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Exciton wave function, binding energy, and lifetime in InAs/GaSb coupled quantum wells

S. de-Leon and B. Laikhtman
Racah Institute of Physics, The Hebrew University, Jerusalem 91904, Israel

~Received 2 June 1999!

We studied theoretically excitons in narrow-coupled InAs/GaSb quantum wells where there is not any
overlap between the InAs conduction subband and the GaSb valence subband. In this case, excitons do not
exist in the equilibrium and the luminescence of pumped excitons can be observed. We calculated the exciton
binding energy making use of the variational method. The resulting binding energy is around 4 meV. We also
calculated the exciton lifetime for both radiative recombination and nonradiative recombination. Due to the
unique band alignment of InAs/GaSb, the recombination can happen via two channels: first, mixing of the
conduction band of InAs with the valence band of GaSb and second, electron tunneling from InAs conduction
band to GaSb conduction band and hole tunneling from GaSb valence band to InAs valence band. The fastest
recombination process is the radiative process in the second channel. The lifetime varies with the well widths
from 45 ps for narrow wells to 400 ps for wider wells.
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I. INTRODUCTION

Spatially indirect excitons in coupled quantum wells
tract much interest recently both for possible applications
light-emitting devices and from the fundamental point
view, e.g., Bose Einstein condensation of excitons.1–11 Con-
finement of excitons in quantum well increases their bind
energy and spatial separation of electrons and holes incre
the exciton lifetime.12–16

Most of the attempts to detect exciton Bose-Einstein c
densation have been made in GaAs/AlxGa12xAs coupled
wells. Electrons and holes in this structure were pumped
tically and in order to increase the exciton lifetime they we
separated spatially by the application of an external elec
field.17–21During the last years, a lot of work has been do
also in InAs/GaSb heterostructures due to the unique b
alignment of these materials. The bottom of the conduct
band in bulk InAs lays below the top of the valence band
bulk GaSb, so there is an overlap between these bands.
to this overlap electrons from the full valence band of Ga
are transferred to the empty conduction band of InAs leav
holes behind in the GaSb layer. As a result, a double laye
formed where electrons are confined in InAs while holes
confined in GaSb and the exciton state can be the gro
state of the system.8–10

However, the advantage of excitons formation in equil
rium leads also to a difficulty in their observation. Equili
rium excitons do not luminesce and the only optical expe
ment that can be used is infrared absorption. A success in
exciton infrared absorption has been reported so far onl
the presence of high-magnetic field.8,10,22 All these results
motivated us to consider narrow InAs/GaSb quantum we
where excitons do not exist in equilibrium and therefore, c
be detected by luminescence measurements.

In InAs/GaSb quantum wells the overlap between
ground electron subband in InAs and the ground hole s
band in GaSb is reduced compared to the band overla
bulk materials or even completely eliminated by the s
quantization energy. Depending on their width, such coup
wells can be semimetallic, where there is an overlap betw
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InAs conduction subband and GaSb valence subband
semiconducting, where there is no such overlap. If the ga
semiconducting InAs/GaSb heterostructure is larger than
exciton binding energy then excitons do not exist in equil
rium and they have to be pumped optically or with the he
of an external electric field as in laser systems.23,24

The first problem that is considered in the present pape
the exciton binding energy and wave function in InAs/Ga
coupled quantum wells. Strictly speaking, this calculation
similar for equilibrium and nonequilibrium excitons, i.e., fo
semimetallic and semiconducting samples. The important
rameters are, however, the widths of the wells.

An important parameter of nonequilibrium excitons th
determines their luminescence intensity and affects the p
sibility of their Bose condensation is the recombination lif
time. And the second problem that we consider is the eva
ation of the exciton lifetime in semiconducting InAs/GaS
coupled quantum wells.

The photon emission, however, is not the only recom
nation mechanism. An exciton can recombine also by em
ting phonons. To compare the radiative and nonradia
~i.e., with phonon emission! recombination mechanisms w
calculate the nonradiative lifetime with emission of o
acoustic phonon. This mechanism may work in case of n
very-narrow quantum wells where the total energy of t
exciton ~the separation between the electron and hole lev
minus the exciton binding energy! is not larger than the
maximal acoustic phonon energy. The nonradiative lifeti
appears to be by a few orders of magnitude larger than
radiative one. For this reason, we do not consider high-or
processes with emission of more than one phonon or pho
and photon emission. We also do not consider recombina
with optical phonon emission, which is relevant only in
very narrow exciton energy region.

In the next section, we present our model for the calcu
tion of the exciton envelope function and the exciton lif
time. In Sec. III, we calculate the exciton wave function a
it’s binding energy using the variational principle, neglecti
the penetration of electron and hole wave function betw
the wells. In Sec. IV, we describe this penetration, which
2874 ©2000 The American Physical Society
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necessary for the calculation of the exciton lifetime. In S
V, we obtain an expression for the exciton radiative lifetim
In Sec. VI, we calculate the recombination rate due to p
non emission. In the last section, we show numerical res
for the lifetime in few cases and discuss them.

II. GENERAL DESCRIPTION OF THE MODEL

The physical system that we consider consists of two t
layers, one of InAs and the other of GaSb, sandwiched
gether in between bulk samples of a material that supp
high potential barrier for the carriers, e.g., AlSb~see Fig. 1!.
The offset between the InAs and the AlSb bulk conduct
bands is about 2 eV, and between the InAs and the G
conduction bands is about 0.85 eV.25,26These barriers form a
quantum well for electrons in the InAs layer. The offset b
tween the GaSb and the AlSb bulk valence band is 0.4
and between the GaSb and the InAs bulk valence ban
0.51 eV,25,26 these barriers form a quantum well for holes
the GaSb layer.

In the calculation of the exciton wave function and bin
ing energy we assumed that electrons and holes are con
separately in infinite quantum wells. The neglect of the c
rier penetration between adjacent wells is justified as
lows.

There are two penetration channels in this heterostruct
One is due to tunneling of electrons to the GaSb conduc
band and tunneling of holes to the InAs valence band. T
tunneling is weak due to the high-potential barriers.

Another penetration channel is due to the mixing of In
conduction electrons and GaSb valence electrons. Accor
to vertical transport experiments this mixing is also qu
small. For example, in GaSb-InAs-GaSb heterostructure
current is evidently due to resonant tunneling, which in
cates the formation of energy levels in the InAs layer due
size quantization.27–30Such levels can be formed only in th
case of a weak penetration of carriers from InAs layer
GaSb.

FIG. 1. InAs/GaSb-coupled quantum wells sandwiched betw
bulk samples of AlSb. The dashed line in the InAs layer in the fi
electron subband and the dashed line in the GaSb layer is the
heavy-hole subband. In this example the structure is semicond
ing, i.e., there is no overlap between InAs first conduction subb
and GaSb first valence subband.
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Another simplification that we used in the calculation
the exciton structure is parabolic in-plane dispersion laws
both electrons and holes. This is a usual approximation
the electron spectrum, however, for the hole spectrum
approximation deserves a justification.

