and transverse-optical (LO and TO) -pho-
non frequency, respectively. If we assume the interfaces
of the layered structure to be perpendicular to the z axis,
the translational invariance in the x-y plane allows the in-
troduction of two-dimensional Fourier series. We have
applied Born—von Karman periodic boundary conditions
in the x-y plane with the unit area 4. x;=(x,»,0) and
q,=(gy,q,,0) are the two-dimensional position and wave
vector in the x-y plane, respectively. The usual boundary
conditions for the fields are the continuity of the electric-
field components E(q,z) and €,(w)E,(q,z) across the
interfaces of the structure and noninfinite E(q,z) at
z==o00.

Mazxwell’s equations contain different types of polariza-
tion eigenmodes of the layered system: p- and s-polarized
TO phonons, p-polarized interface phonons, and p-
polarized LO phonons.

Here we are only interested in the LO phonons that are
p-polarized. The nonzero components of the electric field
E of the p-polarized modes (transversal magnetic waves)

are
E(q;,z)=(E (q),2),0,E,(q,2)) (1)

using a Cartesian-coordinate system with the axis along
{eje;,e,}. Here, ¢,=q;/Iql is the unit vector in the
propagation direction of the optical-phonon mode in the
x-y plane and e is orthogonal to e in this plane. Ac-
cording to Fourier transformation, we get from
Maxwell’s equations inside each layer the wave equation
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of the p-polarized modes:

2

S

—qt |E,(q),2)=0. )

The two components of the electric field are related to
each other by
i d
Ez(q”’Z)z_q_HEE”(qH’Z) (3)
with q = Iq”I. LO phonons occur at those particular fre-
quencies ® =y, where €,(w)=0. Hence, we have inside
the layer VXE=0 but not necessarily V-E=0. For a
layered system of different polar materials we have
different LO phonons: w=w;, for € (w;,)=0 and
€,(w;,)70 for v7*v' having the LO phonon frequencies
of each bulk material.
Further, with € (w;,)=0, Eq. (2) is satisfied inside the
layer v for arbitrary fields E;,. But outside the layer v

[e,(@,)70], the electric field must satisfy
2
dz?

—qt |E (q)2)=0. 4)

The boundary condition for €,E,; , requires that the field
E,; , outside the layer v is zero at the interfaces of the
layer v. To satisfy Eq. (4) the field E;, must vanish iden-
tically outside the layer v, hence the field component
E ., vanishes at the boundaries of the layer v. Finally,
we have

cos(qyz), —a,/2<z<a,/2

m = i m
Eji.(qp2) € CivX o otherwise ;

(5)
qr sin(g}'z), —a,/2<z<a,/2
EZ’EV(Q"’Z):?,IHC&’X 0 otherwise ;
(6)

with CY{’, a normalization constant,

qﬁq:lm; m=1,2,3,...
aV
and a, is the thickness of the layer v.
For the calculation of the electron-phonon interaction
in Sec. III, the electric fields of the confined LO phonons
must be orthonormalized according to?!

L ®V(wLV) * ,
f dz 2 i (q,2)ETL(q),2) =9, 1 0))
o w2,
with
0 o)== (8)
O e F2)?
and
9€
W= (0}, —w},) . ©)

PV (e, +2)?
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Using the fields of the usual confined LO phonons, Egs.

(5) and (6), and the normalization relation (7), we obtain

for the normalization constant
12

2 ol,~ot,  qf

a oV qﬁ + (q :/n )2

crn o= (10)

, €

Hence, the LO phonons of a layered system are com-
posed of ordinary dispersionless bulk LO phonons that
propagate to the interfaces of the system and are back-
scattered from them. At the interfaces the influence of
these modes vanishes due to the interference of incident
and backscattered waves. This is the physical reason for
the discreteness of the z component of the wave vector q
of the LO phonons of a layer. Hence, in the usual dielec-
tric continuum model the LO phonons of layered systems
are confined modes having standing-wave character in-
side the layer in which they exist. There is an important
difference between the strongly localized LO phonons of
layered systems and ordinary 3D bulk phonons. Whereas
for the 3D bulk LO phonons the 3D phonon wave vector
starts at |q| =0, for the confined LO phonons wave vec-
tors smaller than |q| =7 /a, are forbidden, because they
are ‘“‘quantized” with ¢’ =(w/a,)m. The relation be-
tween the electric field and the relative ionic displace-
ment field for LO phonons is given by?*

(eow'zf‘v(esv——eoov))l/z
w(x,op,)= 3 3

W1y WLy

E(x,o,) , 1y

where €, is the static (low-frequency) dielectric constant
of the layer v. Hence, the relative ionic displacement is
proportional to the electric field of the LO phonon.

