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The infrared-absorption coefficient due to interaction of electrons with optical phonons is calcu-
lated as a function of frequency for an electron gas in AlAs/GaAs quantum wells. The absorption
coefficient is given by the real part of the dynamical conductivity. A finite-temperature force-force
correlation-function method is used to represent the Kubo expression for the conductivity. Calcula-
tions are made with use of a bulk description for the optical phonons and also by inclusion of the
confinement of the phonons for several well widths and several carrier densities. It is found that the
effects of the confinement on the phonon spectrum reduce the absorption. The absorption also is
found to increase with increasing well width and increasing carrier concentration.

I. INTRODUCTION

During the past decade the optical properties of semi-
conductor heterostructures have became an important
field in view of their applications in improving the per-
formance of optoelectronic devices.! It is well known
that light absorption in a solid occurs due to scatter-
ing either by defects and/or lattice vibrations.? In bulk
semiconductors inelastic scattering by longitudinal op-
tical phonons is well understood. More recently, re-
laxation processes involving electrons interacting with
polar modes in multiple-quantum-well (QW) structures
like those formed by AlAs/GaAs have attracted much
attention. In this area much work has been done in
understanding dc transport in those heterostructures,
as much as cyclotron resonance,®* recombination time
for intrasubband and intersubband transitions,® exciton
linewidths,?® and other properties in these systems.

It is well known that in semiconductor quantum-well
structures like GaAs/AlAs the carriers are confined to
the quantum well, here the GaAs, as a result of the
conduction- and valence-band offsets. The bulk-LO-
phonon dispersions of the GaAs and AlAs do not over-
lap, however, and thus in GaAs/AlAs quantum-well
structures there are significant deviations from the bulk
phonon spectra.”® It has been found in quantum-well
systems that there are bulk confined phonons in the GaAs
well region, bulk confined phonons in the AlAs barrier re-
gion, and also interface modes. Recently there has been
considerable interest in the effects of this phonon con-
finement on the electron-phonon coupling and scattering
rates. Calculations of the intersubband and intrasub-
band transition rates of electrons in quantum wells due
to LO-phonon coupling have been made including these
effects of confinement on the phonon spectra.®!1 In the
present work we give a detailed treatment of the optical
absorption due to the electron-phonon interaction includ-
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ing the effects of phonon confinement by calculating the
full optical absorption of an electron gas in the quantum
well as a function of frequency within a Kubo formal-
ism. Screening by the electron gas can be included in the
random-phase approximation but we have neglected it in
the present work.1? For the sake of comparison, calcula-
tions are also made for a bulk description of the phonons
assuming that they exchange momentum with the elec-
tron gas only in the plane parallel to the interface. This
approach has been taken by Das Sarma et al.,!° but, as
we demonstrate in this work, at least from the point of
view of absorption and recombination this interaction is
clearly unrealistic.

Several approaches have been used to describe the ef-
fects of confinement on the phonon spectra and the re-
sulting effects on the electron-phonon interaction.® Con-
tinuum approaches using the “slab modes” of a free-ion
slab1?13 and the “guided modes” of a model layered
structure!! have been used. These models differ in the
boundary conditions applied at the interfaces. A more
detailed continuum approach also has been developed
recently.14 Recently a simple microscopic lattice dynami-
cal model for phonons in a quantum well has been devel-
oped for a description of the confined phonons, and fits to
results for the vibrations provide analytic forms for the
electron-phonon interaction matrix elements.!® We use
this description of the electron-phonon coupling in the
present study. In a recent work a more detailed lattice-
dynamics study tends to substantiate this approach.'®

The absorption coefficient corresponds to the real part
of the dynamic conductivity. A simple way to obtain
that quantity is to start from Kubo’s equation for finite
frequency and write this expression in terms of the force-
force correlation function.? Forces here refer to the fric-
tional forces acting on the center of mass of the electron
system.!”

In Sec. II, the coupling to the interface and confined
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bulk phonons are given, and the frictional force due to
scattering by these modes is obtained. In Sec. III we
calculate the real part of the dynamic conductivity based
on the finite-temperature force-force correlation function
method. In Sec. IV we present the numerical results and
discuss them.