In quantum wells the degeneracy of the bulk valence b
is lifted due to the size quantization. In a GaSb well
100-Å width, the separation between the first subband~HH1!
and the next level~LH1! is 45 meV. This separation is muc
larger than the exciton binding energy. In InAs/GaSb se
conducting heterostructures, the width of the GaSb wel
typically smaller than 100 Å so the main contribution to t
exciton envelop wave function comes from the first subba
The dispersion law of HH1 subband is nonparabolic a
strongly anisotropic.31,32However, close to the subband edg
the spectrum has a parabolic ‘‘pocket’’ with the mass sign
cantly smaller than the bulk hole mass.33–35 For infinite
quantum well the ‘‘pocket’’ effective mass is given by th
expression:31,36

1

mi
5g11g223

g3
2

g2
13

g3
2Ag1

224g2
2

pg2
2

cotSAg122g2

g112g2

p

2 D ,

~2.1!

whereg1 , g2, andg3 are Luttinger parameters. For a sma
enough wave vector,k&1/Lv whereLv is the well width, the
parabolic description is a good approximation of the sp
trum. Our calculation shows that the exciton radius is by
few times larger than the width of the GaSb layer so
relevant wave vectors is smaller than 1/Lv . Due to a finite
depth of the well, the effective mass depends on the w
width and the maximum of the corresponding correction
Eq. ~2.1! reaches 25% for the well widths that we consid
(Lv550 Å). The exciton binding energy and wave functio
depend on the reduced mass,m5memi /(me1mi). Here, the
electron massme is by approximately three times smalle
than the hole massmi so that the resulting correction tom is
about 8% and we neglect it. So, for the calculation of t
exciton structure it is possible to use the isotropic parab
hole spectrum with the effective mass given by Eq.~2.1!,
which in GaSb is 0.08m0 ~for g1511.8, g254.03, andg3
55.26).

Another important point of the calculation of the excito
binding energy and wave function is that different dielect
constants in different layers of a heterostructure can stron
affect Coulomb interaction.37–41Dielectric constants of InAs
and GaSb are 15.15 and 15.69, respectively and their dif
ence can be neglected. The dielectric constant of AlSb
12.04. The difference between the dielectric constant of
double layer and the cladding layers is important only at
distances larger than the width of the double layer. The
citon radius is a few times larger than the width of the dou
layer and one can expect that the effect of the dielec
constant difference of 20% is small. However, this is n
obvious because the dependence of the exciton energy
the wave function on the dielectric constant can be stron
than linear~the energy of a bulk exciton is inverse propo
tional to the dielectric constant squared!. To obtain the cor-
rect result and to estimate the effect of the different dielec
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constants, we carry out the calculation of the exciton bind
energy and wave function for two cases. In the first one,
neglect the difference of the dielectric constantsx in differ-
ent layers and assumex515 all over the whole heterostruc
ture. In the second case, we consider the dielectric cons
x515 inside the quantum wells andx1512 in the cladding
layers.

In the second part of the paper, we calculate the radia
and nonradiative lifetime of the exciton. For this calculatio
we have to go beyond the infinite wells approximation due
the following argument. Recombination is a transition of
electron from an initial state with the wave functionCei(r )
to a final state with the wave functionCe f(r ) with emission
of a photon or a phonon. The same process can be desc
as the annihilation of an electron from the stateCei(r ) and a
hole from the stateChi(r )5Ce f* (r ). The matrix element of
this process is

M5E Ce f* ~rW !Hint~rW !Cei~rW !drW

5E d~rWe2rWh!Hint~rWe!Chi~rWh!Cei~rWe!drWedrWh ,

~2.2!

whereHint(rW) is electron-photon or electron-phonon intera
tion Hamiltonian. When the electron and the hole are bou
in exciton the productChi(rWh)Cei(rWe) is replaced by the
exciton wave functionCex(rWe ,rWh), so that

M5E d~rWe2rWh!Hint~rWe!Cex~rWe ,rWh!drWedrWh . ~2.3!

It is important that the matrix element contains the exci
function ~or its derivatives! at zero distance between electro
and hole.42 Electron and hole in InAs/GaSb-coupled qua
tum wells can appear at one point only if electrons from
conduction band of InAs pass to the GaSb conduction
valence band or if holes from the GaSb valence band pas
the InAs conduction or valence band. As we explain
above, the penetration is small in all possible tunneling ch
nels. That means that the tails of the electron wave func
in GaSb and the tails of the hole wave function in InA
necessary for calculation of the matrix element~2.3! can be
found with the help of the perturbation theory.

We realize that the accuracy of our calculation is limite
One of the fundamental reasons for such a limitation is t
presently the exact form of the boundary conditions at in
faces between different materials is not known. We mean
only the boundary condition connecting conduction ba
wave function in InAs with the valence-band wave functi
in GaSb. Even the boundary conditions connecting w
functions of the conduction band of two different materia
are not known exactly. In general, these boundary conditi
contain an unknown parameter43 that is usually taken to be
equal unity without any reason except the simplification
calculations. This and similar reasons convinced us to ch
in our calculations a simple model, which is easy to u
Indeed, any sophistication of the model makes the calc
tion much more difficult but do not improve its reliabilit
because the uncertainty of the result comes from o
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sources~which is not sufficiently appreciated in many pu
lished calculations!. E.g., we prefer to use perturbatio
theory even in the cases when the exact solution is kno
for instance, in the calculation of the electron wave-functi
tail in the GaSb conduction band.

III. EXCITON ENVELOPE FUNCTION
AND BINDING ENERGY

We consider a system with the following geometry: to t
left, 2Lc,z,0, there is an InAs layer that is a quantu
well for electrons. To the right, 0,z,Lv , there is a GaSb
layer, which is a quantum well for holes. The layers a
sandwiched in between a material that supplies hi
potential barriers for both InAs electrons and GaSb ho
e.g., AlSb~see Fig. 1!. In this section, we find the exciton
envelope function and binding energy assuming comp
confinement of the holes in the GaSb layer and the electr
in the InAs layer.

The Schro¨dinger equation for the exciton envelope fun
tion is

@Hce1Hvh2V~rWe ,rWh!#F~rWe ,rWh!5EF~rWe ,rWh!, ~3.1!

whereF(rWe ,rWh) is the exciton envelope function, and

Hce52
\2¹e,i

2

2me
2

\2

2me

]2

]ze
2 , ~3.2a!

Hvh52D2
\2

2m'

]2

]zh
2 2

\2¹h,i
2

2mi
. ~3.2b!

Here, ¹e,i and ¹h,i are the derivatives with respect to in
plane coordinates of electron,rWe,i , and hole,rWh,i , respec-
tively. D'150 meV is the energy difference between t
bottom of the conduction band in bulk InAs and the top
the valence band in bulk GaSb.me50.026m0 is the electron
effective mass in InAs,m'50.27m0 andmi50.08m0 are the
perpendicular and parallel to the layer plane GaSb hea
hole effective masses. The electron-hole Coulomb inter
tion, V(rWe ,rWh), in the case of the same dielectric constantx
in the quantum wells and the cladding material is

V~rWe ,rWh!5
e2

xA~ze2zh!21~rWe,i2rWh,i!
2

. ~3.3!

In the case when the dielectric constantx1 in the cladding
layers is different from the dielectric constantx in the quan-
tum wells, the solution of the Poisson equation will result

V~rWe ,rWh!5
2pe2

x E d2k

~2p!2kg
e2 ikW rW i@ t2e2k(Lv1Lc)ek(zh2ze)

12st coshk~zh1ze1Lc2Lv!