B. Modified confined LO phonons

The LO phonons of the standard dielectric continuum
model have the following discrepancies from microscopic
models. One difference is that the discrete values of
the wave vector in the z direction q; =mm /a, of the
dielectric  continuum model now become’> 33
q=mm /(N +1/2)a,, where N is the number of atomic
bilayers of Ga and As inside the GaAs layer and Al and
As inside the AlAs layer, for instance, and a is the width
of the bilayer, i.e., one-half of the lattice constant. That
means that the LO phonons of the microscopic model
have a very small penetration depth in the neighboring
semiconductor layer of roughly one or two atomic mono-
layers. Hence, this is only a microscopic correction in

0 otherwise
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atomic scale. In the microscopic model there is a max-
imum value of nodes and, hence, m,, =N. But such an
upper limit does not exist for the macroscopic model.
Here the complete set of LO modes is given by
m =1,2,..., o, which in the microscopic sense is non-
physical. A further difference between the standard
dielectric continuum model, described above, and micro-
scopic models results from different boundary conditions.
Microscopic models yield the continuity of the relative
ionic displacement field w at the heterointerfaces. Be-
cause w~E [Eq. (11)], these microscopic boundary con-
ditions result in the continuity of both E, and E, at the
heterointerfaces. In the standard dielectric continuum
model, however, the boundary conditions at the inter-
faces are those from electrodynamics, i.e., the continuity
of E and € (w)E, and not necessarily of E,. In the case
of LO phonons [which means for € (w;,)=0, where E},
is equal to zero outside the layer v], E,7, of Eq. (6) is in
general nonzero at the interfaces inside the layer v. This
discontinuity of E,7, at the interfaces violates the bound-
ary condition for E, and w, resulting from microscopic
calculations. Hence, the electric fields of the LO phonons
resulting from both models differ slightly. We note that
for interface modes such a discrepancy does not occur
and the results of both the macroscopic and microscopic
models agree very well.>’

In a microscopic model, the long-wave optical phonons
have the following physical properties, which are absent
in the usual dielectric continuum model: (i) LO phonons
have a very small penetration depth in the neighboring
semiconductor; (ii) their relative ionic displacement field
is continuous across the interfaces; and (iii) there is a mix-
ing of LO and interface modes for a finite, nonzero wave
vector because the spatial dispersion is included.

In this paper we want to overcome the most important
point, point (ii). To do this we construct a set of ortho-
normalized eigenfunctions of the LO phonons fulfilling
both the boundary conditions of electrodynamics and the
boundary condition of the continuity of w. We note that
this procedure guarantees that for both types of forces,
the short-range interatomic forces and the long-range
Coulomb forces, the boundary conditions are satisfied.
Hence, we overcome the problems of Refs. 41 and 42,
namely, that their boundary conditions contradict the
electrodynamics, and the problem that the fields of the
modified LO phonons are not orthogonal.’”*

From microscopic calculations a possible system of
eigenfunctions for symmetric modes (m =1,3,5,...) is
given by’’

|
; 1+(—1)" = D2c08(qg7z), —a,/2<z<a,/2
m _—— m
EiL,(q,2)= € v X |0 otherwise (12)
and
qr sin(q7'z), —a,/2<z<a,/2
ER,(qpz)=(—1m D2 "—Cp x (13)

€09

with the changed wave-vector component g} =(w/a,)(m +1) so that additionally the boundary condition
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EJ,(q;,2)l, =4a,2=0 is satisfied. For the antisymmetric modes (m =2,4,6, . . .) the following ansatz is possible:

sin(q'z)— b7z,

m L y\mr2pom
E|1,(q),2) 60( D™ECT, X 0 otherwise

and

m
Ez"Ildv(qll’z)::_(—l)m/2 I ;_,nvx
€od)

