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Kinetics of exciton photoluminescence in type-ll semiconductor superlattices
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The exciton decay rate at a rough interface in type-ll 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 ponential factor in Eq(1). Nevertheless, Eq1), wherein the
parametersv, andwg are considered as trial, is commonly

GaAs/AlAs type-Il superlattices are the subjects of exten-used for analysis of the experimental resfllts.
sive investigation in the recent decade. Electrons and holes It should be noted that the presence of the interface rough-
are separated in these structures: the holes are confined in thess is not necessary for the recombinatiorKgfexcitons.
I' valley of GaAs, whereas the electrons are in¥healleys  Their recombination occurs even at a plain interface where
of AlAs. Changing the width of the AlAs layer during the the normal component of the electron momentum relaxes.
structure growth, it is possible to confine the electrons eithefhis important point also distinguishes the exciton recombi-
in the X, valley (the X valley that is directed along the struc- nation in superlattices. The process, however, cannot be
ture axis[001]) or in the X,, valley (the X valley that is  taken into account by a simple exponential factor. Indeed,
directed along the GaAs/AlAs interfadei00] or [010]). The  the wave function of the electron at a rough interface is the
excitons in such structures are indirect in both the real angum of its regular and diffuse components. The regular part
momentum spaces. exists at a plane interface, whereas the diffuse one is due to

The kinetics of exciton luminescence is usually investi-the roughness. As a result the crossed terms, which mix these
gated experimentally by the time-resolved method. Thecomponents, arise in the interband matrix element; so that
theory by Kleinet all is commonly used to explain the re- the probability of the exciton recombination, which is deter-
sults of such experiments. This theory has been developed toined by the squared module of this matrix element, is no
consider the no-phonon radiative decay rates of indirect extonger a simple sum of the probabilities of the recombination
citons in alloy semiconductor&.g., Ga_,Al,As). The re- at the plane interface and at the roughness. This correlation
combination of indirect excitons occurs because of intervalleads to a more complicated relation than the simple expo-
ley scattering of electrons at the potential fluctuations causedential factor in Eq(1).
by the compositional disorder. These short-range scatterers In this paper we consider a more realistic model of a
are necessary to compensate for the large momentum of anugh interface. We show that EQL) holds for the decay
electron in theX valley. The nonexponential time depen- rate of X,, excitons and we relate the, value with the

dence of the decay rate has been obtained parameters of the rough interface. We determine the decay
rate of X, excitons. In particular, it is found that this value at
I(t)oce Wol(1+2w,t) 32 ) large delay times behaves roughly &&)«exp(—wgt)/t,

rather thanl (t) cexp(—wqt)/t*? as is predicted by Eq(l).

where the valuav, is connected with the compositional dis- Our experiments on GaAs/AlAs type-Il superlattices confirm
order. The exponential factor has been included in(Egto  these results. We use the experimental data for the radiative
consider different nonstochastic processes of the exciton reélecay rates to estimate the parameters of the rough interface.
combination(e.g., phonon-assisted recombinajion, is the ~ The mean height of roughnesses was found to be close to the
decay rate resulted from all nonstochastic processes. This igttice constant, whereas their mean length is about 50 A .
possible only in the absence of any correlation between the
stochastic and nonstochastic processes.

The possibility of applying the theory of Ref. 1 to super- !l RADIATIVE DECAY RATES OF INDIRECT EXCITONS
lattices has been discussed by Minagtial?> The authors IN SUPERLATTICES THEORY

suppose that short-range scatterers are distributed along the | ot ;=0 pe the interface between GaAs d,<z<0)
plane boundary. This assumption justifies the application ofnd AlAs (0<z<d,), andp be the vector in th&Y plane.

Eq. (1) for superlattices; however, it does not allow us t0\ye consider the exiton recombination at the interface and
relate the parametav, with the characteristics of the rough | ite the exciton wave function as follovis:

interface, e.g., the mean height and length of the roughness.
Krivorotov et al2 have shown that nonradiative decay due to
exciton trapping by interfacial defects also leads to a nonex- d(re,rn)=To(Zo) Fh(2h) G(Pe— PnZe»Zn),
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wherer.={p., z.} andry,={pyn, z,} are the coordinates of the electron energyg andEyx are the energies of the bot-
the electron and the hole, arfd(z,) and f,(z,) are their toms of thel' andX valleys can be considered as indepen-
wave functions in the absence of Coulomb interaction; thelent of the electron energy. By eliminationgf¥|. from Eq.
function G takes into account this interaction. The probabil- (3), for the X, electrons we find
ity of the exciton recombination is proportional ®2(0)
[G(0)=G(pe=ppn,Ze=2,=0)] and the squared module of V=T, (4a)
the matrix element