1s2ek(Lv1Lc)e2k(zh2ze)#, ~3.4!

whererW i5rWe,i2rWh,i , t512(x1 /x), s511(x1 /x), and

g5s2ek(Lv1Lc)2t2e2k(Lv1Lc). ~3.5!
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As it has already been mentioned, for numerical calculati
we takex515 andx1512.

The boundary conditions for the unperturbed proble
i.e., two infinite quantum wells are

F~rWe ,rWh!uze52Lc
5F~rWe ,rWh!uze5050, ~3.6a!

F~rWe ,rWh!uzh5Lv
5F~rWe ,rWh!uzh5050. ~3.6b!

To simplify the solution of the Schro¨dinger equation we
assume that the quantization energy inz direction is much
larger than the in-plane kinetic energy and the Coulomb
ergy. This assumption is confirmed by the result of the c
culation. So, in the leading order Eq.~3.1! is reduced to

S 2
\2

2me

]2

]ze
2 2D2

\2

2m'

]2

]zh
2DF~rWe ,rWh!5E(0)F~rWe ,rWh!.

~3.7!

The solution to this equation is found by separation of va
ables

F~rWe ,rWh!5cc~ze!cv~zh! f ~rWh,i ,rWe,i!, ~3.8!

wheref (rWh,i ,rWe,i) is an arbitrary function.cc andcv for the
ground state are

cc~ze!5A 2

Lc
sinkeze , ~3.9a!

cv~zh!5A 2

Lv
sinkhzh , ~3.9b!

for 2Lc,ze,0, 0,zh,Lv and equal zero outside of thes
regions. Also,ke5p/Lc , kh5p/Lv , E(0)5Ec1Ev , and

Ec5
p2\2

2meLe
2

, Ev52D1
p2\2

2m'Lv
2

. ~3.10!

To find the first order correction to the energy due to
electron-hole interaction we have to calculate the diago
matrix element of therWh,i and rWe,i dependent part of the
Hamiltonian~3.1! between the functionscccv . This calcu-
lation leads to an equation forf (rWh,i ,rWe,i). We factorize this
function into a part that describes the in-plane exciton m
tion as a whole, and a part that describes the relative mo
of the electron and the hole,

f ~rWe,i ,rWh,i!5
eiKW iR

W
i

AS
f~rW i!, ~3.11!

where S is the normalization area,KW i is the exciton wave
vector and

rW i5rWe,i2rWh,i , RW i5
merWe,i1mirWh,i

me1mi
. ~3.12!

The part that describes the exciton structure satisfies
equation
s

,

-
l-

-

e
al

-
n

he

F2
\2¹ i

2

2m
1V~Lc ,Lv ,rW i!1«Gf~rW i!50, ~3.13!

where

V~Lc ,Lv ,rW i!52E
0

Lv
dzhE

2Lc

0

dzeucc~ze!u2ucv~zh!u2

3V~rWe ,rWh!, ~3.14!

and the eigenvalue of Eq.~3.1! is

E5E(0)1
\2K2

2M
2«. ~3.15!

Here,M5me1mi .
The substitution of Eqs.~3.9! and ~3.3! in Eq. ~3.14! re-

sults in

V~Lc ,Lv ,rW i!52
16p4e2

xLcLv
E

0

` ~12e2kLc!

k~4p21k2Lc
2!

3
~12e2kLv!

k~4p21k2Lv
2!

J0~kr i!dk, ~3.16!

whereJ0(kr) is the Bessel function.
When we consider the different dielectric constants of

cladding materials and use Eq.~3.4! instead of Eq.~3.3!, we
get:

V~Lc ,Lv ,rW i!52
16p2e2

xLcLv
E

0

` J0~kr i!dk

k~4p21k2Lc
2!k~4p21k2Lv

2!g

3$t2~12e2kLv!~12e2kLc!1s2~ekLc21!

3~ekLv21!1st@~ekLv21!~12e2kLc!

1~12e2kLv!~ekLc21!#%. ~3.17!

We are interested in the ground state of the exciton
which f(rW i) depends only on the modulus ofrW i. We find
functionf(r ) with the help of variational method. To obtai
more confident results we made the calculation for a few t
functions. We chose them making use of the asymptotic
havior of the Coulomb potential. At a distance much larg
than the width of the wells,V52e2/xr . That means that
f(r ) falls off at larger as a simple exponent. So we took

f1~r ,a!5
1

A2pa
expH 2

r

2aJ ~3.18!

as the first trial function. At smallr the Coulomb potential
~3.16! goes to a constant~the confinement in thez direction
leads to cutoff of the Coulomb potential atr 50, so that
V(0)'2(e2/xL)2 ln 2, for Lc5Lv5L). That is f(r ) can
be expanded in powers ofr 2 at smallr. So as the second tria
function we took

f2~r !5
1

Apa
expH 2

r 2

2a2J , ~3.19!
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TABLE I. The values of the variational parameters, the exciton binding energies of the three
functions and the rms of the third trail function (r 3) for two well widths.

Lv@Å # Lc@Å # r 0@Å # b@Å # a@Å # a@Å # r 3@Å # «1 @meV# «2 @meV# «3 @meV# E @meV#

50 80 121 137 323 165 359 2.93 2.77 3.00 36

60 60 113 135 318 162 352 3.02 2.83 3.09 118
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that is quite often used in variational calculations. As t
third trial function we took a function that satisfied bo
asymptotes,

f3~r ,b,r 0!5
1

A2pb~b1r 0!
expH 2

Ar 21r 0
22r 0

2b J
~3.20!

~compare Refs. 44–47!. a, a, r 0 andb in Eqs.~3.18!–~3.20!
are variational parameters.

Relatively simple expressions for variational functiona
in all three cases are presented in Appendix A. The value
the variational parameters are found from the minimizat
of these functionals. The results of the calculation for
three trial functions for two different well widths in the cas
of the Coulomb potential Eq.~3.3! are presented in Table I
There « i is the binding energy corresponding to the tr
function f i andE was defined in Eq.~3.15!. To get an un-
derstanding of an overall width of the wave function, w
presented in Table I also the root mean square~rms! radius
of the third trial functionf3(r ) that is calculated accordin
to

r 3
252b

3b~b1r 0!1r 0
2

b1r 0
. ~3.21!

For both well widths the second trial function~the Gauss-
ian one! gives the smallest binding energy, i.e., the wo
approximation and the third trial function gives the large
binding energy, i.e., is the best approximation. Compar
our results for the binding energy with the results of Mon
Carlo study that were done for similar systems48 we see that
the binding energy scales are similar~about 3 meV!.

The difference between the binding energies of all tr
functions is not large but it is more pronounced in their sha
and radius. In Fig. 2, we present the shape of the three
ferent trail wave functions for the caseLv5Lc[L560 Å.

For the third trial function, we calculated the excito
binding energy also with the interaction potential~3.17! that
includes the difference of dielectric constants in the barr
and the wells. The results are presented in Table II. T
binding energy is larger by about 25% and the rms is sma
by about 10% since the attraction is stronger. We see tha
correction due to the different dielectric constant is subst
tial for the binding energy and the exciton radius. In Fig.
the change in the shape of the wave function due to
different dielectric constant of the cladding material is p
sented. We see that the wave-function amplitude is increa
nearr 50 and that the tail decreases faster due to the sm
dielectric constant of the barriers.