0 otherwise ,

where the constants gJ' and b]' are determined by the
boundary conditions that both E, and E, vanish at the
heterointerfaces at z =*a,, /2:

tan Gy gm | =Ly om (16)
2 v | Ty
and
qy
by = 27172 - (17)
a
1+ | ==¢qT
o] |

Equation (16) gives a series of solutions for g', where
q) <(w/a,)m +1) is valid. For m—o we have
q) —(m/a,)(m +1). The eigenfunctions (12)-(15) of the
modified model have the property that the lowest possible
value 7/a, for the wave-vector component g, in the usu-
al model is forbidden for the modified model. Hence, in
comparison with the standard model for the wave-vector
component g, =g’ of the modified model for symmetric
modes, an amount of exactly 7w/a, is added, and for an-
tisymmetric modes, an amount of slightly smaller than
/a, is added.

If one wants to derive the Hamiltonian of the LO pho-
nons and the Hamiltonian of the EPI, it is necessary to
have a system of orthonormal eigenfunctions. Unfor-
tunately, the systems (12)—(15) are not orthogonal [ac-
cording to Eq. (7)]. In particular, the different symmetric
modes are not orthogonal to each other. This is also true
for the antisymmetric modes. But, of course, the sym-
metric modes are orthogonal to the antisymmetric
modes. It is possible to orthogonalize this system of
functions with the help of Schmidt’s orthogonalization
method. We can treat this procedure for the symmetric
and antisymmetric modes independently. For the three
lowest symmetric LO phonon modes, the orthonormal-
ized eigenfunctions for —a,/2<z<a,/2 are given by
the following.

Form =1,
Eji,(qp2)=——ClL[1+cos(g}2)] , (18)
0
ql
E},(qpz)=——C| sin(q}z) ; (19)

€09

for m =3,

cos(ql'z)—bl' /q,

—a,/2<z<a,/2

(14)

—a,/2<z<a,/2
(15)

EﬁLv(qli’Z):—eiociv[bso+b32005(qf,2)~cos(q3,z)] ,
(20)
E(qp2)= eolq,, Ci,[byqlsin(glz)—g3sin(g32)] ;
(21)
for m =5,

Ei,(qp2z)=— ELOCiV[b50 +bs,cos(glz)

+bg,cos(giz)+cos(giz)], (22)
E3,(q,2)=——C},[bsg sin(g2)
€oq)

+bs,q3sin(g3z)+q3sin(glz)],

(23)
with
Z] Zs
by=—, bp=—7—,
2z Z3
(24)
212, 2325 Z125
bsy , b=~ 5y bss= 2
Z324—2Z5 Z324—2Z5 Z324—Z5
and
zl=a%,qﬁ+41r2, 22=a%,qﬁ+1677'2 ,
z;=3alq} +4n*, z,=3alq]+167", (25)

z5=2alqt, zg¢=alq] +36m> .

According to the normalization condition (7), the nor-
malization constants CY’, are determined to be

, 172
5
CL,=Cy, .z, (26)
7oz 1/2
523
cl=c, |—22 |, @
aV(Z3Z4_25)
-1,2
5 _ 0 2 L 21,0 %2,,5 %6
Ci,=Cy,|a, |bso+——bs5; +——b5,+— ’
Zs Zs Zs
(28)

with
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2 2 1/2
7., — O
cy, = |=—= (29)
606001/

In the case of the antisymmetric LO phonons, the three
lowest orthonormalized eigenfunctions in the region
—a,/2<z<a,/2 are as follows.

For m =2,
EuLv(QHv z)= CLV[bZ -1Z +sin(g32)] , (30
Ezsz(qH’Z)ze—Csz[bz,ﬂ+43COS(‘]12,2)] ; (31
0g|
for m =4,
E‘TLV(qH,z)=—LC‘{V[b4,_1z +b, ;sin(gZz) +sin(giz)] ,
(32)
1
E;Lv(ql}’Z):_g?Civ[b4,—1+b4,1‘13005(‘132)
I
+gtcos(qiz)]; (33)
for m =6,
||Lv(q[[’ CLv[b6 1z T by, 15“1(‘11»2)
+bg 3sin(gyz) +sin(gi2)] , (34)
Eva(Q||,Z)=_’C?_V[b6,~1+b6,1‘]i005(‘132)
|
+bg 3g4cos(giz) +g5cos(gé2)]
(35)
with
b2,—1 “_b% s
b4,—1:b Ay —b3,
by1=—4y,
) . p (36)
be,—1 bv(AZG_A24A46)+va46_bv ’
be 1= A Ass— Az >
be3=—Ay »
where
) c? Ccy p (Cct,)? (372)
’ ’ = ) a
24 C'Z 267 C,z 46 C2
Cis= CHCACl 37b)
% cpep—cpcR (
and
[ 12
Cen (C ) W , (38a)
CcZ=(Cy,)? ay(by)’ 5+3 @7 ] (38b)
K 24 @
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with C?  according to Eq. (29). The normalization con-
dition (7) yields
ci =cC,, (39)
C12C14 172
=== (40)
Cy—CyCy

