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Kinetics of exciton photoluminescence in type-II semiconductor superlattices
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The exciton decay rate at a rough interface in type-II semiconductor superlattices is investigated. It is shown
that the possibility of recombination of the indirect excitons at a plane interface essentially affects the kinetics
of the exciton photoluminescence at a rough interface. This is the result of the quantum interference of
electrons scattered from the plane interface and at the roughnesses. Expressions that relate the parameters of
the luminescence kinetics with the statistical characteristics of the rough interface are obtained. The mean
height and length of the roughnesses in GaAs/AlAs superlattices are estimated from the experimental data.
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I. INTRODUCTION

GaAs/AlAs type-II superlattices are the subjects of ext
sive investigation in the recent decade. Electrons and h
are separated in these structures: the holes are confined
G valley of GaAs, whereas the electrons are in theX valleys
of AlAs. Changing the width of the AlAs layer during th
structure growth, it is possible to confine the electrons eit
in theXz valley ~theX valley that is directed along the struc
ture axis @001#! or in the Xxy valley ~the X valley that is
directed along the GaAs/AlAs interface:@100# or @010#!. The
excitons in such structures are indirect in both the real
momentum spaces.

The kinetics of exciton luminescence is usually inves
gated experimentally by the time-resolved method. T
theory by Kleinet al.1 is commonly used to explain the re
sults of such experiments. This theory has been develope
consider the no-phonon radiative decay rates of indirect
citons in alloy semiconductors~e.g., Ga12xAl xAs). The re-
combination of indirect excitons occurs because of interv
ley scattering of electrons at the potential fluctuations cau
by the compositional disorder. These short-range scatte
are necessary to compensate for the large momentum o
electron in theX valley. The nonexponential time depe
dence of the decay rate has been obtained

I ~ t !}e2w0t~112wrt !
23/2, ~1!

where the valuewr is connected with the compositional di
order. The exponential factor has been included in Eq.~1! to
consider different nonstochastic processes of the exciton
combination~e.g., phonon-assisted recombination!; w0 is the
decay rate resulted from all nonstochastic processes. Th
possible only in the absence of any correlation between
stochastic and nonstochastic processes.

The possibility of applying the theory of Ref. 1 to supe
lattices has been discussed by Minamiet al.2 The authors
suppose that short-range scatterers are distributed alon
plane boundary. This assumption justifies the application
Eq. ~1! for superlattices; however, it does not allow us
relate the parameterwr with the characteristics of the roug
interface, e.g., the mean height and length of the roughn
Krivorotov et al.3 have shown that nonradiative decay due
exciton trapping by interfacial defects also leads to a non
0163-1829/2001/63~19!/195305~10!/$20.00 63 1953
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ponential factor in Eq.~1!. Nevertheless, Eq.~1!, wherein the
parameterswr and w0 are considered as trial, is common
used for analysis of the experimental results.4

It should be noted that the presence of the interface rou
ness is not necessary for the recombination ofXz excitons.
Their recombination occurs even at a plain interface wh
the normal component of the electron momentum relax
This important point also distinguishes the exciton recom
nation in superlattices. The process, however, cannot
taken into account by a simple exponential factor. Inde
the wave function of the electron at a rough interface is
sum of its regular and diffuse components. The regular p
exists at a plane interface, whereas the diffuse one is du
the roughness. As a result the crossed terms, which mix th
components, arise in the interband matrix element; so
the probability of the exciton recombination, which is dete
mined by the squared module of this matrix element, is
longer a simple sum of the probabilities of the recombinat
at the plane interface and at the roughness. This correla
leads to a more complicated relation than the simple ex
nential factor in Eq.~1!.

In this paper we consider a more realistic model of
rough interface. We show that Eq.~1! holds for the decay
rate of Xxy excitons and we relate thewr value with the
parameters of the rough interface. We determine the de
rate ofXz excitons. In particular, it is found that this value
large delay times behaves roughly asI (t)}exp(2w0t)/t,
rather thanI (t)}exp(2w0t)/t

3/2 as is predicted by Eq.~1!.
Our experiments on GaAs/AlAs type-II superlattices confi
these results. We use the experimental data for the radia
decay rates to estimate the parameters of the rough inter
The mean height of roughnesses was found to be close to
lattice constant, whereas their mean length is about 50 Å

II. RADIATIVE DECAY RATES OF INDIRECT EXCITONS
IN SUPERLATTICES THEORY

Let z50 be the interface between GaAs (2d1,z,0)
and AlAs (0,z,d2), andr be the vector in theXY plane.
We consider the exiton recombination at the interface a
write the exciton wave function as follows:5

f~re ,rh!5 f e~ze! f h~zh!G~re2rh ,ze ,zh!,
©2001 The American Physical Society05-1
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wherere5$re , ze% andrh5$rh , zh% are the coordinates o
the electron and the hole, andf e(ze) and f h(zh) are their
wave functions in the absence of Coulomb interaction;
function G takes into account this interaction. The probab
ity of the exciton recombination is proportional toG2(0)
@G(0)[G(re5rh ,ze5zh50)# and the squared module o
the matrix element

P5E f e~z!“ f h~z! dz d2r. ~2!

The functionsf e(ze) and f h(zh) can be expressed via th
envelope wave functions of the electron and the hole in
conduction and valence bands of GaAs and AlAs. To de
mine the envelopes, the appropriate boundary condition
the GaAs/AlAs interface should be imposed. The roughn
of the interface has an influence on these boundary co
tions and, therefore, affects the envelopes. We shall cons
the rough interface where the mean height of the roughne
is small in comparison with the electron wavelength~or the
exciton Bohr radius!. This allows us to use the bounda
conditions at the rough interface6 to consider the influence o
the roughness on the exciton recombination. In addition,
allows us to neglect the effect of the roughness on the fu
tion G.