II. FRICTIONAL FORCES DUE
TO SCATTERING BY PHONONS

A. Preliminaries

We study a system composed of an electron gas con-
fined to the GaAs well of an AlAs/GaAs structure. For
the sake of simplicity we will take the barriers for elec-
tron confinement to be infinite. Then electrons will be
well described by the wave functions:

Vpe(r) = % exp(ik - £)dn(2)
In the above equation the electron state is identified by
the subband index n and the wave vector k = (k;, ky)
parallel to the AlAs/GaAs interface. We assume a QW
of width L. Then the wave function is normalized in a
box of volume v = LA. The function ¢,(z) describes the
quantized motion in the z direction. The total energy of
the state (n,k) is

(2.1)

h2k2
E.(k)=E, + —— 5 (2.2)
with
2,,2
E, = hr'n® (2.3)

12
The wave function ¢,(z), since we assume the barrier to
be infinite, is given by
2 | nmz
bn(2) = 7i sin —=,
Generally such structures are grown in such a way that
impurities in the wide gap region provide carriers in the
two-dimensional channel. We assume that those carriers
are electrons provided by donor impurities (e.g., Si) in the
AlAs. Normally samples are grown in which the carrier
density N, varies in the order of 10!° — 10!2 cm~2. In
that case it is reasonable to take the so-called quantum
limit, in which the Fermi level lies between the first and
the second subbands. In this limit,
hz
Ep=22N.,.

m*

n=12,.... (2.4)

(2.5)

In what follows we assume, consistent with the fact
that the electron system is confined in the z direction,
that phonons exchange momentum with the carriers only
in the z-y plane. Furthermore, we also impose a quasi-
two-dimensional character to the phonon system in such
a way that its wave vector is represented by q = (¢z,qy)-
The potential imposed by the lattice vibration to an elec-
tron at position r is

Von(r) = D fu(e,y, z;9) 44

q,v

(2.6)

where A = ag + a’ tl is the well-known phonon operator
for a branch v. The above expression is valid both for
confined and interface modes. To treat the interaction
with bulk-LO modes we will need a special treatment,
which we will comment on later. Futhermore, we will

assume

fv(x; Y,2;q) = eiq-pr(q, z) , (2'7)
with p = (z,y). Then the electron-phonon potential op-
erator becomes

V= / &Br ¥ (r) Vo (1) B () 2.8)

or

7= 3 % ([a60R000me)

ni,n2 k,q,v

X A¥eh ialnake s (2.9)

where cL x is the creation operator for an electron in a
b

state (n,k). As we will show later, we will need the
expression in large parentheses for the transition 1 — [
for the electron states. Then we define

25(0) = [ d201()Fu(a,2)61(2) (2.10)
This is now calculated for the three kinds of interactions:

scattering by bulk-LO phonons, confined phonons, and
interface phonons.

B. The special case of bulk-LO phonons

In this case the lattice vibrations carry three-
dimensional momentum Q = (q,q,). The polar inter-
action is given by

Jeid
Wo(r) = Z I/ZQALO , (2.11)
with
A = [2me?hwLo1(1/€ecor — 1/€01)]Y2 . (2.12)

From now on we will use the subscript 1 for GaAs and 2
for AlAs. Then, using Eq. (2.9),

o= X g ( [azewss, (z)q».,(z))

ni,n2 k,Q
xAQ cnl’k+qcm, (2.13)
For the time being we define
ﬁ%uvngﬁ) (214)
with
Fu(@) = [ dze™*61(2)61(2) (215)
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We must pay attention to the fact that the definition
Eq. (2.14) cannot be used directly in the potential given
by Eq. (2.9). However, it will be very useful as we will
show later. With a little algebra we obtain

8?2 q.L 1
Fll(q:) = ZL sin — 2 (q2L2 — 47!'2) s (216)
Fia(q,) = 1672 Lcos &= !
12 Qz - QZ 2 ( 2L2 911_2)(qu2 _ 7(_2) .
(2.17)