(92\1’;(2:&1‘72\["1“""[1214‘72\1")(21

P= [t Vi@ dz o @ Wt g 0,

, , where t%,~mj /my,~1; this value takes into account the

en\zllgggnv(\:/g\olgsffljgiet)io?]rs]doffhgg) eCIZZtPOen e;(r?cﬁiséego\feai;h?h difference in longitudinal effective masses in ﬁhelfalleys of
42 r z __ r r z

conduction and valence bands of GaAs and AlAs. To deteﬁ-i I,tb\s maln/d(n?gArs),le. tgj(,?]g'r/éme‘f:g{r;;z efr;; FC/tE\I;T;F %z)asstéz in
mine the envelopes, the appropriate boundary conditions Fll< F“ € ?AIA ' fj GaAst.~1 is th ter of
the GaAs/AlAs interface should be imposed. The roughnes el valeys of AIAS an Strx~1 IS the parameter o
of the interface has an influence on these boundary cond X mixing, me is mass of the free electrop, amdis the
tions and, therefore, affects the envelopes. We shall consid t_t|c_e constant. Other ele_ments of trﬁ? matrix are small;
the rough interface where the mean height of the roughness&4'S IS the result of numerical calculations of Ref. 7.
is small in comparison with the electron wavelengn the  NOte that the band states in thevalley result from the
exciton Bohr radius This allows us to use the boundary Interaction of two close-lying bands: the lowey and upper
conditions at the rough interfateo consider the influence of Xs Meanwhile only theX; states mix efficiently withl
the roughness on the exciton recombination. In addition, thiStates. This means thigt,~1 is the upper estimation ¢f-X

allows us to neglect the effect of the roughness on the fundxng. _
tion G. It is sufficient to consider only th¥ valleys of each con-

tacting material wheiX,, electrons are considered. Assum-

= _ ing 9,¥}.=y' WL wherey'~2x/a, from Eq.(3) we find
A. Boundary conditions for the envelope wave functions

[ _ [ [
at a GaAdAIlAs interface ;(Xy_ t)ﬁIq’XXy 'fﬁﬁzq’x)(y, (4b)
1. Boundary conditions at a plane interface
" 02 Sy = 1 W sy 1350, W
In general, the boundary conditions for the electron enve- y Y Y

lopes can be written as follows: where [t <1, |t§Y|<a™!, tY=1, and t~mi /m\~1;
mi, andml,, are the transversal effective masses of AlAs and
N4t ‘I’Ir GaAs.
PR o.p! The bands of the light and heavy holes are split due to the
zor zor size quantization. This allows us to consider only the heavy
‘I’§<Xy - \I"ny holes in each material and write the boundary conditions for
v | =T o , (3 them as follows:
‘92 XXy az Xxy
Vi Vi h=t10P )+ 10, W, (40
&Z\P;(Z (QZ\INXZ

o,V =t +t5,0,¥}

whereWy'y,, ., are the envelopes which corresplond to thewhere w}." are the envelopes for the heavy holes in each
L, Xy and X, valleys of GaAs and AIASi Wity x,  material; th~1, th~mf/ml,, [th<1, |t)]<a%, and
=0V xxyx 9z are their normal derivatives. The elements mix are the longitudinal effective masses of the heavy holes.
t;, of the 6X6 matrix T are determined by the interface
structure. They are independent of the electron energy. For 2. Boundary conditions at a rough interface
the GaAs/A|Ga _,As interface they have been calculated
by Ando and Akerd.

We shall consider the particular casesXgfand X, ex-

We shall consider the model of a rough interface that is
schematically drawn in Fig. 1. This model is in agreement
. , N . " with the opticaf and structurdlinvestigations of the GaAs/
citons. This allows us to simplify Eq3). First, we omit  a|ag interface. The interface looks like the array of the plane
mixing betweenX, andX,, valleys. Second, the energy po- jreaq of the same crystallographic orientation. The random
sition of thel” minimum in AlAs is considerably higher than function z=&(p) of the coordinates in thXY plane deter-
that of theX minimum. For this reason the wave functit}- mines the positions of these areas relativa+d®.
decays rapidly away from the interface. We havg; We assume the average height of roughnes$sés be
xexp(-y'2), o, ¥r=—y¥r, where y'=2mp(Er—es)  small in comparison with the electron wavelength. Then it is
(herem} is effective mass in thE valley of AlAs, e,~Eyxis  possible to describe the rough interface by means of a cor-
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T faces are considered. We assufti"|<a™': this is the
result of numerical calculations of Ref. 7.

Unlike Egs.(4) the boundary condition§s) contain the
terms that depend o&. They would not be important i€
=const. Then they are relevant to the phase shift of the wave
functions arisen from the shift of the interface. However,
these terms become important whérdepends orp. The
interference of the electrons scattered from the neighboring
Z planes in the vicinity of step8ike point 1 in Fig. 1 results

in the appearance of the diffuse components of their wave
FIG. 1. The model of the rough interface: side view. functions. The mean size of the region at the step where the
interference occurs is the parallel-to-interface component of
the electron wavelength. Hence the ratio of this size to the
size of the plane arelacharacterizes the roughnesses influ-

relation functionW(p,p"=&(p)&(p"). For a homogeneous
rough interfaceW(p,p")=W(p—p"), i.e., the correlation
function is the function of a one vector variabje= p—p”. enc\:/s on the etlecttr:onj_.ff @@ fh

There are two parameters that are most important when the € separate the diffuse componegtsy,  x, Xy or the en-
statistical properties of a rough interface are considenéd: Velope wave functions and write the envelopes as follbws:
=W(0), and thecorrelation lengtH, which is the mean at-

tenuation length of the correlation function. In our model the ‘I’r Xy Xy ‘br X, X, + (Pr‘ X, Xy where ﬁolr',rxz,xx =0.
correlation length can be associated with the mean size of the ’ (6)
plane area.

