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Abstract. We study the optic-phonon-mediated carrier capture in a narrow GaAs quantum
well with a 100 nm separate confinement region. In a standard quantum model capture means
the carrier scattering from the energy subband above the quantum well into a subband in the
guantum well. We use the quantum model in parallel with a classical model in which a
classical carrier is captured during collisionless motion when emitting the optic phonon
inside the GaAs layer. Comparison with the experiment of B&ral (1993Phys. RevB 47

2072) suggests that the quantum capture model is valid not only for electrons but also for
heavy holes in the case of very narrowg2m) quantum wells. In the case of wider quantum
wells the available experimental data support equally the quantum as well as classical hole
capture models and do not allow us to draw a definite conclusion. Finally, the effect of the
phonon confinement on the quantum capture is evaluated and discussed.

1. Introduction AlAs AlGaAs GaAs AlGaAs AlAs

Carrier capture into a quantum well is an important transport =]
process in semiconductor quantum well lasers [1,2] and a Electrons [ 0.1.13.2 meV
subject of time-resolved optical studies [3-6]. To model T ’
the capture process in a laser device or in a time-resolved 3.4,5.9 meV
experiment, it is in general necessary to consider the capture 0.6,1.5 meV
of electrons and holes via the carrier—optic phonon [7] and
carrier—carrier [8] scattering. The latter process is important 300 meV
at high carrier densities [8]; the optic-phonon-mediated 95 meV
capture is important in any case and certainly dominates at i
low densities. ) -5 0 3 SR
A standard theory of the optic-phonon-mediated capture

relies on a so-called quantum capture model in which the --- 93 meV
capture is essentially the carrier scattering from the energy 135 meV '
subband above the quantum well to the energy subband in the 0.98.0.3
guantum well, with the scattering probability described by the 1:13, 1.22 meV
Fermi golden rule. Figure 1 shows the subband levels in a L 9.56.2.7
separate confinement heterostructure quantum well used in Holes
the capture time measurements of [6]. The quantum capture —

model predicts that the electron capture time oscillates asFigure 1. Energy band profile of the separate confinement

a function of the quantum well width, which seems to be heterostructure quantum well consisting of the GaAs quantum
confirmed experimentally [6]. well between two AJ;Gay7As barriers and two thick AlAs

: cladding layers. The structure is undoped. The thickness of the
However, since the quantum capture model aSSUMES A 5aAs barrier ish/2 = 50 nm; the energy subbands of electrons

a well defined §ubband structure (figure 1) yvith coherent 4nd heavy holes are shown for 84m quantum well.

envelope functions, it is expected to fail when the

carrier coherence length is smaller than the width of the

AlGaAs/GaAs/AlGaAs region. Then, the classical capture classically, is considered to be a better alternative [1, 6]. To
model, in which the carriers move across the AlGaAs barriers interpret their experimental results, Bloghal [6] assumed
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Carrier capture into a GaAs quantum well

that the capture in the structure of figure 1 is of quantum where the summation ove() includes the carrier subbands
nature for electrons and of classical nature for (heavy) holes,above (below) the AlGaAs barrier anfi(¢) is the carrier
with the hole capture time given by the diffusion time through distribution.
the AlGaAs barrier. Equation (1) is a bulk phonon approximation, which
This paper provides a rather different interpretation. In ignores the phonon confinement resulting from the presence
accord with Blorret al[6], also our results supportthe validity ~ of various materials. The effect of the phonon confinement
of the quantum capture model for electrons. However, [11,12] has not been so far considered in the structure of
we find that the experiment indicates also the presence offigure 1 and the capture time data from that structure were
the quantum hole capture in case of very narrové (2m) interpreted in the bulk phonon approximation [6]. Here
quantum wells, while for wider quantum wells the available We consider the phonon confinement within the dielectric
experimental data support equally the quantum as well ascontinuum (DC) model [13,14] which distinguishes the
classical hole capture models. It is also proposed that theconfined and interface phonon modes. The DC model
hole dynamics in the classical capture modelis not a diffusion S€ems to fit well the microscopic theory [15,16] and has
process but a collisionless motion combined with the phonon already been applied in the capture rate calculations [17, 18].
emission in the GaAs layer. Finally, the quantum capture Scattering rate expressions for the DC model are given in the
model is shown to be affected by the phonon confinement. !|teratur(=T [13, 15]; we a_ccommodate them for the structure of
In section 2 we discuss the quantum capture model, in interest in t.he appendix, vyhere we give the scattering ra.tes
section 3 the classical one. Comparison with experiment is for the confined as well as interface phonon modes. Inserting