C. Electrons interacting with confined phonons

In this case we use the model for phonon
confinement:15:18
A iq-
Von(r) = =7 DD Pt (q)una(2) AT, (2.18)
q n,a
withn = 2,3,...and a = + or —. Note that as discussed
in Ref. 15 the bulk confined mode given by n = 1 is not
present as it corresponds to the interface mode. Then,
Eq. (2.9) applies straightforwardly, and
A
Fn,a(q, Z) = 'v—l/_ztn(Q)un,a(‘I) ) (219)
with
ta(q) =1/v/2Iy, (2.20)
/ dz |¢®¢2 + (d¢") ] , (2.21)
,unﬂz Cpz _
Pn+ =sin i3 < =3,5,7,..., (2.22)
bn_ = cos “'Z” (=12, n=24,6,..., (2.23)
Cy = —2sin “% . (2.24)
Then,
Prinzina A Gne 2.25
(q) 1/2 tn(q) ning ( * )
where
Gty = [ Ao (e (2)6na () (2.26)

which, for the intrasubband transition 1 — 1 and the
intersubband transition 1 — 2, are

Gy =326, — (-1)*(1 = 6n,1) , (2.27)
16Con+1
G2n+1 “—97‘1,'”2_
—1672(p2n417) cos —#2"2;1#
« 1
[(p2ns17)? — 72][(p2nt1m)? — 972
(2.28)

The values of y; are those given by the roots of
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AN
tan( 2)‘ 2 -

For the intrasubband transition the only nonzero con-
tributions are « = + and n = 2,4,6,... . For the in-
tersubband transition they are (1 — 2), a = —, and
n=305"7,....

(2.29)

D. Electrons interacting with interface modes

In this case we have to consider the two branches

of each of the symmetric and antisymmetric modes for
which?®

. qz + e-—qz
Vi(r)= e’q'pe'qL/zf———va“’ , (2.30
i( ) zq: JIty i), ( )
. qz __ e—qz
Var) =S earemal/i2S _—S _ yEge(q), (231
:t( ) zq: m :t(q) ( )
where
y=e"9 (2.32)
2n?| 73\
+
Us,a ( hwiaAq ) y (233)
O s L Y
R*(w} )2—(w1°)2](€1 +e°
€l2=€xo12(1—7), (2.35)
€2=¢€x12(1+7), (2.36)

and w(® are the dispersion curves for the respective
modes. In Eq. (2.34), T1 = hwro:1 and Ty = AwTo2.
Then in the present case,

—qL/2
Qllai(q) — Dmv;b /dZ¢[(Z)(eqz + e—QZ)¢1(z) ,
(2.37)
aiiex() = S0 0z [dagu(o)ew +e)(0)
q)= v z¢1(z)(e™ +e z) .
— f'y a
(2.38)
We call the integrals in Eqgs. (2.37) and (2.38) G1!,. They
can be easily evaluated and result in
Gl'=G12 =0, (2.39)
aL/2(1 — e—9L
n St A(l— et (2.40)
* gL q¢%L2+4n?
16m2qL  eIL/2(1 + e 9L)
12 = 2.41
Gq T (@LZ+n?) L2+ 9n2 (2.41)

We see, therefore, that only the symmetric modes
contribute to the intrasubband transition, and only the
anti-symmetric modes contribute to the intersubband
transition.20

E. Frictional forces and the Kubo equation

The Kubo expression for the conductivity is more com-
monly expressed in terms of the current-current correla-
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tion function which in the finite-temperature formalism
is

1623

creation and destruction operators corresponding to the
states given by the wave vector k in the z-y plane and
subband index n:

: 1 [P, o
wu,‘(zw) = _—'l;/o dTeWT(T-er(T)Ju(O)) ) (242) Jo = Z Z P:lk”mkac:uklcnz,kz . (243)
.. n1,n2 ki ka
where j, is the u component of the current operator, ) )
which can itself be expressed in terms of the electron =~ The matrix element is
J

gk = 22 [ [ (b, )V abosia ) = ot Vatiusa (01} (2.4
which becomes a simple expression in the z direction:

) eh

Jz = prog Zkzclkcnk . (2.45)

A simple derivation? brings the current-current correlation function into a force-force correlation function which is
much more convenient in the present case in studying the dynamic conductivity. Force here means the frictional
force acting on the center of mass of the electron system due to lattice imperfections and vibrations. In the case of

scattering by phonons,

m(lw) =

vmz(zw)2 Zqz Z Z

Qv  ningkngngk Y0

x (T, $™"¥ (q, ) @™ (~q,0)) ,

where we made use of the notation

(i)mngu(q’ ,r) — @nm:u(q)AV(q, T) .