The special form of the rough interfa¢€ig. 1) allows us Using the boundary condition§s), for the envelopes

to apply the boundary conditiorid), which are applicable at cI)F X, Xy and <p'r'fx x.. (see Appendix B for details we
a plane interface, at each plare=¢. The inequality  opiain i

|£9,¥|~h/N<1 (\ is the electron wavelengttallows us to

rewrite these boundary conditions at a plane0. After (I)lr(r):-l—refiprz,

some algebrdsee Appendix A we obtain

| _ z
Vi ,= —thn(OEP) YL+ Vi, + (1-th) &(p)d, VY, Dy x (N=Tx, x, 7% %
(53 | |
r — a—iqz iqz
x x, (r=e TRy, x, "%
0,V = (O WL+ 5 m(E) E(p) VL +15,0,T,, 2y y

VLA [+ E(p) 10,V L+ g™ ()T, D) =€P+Rpe P D) =The ™,

+tham* (£)E(p)d,V,=0

2q
or(n)= Zf Ar(k\|)§(k\|)e'(k Pk diky,  (7)
for the electrons in th&, valley, (2m)

Vo= Wiyt (1= E(p) 0¥, GO 2q [+ o
y Ox, %, (V=5 | A, x, (K E(k e 2T S x2dig,
IV = YW sy 1330, W (2m)°) =
for the electrons in th&,, valley, and Q°;<Z,Xxy(r)
W[=T+ (1 t3,) £(p) 0¥, (50) 2q (-
=——| Al (k) E(kp)e' & Phx, x, D dk
0¥ =W+t Wy (277)4@ 6 Xy SIS i

for the holes. Factof (&) = exp(2riél/a) in Eq. (5a) takes two
values*+1 for é&=a or £=a/2, respectively. It has been in-
troduced in Ref. 10 to take into account the symmetry prop-
erties of the Bloch functions with respect to translation by a
single monomolecular layera(2) along thez axis. The 2p (=
Bloch function of the electron in th¥, valley changes its eh(r)= f AL(kH)E(k“)e”‘P‘aﬂzdkH,
sign under this translation whereas the Bloch function of the (2m)%) =

electron in thel” valley does not. Therefore, the parameter
trx of I'-X mixing also should change sign under such trans-
lation. This is not important at a plane interface, but must be >
taken into account when the relative positions of some inter- kr(k))=2mp(ee—Ep) — Kf,

2p ” 7 i(k-p—knz
¢L(r)=(zﬂ)2fwAL(k)§(k)e (k-p=kn2) dk ,

where
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@ (k)= \2mi(Ey —se) +Kf, kn(1—t5,) Al & (1—th)

Ar = — W . . h_l .
thoBenth,—thy) aanth,—thy
& (kj)= \/2m')<t(E'><xy— £e)+Kf,
(k)= /2mi (se— EX ) —Kf, Here E(k) = &(p)e " Pdp, ¥x, x,, n=2%, x,,»(0), Pr
, =kr(0); E}, EY , E'Xy, Ek,. EX . E}, andE}, are the
_ T T z X z X
K, (Kp) = \2m(se— Ex,,) K energies of the extrema of the appropriate bands. The inte-
gration in Eq.(7) is carried out over the whole plane, be-
Kn(k)) = 2my(Ep—ep) — ki, causeé(p) is not a periodical function op. The values of
normal-to-interface components of the wave vectors of the
a8y (k) = \/Zm[‘(sh— Ep)+ kﬁ, Imky x =0, electrongg and holesp are determined by the boundary con-
z'7 Xy

ditions at the interfacesz=—d; for p and z=d, for q
(whered, andd, are the widths of GaAs and AlAs layers

2iqt] 2i 2i ; .
TF=M, Ty =— q , =—1— q , In general, they depend on the valley under consideration:
taayx, Tty ‘ taayx, tan(@dz/2)=—(q/yx) for the electrons in theX, valley,
tanqd2=—2q/(t’2‘§yxxy+t§{) for the electrons in thex,,
= 2iq Ry ——1+ 2iq , valley, and tampd, = — 2p/(t5,y,—t5,) for the holes. We as-
Y+ xy 3+ t33vx sume, however, the strong confinement of electrons and
Xy o holes in the appropriate layergy x_»>p.d, so thatp
2ip 2ip ~mld; andq~ 7/d,.
=75 R="1l-——7—, The wave vector of the electron in the GaRsvalley is
~ ot too¥n 121t to¥h small, pr<<p; nevertheless, it is real. This distinguishes the
L, L short-period GaAs/AlAs superlattices from other type-l|
Al itgan(§) AL t13t41+1—tz structures, where the electron wave function decays rapidly
r— t2, Xz 2,1 vx a4/ away from the interface. The electron density is large in
‘ AlAs and small, but almost constant, in GaAs. This small
K . part of the electron density could be essential for the exiton
A = X2 tl3t41+ 1—t2 recombination would the effective parameterloiX mixing
X & i\ X, “) t1; be sufficiently large.
t5% 1-t3)
AL =i 229 aexxy( 22) B. Radiative decay rates of indirect excitons at a rough
Mo (e @thg)(tgaa%—ikxxy), interface
To determine the wave functiong,(z) and f,,(z), we
| a%y(l—t’z‘%) have to insert the corresponding Bloch amplitudes into ex-
Ax =k — ; pressions for the envelopds, and¥, (6). For instance, for
X y XYY (+X%Ym & i ;
g (t21+ae><xyt22)(t228a+'kxxy) the X, exciton at a plane interface, we have
|
1 [ Trup(r)er?+Ty ux(r)elm. Gz 7<0
f(r)=— . . . . 8
e( ) \/N—l u;«((r)e|[qf(2m/a)]z+ szux(r)efl[qf(Zmla)]z, Z>O, ( )
|
1 [v(r)eP?+Rw*(r)e P, z<0 tiply ¢(r) (7) by the corresponding Bloch amplitudes. Usu-
fn(r)=— . ally the mean size of the Bloch amplitudes is small in
hZ
No (Tho(r)e ", 2>0, comparison with the lattice constant. This allows us to as-