given in section 4 and the appendix summarizes the formulaeth€ Sum of these rates fay; ¢) in equation (4) we obtain the
describing the phonon confinement capture time expression which incorporates the effect of both

confined and interface phonons.
Now we determine the carrier distributiofi(e) by

2. Quantum capture model following the authors of [6]. In their experiment electrons

and holes are excited above the AlGaAs barrier by a short
We consider the electronand heavy-hole states inthe structurg1 ps) quasi-monoenergetic laser pulse. The matrix element
of figure 1 within the usual effective mass approximation, describing the optical transition from the valence subbiand
with the material parameters properly interpolated betweento the conduction subbaridis proportional [19, 20] to the
GaAs and AlAs [9]. Forx = 0.305 we have a @ eV overlap integrayf"oo dz xf (2)x/' (z), which is close to unity
quantum well (QW) depth for electrons (the same QW depth for i = I and close to zero far # . This implies that the
was assumed in the experiment of interest [6]) andL8 8V same number of electron and hole subbands is occupied after
QW depth for heavy holes. In what follows we label the the excitation and that each carrier subband is occupied by the

energy and the envelope function of subbaaslE; andy; (z), same number of carriers. Thus, the photoexcited distributions
respectively. Let a carrier be initially in the subbandnd are

let the kinetic energy of the carrier free motion (the motion

parallel with the heterointerface) e The scattering rate fie) = Cée — GY) fley~Ccse-G6)H (6

from subband to subband, A;;(¢), is a simple expression,

if one assumes the scattering by bulk (GaAs-like) polar LO
phonons. A standard Fermi golden rule based calculation
then gives [10]

whereC is the normalization constant aef and G” are
the electron and hole excitation energies in itiesubband
(G? =mp(Eex — E,e - E,h)/(me +my) andG,}] =m(Eex —
Ef — Ef’)/(me +my), whereEgy is the laser excess energy).
oym (1 1 I We assume e, = 36 meV [6] in numerical calculations.
= <— — —)/ do 22 (1) In figure 2 the quantum capture time is evaluated by
87h® \Kkeo  Ks/ Jo q using the bulk phonon model (1) as well as by using the DC
phonon model from the appendix. One sees that in the case
@[28 — E — 22 + EYY2cos0]Y2  (2) of electrons the results of the DC phonon model exceed the
h results of the bulk phonon model roughly by a factor of one
0 00 ) to three. This difference deserves a more detailed discussion
Fiiji(q) 2/ dZ/ dz’ xi () xi(2) €4y (@), (@) as it contradicts the expectation (see p 2078 in [6]) according
o o ©) to which the incorporation of the phonon two dimensionality
should have only a negligible effect on the capture process
described by assuming bulk phonons. The authors of [6]
permittivity and «. the dynamic permittivity, all related ~ PCinted out that the overlap of the wavefunction of the
electron barrier state (initial state) with the wavefunction of

to the GaAs material. Note that in equation (1) only the elect bound state (final state) is sianificantly |
the spontaneous emission of phonons is included since the € electron bound state (final state) is significantly larger

emperatre i e xpenment 5oy e e e yers i ke e QU er and e
Once we knowa;;(¢), the carrier capture timer) can y arg ! 9

be evaluated as a reciprocal of the mean capture rate rate comes from the phonons inside the barrier layers. Since
P P the barrier layers are bulklike, the expectation [6] that the

Aij(e) =

q:

andE = ¢ — E; + E; — howo,. Herem is the carrier
effective massyp; is the LO phonon frequency; the static

1 —1 capture process is well described by assuming bulk phonons
= Zﬁ(g)xij(e)<2f; (s)) (4) seems to be justified. We wish to point out that these
Toie ie considerations overlook the following important issue.