To check the parabolic spectrum approximation for ho
in GaSb we calculated the Fourier transform of the third t
e
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wave function,f3k ~see Appendix B! and compared the
value uf3ku2 for k51/Lv with uf30u2 . It appears that for the
structures that we studied the ratiouf3ku2/uf30u2 is smaller
than 1023 .

Finally, we compare the quantization energies in the w
with the binding energy to justify the approximation that w
made in the transition from Eqs.~3.1! to ~3.7! and ~3.13!.
The separation between the first and the second levels in
InAs well is about 490 meV and in GaSb well is about
meV, both are well above the binding energy.

IV. PENETRATION OF ELECTRONS AND HOLES TO
THE NEIGHBORING WELLS

In this section, we will calculate the tails of the electro
wave function in the GaSb quantum well and of the ho
wave function in the InAs quantum well that are necess
for the calculation of the transition rate matrix element.

We treat the penetration of the wave function into t
neighboring well with the help of perturbation theory. W
have to distinguish here between two different parameter
the perturbation theory. The first one, the ratio of the exci

FIG. 2. The three trial functions of the relative coordinates
the caseLv5Lc[L560 Å. r is presented in units ofL and f i is
multiplied by L for convenience.
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binding energy to the quantization energy in the wells, h
been used in the previous section and allowed us to facto
the exciton wave function to the form Eq.~3.8!. In that sec-
tion, we went beyond the leading order in this parameter
obtained Eq.~3.13! to calculate the in-plane exciton wav
function f (rWh,i ,rWe,i). As soon as this wave function is know
it is enough to work only in the leading order and neglect
in-plane kinetic energy and the electron-hole interact
compared to the quantization energy in the wells.

The second parameter of the perturbation theory descr
the penetration between the wells. In the previous sect
we used the boundary conditions~3.6! and neglected the
penetration. This corresponds to the leading order of the
turbation theory. Now we have to go beyond the lead
order and use the boundary conditions including the pene
tion. The corresponding step is the calculation ofF(rWe ,rWh)
in the regions 0,ze ,zh,Lv and 2Lc,ze ,zh,0 assuming
that in the region2Lc,ze,0,zh,Lv it is already known,
Eqs.~3.8!, ~3.9!, and~3.20!. The pertubation parameter is th
ratio of the energy shift due to the penetration to the qua
zation energy. However, to calculate the shift it is necess
to go to the second order of the perturbation theory that
are not going to do. Another way to estimate this parame
will be discussed at the end of Secs. IV A and IV B.

As it was mentioned in Sec. II, there are two penetrat
channels. In Sec. IV A, we calculate tails of the electr
wave function in the valence band of GaSb and of the h
wave function in the conduction band of InAs. In Sec. IV
we consider the penetration between conduction band
these materials and between their valence bands.

A. Conduction-valence band mixing

To find F(rWe ,rWh) in the regions 0,ze ,zh,Lv and 2Lc
,ze ,zh,0 we solve the Schro¨dinger equation in these re
gions and use boundary conditions that allow penetra
between the quantum wells instead of Eq.~3.6!. The Schro¨-
dinger equation that describes GaSb hole tunneling to
InAs conduction band and the Schro¨dinger equation that de
scribes InAs electron tunneling to the GaSb valence band
similar to Eq.~3.7!. The differences are that when an ele
tron penetrates into the GaSb layer we need to replaceHce
with Hve , and when a hole penetrates into the InAs layer
need to replaceHvh with Hch , which are defined in the
following way

Hve5D1
\2

2m'

]2

]ze
2 , ~4.1a!

Hch5
\2

2me

]2

]zh
2 , ~4.1b!

TABLE II. The values of the variational parameters, the excit
binding energy and rms of trail functionf3 calculated for different
dielectric constants in quantum wells and cladding layers.

Lv@Å # Lc@Å # r 0@Å # b@Å # r 3@Å # «3 @meV#

50 80 126 121 324 3.98

60 60 133 116 313 4.12
s
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where we neglect in-plane kinetic energy. As a result of t
neglect in each of the regions 0,ze ,zh,Lv , and 2Lc
,ze ,zh,0, the exciton wave function is factorized in a b
different way than in Eq.~3.8!,

F~rWe ,rWh!5cc~ze!cv~zh!, ~4.2!

cc(ze) andcv(zh) depend onrWe,i and onrWh,i as on param-
eters. The functioncc(ze) in the region2Lc,ze,0, and
the functioncv(zh) in the region 0,zh,Lv are defined in
Eq. ~3.9! while in the other regions these functions satis
the equations

S D1
\2

2m'

]2

]ze
2Dcc5Eccc , 0,ze,Lv , ~4.3a!

\2

2me

]2cv

]zh
2 5Evcv , 2Lc,zh,0, ~4.3b!

whereEc andEv are defined in Eq.~3.10!. The solutions to
these equations are

cc~ze!5Ce~rWe,i ,rWh,i!sinkeze1De~rWe,i ,rWh,i!coskeze ,

0,ze,Lv , ~4.4a!

cv~zh!5Ch~rWe,i ,rWh,i!sinkhzh1Dh~rWe,i ,rWh,i!coskhzh ,

2Lc,zh,0, ~4.4b!

FIG. 3. The third trial function in the caseLv5Lc[L560 Å.
The continuous line is for potential Eq.~3.3!, i.e., dielectric constant
x515 everywhere. The dashed line is for the potential Eq.~3.4!, i.e.
x515 in the wells,x512 in the cladding materials.
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whereke5A2m'(D2Ec)/\ and kh5A22meEv/\2 . Note
that ke is real only whenEc5p2\2/2meLc

2,D, and kh is
real only whenEv,0, i.e.,p2\2/2m'Lv

2,D.
To find the value of the coefficientsCe , De , Ch , andDh

we need boundary conditions for the electron and hole en
lope functions. The barrier for electrons and holes created
the cladding material is quite high and we neglect any p
etration there. So, the boundary conditions at the interfa
with the cladding material remain unchanged, Eq.~3.6!. We
need just correct boundary conditions at the interface
tween the wells that allow a penetration across this interfa
Such boundary conditions for electrons have been obta
in Ref. 49. For the perturbation calculation that we use o
one of them is necessary and it has the form

Fuze→105
a2

2
Am'

me
S ]

]xe
1 i

]

]ye
D ]F

]ze
U

ze→20

. ~4.5!

Here, a2 is a phenomenological parameter that is close
aLv wherea is the lattice constant. The appearance of
derivative with respect tox andy in Eq. ~4.5! ~see also Ref.
50! is the results of the symmetry limitations.

Equation~4.5! describes the mixing of electron states b
tween InAs conduction band and GaSb valence band.
describe similar mixing of hole states we make use of
relation between electron and hole wave functions,ch(rW)
5ce* (rW). With the help of Ref. 49 we have

Fuzh→2052
a2

2
Ame

m'
S ]

]xh
1 i

]

]yh
D ]F

]zh
U

zh→10

. ~4.6!

With the help of these boundary conditions we obtain

F1~rWe ,rWh!52
kha2

ALcLv

Ame

m'
S ] f

]xh
1 i

] f

]yh
D

3
sinkh~zh1Lc!

sinkhLc
sinkeze , 2Lc,zh ,ze,0,

~4.7a!