whereN; andN, are the numbers of atoms in the AlAs and sume that thév operator in Eq(2) acts only on these am-
GaAs layers, respectivelyur(r), ux(r), anduv(r) are the plitudes and to separate the integration of them from the
Bloch amplitudes of the electrons in theandX valleys, and  integration of the envelopes. Then the matrix elent@ntan
the holes; we assume these amplitudes to be periodical funbe written asP="P;+ P,+ P3;, where
tions ofr.

At a rough interface we have to add also the diffuse com- — f
ponents of the wave functions. To do that, we have to mul- P g( Ur.x (DF’XZ’XXVCthZ o, ©
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732:;( Ur,xJ [Pr x, x,,¢nt Pherx, x, ] dZ dp,

773:% Ur,xf Pr.X, X, Ph dz dp.

Here d=®' ¢=¢' if z<¢& O=0", o=¢' if z>¢; Uy
=Qalf90ur(r)Vv(r) dr, Ux:Qc;lfnon(r)VU(r) dr,
and () is the unit cell.

The rate of the exciton recombination is

W= A(|P4|?+P,Ps + P Pot Py Ps + Py Pat+|Pol?),
(10

wheref w is the exciton energy, and m,, andc are the
fundamental constants.
The luminescence intensity(t) is proportional to the re-

PHYSICAL REVIEW B3 195305

with P; and|P,|?, which are quadratic i, or replace them
with their average values. Them becomes the linear func-
tion of the random variable€. If the distribution of ¢ is
Gaussian then the distribution wofis Gaussian too, i.e.,

P(w)= e l(w-w)?20%]

o2

wherew=A|P;|2 ando=[|w—w|?]Y2 Hence

e " = [(w-w)?/202] (o)t
I(t)= we™ W Hw=WHErTl dy=ge~ (W Wo
o\2mJo
—
o w—o“t ot
X| — + ———— e *erfd —| |. (12)
N2 2 \/E

If |Py|>|P,|, theno?=2A?P,|?>P,P5. For the case of
the X, exciton we have

3 z
combination ratev and the number of excitons at the tirne ’Pl:i 4 ﬁ>£ o+ a —Ux , (13
We assume this number to be proportional to expf) (or vd;d, dz yxztfm dl Yhioo
exfd — (wpt+w)t], if some nonstochastic process with the rate
W, occur9. Thew value is stochastic, since it dependsé{n 2a2 d\ 2 2mia
Therefore, to determine the luminescence intensity, we have 8( ) Ur+—
to average the value ofvexp(—wt) over the realization d da/ 7, tods
of the random functioné. This can be done if we know
the distribution P(w) of the w value: wexp(—wt) % 1 U (6E0),
=[owexp(—wt)P(w) dw. The distributionP(w) essentially t2,7x d2 t227hd x| 7
depends orP;, whether or not it vanishes. ‘
If P,=0 (i.e., if the exciton recombination at a plane so that
interface is forbiddenthenw is proportional to the squared 5
module of P,. The linear relationship betweeh, and the — 4Aa® dy) tig a
random variable follows from Eqgs.(7) and(9). Therefore, w= d,d, 4 d_z) 12 + d_ nUx| (14
if the distribution of ¢ is Gaussian, then the distribution of YX;ra4 Yilz2
P, is also Gaussian and the distributionweis exponential. _ 5
This means that the arguments of Refs. 1 and 2 hold, so that , 2Aa‘w| (d)\%i8 , [2ma
I(t) is determined by Eq(1) wherew,=A|P,|%. For the " d,d, 6 d, @Uﬁ @

case of thex,, exciton we have

4pqUy —th, 1-135,
P,= > é(axt+g)+ & (ax+9) |,
VN;iN; g { 7ny ;
and
16m%a’|Uy|2A | (1-t5)? (1-t3)?|_ (2w
= o 2 + 2 W| — 2
142 VXyy h
(11

where W(k) = [W(p)e~*? d?p is the Fourier transform of
the correlation functiongy={2/a,0,0} is the wave vector
of the X valley, andg is the two-dimensional reciprocal-
lattice vector; it arises here since the integration in &y.
has not been restricted by the first Brillouin zone.