B .
dr(€ ~ 1)(Trch o (T)enak ()l g (0)enyic (0))

(2.46)

(2.47)

Assuming a zeroth-order approximation for the phonon part of m(iw),

m(lw) =

Qv n1,m2 nj,ny

where we have introduced

’ot
—ni nz;nln,( ) _
= q,T)=

k,k’

DY(q, ) is Matsubara’s expression for the bare phonon
propagator.
At this point we make the approximation

EMmnin(q, 1) & P, (A7) 0ningSngny »  (2:50)

which consists in assuming only a single polarization di-
agram expressed in the frequency space in terms of the
electron propagators as

Prgnz (q’ '“"') = - Z z g(O) (P1 7'p)g,(£) (p+q; ip'H:W) .

(2.51)

In the following we will evaluate the absorption for
zero temperature. This is appropriate for tempera-

Refo(w)] =

e YT g (M)enak(T)eh o Oengic (0)

Lm2 zw)2 qu Z Z (Dmnzv @nlngu( q)/ dT(eWT _ )'—mnz,nlng(q T)D(O)(q, 7_)’ (2 48)

(2.49)

ture well below room temperature because in the case
kBT < hwro and kT < EF,1, the electron Fermi ener-
gies correspond to the densities studied here. On this
low-temperature limit the absorption is dominated by
phonon emission processes. Results for the absorption
at high temperature can be obtained straightforwardly
from the results of the formalism given here.

III. DYNAMIC CONDUCTIVITY

After a long but straightforward calculation we ob-
tain an expression for the real part of the dymamic
conductivity? taking into account the absorption by the
lattice polarization (LO-like phonons) at low tempera-
tures:

;;’;f%Z( [ aestrvr @ - @2 [ et @) - o @) - ‘"<a:)11/2), (3.)
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where we have taken the Fermi level to tie between the
first and the second subbands,

all/ — hw — th(w)
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We have used a dimensionless variable z = (g/kr)?
and the integrals in Eq. (3.1) are performed in the range
where the functions under square roots are positive. The
function U"(z) in Eq. (3.1) describes the electron in-

Er ! (3.2) teraction with the several phonon modes, and the index
/12 v spans over the four branches of the interface phonons
W _ [z—e¥@)]* , (3.3)  (s;a,+,—) and the two possible cases for the confined
4z modes. We have also explored, for the sake of compar-
and ison, the results we would obtain if the scattering were
governed by bulk dispersionless LO phonons. Therefore,
iy _ hw—hw,(z) - An Eq. (3.1) is general.
el (z) = ) (3.4) ! g
Er In the case of bulk-LO phonons,
J
sin? y/2
cos?y/2

UMLO(z) = 647r3l2/\2/ dy y?
0

@+ — 0+ )PP - (- PP

(3.5)

where the upper function in the numerator corresponds to the intraband (I = 1) transition, and the lower function
corresponds to the intersubband transition to the second subband (I = 2).

For the contribution of the confined modes we have

1
U thicont (g 6 Gi} -————6 G 2 , 3.6
(z) 1ZZ| 2nl 2(az2na? + ban) 212' 2n+1| 2(a204122 + b2nt1) (3.6)
where the functions G are defined in Egs. (2.26) and (2.29):
3, Sinponm n Sin(ponm/2)
o =5+ —— —4(-1)" ——— 3.7
2n 2 2#21177 ( ) LonT ( )
(0 .
bop = “22" (tonm — sin pon ) , (3.8)
Gonyl = 1 4 Lgin? B20H1T 2 sin? £2nt1T sin pop 417 (3.9)
2uonpam 12 2 (Mon+17)?2 2 Hon+1T e
2
n+1T . ™
bony1 = ﬂ—22+—1- Sin pop417m + @l}l— (3.10)
Finally, for the scattering by interface modes, we have IV. RESULTS

e 7 F:

1l;8+ — )2
u (@) =A 1+ e~% zhwl

(G ()61, (3.11)

e—-x

1l;ax — 2
v (@) =A l1—e= xhw

—E(G12()60

(3.12)

respectively, for the interaction with the symmetric (s)
and antisymmetric (a) modes with the functions G de-
fined in Egs. (2.39)-(2.41). In order to express the pre-
vious equations explicitly in terms of A2 as it appears in
both bulk and confined cases, we have defined the func-
tion F{°

fs,a.
+

FS,U: — .
* hwro1(1/€s1 — 1/€01)

(3.13)

In the present work we have calculated the infrared ab-
sorption due to electron-LO-phonon coupling as a func-
tion of frequency for a quasi-two-dimensional electron gas
confined to a GaAs quantum well. A force-force correla-
tion approach to the Kubo expression for the dynamic
conductivity has been used. We have treated the ef-
fects of confinement on the phonon system using results
based on a recent lattice-dynamics study, and for com-
parison we also have calculated the absorption using a
bulk phonon description of the phonons.