791



M Mosko and K Kalna

[EnY
i

200 . ; ; ; ;
AAa
100 A/;/oooo\A (a) electrons 4
. koN
&5 A
X ‘\
/ AA
© A5008y
- AY |
A Yy
10 | L \ /,O,O &
7 L AA
Vs Q o)
o i \ //
o \/ o
— [e]
(O]
£ ---4--- DC model
[ L _
o> “F o bulk phonons
5 . . . . . .
2
o
[
LEJ 200 : Ao : : : :
AR
g 100k g R (b) holes
< AA ! 4 0/9 0
© ad \
& k% b N o0
e 6 / A ot ; o o) ®
\\ / : 6‘6 d' ; ! [
Y 58 : b '
o i - T T &
& Sy N o
3 R i/
ha o
X ;
---4--- DC model 5 !
1F  ---o--- bulk phonons Y
2 4 6 8 10 12

Quantum Well Width [nm]

Figure 2. Quantum capture time as a function of the QW width
for electrons and heavy holes. The QW widths used in the
calculations are integer multiples of the crystal monolayer width.

The wavefunction of the confined phonon modes in
the DC model is zero at the AlGaAs/GaAs interface (and
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Figure 3. Electron scattering rate in the lowest QW subband,
A11(g), as a function of the QW width far = 100 meV.

effect of the interface modes becomes weak and the effect of
the confined modes approaches the bulk phonon effect.

3. Classical capture model

In [6] the classical capture time of holes was determined as
a diffusion time through the AlGaAs barrier,

T = (b/2)%/(2D) (6)

where D is the diffusion constantD was determined from
the hole mobility {«,) in doped AlGaAs bulk samples and
the resulting hole capture time was= 12.5 ps [6], which
corresponds t® = 1 cn? s tandu;, = 1440cnfV-1s 1,
Let us examine the applicability of these estimates.
Sinceu; = 1440 cnt V1 s is the hole mobility in

therefore strongly suppressed in the vicinity of the interface) the doped AlGaAs, we believe that it strongly underestimates
whereas the bulk phonon wavefunction is not. Additionally, the actual hole mobility in the undoped AlGaAs barriers. It

the wavefunction overlap of the initial (barrier) and final

is known that in undoped GaAs layers the hole mobility is as

(bound) electron states is only significant in the vicinity of high as 20 000 cfVv~!s! at 10 K and 54 000 cAvV1s
the AlGaAs/GaAs interface due to the exponential decay at 42 K ([21], pp 391, 394). In the undoped AGay7AS
of the bound wavefunction. Therefore, the scattering via layer @ 8 K the hole mobility should be similar, perhaps
the confined phonon modes is inherently weaker than theslightly reduced by the alloy scattering but still one order of

scattering via the bulk phonon modes and does not approactmagnitude higher than 1440 énv~* s~*. For u, of the
the latter even in case of the bulklike barrier layers. As a order of 10000 criV ' s! we estimate the hole mean free

result, the DC model based capture time exceeds the bulkpatht to be several times larger than the width of the AIGaAs
model based capture time (figure 2). On the other hand, barrier /2 = 50 nm). This invalidates the diffusion concept
the interface phonon modes are exponentially localized near(6) which is valid only for¢{ <« b/2, and also suggests
the interface and the scattering by these modes tends tdhat the hole motion in the AIGaAs barriers is essentially
compensate the suppression of the confined phonon modeollisionless. A further important aspect not involved in
scattering. As a result, the DC model based capture time alsoequation (6) is the fact that the classical carrier can cross the
depends on the level of this compensation and, in principle, GaAs QW without being captured, if the QW width is smaller