If P,#0 (i.e.,
interface is allowegthen the linear terms with respect®

W(0).

h 2
» 1 : too u2
tfm)’xzdz t22vnd1
The first terms in the square brackets can be interpreted as an
electron conversion from th¥ valley of AlAs to thel” val-
ley of GaAs followed by the electron-hole recombination;
they are small, sinc€;<1. The other terms are due to in-
direct electron-hole recombinatidfthey occur only at the
interface and, therefore, have a small fa@d, ,. This fac-
tor is not so small in short-period superlattices whiérg are
as large as a few lattice constants. The indirect electron-hole
recombination prevails in such structuresaifi; >t7;. We
omit the terms that contain both these factors|br-t3,|
<1.
The question arises of how sm&P,;| should be in order

if the exciton recombination at a plane to hold Eq.(1)? This is possible if the deviation ¢f,|?

from its average value in Eq(10) essentially exceeds

in Eq. (10) are nonzero. This allows us to omit the terms|P;P%|, i.e., when|P|2<(h/1)?|P,|? or
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FIG. 3. Temporal evolution of th&, exciton emission. The
theoretical curvegdashed and solid lingsvere derived from Egs.
él) and(12), respectively. The dots show the experimental data.

FIG. 2. The steady-state PL spectra(ef an X, superlattice
(sample BP20pand (b) an X,, superlattice(sample BP354at a
temperature of 4.2 K. The no-phonon lines included in the analysi

of the PL decay are delimited by the dashed lines. . .
y y 48 meV below are seen in the spectrum of BP205, in agree-

ment with the data of Ref. 13. The width of the lines in this
sample does not exceed 12 meV. TXg exciton line with

an energy E~=1.771eV and three phonon replicas with en-
ergies 12, 29, and 47 meV are seen in the spectrum of
BP354. The width of the lines in this sample does not exceed
8 meV.

Figures 3 and 4 present the experimental results on the
The undoped GaAs/AIAs type-Il superlattices used in thisexcitonic PL decay together with theoretical curves derived
study were grown by molecular-beam epitaxy at 600 °C or}crom Egs.(1) and(12). I.t ShOL.”d be noted that our models
(100 GaAs substrates. The sample BP205, in whichXhe vyeII as that of Ref. )L.'S valid only at large enough delgy
excitons were studied .contains 40 periods 6f 19.8 A GaAs imes \_/vhen nonlinear in charge densny_tgrms can be omitted.
255 A AlAs each. TheX,, excitons were studied in the or this reason we do not include the initial parts of the PL

. . ) urves into consideration he(Eigs. 3 and 4 The values of
sample BP354 which contains 25 periods of 25 A GaAs/'([:he parameters used in the calculation that ensured the

83.5 A AlAs each. The samples were immersed in liquid : - 1 - S =
helium during the measurements. best fit were wo=320c", w,=0.002x1C0°c %, w

— -1 — -1
The steady-state photoluminesceriBé) was excited by ;O.ﬁx 10°c N andrlrao.6]}>< 1gﬁcd - We see that E_q(.l)
an Ar" laser with a wavelength of 488 nm. The excitation .|tsrt] € expelnmenta at?] or the decay rateXgf excitons
power density was 50 W/cmThe time-resolved photolumi- :,n the sample 3P3E4, w erleas EG2) is mor(; ap;;roprul':\te f
nescence oK, excitons, which exhibits decays on the mi- or X; excitons in the sample BP205. Note that the value o

w?  h?

—_—<—

JERNTY (15

lll. KINETICS OF EXCITON LUMINESCENCE IN
TYPE-Il GaAs/AlAs SUPERLATTICES. EXPERIMENT

crosecond time scale, was excited by @-switched
frequency-doubled Nd-doped yttrium aluminum garnet laser

with a wavelength of 532 nm, a pulse duration of QulH 10°F ° BP354
and a peak power density of 1.5kW/&nA nitrogen laser T=4.2K
with a 337 nm wavelength, a pulse duration of 7 ns, and ag ° Xy
peak power density of 2.5kW/chwas used to study the 2ok _
time-resolved photoluminescence X§, excitons exhibiting & i

millisecond-scale decays. The luminescence was analyzed bg
a double-grating monochromator equipped with a cooled2
photomultiplier operating in the photon-counting mode. The £
PL decay curves were recorded by a setup comprising tw%
time-to-digital converters covering the delay range from
nanoseconds to milliseconds. Sets of PL decay curves wer
measured across the excitonic PL wavelength ranges in eac
sample in order to obtain the time-resolved PL spectra, anc
to separate the decay of the no-phonon lines.