F1~rWe ,rWh!52
kea2

ALcLv

Am'

me
S ] f

]xe
1 i

] f

]ye
D

3
sinke~ze2Lv!

sinkeLv
sinkhzh , 0,ze ,zh,Lv .

~4.7b!

We use the notationF1 for the tails of the exciton wave
function resulting from the mixing of InAs conduction an
GaSb valence bands, to distinguish them from the other
obtained in the next subsection. Ifke or kh are imaginary the
sin containing it in Eq.~4.7! should be replaced by sinh.

To justify the perturbation theory with respect to the pe
etration across the interface we have to check that the en
shift due to the penetration is much smaller than the sep
tion between the first and the second levels in the wells.
same estimate can be made also in another way. In the l
ing order of the perturbation theory the value of the wa
function at the interface is zero. The boundary conditio
e-
y
-

es

e-
e.
ed
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e

-
o
e
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-
gy
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e
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~4.5! and ~4.6! give nonzero values for the interface wav
function. The ratio of these values to the values of the wa
function in the middle of the wells also gives us the para
eter of the perturbation theory. Such an estimate gives
parameterle5a2

2keke /b2 for the electron penetration an
lh5a2

2khkh /b2 for the hole penetration whereb is one of
the parameters of wave function~3.20!. The values of the
parameters vary fromle50.004, lh50.01 (Lv550 Å, Lc
580 Å) to le50.07, lh50.025 (Lv5120 Å, Lc570 Å).

B. Conduction-conduction and valence-valence band mixing

The results for the second channel are obtained in a s
lar way. Again, we have the factorization~4.2! wherecc(ze)
in the region2Lc,ze,0 andcv(zh) in the region 0,zh
,Lv are defined in Eq.~3.9!. In the other regions, thes
functions satisfy the equations

S Uc2
\2

2me
GaSb

]2

]ze
2D cc5Eccc , 0,ze,Lv , ~4.8a!

S Uv2D2
\2

2mh
InAs

]2

]zh
2D cv5Evcv , 2Lc,zh,0,

~4.8b!

where Uv50.51 eV is the offset between the InAs an
GaSb valence bands, andUc50.85 eV is the offset between
their conduction bands,me

GaSb50.042m0 is the effective
electron mass in GaSb andmh

InAs50.4m0 is the heavy-hole
mass in InAs.

The energy offsets between the bands in the different
ers present barriers for tunneling of electrons into the Ga
layer and holes into InAs layer. These barriers are so h
that the wave functions fall off significantly under the bar
ers at the distance smaller than the widths of the layers.
this reason, we can neglect the finite widths of the barrie

For the calculation of under the barrier functions we u
perturbation theory. This means that we neglect the cha
due to the penetration under the barrier of the electron fu
tion in InAs well and of the hole function in the GaSb we
Then the only necessary boundary conditions at the inter
between the layers are the relation between the nor
derivatives,43,51,35,52–55

1

me
GaSb

dcc~ze!

dze
Uze→105

1

me

dcc~ze!

dze
U

ze→20

, ~4.9a!

1

m'

dcv~zh!

dzh
Uzh→105

1

mh
InAs

dcv~zh!

dzh
U

zh→20

. ~4.9b!

The resulting exciton envelope function is

F2~rWe ,rWh!5
2

ALcLv

kh

qh

mh
InAs

m'

f ~rWe,i ,rWh,i!e
qhzh sinkeze ,

2Lc,zh ,ze,0, ~4.10a!
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F2~rWe ,rWh!52
2

ALcLv

ke

qe

me
GaSb

me
f ~rWe,i ,rWh,i!e

2qeze sinkhzh ,

0,ze ,zh,Lv , ~4.10b!

where

qe5A2me
GaSbuUc2Ecu/\2,

qh5A2mh
InAsuUv2Ev2Du/\2.

We use the notationF2 for the tails of the exciton wave
function originated from conduction-conduction an
valence-valence band mixing.

The approximation of the infinite widths of the barrie
that has been used to obtain Eq.~4.10! is valid if qeLv@1
and qhLc@1. For the cases that we have checked we h
qeLv equals 4.5 (Lv550 Å, Lc580 Å) and 10.5 (Lv
5120 Å, Lc570 Å) andqhLc equals 10.4 (Lv560 Å, Lc
560 Å) and 13.7 (Lv550 Å, Lc580 Å). The check of the
perturbation theory with respect to the penetration across
interface can be made in the same way as in the Sec. IV
That is, we compare the interface values of the wave fu
tions obtained from Eq.~4.10! with the values of the electron
wave function in the middle of InAs well and the hole wa
function in the middle of GaSb well. This gives the para
eter ge5(me

GaSb/me)/qeLc for the electron penetration an
gh5(mh

InAs/m')/qhLv for the hole penetration. For the we
widths that we have considered we havege around 0.3 and
gh in the range 0.06–0.15.

V. RADIATIVE RECOMBINATION TIME OF EXCITON

The radiative recombination rate~the inverse recombina
tion time! is calculated according to the Fermi golden ru
when the interaction with the photon is2(e/m0c)AW pW e where
m0 is the free electron mass andAW is the vector potential of
light in the sample. The recombination rate is

1

t rad~K !
5

4p2e2

m0
2Vn2 Sq,s

1

vq
u^0ueWqW ,se

2 iqW rWepW euCex,KW &u2

3d~E2\vq!. ~5.1!

HereeWqW ,s andvq are respectively the polarization vector a
the frequency of a photon with the wave vectorqW and the
polarization mode s. The refraction index isn'3.6, pW e is the
electron momentum operator,Cex,KW is the wave function of
the exciton with the wave vectorKW andV is the normaliza-
tion volume. The matrix element in Eq.~5.1! is the same as
Eq. ~2.3! with specified interaction Hamiltonian.

The complete exciton wave function is a product of en
lope function and Bloch functions. The Bloch functions th
we need to consider depend on the tunneling channel.
coupling between the InAs conduction band and the G
valence band results in the following tails of the excit
complete wave function
e

he
A.
c-

-

-
t
he
b

Cex~rWe ,rWh!

5H F1~rWe ,rWh!uc,InAs~rWe!uc,InAs~rWh!, 2Lc,ze ,zh,0,

F1~rWe ,rWh!uv,GaSb~rWe!uv,GaSb~rWh!, 0,ze ,zh,Lv ,

~5.2!

whereuc,InAs(rW) is Bloch function of InAs conduction band
anduv,GaSb(rW) is Bloch function of GaSb valence band.

The conduction-conduction and the valence-valence b
coupling results in the tails of the exciton complete wa
function of the form

Cex~rWe ,rWh!

5H F2~rWe ,rWh!uc,InAs~rWe!uv,InAs~rWh!, 2Lc,ze ,zh,0,

F2~rWe ,rWh!uc,GaSb~rWe!uv,GaSb~rWh!, 0,ze ,zh,Lv ,

~5.3!

whereuv,InAs(rW) is Bloch function of InAs valence band an
uc,GaSb(rW) is Bloch function of GaSb conduction band.