can become even smaller than the bulk model based capturéhan the optic-phonon-limited mean free path [22]. Below

time (this is what we see in figure 2(b) in some cases).
Itis worth mentioning that if we insert into our scattering

rate formulae just the wavefunction of the lowest bound state,

we present a simple microscopic theory which includes these

aspects.
Under the collision-free conditions the hole transit time

we recover the well known [15] results for the intrasubband across the AlGaAs barrier is given by

scattering rate11(¢) in the lowest subband of the GaAs QW

(see figure 3). This simple situation is easy to understand:

at small QW widths the.;1(¢) from the DC phonon model

b/2

" T G am)]72 @

exceeds the.j;(e) from the bulk phonon model due to the whereG” is the hole excitation energy in the AlGaAs barrier
dominant role of the interface modes; at large QW widths the (equation (7) is the Bethe formula [22] written for a flat band
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structure). Let us write the capture rate as @ L
[=X
o 50 ---0--- only polar phonons -
1 — 1(1 — g W/t (8) E 1 ---+--- also nonpolar phonons [Eq. (10)]
T ‘> 4048  — diffusion time of Ref. [6] ]
The factor 1— exp(—w/£pn) represents the probability that g_ +0
the carrier emits a phonon when moving classically across 8 304 ¢ 1
the GaAs layer, i.€lph is the optic-phonon-emission-limited o +~\+°\O
mean free path taken for the bulk GaAs. We exprgss 2 20- + O _
astph = v 7, Whereuy, is the z-component of the hole g +++20-o.o_o
velocity after the injection into the QW andd, is the optic I 90007
.. . 0 10 ++++OOOOOO q
phonon emission rate evaluated as in the bulk GaAs. For g T 2299990000000000
polar phonons [23] g](
O T T T T T T T T T T T
1 2 1 1 1 + . /e — I 2 4 6 8 10 12
© = /%640% (— - —) —1n Vet e —ho, Quantum Well Width [nm]
e T Koo Ks

\/E f —AE— ha)L
' - - (9 Figure 4. Classical hole capture time as a function of the QW
wheree is now the carrier kinetic energy after the injection width.

into the QW. The holes also undergo the nonpolar optic

phonon scattering via the emission rate [24] 50 T T T T T T 7

---A--- pulk phonon model [Eqg. (1)]

—e— DC model -
O experiment

1 @n)¥2D] —

= —— e —how 10 40
u(e)  Anhpwy 0 (10)

where Dg is the deformation potential of the nonpolar 30+ 8
interaction,p is the mass density, is the velocity of sound
and wy is the nonpolar optic phonon frequency (values of
these parameters are given in [25]).

Finally, the classical capture model (8) can further

be improved if we take into account the possibility of

20.-:/:x 0o “ xxxm" 4

10._ /:/ - © ‘\‘“\‘. x/xxxxm.\.

Ambipolar Capture Time [ps]

quantum reflection (transmission) at the GaAs/AlGaAs i Y
heterointerface. This modifies equation (8) as 0 , L
2 4 6 8 10 12
1_ £T3—>w [1 _ exp(—*)} (11) Quantum Well Width [nm]
T vt Tw—B

) ) o N Figure 5. Ambipolar capture time (equation (12)) for two different
where T_.w is the carrier transmission probability at the quantum models of electron capture, the bulk phonon model and

heterointerface when the carrier passes from the barrier layerthe DC model. The capture of holes is assumed to be classical,
(B) into the well layer %), and Ty_ 5 is the same for ~ With rhole — 125 ps. Experimental data of [6] are also shown.