10

2

107

-3

100

Time (us)

Figure 2 shows the steady-state PL spectra of the samples FiG. 4. Temporal evolution of th&,, exciton emission. The
BP205[Fig. 2@] and BP354Fig. 2(b)]. The X, exciton line  theoretical curve(solid line) was derived from Eq(1). The dots
with an energy E=1.849 eV and its phonon replicas 29 and show the experimental data.
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Wy, which could be associated with the phonon-assisted T€YX, Xy h in these expressions are determined by &g for

combination, is small in both curves. That is really the casghe known energies of the electrons or holes. As regards

at a low temperature. RecombinationXy, excitons is con- Y., , these values can be estimated only from the band-

siderably slower than that of, excitons. This means that the structure calculations for GaAs and AlAs. However, the first

interfaces in our samples are perfect enough to apply oWerms in the expression fow and o (14) can be omitted.

theory for interpretation (_)f the experlmenta! data. _ Indeed,t§3=tpxm?aAS/(meayr)<O.06, whereasa/d, = 2/7,
Note that both theoretical curves do not fit the experimen; o the indirect recombination of, exitons at the interface

tal data at the very large delay times 1. The reason for prevails in our samples. Then the valuesréfw? andw, /w,

that is the exponental factor exp@t) which arises due to which are determined from experimental data, become inde-

the X, exciton recombination at the plane interface. To ex-pendent ofUr . For our experiments this estimation yields

plain the luminescence tail at the large delays, we have to

2
involve some mechanism of thé, exciton creation at such o 1(2m\? y  1-th\ .
- tons o - == -T2 Wo), 4
times. If the number of thé&, excitons arisen due to this w2 2la yx dy  thg
mechanismn(t) is independent of the random variable : 2271
then the luminescence intensitylig)<w n(t) [see the rea- A2t 24%% 3¢ %y [ (1 _th )2 P2
soning after Eq(10)], i.e., its kinetics follows the time de- Vr_—" 2; 1x 2 (1~ t2) +(1 ~t22) 5 2m
pendence oh(t). w a‘d;?d;? yﬁ‘(xy i a

The possible mechanism of thg exciton creation can be o x . _
associated with th&,, excitons, which also have to be ex- Hered}? d,? d}*¥, andd; are the widths of GaAs and
cited in our experiments. The energy of the electrons at th@|As layers in the samples BP205;|{(Z, dZZ) and BP354
bottom of theX,, valley_ is about O..Z.eV higher t.han. that of (d>1<xy, d)z(xy), whereX, and X, excitons were studied,
the X, valley. Along with the radiative recombination, the
electron transitions to th¥, valley should occur due to the

Yx, = _\/2m

hZ

interface roughness. These transitions are similiar to that - -
2mAIAs dXz 2
r-nXI ( 2)

considered in Sec. IIB for th&,, exciton recombination.
Hence, the time dependence of tkgexciton number at the

GaA GaAs AlAs
Xl S{EX _EX -

large delay timeg¢>1Av obey Eq.(1). Indeed, the power 1 52
dependence™ %2 which follows from this equation, fits the =7 \/me]As ERt A BN —aae |
tail of the experimental curve in Fig. 3. 2Mpy S(dl )

Expressiong11)—(14) allow us to estimate the function AlAS
W(k) at the pointsk=0 andk=2s/a only, which is not th — Mhh
sufficient to determine the function. However, it is possible 22 mS2As’
to estimate the parameters of the rough interface if we re-
strict ourselves to a particular type of the correlation func- 72
tion. We assume the exponential correlation function Yy =—~/2mCaAy gGaAs_pAs_

Yxxy % \/ Xt S{ X X 2mA'AS(dXXV)2]’
W(p) = h2exp( — p/l), (16) Xt
wherel is the correlation length. This type of the correlation L
function is more appropriate to our model of the rough inter- t2¥:mv
face(Fig. 1); it allows one to construct the two-position dis- Mxi
tribution, so that the distribution of slopes hag aingular- 5
ity, i.e., the slope is always zero except for a set of points ~ _ -+ omAlAS EGaAs_ AIAs_ h
(like point 1) with measure zerd* This is impossible for the LU hh | =h " omGaAY X2’
Gaussian correlation functiokV(p)=h?exp(p%/1?) most S
frequently employed in theoretical discussidnghe Fourier 1
transform of the exponential function is y’=%\/2m’§'AS(E’F*'AS— EXA).
(k) = 2wh?? 17 ER3ASA"% are the positions of the band extrema in GaAs and
(1+K212)372 AlAs, mZ@%is the effective mass of thE valley of GaAs,

ke th o function. it h ol oref mgPee A" are the longitudinal and transversal effective

Unlike the Gaussian function, it has no exponential pre aCy Soses in the valleys of GaAs and AIASmGAASAIAS are

tor, decaying rapidly at a largk. This is also due to the

singular points 1; only in the vicinity of these points is the longitudinal effective masses of heavy holes in GaAs and

momentum relaxation of indirect, excitons possible. 'A,}IAS’ and m.e IS the mass of the free elt_actron. We assume
If we assume that the correlation functions are equal fof21< yn~2/a; this is the result of calcuNIatlons of Ref. 7.

the interfaces of both our samples, then the substitution of Equation(18) estimates the values #¥(0)=27h?* and

Eq. (17) into Egs.(11) and(14) allows us to find the values W(2m/a)~a®h?/(47?). For the heighth and diameterL

of h and|. The decay parameters of the wave functiong L =4I for the distribution(16)] (Ref. 14 of the roughnesses