A. Boundary conditions for the envelope wave functions
at a GaAsÕAlAs interface

1. Boundary conditions at a plane interface

In general, the boundary conditions for the electron en
lopes can be written as follows:

S CG
r

]zCG
r

CXxy
r

]zCXxy
r

CXz
r

]zCXz
r

D 5T̃S CG
l

]zCG
l

CXxy
l

]zCXxy
l

CXz
l

]zCXz
l

D , ~3!

whereCG,Xxy,Xz
l ,r are the envelopes which correspond to t

G, Xxy , and Xz valleys of GaAs and AlAs;]zCG,Xxy,Xz
l ,r

[]CG,Xxy,Xz
l ,r /]z are their normal derivatives. The elemen

t̃ ik of the 636 matrix T̃ are determined by the interfac
structure. They are independent of the electron energy.
the GaAs/AlxGa12xAs interface they have been calculat
by Ando and Akera.7

We shall consider the particular cases ofXz andXxy ex-
citons. This allows us to simplify Eq.~3!. First, we omit
mixing betweenXz andXxy valleys. Second, the energy po
sition of theG minimum in AlAs is considerably higher tha
that of theX minimum. For this reason the wave functionCG

r

decays rapidly away from the interface. We haveCG
r

}exp(2g rz), ]zCG
r 52grCG

r , where g r5A2mG
r (EG2«e)

~heremG
r is effective mass in theG valley of AlAs, «e'EX is
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the electron energy,EG andEX are the energies of the bo
toms of theG andX valleys! can be considered as indepe
dent of the electron energy. By elimination of]zCG

r from Eq.
~3!, for theXz electrons we find

CXz
r 5CXz

l , ~4a!

]zCXz
r 5t41

z ]zCG
l 1t44

z ]zCXz
l ,

CG
l 1t12

z ]zCG
l 1t13

z CXz
l 50,

where t44
z 'mXl

r /mXl
l '1; this value takes into account th

difference in longitudinal effective masses in theX valleys of
AlAs and GaAs;t41

z 5tGXmXl
r /(mea), t12

z 5mG
r /(mG

l g r), t13
z

5tGXmG
l /(meag r)!1; mG

l ,r are electron effective masses
the G valleys of AlAs and GaAs,tGX'1 is the parameter o
G-X mixing, me is mass of the free electron, anda is the
lattice constant. Other elements of thet ik

z matrix are small;
this is the result of numerical calculations of Ref. 7.

Note that the band states in theX valley result from the
interaction of two close-lying bands: the lowerX1 and upper
X3; meanwhile only theX3 states mix efficiently withG
states. This means thattGX'1 is the upper estimation ofG-X
mixing.

It is sufficient to consider only theX valleys of each con-
tacting material whenXxy electrons are considered. Assum
ing ]zCG

l 5g lCG
l , whereg l;2p/a , from Eq. ~3! we find

CXxy
r 5t11

xyCXxy
l 1t12

xy]zCXxy
l , ~4b!

]zCXxy
r 5t21

xyCXxy
l 1t22

xy]zCXxy
l ,

where ut12
xyu!1, ut21

xyu!a21, t11
xy'1, and t22

xy'mXt
r /mXt

l '1;
mXt

r andmXt
l are the transversal effective masses of AlAs a

GaAs.
The bands of the light and heavy holes are split due to

size quantization. This allows us to consider only the hea
holes in each material and write the boundary conditions
them as follows:

Ch
r 5t11

h Ch
l 1t12

h ]zCh
l , ~4c!

]zCh
r 5t21

h Ch
l 1t22

h ]zCh
l ,

where Ch
l ,r are the envelopes for the heavy holes in ea

material; t11
h '1, t22

h 'mhh
r /mhh

l , ut12
h u!1, ut21

h u!a21, and
mhh

l ,r are the longitudinal effective masses of the heavy ho

2. Boundary conditions at a rough interface

We shall consider the model of a rough interface tha
schematically drawn in Fig. 1. This model is in agreeme
with the optical8 and structural9 investigations of the GaAs
AlAs interface. The interface looks like the array of the pla
areas of the same crystallographic orientation. The rand
function z5j(r) of the coordinates in theXY plane deter-
mines the positions of these areas relative toz50.

We assume the average height of roughnessesh to be
small in comparison with the electron wavelength. Then i
possible to describe the rough interface by means of a
5-2
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relation functionW(r,r95j(r)j(r9). For a homogeneou
rough interfaceW(r,r9)5W(r2r9), i.e., the correlation
function is the function of a one vector variable:r5r2r9.
There are two parameters that are most important when
statistical properties of a rough interface are consideredh2

5W(0), and thecorrelation lengthl, which is the mean at-
tenuation length of the correlation function. In our model t
correlation length can be associated with the mean size o
plane area.

The special form of the rough interface~Fig. 1! allows us
to apply the boundary conditions~4!, which are applicable a
a plane interface, at each planez5j. The inequality
uj]zCu;h/l!1 ~l is the electron wavelength! allows us to
rewrite these boundary conditions at a planez50. After
some algebra~see Appendix A!, we obtain

CXz
r 52t41

z h~j!j~r!CG
l 1CXz

l 1~12t44
z !j~r!]zCXz

l ,
~5a!

]zCXz
r 5t41

z h~j!CG
l 1t41

z h~j!j~r!CG
l 1t44

z ]zCXz
l ,

CG
l 1@ t12

z 1j~r!#]zCG
l 1t13

z h* ~j!CXz
l

1t13
z h* ~j!j~r!]zCXz

l 50

for the electrons in theXz valley,

CXxy
r 5CXxy

l 1~12t22
xy!j~r!]zCXxy

l , ~5b!