the motion from the well layer into the barrier layer. For

the heterointerface modelled by a rectangular potential step ~ We start by reproducing the calculation of [6] in which
(figure 1),Ts_, w andTy _,  are given by the known textbook "' is the classical diffusive capture time (52ps) and
formulae [26]. In conditions considered by us the coefficients t€'€™n js given by the quantum capture model with bulk
Tp_.w andTy_ p cause only a small (about 10%) reduction polar optic phonons (equation (1)). The resulting ambipolar

of the capture rate. capture time is shown in figure 5 by full triangles. It fits
In figure 4 the classical hole capture time (11) is reasonably well the experimental data (open circles) from
presented together with the 52ps time constant of [6]. four QW samples with different QW widths, which were

interpreted in [6] as proof for the oscillating electron capture
time. However, in the light of the discussion of section 3,
the fit should not be viewed as a proof that the hole capture

In [6] experimental data were extracted in terms of the is governed by the diffusion concept (6). In fact, for a more

4. Comparison with experiment and discussion

ambipolar capture time, which is defined as realistic mobility estimate, say far, = 10000cnV-1st,
equation (6) gives a much smalkethan 125 ps and the fit no
1 1 1 1 longer exists [27]. In other words, the fit witfi°"® = 12.5 ps
Tamb ) (Telectron rrTm) (12) should be viewed as an empirical fit, not as a microscopic

interpretation of the hole capture.
wherer®ectnands "0 gre the electron and hole capture times Figure 5 also shows the results (full circles) obtained
in a flat band model. Equation (12) roughly incorporates the with 7¢'¢"" calculated from the DC phonon model. One
fact that the space charge effects tend to equalize the electrorsees that the effect of the DC phonon model is not negligible,
and hole capture rates so that the actual carrier capture ratdut the fit of experimental data is deteriorated. This is a
is their average [6]. further motivation to refine the modelling of®€. Thus, in
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the presence of the quantum hole capture at least in the
case of the narrowest @ nm) QW sample, for which the

50 »;-. w ‘ ‘ ‘ (ai classical hole capture is too slow (owing g, > w) but
40 TV | the quantum hole capture model works well. For wider QWs
K % ---@-- only polar phonons the available experimental data support equally the quantum
ae AT also nonpolar phonons [Eg. {10)] as well as classical hole capture models. For a definite
307 ‘\4’; | conclusion alarger number of experimental data points would
‘\A\‘ be desirable. For example, if the hole capture is of quantum
7 20+ o) A:: '”na' i nature, experiment should manifestasignificant c_apture time
= § }A A:x\ enhancement at the QW width 3.4 nm and possibly also
g 10r 2y !nﬁ"!m ] at the QW width of & nm (note the predicted maxima in
'Iq:) o ‘T figure 6(b)). On the other hand, if the hole capture is of
5 0 . . . : : : classical nature, experiment should confirm that there are no
% 120 —— : : : : : other capture time maxima except for those already observed
o o* (b) (19 ps at 26 nm, 15 ps at 7 nm).
‘—g 100 - . Which of the two hole capture models can be justified
-_% theoretically? The Fermi golden rule based quantum capture
<EE 80r . | model is expected [1, 2, 6] to fail if the carrier coherence
60 ./ ¢ e ¢ i length is smaller than the width of the AIGaAs/GaAs/AlGaAs
/ \ /o\. region and such failure has indeed been quantitatively proven
0% o /0 A by means of a sophisticated theory beyond the Fermi golden
0 ° \ % rule [28]. Is the failure present also in our situation? Assume
20+ Oo\ ./ © % 2 ’\ first that except for the optic phonon emission no other
4 ‘~,./ 8\,../. o scattering process is operative. Since the carrier excitation
O 0 a0 e _ 80 _ 100 120 energy is smaller than the optic phonon energy, the only
Quantum Well Width [A] possible scattering process is the transition into the energy

state below the AlGaAs barrier, i.e. the carrier capture
process. Thus the hole capture time represents directly the
Figure 6. Ambipolar capture time (equation (12)) as a function of hole coherence time. If itis much longer t_han the timgsi
the QW width. Figure (a) shows the calculation which involves the Necessary for the hole to overcome the distance between the
classical hole capture according to equation (11) and the quantum AlAs sidewalls (~100 nm), then the hole should have time
electron capture within the DC phonon model. Figure (b) shows  enough to create a standing-wave-like wavefunction and the

the calculation based on the quantum hole capture and quantum P .
electron capture, both treated within the DC phonon model. quantum capture model should be justified. Indeed, if we