195305-7



L. S. BRAGINSKY et al. PHYSICAL REVIEW B 63 195305

we findh~1.25 andL~9a. This is in agreement with the function to consider th&-X mixing of electrons at the in-
results of the structural studies of the GaAs/AlAs interfaceterface. This approach is more general than the kinetic model
where the steps with a height=a/2 and a mean length of proposed in Ref. 19. The kinetic equation where the electron
40-200 A were observetsee Ref. 9 for a review The states in thd” and X valleys are considered as independent
steps with the mean height of about a few lattice constantsan be used for a smdll-X mixing. Only in that case is it
and the diameter of about 50 A have been observed bpossible to add the probabilities for the electron to bd'in
Raman spectroscopyand photoelectrical spectroscoby. and X valleys. It should be noted that we also assume the
The rough estimate of theand| values also can be done small value of'-X mixing (|t{J<1). However, this ap-
if we assume that the criteriud5) holds. This justifies Eq. proximation is not principal for our consideration; it only
(1) for X, excitons Whel’eNoEW§Z=A|731|2 and WrEWi(Z makes the resulf€Eqs.(7), (11), (14), and(18)] not so cum-

_ 2 ; : ; bersome.
/§<|P2>|< + Using I)E(q. (13.,)’ WS find ‘the expressions for The influence of a nonstochastic process on the exciton
2w, Hwy? andw, /w,* [unlike w,?, thew, value corresponds

i . } ) recombination in Ref. 1 is taken into account by the expo-
to the X, excitons(Fig. 4) and is determined by E411)].  pentjal factore o', This factor could be obtained if we in-

These expressions accept the form of B after the sub-  gert the corresponding term in theapproximation into the
stitutions 02/W2—>2Wi(z/wz,<Z and w, /w—w; /W>0(Z of their  kinetic equation for the exciton density. If theapproxima-

left sides. The values owgz:o.ﬂx 10°¢c ! and sz tion is not applicable for the process, then this factor be-
—0.38< 10° ¢~ ensure the best fit of the dashed lifég. 3 comes none_xponenti?;llA correlation between stochastic and
to the experimental data. This estimation yieldsa, L ~ nonstochastic processes changes the second factor {#)Eq.
=8.8a, which are close to the values obtained from E). In this case the probability of the_ exciton recombinatiors

For this reason both the theoretical cunv@ig. 3 fit the Not @ simple sum of the prob_ab|l_|t|es of each process. As a
experimental data at small delay times. Nevertheless, E§eSUlt, the additional terms arise in the expressionifgthe

(12) better fits the experimental data at large delay time$econd and third terms in ELO)]. These terms are linear in
where it ensures the slower decay of the luminescer(ck: the stochastic variable, so that their averages vanish. For this

— . . . reason they are not important when the mean intensity of the
;eXp(_(V\;t)/t’ instead ofl(t) =exp(-wgt)/t**, as is predicted Iuminesceg/ce or the Iipght absorptfois considered H}c;w-
y Eq. (D). '

ever, they are important for the kinetic phenomena because
they determine the mean square of the deviatioof the
IV. DISCUSSION stochastic variable from its mean value. The nonexponential

In this paper we investigate the exciton luminescence ifPehavior of the decay rat€l2) holds any time when the

type-Il GaAs/AlAs superlattices. We use the envelope-"”ear terms with respect to the stochastic variable are domi-

function approximation to consider the exciton recombina.ating in the expression faw. Such a situation can occur

tion at an interface. To justify this approach, we have to noté¥/SO in other type-Il semiconductor structures where the in-
that the envelope-function approximation has been used onf{frface influence is essential, e.g., in quantum ots.

to find the reflection and transmission coefficients, while the EXPressions(11) and (14) relate the parameters of the
Bloch functionsf, and f,, have been used to find the prob- radiative decay ratesw,w, and o) with the correlation
ability of the exciton recombination. An error arises only function of the rough interface. The values of the Fourier
when we consider the Bloch amplitudag(r), uy(r), and transform of this function only at two particular points,
v(r) as periodical functions at the interface. Indeed, the de=0 andk=2/a, are important for these relationships. This
viation of these amplitudes from their bulk values is appre-2llows one to estimate the parameters only for simplest func-
ciable only at a small distance from the interface; this deviations[like Eq. (16)]. The real interface might be more com-
tion is especially small at the interfaces of similar materialsplicated. In particular, the rough interface could be charac-
(e.g., GaAs/AlAs."18 terized by a few different scales. Expressidh$) and (14)

It seems the boundary conditiof# connect too few val- take into account all the scales; however, it is impossible to
leys of the electron spectrum to consider the interface infludetermine more than two parameters simultaneously from
ence on the exciton recombination; however, this is not théhe time-resolved luminescence experiments.
case. Indeed, the electron wave functions in the valleys that Comparing the experimental resultSigs. 3 and 4 we
are not explicitly involved in Eq(4) are strongly localized at See that the mean lifetime &, excitons essentially exceeds
the interface. This allows us to consider them in terms of théhat of X, excitons. This happens due to the recombination of
boundary conditions where the parametgysare influenced theX, excitons at a plane interface. Meanwhile, the influence
by these valleys. This procedure had been described whe¥f the roughnesses, i.e., the nonexponential factd(t is
Eq. (4) was derived. The error arises only when these parammore essential for thX, excitons. This becomes clear from
eters are considered as independent of the electron energyr analysis. IndeedoxW(0), whereas w,xW(2/a)
this is possible if the energy differences between the bottomwhile W(27/a)<W(0). Therecombination occurs in some
of the appropriate valleys considerably exceed the excitomegion near a stefpoint 1 in Fig. 1. The size of this region
energy. Note that a lafabout 10 of the electron bands are is of the order oi]q”|‘1, whereq| is the parallel-to-interface
sometimes taken into account when the parameters of theomponent of the electron wave vector. This region is large
interface matrix are calculatéd. for the X, electrons [gy|=rg*, whererg is the exciton ra-