]zCXxy
r 5t21

xyCXxy1t22
xy]zCXxy

l

for the electrons in theXxy valley, and

Ch
r 5Ch

l 1~12t22
h !j~r!]zCh

l , ~5c!

]zCh
r 5t21

h Ch1t22
h ]zCh

l

for the holes. Factorh(j)5exp(2pij/a) in Eq. ~5a! takes two
values61 for j5a or j5a/2, respectively. It has been in
troduced in Ref. 10 to take into account the symmetry pr
erties of the Bloch functions with respect to translation b
single monomolecular layer (a/2) along thez axis. The
Bloch function of the electron in theXz valley changes its
sign under this translation whereas the Bloch function of
electron in theG valley does not. Therefore, the parame
tGX of G-X mixing also should change sign under such tra
lation. This is not important at a plane interface, but must
taken into account when the relative positions of some in

FIG. 1. The model of the rough interface: side view.
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faces are considered. We assumeut21
xy,hu!a21: this is the

result of numerical calculations of Ref. 7.
Unlike Eqs. ~4! the boundary conditions~5! contain the

terms that depend onj. They would not be important ifj
5const. Then they are relevant to the phase shift of the w
functions arisen from the shift of the interface. Howev
these terms become important whenj depends onr. The
interference of the electrons scattered from the neighbo
planes in the vicinity of steps~like point 1 in Fig. 1! results
in the appearance of the diffuse components of their w
functions. The mean size of the region at the step where
interference occurs is the parallel-to-interface componen
the electron wavelength. Hence the ratio of this size to
size of the plane areal characterizes the roughnesses infl
ence on the electrons.

We separate the diffuse componentswG,Xz ,Xxy

l ,r of the en-

velope wave functions and write the envelopes as follow11

CG,Xz ,Xxy

l ,r 5FG,Xz ,Xxy

l ,r 1wG,Xz ,Xxy

l ,r , where wG,Xz ,Xxy

l ,r 50.

~6!

Using the boundary conditions~5!, for the envelopes
FG,Xz ,Xxy

l ,r and wG,Xz ,Xxy

l ,r ~see Appendix B for details!, we

obtain

FG
l ~r !5TGe2 ipGz,

FXz ,Xxy

l ~r !5TXz ,Xxy
egXz ,Xxy

z,

FXz ,Xxy

r ~r !5e2 iqz1RXz ,Xxy
eiqz,

Fh
l ~r !5eipz1Rhe2 ipz, Fh

r ~r !5The2ghz,

wG
l ~r !5

2q

~2p!2E2`

`

AG
l ~ki!j̃~ki!e

i (k•r2kGz) dki , ~7!

wXz ,Xxy

l ~r !5
2q

~2p!2E2`

`

AXz ,Xxy

l ~ki!j̃~ki!e
ik•r1æG,Xz ,Xxy

z dki ,

wXz ,Xxy

r ~r !

5
2q

~2p!2E2`

`

AG,Xz ,Xxy

r ~ki!j̃~ki!e
i (k•r1kXz ,Xxy

z) dki ,

wh
l ~r !5

2p

~2p!2E2`

`

Ah
l ~ki!j̃~ki!e

i (k•r2khz) dki ,

wh
r ~r !5

2p

~2p!2E2`

`

Ah
r ~ki!j̃~ki!e

ikr2æhz dki ,

where

kG~ki!5A2mG~«e2EG
l !2ki

2,
5-3
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æXz
~ki!5A2mXl

l ~EXz

l 2«e!1ki
2,

æXxy
~ki!5A2mXt

l ~EXxy

l 2«e!1ki
2,

kXz
~ki!5A2mXl

r ~«e2EXz

r !2ki
2,

kXxy
~ki!5A2mXt

r ~«e2EXxy

r !2ki
2,

kh~ki!5A2mh
l ~Eh

l 2«h!2ki
2,

æh~ki!5A2mh
r ~«h2Eh

r !1ki
2, Im kXz ,Xxy ,h>0,

TG5
2iqt13

z h~j!

t44
z gXz

, TXz
52

2iq

t44
z gXz

, RXz
5212

2iq

t44
z gXz

,

TXxy
5

2iq

t21
xy1t22

xygXxy

, RXxy
5211

2iq

t21
xy1t22

xygXxy

,

Th52
2ip

2t21
h 1t22

h gh

, Rh5212
2ip

2t21
h 1t22

h gh

,

AG
l 5

i t 13
z h~j!

t44
z

, AXz

r 52
i

t44
z S t13

z t41
z

gXz

112t44
z D ,

AXz

l 52
kXz

æXz
t44
z 2 S t13

z t41
z

gXz

112t44
z D ,

AXxy

r 5 i
t22
xyælæXxy

~12t22
xy!

~ t21
xy1æXxy

t22
xy!~ t22

xyæl1 ikXxy
!
,

AXxy

l 5kz

æXxy
~12t22

xy!

~ t21
xy1æXxy

t22
xy!~ t22

xyæl1 ikXxy
!
,

d

un

m
u

19530
Ah
r 52

kh~12t22
h !

t22
h ~æht22

h 2t21
h !

, Ah
l 5 i

æh~12t22
h !

æht22
h 2t21

h
.