When we calculate the matrix element we break the in
gration over the sample into the sum of integrals over u
cells. In the case of the wave function~5.2! whenpW e operates
on the Bloch function the integrals over unit cell give ze
because two Bloch functions in each integral are ident
and hence have the same parity. Therefore, the only non
contribution comes from derivatives of the envelope fun
tions. In the case of Eq.~5.3!, Bloch functions in each inte-
gral have different parity and hence nonzero contributio
comes only from derivatives of the Bloch functions. Th
resulting matrix elements are

Mex1[^0ueWe2 iqW rWepW euCex,KW &

52 i\E e2 iqW rWed~rWe2rWh!eW¹W eF1~rWe ,rWh!d3r ed
3r h ,

~5.4a!

for the conduction-valence-band coupling and

Mex2[^0ueWe2 iqW rWepW euCex,KW &

5eWpW cv
InAsE

z,0
e2 iqW rWed~rWe2rWh!F2~rWe ,rWh!d3r ed

3r h

1eWpW cv
GaSbE

z.0
e2 iqW rWed~rWe2rWh!F2~rWe ,rWh!d3r ed

3r h ,

~5.4b!

for the conduction-conduction and valence-valence b
coupling. Here,

pW cv
GaSb5

1

VE
cell

uv,GaSb
† ~rW !pW uc,GaSb~rW !d3r , ~5.5a!

pW cv
InAs5

1

VE
cell

uv,InAs
† ~rW !pW uc,InAs~rW !d3r , ~5.5b!

whereV is the volume of a unit cell.
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First, we find the radiative transition rate for valenc
conduction coupling. With the help of the exciton envelo
function calculated in the previous section, Eq.~4.7!,

Mex15 i\ez

a2

ALcLv
E d2r ed

2r hd~r i ,e2r i ,h!e2 iqW rW i ,e

3H S ] f

]xh
1 i

] f

]yh
D ezkhkeA me

mh'

3E
2Lc

0 sinkh~z1Lc!

sinkhLc
coskezdz1S ] f

]xe
1 i

] f

]ye
D

3ezkekeAmh'

me
E

0

Lvcoske~z2Lv!

sinkeLv
sinkhzdz

1S ex

]

]xe
1ey

]

]ye
D S ] f

]xh
1 i

] f

]yh
D khA me

mh'

3E
2Lc

0 sinkh~z1Lc!

sinkhLc
sinkezdz

1S ex

]

]xe
1ey

]

]ye
D S ] f

]xe
1 i

] f

]ye
D keAmh'

me

3E
0

Lvsinke~z2Lv!

sinkeLv
sinkhzdzJ . ~5.6!

The photon wave length corresponding to this transition
a few orders of magnitude larger than the wells widths,~mi-
crons compared to hundred angstroms!, so we assume tha
exp(2iqzz)51 in the integrand.

It’s more convenient to change the variables of the in
gration to the electron and hole center of mass coordinateRW i

and their relative coordinatesrW i . Near the pointr i50 the
potential is regular and hence the part of the wave func
~3.11! depending onr i behaves asf(rW i)'f01f1r i

2 . So
only the second derivatives off are finite. As a result the
terms in the right-hand side containingez are proportional to
K, which is relativistically small~due to the momentum con
servation K5q5vn/c). The main contribution to terms
containingex and ey comes from the second derivatives
f(rW i) with respect toxi andyi .

After the substituting of the result in Eq.~5.1! and the
summation over the in-plane momentumqW i , the transition
rate for the conduction-valence-band mixing is

1

t rad~K !
5

4p2e2

m0
2n2

\2a2
2

LcLv
SsE dqz

2pvK,qz

UPrex

]2f

]x2

1 iPrey

]2f

]y2 1Pzezke~ iK x2Ky!f~0!U2

,

~5.7!

where the in-plane derivatives are taken atr 50, the photon
frequencyvK,qz

5cAK21qz
2/n and
-

s

-

n

Pz5
keAmemh'

M E
0

Lv coske~z2Lv!

sinkeLv
sinkhzdz

2A me

mh'

khmhi

M E
2Lc

0 sinkh~z1Lc!

sinkhLc
coskezdz,

~5.8a!

Pr5khA me

mh'
E

2Lc

0 sinkh~z1Lc!

sinkhLc
sinkezdz

1keAmh'

me
E

0

Lv sinke~z2Lv!

sinkeLv
sinkhzdz.

~5.8b!

Let x axis be directed along the vectorK, soqW is in thexz
plane. One of possible polarization directions is perpendi
lar to the plane, i.e., alongy direction @eW5(0,1,0)# and the
other is inside the planexz. For the in-plane mode

ex5
qz

qph
5

qz

AK21qz
2

, ~5.9a!

ey50, ~5.9b!

ez5
K

qph
5

K

AK21qz
2

, ~5.9c!

and after the integration with respect toqz we obtain the
transition rate as the sum of contributions from the differe
polarization directions

1

t rad~K !
5Gx~K !1Gy~K !1Gz~K !, ~5.10!

which are

Gz~K !5
4pc0

2e2\3ke
2

m0
2E2n2

uPzu2K4uf~0!u2S n2E2

\2c2 2K2D 21/2

3QS E2
\cK

n D , ~5.11a!

Gx~K !5
4pc0

2e2\3

m0
2E2n2

uPr u2U]2f

]x2U
r 50

2 S n2E2

\2c2 2K2D 1/2

3QS E2
\cK

n D , ~5.11b!

Gy~K !5
4pc0

2e2\

m0
2c2 uPr u2U]2f

]y2U
r 50

2 S n2E2

\2c2 2K2D 21/2

3QS E2
\cK

n D , ~5.11c!

wherec05a2 /ALcLv.
Now we find the radiative transition rate in the seco

channel~valence-valence, conduction-conduction couplin!.
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SubstitutingF2(rWe ,rWh), Eq. ~4.10!, in Eq. ~5.4b! we get the
matrix elementMex2 . According to Eq.~5.1!, after the sum-
mation with respect to the in-plane vectorqi we obtain Eq.
~5.10! with

Gz~K !5
4pe2\K2dz

2

m0
2E2n2

uf~0!u2S n2E2

\2c2 2K2D 21/2

3QS E2
\cK

n D , ~5.12a!

Gx~K !5
4pe2\dx

2

m0
2E2n2

uf~0!u2S n2E2

\2c2 2K2D 1/2

QS E2
\cK

n D ,

~5.12b!

Gy~K !5
4pe2dy

2

m0
2\c2 uf~0!u2S n2E2

\2c2 2K2D 21/2

QS E2
\cK

n D ,

~5.12c!

where

d¢5BInAspW cv
InAs2BGaSbpW cv

GaSb, ~5.13a!

BInAs5
2

ALcLv

kh

qh

mh
InAs

m'
E

2Lc

0

eqhz sinkezdz, ~5.13b!

BGaSb5
2

ALcLv

ke

qe

me
GaSb

me
E

0

Lv
e2qez sinkhzdz.

~5.13c!

VI. NONRADIATIVE TRANSITION RATE

In this section, we calculate the exciton recombinat
rate due to emission of acoustic phonons with a wave ve
much smaller than the inverse lattice constant. The calc
tion is similar to that in the previous section. However, as
will show below, the recombination time due to phon
emission contains only a contribution from the first tunneli
channel, i.e., from the conduction-valence coupling.