In Fig. 1 we show the absorption coefficient per unit
volume in the quantum well resulting from a bulk de-
scription of the phonons and that including the effects of
the phonon confinement. In the case of confined phonons
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FIG. 1. Real part of the dynamic conductivity (absorp-
tion coefficient per unit volume inside the QW) in units of
-29;,'% x 10® as a function of energy in meV, for a QW of width
L=100 A and carrier density N. = 1.0x 10'? cm™2. The solid
line represents absorption mediated by bulk-LO phonons, and
the small bump feature above 200 meV corresponds to the
1 — 2 transition. The dashed curves correspond to the inter-
face (higher curve) and confined (lower curve) modes.

the contributions from the bulk confined phonons and
the interface phonons are shown separately. The onset of
the absorption occurs at a frequency slightly below the
bulk-LO-phonon frequency as a result of the dispersion
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of the interface phonons. The intrasubband transition is
found to be larger than the intersubband contribution.
The onset of the latter shows a small feature at an en-
ergy corresponding to 200 meV for the case of L=100 A
shown here. The most interesting feature shown here is
that the optical absorption in the confined phonon de-
scription is less than that in the bulk phonon description
at all frequencies. This is a result of the selection rules
governing transitions involving confined phonons. We
note in addition that the interface phonon contribution
is larger than that from the bulk confined phonons at all
frequencies. The suppression of the scattering by phonon
confinement and the dominance of the interface contri-
bution seen here are consistent with the behavior seen in
studies of other quantities such as the intersubband and
intrasubband electron relaxation rates.®

In Fig. 2 we show the absorption per unit area for sev-
eral well widths. The contributions from the bulk con-
fined and the interface modes are shown separately. Note
that the magnitude of the interface contributions are ap-
proximately twice that of the bulk confined modes. We
see here that the scattering increases as the well width in-
creases. This is consistent with the scattering rate being
larger in the bulk than in the quantum well. For wider
wells more-confined phonon modes make significant con-
tributions to the scattering.

In Fig. 3 the absorption is given for two carrier densi-
ties. Again the interface and confined bulk phonon con-
tributions are shown separately. It is seen here that the
scattering rate increases for increasing carrier densities.
For larger carrier densities there are more final states to
which to scatter, or, in more physical terms, there are
more electrons through which to dissipate energy to the
final-state phonons.

(b)

1on
©
o}
»
R R s s e AR

1
Frequency (meV)

FIG. 2. Absorption (per unit area of the interface in the QW) in units of 2’—:,’% x L for the confined (a) and interface (b)
modes for N. =1 x 10'2 cm™2. The three curves, from below to above, correspond to L=50, 100, and 200 A.
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FIG. 3. Absorption curves (in the same units as in Fig. 2) for confined (a) and interface (b) modes for L=100 A. Dashed
curve is for N. = 2 x 10'2 ¢cm™2, and solid curve for N. = 1 x 10*? cm™2.

In Fig. 4 the total absorption, which is the sum of the as given in Fig. 2 is seen here. The total absorption for
contributions from the interface phonons and the bulk two carrier densities is shown in Fig. 5 where it is again
confined phonons, is given for the three well widths. The seen that the absorption increases with increasing carrier
same increase in absorption with increasing well width density.
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FIG. 4. Absorption curve due to lattice vibration in a
quantum well (interface and confined modes) with N, = 1.0 x FIG. 5. Absorption curves (total, as above) for a
102 cm™2. From below to above, L=50, 100, and 200 A. quantum-well width L=100 A. Dashed line represents N, =
Same units as in Fig. 2. 2 x 10'? cm™?, solid line N, = 1 x 10*? cm™2.
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