Here j̃(ki)5*j(r)e2 ik•r dr, gXz ,Xxy ,h5æXz ,Xxy ,h(0), pG

5kG(0); EG
l , EXz

l , EXxy

l , EXz

r , EXxy

r , Eh
l , and Eh

r are the

energies of the extrema of the appropriate bands. The i
gration in Eq.~7! is carried out over the whole plane, be
causej(r) is not a periodical function ofr. The values of
normal-to-interface components of the wave vectors of
electronsq and holesp are determined by the boundary co
ditions at the interfaces:z52d1 for p and z5d2 for q
~whered1 andd2 are the widths of GaAs and AlAs layers!.
In general, they depend on the valley under considerat
tan(qd2/2)52(q/gXz

) for the electrons in theXz valley,

tanqd2522q/(t22
xygXxy

1t21
xy) for the electrons in theXxy

valley, and tanpd1522p/(t22
h gh2t21

h ) for the holes. We as-
sume, however, the strong confinement of electrons
holes in the appropriate layersgXz ,Xxy ,h@p,q, so that p

'p/d1 andq'p/d2.
The wave vector of the electron in the GaAsG valley is

small, pG!p; nevertheless, it is real. This distinguishes t
short-period GaAs/AlAs superlattices from other type
structures, where the electron wave function decays rap
away from the interface. The electron density is large
AlAs and small, but almost constant, in GaAs. This sm
part of the electron density could be essential for the exi
recombination would the effective parameter ofG-X mixing
t13
z be sufficiently large.

B. Radiative decay rates of indirect excitons at a rough
interface

To determine the wave functionsf e(z) and f h(z), we
have to insert the corresponding Bloch amplitudes into
pressions for the envelopesCe andCh ~6!. For instance, for
the Xz exciton at a plane interface, we have
f e~r !5
1

AN1
H TGuG~r !egGz1TXz

uX~r !e[gXz
2(2p i /a)]z, z,0

uX* ~r !ei [q2(2p i /a)]z1RXz
uX~r !e2 i [q2(2p i /a)]z, z.0,

~8!
u-
in
as-
-
the
f h~r !5
1

AN2
H v~r !eipz1Rhv* ~r !e2 ipz, z,0

Thv~r !e2ghz, z.0,

whereN1 andN2 are the numbers of atoms in the AlAs an
GaAs layers, respectively,uG(r ), uX(r ), and v(r ) are the
Bloch amplitudes of the electrons in theG andX valleys, and
the holes; we assume these amplitudes to be periodical f
tions of r .

At a rough interface we have to add also the diffuse co
ponents of the wave functions. To do that, we have to m
c-

-
l-

tiply w(r ) ~7! by the corresponding Bloch amplitudes. Us
ally the mean size of the Bloch amplitudes is small
comparison with the lattice constant. This allows us to
sume that the“ operator in Eq.~2! acts only on these am
plitudes and to separate the integration of them from
integration of the envelopes. Then the matrix element~2! can
be written asP5P11P21P3, where

P15(
G,X

UG,XE FG,Xz ,Xxy
Fh dz dr, ~9!
5-4
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P25(
G,X

UG,XE @FG,Xz ,Xxy
wh1FhwG,Xz ,Xxy

# dz dr,

P35(
G,X

UG,XE wG,Xz ,Xxy
wh dz dr.

Here F5F l , w5w l if z,j; F5F r , w5w r if z.j; UG

5V0
21*V0

uG(r )“v(r ) dr , UX5V0
21*V0

uX(r )“v(r ) dr ,

andV0 is the unit cell.
The rate of the exciton recombination is

w5L~ uP 1u21P1P2* 1P1* P21P1P3* 1P1* P31uP 2u2!,
~10!

L5
4\e2v

3me
2c3

G2~0!,

where\v is the exciton energy, ande, me , and c are the
fundamental constants.

The luminescence intensityI (t) is proportional to the re-
combination ratew and the number of excitons at the timet.
We assume this number to be proportional to exp(2wt) „or
exp@2(w01w)t#, if some nonstochastic process with the ra
w0 occurs…. Thew value is stochastic, since it depends onj.
Therefore, to determine the luminescence intensity, we h
to average the value ofw exp(2wt) over the realization
of the random functionj. This can be done if we know
the distribution P(w) of the w value: w exp(2wt)
5*0

`wexp(2wt)P(w) dw. The distributionP(w) essentially
depends onP1, whether or not it vanishes.

If P150 ~i.e., if the exciton recombination at a plan
interface is forbidden! thenw is proportional to the square
module ofP2. The linear relationship betweenP2 and the
random variablej follows from Eqs.~7! and~9!. Therefore,
if the distribution ofj is Gaussian, then the distribution o
P2 is also Gaussian and the distribution ofw is exponential.
This means that the arguments of Refs. 1 and 2 hold, so
I (t) is determined by Eq.~1! where wr5LuP 2u2. For the
case of theXxy exciton we have

P25
4pqUX

AN1N2
(

g F12t22
h

gXxy

2
j̃~qX1g!1

12t22
xy

gh
2

j̃* ~qX1g!G ,

and

wr5
16p4a4uUXu2L

d1
3d2

3 F ~12t22
h !2

gXxy

4
1

~12t22
xy!2

gh
4 GW̃S 2p

a D ,

~11!

where W̃(k)5*W(r)e2 ikr d2r is the Fourier transform o
the correlation function,qX5$2p/a,0,0% is the wave vector
of the X valley, andg is the two-dimensional reciproca
lattice vector; it arises here since the integration in Eq.~7!
has not been restricted by the first Brillouin zone.

If P1Þ0 ~i.e., if the exciton recombination at a plan
interface is allowed! then the linear terms with respect toP2
in Eq. ~10! are nonzero. This allows us to omit the term
19530
ve

at

with P3 anduP 2u2, which are quadratic inj, or replace them
with their average values. Thenw becomes the linear func
tion of the random variablej. If the distribution of j is
Gaussian then the distribution ofw is Gaussian too, i.e.,

P~w!5
1

sA2p
e2[(w2w̄)2/2s2] ,

wherew̄5LuP 1u2 ands5@ uw2w̄u2#1/2. Hence

I ~ t !5
e2w0t

sA2p
E

0

`

we2wt2[(w2w̄)2/2s2] dw5e2(w̄1w0)t

3F s

A2p
1

w̄2s2t

2
e(s2t2/2)erfcS st

A2
D G . ~12!