The electron-phonon interaction is described by the
lowing Hamiltonian:

Hph5H acuj j , z,0,

av~uxx1uyy1uzz!1
bv

2
~uxx1uyy22uzz!, z.0,

~6.1!

whereac55.8 eV, av58.3 eV, andbv52 eV are the defor-
mation potential parameters of InAs and GaSb, respectiv
and

ujl 5 iSq,sA \

2Vrvq,s
qjel ,q,s~aq,se

iqW rW2aq,s
† e2 iqW rW!,

~6.2!

is the strain tensor. Here,vq,s5vsq andeWq,s are respectively
the frequency and the polarization vector of the phonon w
n
or
a-
e

l-

ly

h

the wave vectorqW and the branchs, vs is the sound velocity
and r is the lattice density (r InAs55.7 g cm23,rGaSb
55.6 g cm23).

The inverse nonradiative lifetime for an exciton in th
ground state as a function of the center of mass wave ve
is

1

tph~K !
5

2p

\
Sq,su^1u^0uHphuCex,KW &uvac&u2d~E2\vs,q!.

~6.3!

Here,uvac. andu1. are the initial and the final state of th
phonon field, respectively.

Bloch wave functions of the conduction and valen
bands have different parity and hence for smallq the matrix
element between them is zero. That is, the only contribut
to the recombination rate comes from the first tunnel
channel, i.e., valence-conduction band mixing, Eq.~5.2!. Ac-
cording to Eq.~4.7! F1(rW,rW) contains first derivatives o
f (rWe,i ,rWh,i) at rWe,i5rWh,i . This function is a product of two
factors, Eq.~3.11!, and the first derivative of the factorf(rW i)
at zero argument equals zero. A nonzero contribution com
only from derivatives of the factor describing the excito
motion as a whole. This contribution is proportional to t
small exciton wave vectorK. So, after the substitution o
F1(rW,rW) in Eq. ~6.3!, and summation with respect the in
plane vectorqW we obtain

1

tph
5

ucInAsu2\

2rE
K2uf~0!u2SsE ~qW eW s,q!2ac

2uI InAs~qz!u2

3d~E2\vs,q!dqz

1
ucGaSbu2\

2rE
K2uf~0!u2SsE S qW eWq,sS av1

bv

2 D
2

3bv

2
qzez,q,sD 2

uI GaSb~qz!u2d~E2\vs,q!dqz .

~6.4!

Here,qW i5KW and:

cInAs5kh

2

ALcLv

a2

2
A me

mh'

mhi

M
,

cGaSb52ke

2

ALcLv

a2

2
Amh'

me

me

M
, ~6.5a!

I InAs~qz!5E
2Lc

0

e2 iqzz sinkez
sinkh~z1Lc!

sinkhLc
dz,

~6.5b!

I GaSb~qz!5E
0

Lv
e2 iqzz sinkhz

sinke~z2Lv!

sinkeLv
dz.

~6.5c!

In InAs only the longitudinal phonons contribute to the r
combination rate and (qW eW l ,q)25q25K21qz

2 . In GaSb both
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longitudinal and transverse phonons contribute to the prod
qzez,q,t . We assume thatKW 5KxxW , henceqW is in thexzplane.
There are two transverse modes, one is perpendicular to
xzplane and does not contribute toqzez,q,t . The other mode
is in the planexz, we get for it (qzez,q,t)

25K2qz
2/q2 .
th
b
h
y,

fe
f-
in

we
e
ho

th
n
d

h
w

th
s

e

-

ct

he

The resulting transition rate for the ground state is

1

tph~K !
5G InAs~K !1GGaSb,l~K !1GGaSb,t~K !, ~6.6!

where
G InAs~K !5
ucInAsu2

2r
K2uf~0!u2ac

2S pqz

Lc sinkhLc
D 2 1

E v InAs,l

3
4kh

2qz
2~cosLcqz1coskhLc!

21~sinkhLc~kh
21qz

22~p/Lc!
2!12khqz sinqzLc!

2

@~p/Lc1kh!22qz
2#2@~p/Lc2kh!22qz

2#2 , ~6.7a!

GGaSb,l~K !5
ucGaSbu2

2r
K2uf~0!u2Fpqz~av2bv!

Lv sinkeLv
G2 1

E vGaSb,l

3
4ke

2qz
2~cosLvqz1coskeLv!21~sinkeLv~ke

21qz
22~p/Lv!2!12keqz sinqzLv!2

@~p/Lv1ke!
22qz

2#2@~p/Lv2ke!
22qz

2#2 , ~6.7b!

GGaSb,t~K !5
ucGaSbu2

2r
K2uf~0!u2S 3pKbv

4Lv sinkeLv
D 2 1

E vGaSb,t

3
4ke

2qz
2~cosLvqz1coskeLv!21~sinkeLv~ke

21qz
22~p/Lv!2!12keqz sinqzLv!2

@~p/Lv1ke!
22qz

2#2@~p/Lv2ke!
22qz

2#2 . ~6.7c!
han
rst
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ster
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Here, we used the approximationE/\vs5q5Aqz
21K2'qz

sinceK!qz .

VII. DISCUSSION

In this section, we present the numerical results for
exciton wave function, the binding energy and the recom
nation lifetime. We made extensive calculations only for t
trail function which gave the maximal binding energ
f3(r ), Eq. ~3.20!. The results are given in Table III.

To understand a qualitative picture, we considered a
structures with different well widths of both wells. The di
ference of dielectric constants in quantum wells and cladd
layers is taken into account in the calculation. First of all,
see that the wave function and the binding energy dep
mainly on the average distance between electron and
that is determined by sum of the well widthsLc1Lv . For a
larger sum the exciton binding energy is smaller and
exciton radius is larger. If we keep this sum constant a
vary the differenceLc2Lv the wave function parameters an
the binding energy nearly do not change~see results forLc
1Lv5140 Å). The accuracy of the absolute values of t
calculated parameters is no more than three digits and
give more digits only to show their relative change due to
variation ofLc2Lv . The overall size of the wave function i
characterized by the rms value of its radiusr 3 .

In Table III, we present the exciton radiative lifetim
separately for the first (t rad1) and the second (t rad2) recom-
bination channels atK50. SinceGz(0)50 in both channels
the only contribution to the lifetime comes fromGx(0),
Gy(0). For theevaluation of the microscopic matrix ele
e
i-
e

w

g

nd
le

e
d

e
e

e

mentspW cv
InAs , pW cv

GaSb, Eq. ~5.5!, we followed Ref. 56. There
the Kane model is used, which givespcv5AEpm0/2 and the
values of Ep extracted from experiments areEp

InAs

521.11 eV andEp
GaSb522.88 eV.56

The lifetime in the second channel appears by more t
five orders of magnitude shorter than the lifetime in the fi
channel. Such a big difference results from two main r
sons. The first is that the Bloch function changes much fa
than the envelope wave function. As a result the dipole m
ment for the interband transition in the second channel is
about two orders of magnitude larger than the dipole mom
for the intraband transition in the first channel. The seco
reason is that the amplitude of the envelope wave functio
the interface in the second channel is much larger than tha
the first channel.@A rough comparison of Eq.~4.7! with Eq.
~4.10! gives the large parameter 1/qea or 1/qha.# So, in spite
of very short tunneling tails in the second channel this giv
another order of magnitude to the matrix element.