(41)

C. Discussion of the electric fields

The material constants*® for GaAs are taken to be
€.,,=10.9, ©;,=5.496X10" 57!, and w;=5.057%x 10"
s~ !. In Figs. 1 and 2 we have plotted the spatial depen-
dence of the components E|j,(q,z) and E;7,(q,z) of the
electric field of the LO phonons of a GaAs layer. Figure
1 shows the symmetric modes. It can be seen that for the
component E |7, the fields vanish at the heterointerfaces
for both the standard model and the modified one. The
field component E ﬁ'il of the modified model has no gra-
dient at the heterointerfaces but that of the standard
model has a finite gradient. For the modified model the
additional constant contribution to the component E|j,
[Eqgs. (18), (20), and (22)] can be seen in Fig. 1. If we com-
pare the number of extrema for the electric-field com-
ponent E[j; inside the layer (—a/2<z<a/2) of the
standard model with those of the modified model for
equal m, we see that these modes are true equivalent
modes. The same statement is valid for the antisym-
metric modes (Fig. 2). More pronounced is the difference
between the two models on the component E)7,. Here,
the fields are zero at the heterointerfaces for the modified
model but nonzero for the standard one.

In Fig. 2, the corresponding electric-field components
for the antisymmetric modes are depicted. In contrast to
the symmetric modes, the component Ej; depends addi-
tionally on a linear function of z. Hence, the deviation of
E|i, for both models is more pronounced than for the
symmetric modes. The differences between the two mod-
els for the component E)], consist of a zero value at the
heterointerfaces for the modified model, in contrast to the
standard model, and an additional constant contribution
for the modified model.

For both symmetries we see that the additional bound-
ary conditions for E}, yield a small compression of the
electric field perpendicular to the interfaces, so that the
wave-vector component g, of the single LO phonons g/
is a little lowered (Ag, =7 /a) if we compare the standard
with the modified model. In general, the differences be-
tween the fields of the standard and the modified model
are lowered with increasing mode number.

In Fig. 3, we give for the modified model a three-
dimensional representation of the electric-field com-
ponent Ej,(q),z) for m =5 [compare with Fig. 1(a)] of
the symmetric case and for m =4 of the antisymmetric
case. It can be seen that with increasing g, the shape of
the electric-field component E|j; is changed. This is par-
ticularly pronounced for m =35, where for increasing g,
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FIG. 1. Spatial dependence of the components of the electric
field (a) Efi,(qy,z) and (b) E;},(qy,z) of the symmetric LO pho-
nons of the modified dielectric continuum model (solid lines)
and of the standard dielectric continuum model (dashed lines) of
a GaAs-AlAs QW with a thickness of the GaAs layer a =10 nm
for the wave-vector component g = 10°cm™!.

the minima drop below zero and the maximum (in the
middle of the layer) drops below the outer maxima.
These features can be explained by increasing contribu-
tions of the lower-index modes [m =1 and 3, Eq. (12)] to
the orthonormalized mode [m =S5, Eq. (22)] for increas-

ing q.
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FIG. 2. Spatial dependence of the components of the electric
field (a) Efy,(qy,2) and (b) E;7,(qy,z) of the antisymmetric LO
phonons of the modified dielectric continuum model (solid lines)
and of the standard dielectric continuum model (dashed lines) of
a GaAs-AlAs QW with a thickness of the GaAs layer a =10 nm
for the wave-vector component g = 106cm™!.

III. ELECTRON-PHONON INTERACTION
AND ELECTRON SCATTERING

The electric fields of the usual confined LO phonons
and the modified confined LO phonons satisfy Maxwell’s
equations of electrostatics and the corresponding bound-
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ary conditions. Hence, the Hamiltonian of the EPI in
layered systems?!