If uP1u@uP2u, thens2.2L2uP 1u2P2P2* . For the case of
the Xz exciton we have

P15
2a3

Ad1d2
F4S d1

d2
D t13

z

gXz
t44
z

UG1S a

d1
D 1

ght22
h

UXG , ~13!

P25
2a2

Ad1d2
F8S d1

d2
D t13

z

t44
z

UG1
2p ia

t22
h d1

3S 1

t44
z gXz

d2

2
12t22

h

t22
h ghd1

D UXGh~j!j̃~0!,

so that

w̄5
4La6

d1d2
F4S d1

d2
D t13

z

gXz
t44
z

UG1S a

d1
D 1

ght22
h

UXG 2

, ~14!

s25
2La4w̄

d1d2
F64S d1

d2
D 2t13

z 2

t44
z 2

UG
21S 2pa

t22
h d1

D 2

3S 1

t44
z gXz

d2

2
12t22

h

t22
h ghd1

D 2

UX
2GW̃~0!.

The first terms in the square brackets can be interpreted a
electron conversion from theX valley of AlAs to theG val-
ley of GaAs followed by the electron-hole recombinatio
they are small, sincet13

z !1. The other terms are due to in
direct electron-hole recombination;12 they occur only at the
interface and, therefore, have a small factora/d1,2. This fac-
tor is not so small in short-period superlattices whered1,2 are
as large as a few lattice constants. The indirect electron-h
recombination prevails in such structures, ifa/d1,2@t13

z . We
omit the terms that contain both these factors oru12t44

z u
!1.

The question arises of how smalluP1u should be in order
to hold Eq. ~1!? This is possible if the deviation ofuP 2u2

from its average value in Eq.~10! essentially exceeds
uP1P2* u, i.e., whenuP 1u2!(h/ l )2uP 2u2 or
5-5
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w̄2

s2
!

h2

l 2
. ~15!

III. KINETICS OF EXCITON LUMINESCENCE IN
TYPE-II GaAs ÕAlAs SUPERLATTICES. EXPERIMENT

The undoped GaAs/AlAs type-II superlattices used in t
study were grown by molecular-beam epitaxy at 600 °C
~100! GaAs substrates. The sample BP205, in which theXz
excitons were studied, contains 40 periods of 19.8 Å Ga
25.5 Å AlAs each. TheXxy excitons were studied in th
sample BP354 which contains 25 periods of 25 Å GaA
83.5 Å AlAs each. The samples were immersed in liqu
helium during the measurements.

The steady-state photoluminescence~PL! was excited by
an Ar1 laser with a wavelength of 488 nm. The excitatio
power density was 50 W/cm2. The time-resolved photolumi
nescence ofXz excitons, which exhibits decays on the m
crosecond time scale, was excited by aQ-switched
frequency-doubled Nd-doped yttrium aluminum garnet la
with a wavelength of 532 nm, a pulse duration of 0.15ms,
and a peak power density of 1.5 kW/cm2. A nitrogen laser
with a 337 nm wavelength, a pulse duration of 7 ns, an
peak power density of 2.5 kW/cm2 was used to study the
time-resolved photoluminescence ofXxy excitons exhibiting
millisecond-scale decays. The luminescence was analyze
a double-grating monochromator equipped with a coo
photomultiplier operating in the photon-counting mode. T
PL decay curves were recorded by a setup comprising
time-to-digital converters covering the delay range fro
nanoseconds to milliseconds. Sets of PL decay curves w
measured across the excitonic PL wavelength ranges in
sample in order to obtain the time-resolved PL spectra,
to separate the decay of the no-phonon lines.

Figure 2 shows the steady-state PL spectra of the sam
BP205@Fig. 2~a!# and BP354@Fig. 2~b!#. TheXz exciton line
with an energy Eex51.849 eV and its phonon replicas 29 an

FIG. 2. The steady-state PL spectra of~a! an Xz superlattice
~sample BP205! and ~b! an Xxy superlattice~sample BP354! at a
temperature of 4.2 K. The no-phonon lines included in the anal
of the PL decay are delimited by the dashed lines.
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48 meV below are seen in the spectrum of BP205, in agr
ment with the data of Ref. 13. The width of the lines in th
sample does not exceed 12 meV. TheXxy exciton line with
an energy Eex51.771 eV and three phonon replicas with e
ergies 12, 29, and 47 meV are seen in the spectrum
BP354. The width of the lines in this sample does not exc
8 meV.

Figures 3 and 4 present the experimental results on
excitonic PL decay together with theoretical curves deriv
from Eqs.~1! and~12!. It should be noted that our model~as
well as that of Ref. 1! is valid only at large enough dela
times when nonlinear in charge density terms can be omit
For this reason we do not include the initial parts of the
curves into consideration here~Figs. 3 and 4!. The values of
the parameters used in the calculation that ensured
best fit were w05320c21, wr50.0023106c21, w̄
50.13106c21, ands50.613106c21. We see that Eq.~1!
fits the experimental data for the decay rates ofXxy excitons
in the sample BP354, whereas Eq.~12! is more appropriate
for Xz excitons in the sample BP205. Note that the value

is

FIG. 3. Temporal evolution of theXz exciton emission. The
theoretical curves~dashed and solid lines! were derived from Eqs.
~1! and ~12!, respectively. The dots show the experimental data

FIG. 4. Temporal evolution of theXxy exciton emission. The
theoretical curve~solid line! was derived from Eq.~1!. The dots
show the experimental data.
5-6
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w0, which could be associated with the phonon-assisted
combination, is small in both curves. That is really the ca
at a low temperature. Recombination ofXxy excitons is con-
siderably slower than that ofXz excitons. This means that th
interfaces in our samples are perfect enough to apply
theory for interpretation of the experimental data.