The main contribution to the recombination rate in t
second channel comes from the electron tunneling from
InAs quantum well to the conduction band of GaAs quant
well. Due to small electron mass compared to the hole m
the part of the matrix element Eq.~5.13a!, which describes
the hole tunneling to the InAs valence band (BInAspW cv

InAs) is
by an order of magnitude smaller than the part describ
electron tunneling (BGaSbpW cv

GaSb).
The dependence of the lifetime on the well widths com

mainly from the confinement energy. In the recombinati
rate, Eqs.~5.12b! and~5.12c!, this energy enters through th
factorsdx

2/E anddy
2/E, respectively@due to the dependenc
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TABLE III. The results of the calculation for a few heterosturtures using the trail functionf3 . Herer 0

andb are the values of the wave-function parameters,r 3 is the rms,e3 is the exciton binding energy,E is the
total exciton energy, andt rad1(0) andt rad2(0) are the radiative recombination times in the first and
second channel, respectively for zero exciton wave vector.

Lv@Å # Lc@Å # Lc1Lv@Å # r 0 b r3@Å # «3 @meV# E @meV# t rad1(0)@sec# t rad2(0)@sec#

60 60 120 133 116 312 4.12 118 631025 6.6310211

50 80 130 126 121 322 3.98 36 731026 4.5310211

60 80 140 130.7 125.1 332.6 3.8528 26 431026 5.2310211

65 75 140 134.3 124.4 332.0 3.8519 40 131025 7.5310211

70 70 140 135.4 124.2 331.8 3.8516 57 231025 9.7310211

75 65 140 135.8 124.1 331.7 3.8519 79 431025 1.2310210

80 60 140 135.9 124.0 331.5 3.8528 106 831025 1.3310210

120 70 190 158 151 402 3.47 45 531025 4310210
r

r
ec

e
.

tio
ta
no

V

an

tu
u
be

ho

e
th
to
A
hi
A

he

ot
tio
is
te
o

le
nly

ut
of

duc-
is

ng
led
The
id-
e

reds
Sb
he
ni-

he
rant
of dj
2 on ke , Eq.~5.13!#. E.g., if we compare the lifetimes fo

Lv580 Å andLc560 Å with the lifetime forLv560 Å and
Lc580 Å, we see that the total energyE decreases by fou
times, from 106 meV to 26 meV. At the same time the el
tron confinement energy decreases only by about 1.6 tim
from 243 to 153 meV. As a resultt decreases by 2.5 times

As we discussed above, the nonradiative recombina
may be important only for wide-enough wells where the to
exciton energy is larger than the highest acoustic pho
energy in InAs and GaSb~about 29 meV!. To check its im-
portance we give one example of such a case,Lv560 Å,
Lc580 Å where the total exciton energy is about 26 me
The nonradiative lifetime is infinite forK50 since the re-
combination rate vanishes at this point@see Eqs.~6.6! and
~6.7!#. As K increases the recombination rate increases
the lifetime reaches the value of 0.007 s forK52
3106 cm21 and then it decreases again. At this largeK vec-
tor the radiative process is impossible due to momen
conservation. Since the energy relaxation processes are
ally much faster than the nonradiative recombination we
lieve that excitons with such highK vectors relax to lower
energy first and then recombine with the emission of a p
ton.

Thus, we see that the radiative recombination in the s
ond channel is the most important process that limits
exciton lifetime. Due to the fact that the main contribution
the recombination comes from electron tunneling from In
to GaSb layer this lifetime can easily be increased if a t
AlSb layer is grown in between InAs and GaSb layers.
we mentioned in Sec. II, AlSb presents aU52 eV potential
barrier for InAs conduction electrons. The AlSb layer of t
width d will add a factor of exp(2qbd) to the electron wave
function in GaSb conduction band, whereqb

5A2me
AlSbuU2Ecu/\ and me

AlSb50.33m0 is the electron
mass in AlSb. The layer of 12 Å~two lattice constants! gives
about exp(2qbd)50.01. Such a barrier practically does n
affect the Coulomb potential and reduces the recombina
rate by four orders of magnitude. Actually, this reduction
overestimated because if the electron tunneling is comple
suppressed the recombination is still possible due to h
-
s,

n
l
n

.

d

m
su-
-

-

c-
e

s
n
s

n

ly
le

tunneling. The AlSb layer does not affect much the ho
tunneling because the barrier for holes that it presents is o
of 0.4 eV, which is lower than the InAs potential barrier. B
without the barrier the hole tunneling is about two orders
magnitude weaker than the electron one. So the actual re
tion of the recombination rate due to the AlSb barrier
about two orders of magnitude.

VIII. CONCLUSIONS

We have calculated the exciton wave function, bindi
energy, and lifetime in InAs/GaSb semiconducting coup
quantum wells where exciton luminescence can occur.
resulting binding energy for the wells that we have cons
ered is about 3.5-4 meV. The exciton radiative lifetim
strongly depends on the wells widths and can reach hund
of picoseconds. A thin AlSb layer in between InAs and Ga
can increase the lifetime by two orders of magnitude. T
nonradiative lifetime appears to be a few orders of mag
tude larger than the radiative one.
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APPENDIX A: BINDING ENERGY OF THE EXCITON IN
THE VARIATION METHOD

Multiplying Eq. ~3.13! by f* (r ) and integrating by parts
the kinetic energy we get

«1~a!5E F \2

2m
u¹f1~r ,a!u21V~r !uf1~r ,a!u2Gd2r , ~A1a!

«2~a!5E F \2

2m
u¹f2~r ,a!u21V~r !uf2~r ,a!u2Gd2r , ~A1b!

«3~b,r 0!5E F \2

2m
u¹f3~r ,b,r 0!u21V~r !uf3~r ,b,r 0!u2Gd2r .

~A1c!
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Some of the integrations can be done analytically, which results in

«1~a!5
\2

8ma2 2
16p4e2

xLcLva3E
0

`@12exp~2kLc!#

k~4p21k2Lc
2!

@12exp~2kLv!#

k~4p21k2Lv
2!

S 1

a2 1k2D 23/2

dk, ~A2a!

«2~a!5
\2

2ma2 2
16p4e2

xLcLv
E

0

`@12exp~2kLc!#

k~4p21k2Lc
2!

@12exp~2kLv!#

k~4p21k2Lv
2!

exp
2~k2a2!

4
dk, ~A2b!

«3~b,r 0!5
\2

8mb2F12
r 0

2G~0,r 0 /b!

b~b1r 0!
exp~r 0 /b!G2

16p4e2

xLcLvb~b1r 0!
exp~r 0 /b!E

0

`@12exp~2kLc!#

k~4p21k2Lc
2!

@12exp~2kLv!#

k~4p21k2Lv
2!

3
1

b S 1

b2 1k2D 23/2S 11r 0A 1

b2 1k2D expS 2r 0A 1

b2 1k2D dk. ~A2c!

APPENDIX B: FOURIER TRANSFORM OF THE EXCITON WAVE FUNCTION

To justify the parabolic spectrum approximation for holes in GaSb it is necessary to check that the Fourier compo
the exciton wave function atk;1/Lv are small. The Fourier transform off3(r ,b,r 0), Eq. ~3.20! that we used in our
calculation is

f3k5A8pbr0
2

b1r 0
F 1

114k2b2
1

2b

~114k2b2!3/2GexpF2
r 0

2b
~A11k2r 0

221!G . ~B1!
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