ﬁe-phZE >, e'q”'x”I“j(qH,z)[ﬁj(q”)+6j( —q“)]
J q

(42)

is valid for both the standard and modified continuum
models. In this Hamiltonian, I';(q),z) is the coupling
function of the jth long-wave optical-phonon mode
characterized by the dispersion relation w;(q;) and the
longitudinal part E{(q,z) of the macroscopic electric
field. The coupling function is given by

172

€t i
Ej(q),2)

i
r(qp,z)=——
PAR q,

(43)

and describes the coupling strength of a single electron at
J

T

2
Welk)="33 3
q K o=

o=+

Here, EK(kH):éK(kH)+ﬁ2kﬁ/2m1 is the electron ener-
gy, which consists of the subband energy &x(k)
(K =0,1,2,...) in the effective-mass approximation and
the kinetic energy Ey;,(k)=#k?/2m,, ng(w.,) is the
Bose occupancy factor of the LO phonons, and o=+
(—) corresponds to the emission (absorption) of a LO
phonon. The matrix element is

MEY™q)=VA [ dz i (q,2)e(2) ,  (45)
where ¢g(z) are the envelope wave function for the
confined one-electron motion in the z direction. For fur-
ther calculations we use a square-well confining potential
for the electrons formed by a QW. The QW consists of
the smaller-gap semiconductor GaAs in —a/2<z<a/2,
which is symmetrically embedded between the wider-gap
semiconductor AlAs in the regions |z| >a /2.

A standard quantum-mechanical treatment leads to the
following dispersion relation for the bound states of the
QW:

m Ko _ ltan(xma /2) for symmetric states

myK g —cot(k;xa/2) for antisymmetric states ,

(46)

where m | and m, are the effective masses of the electrons
in the QW region and the barrier regions, respectively.
ki and Kyg are related to the energy eigenvalue 6 (k)

172
2m,
Kik= | =75 6k(k) , (47)
#
1/2
2m, mp—m,
Kyg = 7 [VO*é“K(k”)]—Fv—l—k” , (48)

where V), is the energy barrier at the heterointerfaces.
The envelope wave functions of the symmetric states

S |M,%Y,’<m(qu)|2[nB(a)LV)+%+a%]8(EK(kH)—EK,(k”—aqH)—aﬁa)Lv) .
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the position z with the jth long-wave optical-phonon
mode, which has the creation (destruction) operator Zi;
(@;). The sum over j includes both LO and interface pho-
non modes. Here, we are only interested in the contribu-
tion of LO phonons. For the contribution of the inter-
face phonons, the reader is referred to Refs. 21, 22, and
30. The electric-field component E\jl is given by (5) and
(18), (20), (22), and (30), (32), and (34).

In the following we want to calculate the scattering
rates of electrons interacting with LO phonons in quan-
tum wells. The scattering rates are normally calculated
via Fermi’s golden rule with the Hamiltonian (42). For a
quasi-free-electron of the Kth electric subband according
to the confinement on the electron motion in the z direc-
tion, the scattering rate by LO phonons in layer v is given
by

(44)

E,?U (arb. units)

—
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=
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FIG. 3. Three-dimensional representation of the electric-field
component Eff,(qy,z) of the symmetric m =5 LO phonons (a)
and the antisymmetric m =4 LO phonons (b) of the modified
dielectric continuum model of a GaAs-AlAs QW with a thick-
ness of the GaAs layer a =10 nm.
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(K =0,2,4,...)are and for the antisymmetric states (K =1,3,5,...)
e~K2K(z—a/2), z2>a/2
—kyglz—as2) :
, z>a/2 sin(kgz)
e z>a/ Px(2)=Cy X | —— K2 asz>—ay (50)
(2)=C. X cos(kxz) oz P 49) sin(k,ga /2)
= — & 4 —
Pz K cos(k xa/2) z ¢ R S
Ky (z+a/2) .
e ’ a/2>z with the normalization constant
J
~1/2
1 m Kk
— 2 = , K=02,4,...
Kik  2cos’(kga/2) mykig
Cy= -1/2 (51)
1 m K
—— 2 e , K=1,3,5,....
Kixk  2sin“(kga/2) m,kig

Using (51), (26)—(28), and (39)—(41) in Eq. (45), the matrix
element ML} is given by