Note that both theoretical curves do not fit the experim
tal data at the very large delay timest@1/w̄. The reason for
that is the exponental factor exp(2w̄t) which arises due to
the Xz exciton recombination at the plane interface. To e
plain the luminescence tail at the large delays, we have
involve some mechanism of theXz exciton creation at such
times. If the number of theXz excitons arisen due to thi
mechanismn(t) is independent of the random variablew,
then the luminescence intensity isI (t)}w̄ n(t) @see the rea-
soning after Eq.~10!#, i.e., its kinetics follows the time de
pendence ofn(t).

The possible mechanism of theXz exciton creation can be
associated with theXxy excitons, which also have to be ex
cited in our experiments. The energy of the electrons at
bottom of theXxy valley is about 0.2 eV higher than that o
the Xz valley. Along with the radiative recombination, th
electron transitions to theXz valley should occur due to th
interface roughness. These transitions are similiar to
considered in Sec. II B for theXxy exciton recombination.
Hence, the time dependence of theXz exciton number at the
large delay timest@1/w̄ obey Eq.~1!. Indeed, the power
dependencet23/2, which follows from this equation, fits the
tail of the experimental curve in Fig. 3.

Expressions~11!–~14! allow us to estimate the functio
W̃(k) at the pointsk50 and k52p/a only, which is not
sufficient to determine the function. However, it is possib
to estimate the parameters of the rough interface if we
strict ourselves to a particular type of the correlation fun
tion. We assume the exponential correlation function

W~r!5h2exp~2r/ l !, ~16!

wherel is the correlation length. This type of the correlatio
function is more appropriate to our model of the rough int
face~Fig. 1!; it allows one to construct the two-position di
tribution, so that the distribution of slopes has ad singular-
ity, i.e., the slope is always zero except for a set of poi
~like point 1! with measure zero.14 This is impossible for the
Gaussian correlation functionW(r)5h2exp(2r2/l2) most
frequently employed in theoretical discussions.15 The Fourier
transform of the exponential function is

W̃~k!5
2ph2l 2

~11k2l 2!3/2
. ~17!

Unlike the Gaussian function, it has no exponential pref
tor, decaying rapidly at a largek. This is also due to the
singular points 1; only in the vicinity of these points is th
momentum relaxation of indirectXxy excitons possible.

If we assume that the correlation functions are equal
the interfaces of both our samples, then the substitution
Eq. ~17! into Eqs.~11! and~14! allows us to find the values
of h and l. The decay parameters of the wave functio
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gXz ,Xxy ,h in these expressions are determined by Eq.~7! for
the known energies of the electrons or holes. As rega
UG,X , these values can be estimated only from the ba
structure calculations for GaAs and AlAs. However, the fi
terms in the expression forw̄ and s2 ~14! can be omitted.
Indeed, t13

z 5tGXmG
GaAs/(meag r),0.06, whereasa/d152/7,

i.e., the indirect recombination ofXz exitons at the interface
prevails in our samples. Then the values ofs2/w̄2 andwr /w̄,
which are determined from experimental data, become in
pendent ofUG,X . For our experiments this estimation yield

s2

w̄2
5

1

2 S 2p

a D 2S gh

gXz
d2

2
12t22

h

t22
h d1

D 2

W̃~0!, ~18!

wr

w̄
5

4p4gh
2t22

h 2d1
Xxy3d2

Xxy

a4d1
Xz3d2

Xz3 F ~12t22
h !2

g̃Xxy

4
1

~12t22
xy!2

g̃h
4 GW̃S 2p

a D .

Here d1
Xz, d2

Xz, d1
Xxy, and d2

Xxy are the widths of GaAs and

AlAs layers in the samples BP205 (d1
Xz, d2

Xz) and BP354

(d1
Xxy, d2

Xxy), whereXz andXxy excitons were studied,

gXz
5

1

\A2mXl
GaAsFEX

GaAs2EX
AlAs2

\2

2mXl
AlAs~d2

Xz!2G ,

gh5
1

\A2mhh
AlAsFEh

GaAs2Eh
AlAs2

\2

2mhh
GaAs~d1

Xz!2G ,

t22
h 5

mhh
AlAs

mhh
GaAs

,

g̃Xxy
5

1

\A2mXt
GaAsFEX

GaAs2EX
As2

\2

2mXt
AlAs~d2

Xxy!2G ,

t22
xy5

mXt
AlAs

mXt
GaAs

,

g̃h5
1

\A2mhh
AlAsFEh

GaAs2Eh
AlAs2

\2

2mhh
GaAs~d1

Xxy!2G ,

g r5
1

\
A2mG

AlAs~EG
AlAs2EX

AlAs!.

EG,X,h
GaAs,AlAs are the positions of the band extrema in GaAs a

AlAs, mG
GaAs is the effective mass of theG valley of GaAs,

mXl,Xt
GaAs,AlAs are the longitudinal and transversal effecti

masses in theX valleys of GaAs and AlAs,mhh
GaAs,AlAs are

longitudinal effective masses of heavy holes in GaAs a
AlAs, and me is the mass of the free electron. We assu
t21
h !gh;2/a; this is the result of calculations of Ref. 7.