We use the boundary conditions for the envelope wavelius), but it is small for theX,, electrons [q‘||2277/a). As a
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result, the small factofof the order of &/1)°] arises in the Wi+ E0, W, =W+ £, ,,
expression fow, .

In conclusion, the kinetics of the type-Il exciton lumines- IV = (&) (Wr+ £9,W ) + 15,9,V
cence at a rough interface has been investigated both theo- | | | |
retically and experimentally. The Kleiet al. law (1) is Wit (t+ €) 3,V +t137(8) (Wi, + €9,V ) =0,

shown to be valid for the decay rate X%{, excitons, whereas Where‘l’lr',erE‘l’lr’,er(o)- Thesubstitution of?, W', from the

the more complicated expressighd) is applicable forX, second equation into the first one leads to Gq). Equations

excitons. Expressiond.1) and(14), which relate the param- . .
eters of the exciton kinetics to the statistical characteristics og?]:ng;i?eﬁan be obtained from Eq#tb) and(4c) in the

the rough interface, allow us to estimate some of these char-

acteristics from the experimental data. The values of the
mean height of 7 A and the length of 50 A of the rough-
nesses obtained from our experiments are in good agreement First of all, note thaﬂflr'roc 7(€) and (Plr'r:x n(€), i.e., the

with the results of the structural investigations of the GaAskactors 7(£) in Egs. (5a) disappear after the substitutions
AlAs interface. W (&) WL and o} — 7(£) )" . To obtain the bound-

ary conditions foﬂlf%fxz and cp'r'fxz we substitute these enve-
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APPENDIX B: DERIVATION OF EQ. (7)

D= —thEer+ DY+ (1-t3)E0,0x, (B
| = 1 |
3, D%, = — 4P+t or +1540,Py 5,

q)ll‘+ tizazq)ll“_i_ g&zﬁpll“+ ti’:’q)lxz—i_ tisgﬁz‘PIXz: 0’

APPENDIX A: DERIVATION OF EQ. (5) ‘Pg(z: _tzzllf(blr+€D|xz+(1_t4214)§‘7zq)lxz-
To obtain Eq.(5a), let us write the boundary conditions ; 7 | .z L |
(4a) at the plane=¢: 920x;= ~ 14100 T 14260, P 1 +1349,0% 5,
V() =W}, (8), (A1) Ot thopht E0,D T+ thapk,H a0, P, = 0.
H I,r Ir
PR —tz W& +12 gy , We write the envellope@ryxZ and ¢r: ., in the form (_7)
Wl €)= (E)Wr(§) + Lo Wil €) and substitute them into EqeB1). The last three equations
V(&) +t29. V(&) +12 P! —0. (B1) allow one to express the diffuse componeqz»té’XZ as
H(OF 1V r {8+ Lan(H Wl &) functions of £, Ry,, and Ty x,. The reflection Ry, and
gphr ~WhT (0)+£0,WN", (0), transmission T x,) coefficients can be obtained then from
Exd =Wl O+ 80l 0) the first three equationd®1).
azqfll;rxz(g)mazqflrztxz(())-{-g&;z\lflrzyrxz(o)_ To simplify the expressions fdRy,, Tr x,, and the am-

_ pIitudesA'F'xz, we assumep<1, aq<l and use the rela-
The factor 7(¢) =exp(2mig/a) takes two valuestl for & tionships between the matrix elemeis. We also assume
=aor {=al2, respectively. It was introduced to consider thethe mean height of the roughnesses to be simal, hp
symmetry properties of the Bloch functions with respect to<1 hg<1, so that it is possible to omit thé&-dependent
tran_slit(t)lon by a single monomolecular layer3) along the  terms from the first three equatioB1). Such simplifica-
zaxis.” The inequality| ¢¥'|~h/\ <1 allows us to assume tjons are not principal; they only make the expressions for

Ir T Ir Rxz: Tr.xz: andA'r,XZ not too cumbersome. A more general
Viixd )= Wi 0)+ €0,V xA0), case has been considered in Ref. 6. It has been shown that
0V 1x €)= IV 0) + 0,91, 0).

the &-dependent terms in the first three E¢B1) result in

effective changes in the matrix elemetiswhich are small
The last term in the second equation can be omitted, sinc&hen h/I<1. The expressions for thByy,, Txxyn, and
T W'y, = —k*Wy'y,—0 whenk—0. Then from Eq(A1) A} . for the electrons irX,, valleys and the holes were

we obtain obtained from Eqs(5b) and(5¢) in the same manner.
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