Experimental data of [6] are shown by open circles. take tyansit & 27, Wherer, is given by equation (7), we
obtaintyansit ~ 3 ps, which is mostly well below the capture

what follows we keep the DC model for the quantum electron time values in f|gures 4andé6. )
capture and speculate only about € modelling. Can one ignore other (_:oher_ence-breaklng proces_ses?
First we calculatems for 71 given by equation (11). The acoustic phonon scattering gives two orders longer time
Results are shown in figure 6(a) by full circles and by full constants and can be neglected. ~Further, the measured
triangles (in the former case the holes are scattered cm|ycapture times [6] are independent of the excitation density
by polar phonons (equation (9)), in the latter case also by in the range 3« 10*°-2 x 10'" cm~3, which suggests that
nonpolar phonons (equation (10))). The agreement with the carrier—carrier scattering effect is unimportant (it is a
experiment is quite good at QW widths of 5, 7 and 9 nm; density dependent process). However, it is also possible
however, at the QW width of.B nm the theory significantly ~ that the carrier—carrier scattering breaks the hole coherence,
overestimates the measured value. The overestimation is dudut its density dependence [8] is not seen in the observed
to the exponential factor in the formula (11), or in other [6] capture time data due to the compensation by other
words, owing to€p, > w there is a high probability that  density-dependent processes (screening of phonons, space
the classically moving hole crosses the GaAs layer without charge). This issue needs a further investigation, which
emitting a phonon. Finally, we calculatg,,by using the DC should rely on the ‘non-golden-rule’ quantum capture theory

phonon model of quantum capture both 6o and¢ e, [28] in order to simulate the loss of the phase coherence and
In figure 6(b) the result is compared with experiment and the the corresponding transition between quantum (golden rule
agreement is very good especially at small QW widths. based) and classical (diffusion theory based) capture regimes.

Results of figure 6 agree with the conclusion of [6]
that the oscillatory behaviour of the experimental data
implies the presence of the quantum electron capture (if the Acknowledgment
quantum electron capture were replaced by the classical one,

agreement with experiment would be lost). However, the The work has been supported by the Slovak Grant Agency
results of figure 6 show that the experiment indicates also for Science under contract No 2/1092/98.
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Appendix. Carrier scattering rate within the DC
phonon model

The treatment of the phonon confinement effect within the

Carrier capture into a GaAs quantum well

_ CUATZ(X)]

war(¥)? — wgr?(x)
war?(x) — wgr?(x)

Caias (x) = war(x) [1 LTS

Ecaas= € — Ej + E; — hwgr(x), Eaps = ¢ — Ej + E; —

DC theory distinguishes the confined and interface phonon Fiway (x) and the parametexs, andm are related [9] to the

modes. We start with the discussion of the confined modes.

Al Ga_,As material. (Derivation of the equations (A7) and

The scattering effect of these modes can be treated in eac A8) can be found in [29].) Owing to the symmetry of the

of the layers of figure 1 separately, because the potential of
the confined modes of each layer vanishes at the interface%n the left-hand side of the

[13]. The carrier—polar optic phonon scattering rate due to
the confined modes in the GaAs layer reads [15]

Lij(e) = CoL(1 i)
Y T 2w \ ke Ks
|F;j(n)|?
X (A1)
; {[(=)°% + E+e] — a6}
where
w/2 nmw
Fij(n) = / dz xi (z) COS(*Z>X_;'(Z) (A2)
—w/2 w
forn=1,3,5,...,and
w/2 . [ nmw
Fij(n) :/ dz xi(z) sin (71))(/‘(2) (A3)
—w/2 w
for n = 2,4,6,.... Other symbols are defined as in

equation (1).