Equation~18! estimates the values ofW̃(0)52ph2l 2 and
W̃(2p/a)'a3h2/(4p2l ). For the heighth and diameterL
@L54l for the distribution~16!# ~Ref. 14! of the roughnesses
5-7
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we find h'1.25a andL'9a. This is in agreement with the
results of the structural studies of the GaAs/AlAs interfa
where the steps with a heighth5a/2 and a mean length o
40–200 Å were observed~see Ref. 9 for a review!. The
steps with the mean height of about a few lattice consta
and the diameter of about 50 Å have been observed
Raman spectroscopy16 and photoelectrical spectroscopy.17

The rough estimate of theh andl values also can be don
if we assume that the criterium~15! holds. This justifies Eq.
~1! for Xz excitons wherew0[w0

Xz5LuP 1u2 and wr[wr
Xz

5LuP 2u2. Using Eq. ~13!, we find the expressions fo
2wr

Xz/w0
Xz andwr /w0

Xz @unlike wr
Xz , thewr value corresponds

to theXxy excitons~Fig. 4! and is determined by Eq.~11!#.
These expressions accept the form of Eq.~18! after the sub-
stitutions s2/w̄2→2wr

Xz/w0
Xz and wr /w̄→wr /w0

Xz of their

left sides. The values ofw0
Xz50.113106 c21 and wr

Xz

50.383106 c21 ensure the best fit of the dashed line~Fig. 3!
to the experimental data. This estimation yieldsh5a, L
58.8a, which are close to the values obtained from Eq.~12!.
For this reason both the theoretical curves~Fig. 3! fit the
experimental data at small delay times. Nevertheless,
~12! better fits the experimental data at large delay tim
where it ensures the slower decay of the luminescence:I (t)
}exp(2w̄t)/t, instead ofI (t)}exp(2w0t)/t

3/2, as is predicted
by Eq. ~1!.

IV. DISCUSSION

In this paper we investigate the exciton luminescence
type-II GaAs/AlAs superlattices. We use the envelop
function approximation to consider the exciton recombin
tion at an interface. To justify this approach, we have to n
that the envelope-function approximation has been used
to find the reflection and transmission coefficients, while
Bloch functionsf e and f h have been used to find the pro
ability of the exciton recombination. An error arises on
when we consider the Bloch amplitudesuG(r ), uX(r ), and
v(r ) as periodical functions at the interface. Indeed, the
viation of these amplitudes from their bulk values is app
ciable only at a small distance from the interface; this dev
tion is especially small at the interfaces of similar materi
~e.g., GaAs/AlAs!.7,18

It seems the boundary conditions~4! connect too few val-
leys of the electron spectrum to consider the interface in
ence on the exciton recombination; however, this is not
case. Indeed, the electron wave functions in the valleys
are not explicitly involved in Eq.~4! are strongly localized a
the interface. This allows us to consider them in terms of
boundary conditions where the parameterst ik are influenced
by these valleys. This procedure had been described w
Eq. ~4! was derived. The error arises only when these par
eters are considered as independent of the electron en
this is possible if the energy differences between the botto
of the appropriate valleys considerably exceed the exc
energy. Note that a lot~about 10! of the electron bands ar
sometimes taken into account when the parameters of
interface matrix are calculated.20

We use the boundary conditions for the envelope w
19530
e

ts
y

q.
s

n
-
-
e
ly
e

-
-
-

s

-
e
at

e

en
-

gy;
s
n

he

e

function to consider theG-X mixing of electrons at the in-
terface. This approach is more general than the kinetic mo
proposed in Ref. 19. The kinetic equation where the elect
states in theG andX valleys are considered as independe
can be used for a smallG-X mixing. Only in that case is it
possible to add the probabilities for the electron to be inG
and X valleys. It should be noted that we also assume
small value ofG-X mixing (ut13

z u!1). However, this ap-
proximation is not principal for our consideration; it on
makes the results@Eqs.~7!, ~11!, ~14!, and~18!# not so cum-
bersome.

The influence of a nonstochastic process on the exc
recombination in Ref. 1 is taken into account by the exp
nential factore2w0t. This factor could be obtained if we in
sert the corresponding term in thet approximation into the
kinetic equation for the exciton density. If thet approxima-
tion is not applicable for the process, then this factor b
comes nonexponential.3 A correlation between stochastic an
nonstochastic processes changes the second factor in Eq~1!.
In this case the probability of the exciton recombinationw is
not a simple sum of the probabilities of each process. A
result, the additional terms arise in the expression forw @the
second and third terms in Eq.~10!#. These terms are linear in
the stochastic variable, so that their averages vanish. For
reason they are not important when the mean intensity of
luminescence or the light absorption6 is considered. How-
ever, they are important for the kinetic phenomena beca
they determine the mean square of the deviations of the
stochastic variable from its mean value. The nonexponen
behavior of the decay rate~12! holds any time when the
linear terms with respect to the stochastic variable are do
nating in the expression forw. Such a situation can occu
also in other type-II semiconductor structures where the
terface influence is essential, e.g., in quantum dots.21

Expressions~11! and ~14! relate the parameters of th
radiative decay rates (wr ,w̄, and s) with the correlation
function of the rough interface. The values of the Four
transform of this function only at two particular points,k
50 andk52p/a, are important for these relationships. Th
allows one to estimate the parameters only for simplest fu
tions @like Eq. ~16!#. The real interface might be more com
plicated. In particular, the rough interface could be char
terized by a few different scales. Expressions~11! and ~14!
take into account all the scales; however, it is impossible
determine more than two parameters simultaneously fr
the time-resolved luminescence experiments.