2 2 2
e‘fi 0L 0T
ZEOQﬁ €101 'CK|2|CK'l2|CﬁIZIIm|2 (52)

|Mglm?=

with
|[,|>=(N_,+N,)?,
|I;12=(b3yN_,+b3,N,—N;)?,

I5|>*=(bsoN_, +bs;N,+bsyN;+N5)*,

my Kyg— Kk
2—————, K¥#K’
m, Kig' —Kig
a m Kk
N_,= 5 > K=K'5 K=0,2,4,...
2cos(kga/2) myKig
a mKrx _ _
— > K=K's K=13,5,...
2sin“(kga/2) mykig
2 L2 LM
_ Kig Trig T2 Kox Kok
My KT K m;
NO*m2_2+2 (Ko — K2 )2 ’
2 Kig'—Kik Kik'—Kix
for L =1,3,5,
i
K
m. Kok

2 .
4t —(L + 1) /a)’

NL=(_1)(L+1)/2 K=K',

for intrasubband scattering, and

(L +1)7/al(ky+Kog ) — (k3 g — 13 g WKy — Kok )

2

r
for even-parity intersubband and intrasubband scattering

contributions, and
[1,1?=(by, | No+N, ),
[1,12=(by,_No+by Ny +N,)*,
[I12=(bg _No+bg Ny+bg3Ny+Ng)*,

(54)

for odd-parity intersubband scattering contributions. In
these equations we have defined

N

for intersubband scattering between even-parity states.

{[(L +Dr/aP—xig—rig}*—4xigKix

(55a)

(55b)

(55¢)
( _1)(L‘1)/2_n1_l_
m,

, K#K' (55d)

For intersubband scattering between odd-parity states
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(L =2,4,6) we have,
% my
Np=— b{“ 2 (‘I{‘)Z—K%K'_K%K 2— 2 Kok Kok +a‘m [(‘I1 (KZK k) KlK’ K%K Nk — Kok )]
2 2
X {[(g] P —rip—rig P—axigkig) ', K#K'. (55e)

If we neglect the nonparabolicity for the subband electron energy resulting from the effective-mass discontinuity at the

interfaces, i.e., 6 ¢ (k)=

6 (0), we get, for the scattering rate (44),

Wi (k))=0 (56a)
for 6 g — Ex > —ofioy; Yk <k g with klziGz[(é — 6 )t otiwy,]1/(#/2m ) and
‘Ine ‘Jul g Pnglop)+1+01]
Wi (k)= 2 >3 f = (56b)
m K o=+t V/(af, —aPNai —af.)
for &G —6x>—ofiwy;; Vk Zk,g and &Exp—Eg modified la) standard model
= —otiwy; Yk with 0.05 — |
Y T
o 2 (6’K'_6)K)+Uﬁa)Ll 172 m:13 5 a=2.5nm
q“a— kH— k”_‘ ﬁ2/2ml (57a) 0.00 ey 3
0.4 R 10nm
and ~s PN
& E) 12 Loz 172\3~ ———————— 1/2\\\ “““““““
(g — +ofiw o N N )
=k + |kj— : 2K - (57b) F 00 pRE=== ‘
#/2m, 25nm
05 M
For numerical calculations we use the following material L. \:“S _________ M. \2\37»“5 _________
constants:*  m,;=0.06624m,, m,=0.087m,, and 00 LoZi-SINp=s===== a4\ S
V,=206 meV; m, is the free-electron mass. Results for 0 5 0 5 10
the scattering rate for absorption and emission of LO Exin / heoys
phonons versus the electron kinetic energy are plotted in
Figs. 4 and 5. The electron always starts in the lowest
subband K =0 but all intrasubband and intersubband
contributions are summarized in these figures. In Fig. dified b) standard model
4(a) we have depicted the scattering rate for absorption of 005 mod £o.moce