In the Al,Ga_,As layers the situation is more
complicated owing to the presence of the GaAs-like and
AlAs-like phonon branches [29], the phonon frequencies of
which additionally depend om [9]. In what follows we

problem, equation (A4) holds also for the,/8a_,As layer
QW. Once the ra?t%g’*s(e, x)
andkf}'As (g, x) are known, we obtain the resulting scattering
rater/}®5(¢, x) from the interpolation formula [15]

MO (e, x) = (L= 1), x) + XA (e, ). (A9)

Finally, the scattering by phonons in the AlAs layers can be
ignored, because the wavefunction penetration into them is
negligible.

Now we briefly summarize the theory of [30], which we
use to calculate the scattering by interface modes. Unlike
the confined modes, now the structure of figure 1 cannot be
separated into three independent regions. The scattering rate
due to the interface modes reads

62 2 q 9 w
=0 A (F-A]

m [=s,a
W) [ 4 -
_KB(C()) [%K (w)])

where) " is the sum over all interface modes. The interface
modes can be symmetric (s) and antisymmetric (a). The

Aij(e) =

2

b/2
/ dzH,-j(l,qb,Z)
/2

(A10)

label the longitudinal and transversal phonon frequencies function H;; is given as

in the GaAs-like phonon branch as;; (x) and wgr(x),
respectively, and similarly we ugg;; (x) andw 7 (x) for the
AlAs-like phonon branch. Let us consider the 8la_As
layer on the right-hand side of the GaAs QW. In that layer, the
confined modes of the phonon branglis = GaAs, AlAs)
give the scattering rate contribution

2

2P - ‘¢
ij(s,x) = @ f;(x)
|F;j(n)|?
X
Xn: {[(2)°2 + Ep +e]* — 4Ege}
B = GaAs AlAs (Ad)
where
wyb -
2%2 nmw
Fi_;(n)=ﬁ dz xi (2) COS[T(b+w—2Z) x;(z) (A5)
y J
forn=13,5,...,
2+ . [nn T
Fij(n)Z/w dzxi(z)3|n|:7(b+w—2z) % (z) (AB)
E -
forn=2,4,6,...,
2 2 2
wer(x) | war©(x) — w7 (x)
C = 1-—
Sans() = wL(x) [ wGLZ(X)} waL?(x) — wgr?(x)

(A7)

Hij(s,¢,2) = PV x:(z) coshV(@#)z]x;(z)  (All)
Hij(a,¢.2) =P" xi(2) sinh[Q"(¢)z]x;(z)  (A12)
w
PV — n A13
\/QW(¢>) sinh[QY(¢)w] (AL3)
for |z| < w/2,and as
I-It/ (S7 ¢a Z)
=P?xi(2) sinh[Q%()/2(z +w — 2|zD]x;(z)  (Al4)
Hij(a, ¢,2) = P’ xi(z) sgnz)
x sinh[Q%(¢)/2(z + w — 2|z])]x; (2) (A15)
B coshp(¢)w/2]
pB— m : A16
\/QB(¢) sinh[QB(¢)w] sinh[QB(¢)b /2] (A1)

forw/2 < |z|] < b/2.
Frequencies for the symmetric interface modes can be
obtained from the equation

" (w) tanh[Q” (P)w/2] + kB (w) = 0 (A17)
for the antisymmetric modes from the equation
k" (w) coth[Q (p)w/2] + kB(w) =0 (A18)
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wherey is W for the QW region ana® for the barrier regions.
The wavevectorg)” are defined as

V2my

T(s +E — 2/¢E cosg)Y/?
whereE = ¢ — E; + E; — ho, and the dielectric functions
kW (w) andk B (w) as [30]

07(¢9) = (A19)

W w?— (wL)z
© w? — (wr)?

(A20)

V() =«

5 [0 — 041, (0)[0? — 01 (x)?]
P[w? — war (¥)?][w? — war (x)?]

kBw) =« (A21)

wherewr is the transversal phonon frequency in the GaAs.
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