Comparing the experimental results~Figs. 3 and 4!, we
see that the mean lifetime ofXxy excitons essentially exceed
that ofXz excitons. This happens due to the recombination
theXz excitons at a plane interface. Meanwhile, the influen
of the roughnesses, i.e., the nonexponential factor inI (t), is
more essential for theXz excitons. This becomes clear from
our analysis. Indeed,s}W̃(0), whereas wr}W̃(2p/a)
while W̃(2p/a)!W̃(0). Therecombination occurs in som
region near a step~point 1 in Fig. 1!. The size of this region
is of the order ofuqiu21, whereqi is the parallel-to-interface
component of the electron wave vector. This region is la
for the Xz electrons (uqiu.r B

21 , wherer B is the exciton ra-
dius!, but it is small for theXxy electrons (uqiu.2p/a). As a
5-8
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result, the small factor@of the order of (a/ l )3] arises in the
expression forwr .

In conclusion, the kinetics of the type-II exciton lumine
cence at a rough interface has been investigated both t
retically and experimentally. The Kleinet al. law ~1! is
shown to be valid for the decay rate ofXxy excitons, whereas
the more complicated expression~12! is applicable forXz
excitons. Expressions~11! and~14!, which relate the param
eters of the exciton kinetics to the statistical characteristic
the rough interface, allow us to estimate some of these c
acteristics from the experimental data. The values of
mean height of 7 Å and the length of 50 Å of the roug
nesses obtained from our experiments are in good agree
with the results of the structural investigations of the GaA
AlAs interface.
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APPENDIX A: DERIVATION OF EQ. „5…

To obtain Eq.~5a!, let us write the boundary condition
~4a! at the planez5j:

CXz
r ~j!5CXz

l ~j!, ~A1!

]zCXz
r ~j!5t41

z h~j!CG
l ~j!1t44

z ]zCXz
l ~j!,

CG
l ~j!1t12

z ]zCG
l ~j!1t13

z h~j!CXz
l ~j!50.

CG,Xz
l ,r ~j!'CG,Xz

l ,r ~0!1j]zCG,Xz
l ,r ~0!,

]zCG,Xz
l ,r ~j!']zCG,Xz

l ,r ~0!1j]zz
2 CG,Xz

l ,r ~0!.

The factorh(j)5exp(2pij/a) takes two values61 for j
5a or j5a/2, respectively. It was introduced to consider t
symmetry properties of the Bloch functions with respect
translation by a single monomolecular layer (a/2) along the
z axis.10 The inequalityujC8u;h/l!1 allows us to assume

CG,Xz
l ,r ~j!'CG,Xz

l ,r ~0!1j]zCG,Xz
l ,r ~0!,

]zCG,Xz
l ,r ~j!']zCG,Xz

l ,r ~0!1j]zCG,Xz
l ,r ~0!.

The last term in the second equation can be omitted, s
]xx

2 CG,Xz
l ,r 52k2CG,Xz

l ,r →0 whenk→0. Then from Eq.~A1!
we obtain
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CXz
r 1j]zCXz

r 5CXz
l 1j]zCXz

l ,

]zCXz
r 5t41

z h~j!~CG
l 1j]zCG

l !1t44
z ]zCXz

l ,

CG
l 1~ t12

z 1j!]zCG
l 1t13

z h~j!~CXz
l 1j]zCXz

l !50,

whereCG,Xz
l ,r [CG,Xz

l ,r (0). Thesubstitution of]zCXz
r from the

second equation into the first one leads to Eq.~5a!. Equations
~5b! and~5c! can be obtained from Eqs.~4b! and~4c! in the
same manner.

APPENDIX B: DERIVATION OF EQ. „7…

First of all, note thatCG
l ,r}h(j) andwG

l ,r}h(j), i.e., the
factors h(j) in Eqs. ~5a! disappear after the substitution
CG

l ,r→h(j)CG
l ,r and wG

l ,r→h(j)wG
l ,r . To obtain the bound-

ary conditions forCG,Xz
l ,r andwG,Xz

l ,r we substitute these enve
lopes from Eq.~6! into Eqs.~5a!. If we average these equa
tions and then subtract the average equations from the in
ones, we obtain

FXz
r 52t41

z jwG
l 1FXz

l 1~12t44
z !j]zwXz, ~B1!

]zFXz
r 52t41

z FG
l 1t41

z jwG
l 1t44

z ]zFXz
l ,

FG
l 1t12

z ]zFG
l 1j]zwG

l 1t13
z FXz

l 1t13
z j]zwXz

l 50,

wXz
r 52t41

z jFG
l 1wXz

l 1~12t44
z !j]zFXz

l ,

]zwXz
r 52t41

z wG
l 1t41

z j]zFG
l 1t44

z ]zwXz
l ,

wG
l 1t12

z wG
l 1j]zFG

l 1t13
z wXz

l 1t13
z j]zFXz

l 50.

We write the envelopesFG,Xz
l ,r andwG,Xz

l ,r in the form ~7!
and substitute them into Eqs.~B1!. The last three equation
~B1! allow one to express the diffuse componentswG,Xz

l ,r as
functions of j, RXz , and TG,Xz . The reflection (RXz) and
transmission (TG,Xz) coefficients can be obtained then fro
the first three equations~B1!.

To simplify the expressions forRXz , TG,Xz , and the am-
plitudesAG,Xz

l , we assumeap!1, aq!1 and use the rela
tionships between the matrix elements~4!. We also assume
the mean height of the roughnesses to be smallh! l , hp
!1, hq!1, so that it is possible to omit thej-dependent
terms from the first three equations~B1!. Such simplifica-
tions are not principal; they only make the expressions
RXz , TG,Xz , andAG,Xz

l not too cumbersome. A more gener
case has been considered in Ref. 6. It has been shown
the j-dependent terms in the first three Eqs.~B1! result in
effective changes in the matrix elementst ik which are small
when h/ l !1. The expressions for theRXxy,h , TXxy,h , and
AXxy,h

l ,r for the electrons inXxy valleys and the holes wer
obtained from Eqs.~5b! and ~5c! in the same manner.
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