LO phonons. On the left-hand side, the results for the
modified dielectric continuum model can be seen, and on
the right-hand side those of the standard model can be
seen. It is also shown that for the lowest thickness of the
quantum well @ =2.5 nm in the considered range of the
electron kinetic energy only intrasubband scattering takes
place. This is valid for both models. In the standard
model the scattering is dominated by the scattering with
LO phonons m =1. The higher modes (m =3,5,...)
only have a very small contribution to the scattering rate.
We note that the symmetry of the QW provides the selec-
tion rules’ that even-parity phonon  modes
(m=1,3,5,...) induce only scattering of electrons be-
tween subbands with equal parity and odd-parity phonon
modes (m =2,4,6,...) induce only scattering of elec-
trons between subbands with opposite parity. In the
modified model the higher modes have a larger contribu-
tion to the scattering rate than in the standard model, but
this contribution also decreases rapidly for increasing
mode number. This effect is only pronounced for small
layer thicknesses. Higher-mode contributions are not
shown in the figure. For larger thicknesses of the QW,
a =10 and 25 nm, intersubband scattering takes place in

0.00
0.4

=

Z 02

* 00
05

0.0

0 5 0 5 10
Ekin /h“’u

FIG. 4.  Scattering rates W, (normalized with
W =2a,fioy [np(oL,)+ 1 +0o1]; (a;=0.07; Frohlich coupling
constant of GaAs)) for the absorption (a) and emission (b) of LO
phonons vs electron kinetic energy normalized with 7w, for an
electron in the lowest subband of the GaAs-AlAs QW for three
different well widths (g =2.5, 10, and 25 nm). The solid line is
the sum of the scattering rates for the LO phonons with
m=1,...,6.



}S

absorption emission

005 —rmee |

0.05

0
Ekin/T'""u

FIG. 5. Scattering rates W, of LO phonons of the standard
model (dashed lines) and the modified model (solid lines) for an
electron in the lowest subband of the GaAs-AlAs QW for three
different well widths.

addition to intrasubband scattering.

In Fig. 4(b) we have plotted the scattering rate for the
emission of LO phonons. The threshold for the onset of
LO phonon emission is at #iwy ; for the scattering with the
LO phonons of the GaAs well region. As for absorption,
in the case of emission for the smallest thickness of the
QW (a =2.5 nm) only intrasubband scattering takes
place, and for the thicker QW’s intersubband scattering
takes place as well. In the modified model the contribu-
tion of the higher LO phonon modes (m =2,3,4,...) is
enhanced in comparison with the standard model. In
Fig. 5 we compare the scattering rates (summation over
all LO phonon contributions m =1,2,3, .. .) for absorp-
tion and emission for both models. It can be seen that
the scattering rates of the modified model are always a lit-
tle smaller than those of the standard model, especially
for small layer thicknesses.

The modified electrostatic continuum model does not
change the scattering rate of an electron with the LO
phonons appreciably. The magnitude of the scattering
rate is a little lowered. One main difference between the
two models is the enhanced influence of the higher-order
LO phonons (m =2,3,4,...) for the modified model,
which can be interpreted as a redistribution of
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scattering-rate contributions of low-index LO phonon
modes to modes with somewhat higher indices.

IV. SUMMARY

In this paper we have developed an improved model of
the electron-phonon interaction for LO phonons in semi-
conductor quantum wells. By using a modified dielectric
continuum model with LO phonons having electric and
displacement fields that agree with both electrostatics
and microscopic models of LO phonons, the scattering
rates of electrons for absorption and emission of LO pho-
nons are calculated. It is shown that, for the modified
model, the scattering rate is only a little smaller than that
for the standard model. In the standard model the
scattering rate is dominated by the scattering with the
first LO phonon mode. But in the modified model the
higher modes have a somewhat larger contribution to the
scattering rate than in the standard model. The main
effect of the changed LO phonon model concerning the
scattering rate of electrons in this considered QW struc-
ture is the redistribution of scattering channels from
low-index LO phonons to higher-index LO phonons if we
compare the standard with the modified LO phonon
model. But the sum of all contributions to the scattering
rate is almost equal and only a little lowered.

In this paper we have only investigated the
modification of LO phonons in thin layers because the in-
terface phonons of the dielectric continuum model agree
well with microscopic calculations® and experiments.
Hence, the total scattering rate is obtained by the sum of
the results of this paper with that of Ref. 30, where we
also compared our results with the simple LO phonon
continuum model.

In Ref. 44 the scattering rate for LO phonons of the
modified dielectric continuum model’? is calculated. But
in this paper the different LO phonons have fields that
are not orthogonal. This gives incorrect results for the
scattering rate. In the paper presented here the LO pho-
non modes are characterized by orthonormalized fields.
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