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For a single Ga A s/A lA s/GaA s t yp e II pseudodirect dou ble quantu m
w ell , as w ell as for superlatti ces it was predicted that the oscilla tor strength

of the lowest optical transition has a p eriodic dep endence on the numb er
of A lA s monolayers . T he oscill ator strength dep ends on the couplin g b e-
tw een the À and X electron states. W e use samples containing a single

GaA s/A lA s/GaA s double quantum w ell w ith thic kness gradient to show ex-
p erimental evidence of this e˜ect. T he results concernin g the À À X couplin g
are obtained from the study of the ratio of photolumin escence intensities of
the zero- phonon line and the phonon replica and from their time decay. T hey

show the monolayer dependence of the À À X mixing potential. W e extend
the mo del describing the À À X coupling for ideal interf aces in the frame of
the envelop e approximation to the case of non-abrupt interf aces and exciton
locali zatio n. The amplitude of variation of the radiative recombination time

due to the À À X mixing is well repro duced w ithin this model.

PAC S numb ers: 78.66. {w , 71.70. {d

1. I n t rod uct io n

Typ e I I GaAs/ Al As hetero structu res have been the subject of a numb er of
exp erimenta l [1{ 7], as well as theoreti cal investigati ons [8{ 11] in the past years.
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In such structures the electron and the hole are conÙned in adj acent layers. The
oscil lato r strength of the lowest opti cal tra nsiti on depends on the overl ap of the
electron and the hole envel ope functi ons. The spati al ly indi rect character of thi s
opti cal tra nsiti on makes i t possible to use the exci ton as a probe of interf ace-related
pro perti es of the exci to nic states [6]. In GaAs/ Al As typ e I I hetero struc ture s, the
lowest opti cal tra nsiti on is not onl y indi rect in real space but also in k -space. The
electron wave f uncti on is derived from a zone-edge X -state of Al As. One of the
m ost surpri sing consequences is tha t for structure s whi ch are sym metri cal wi th
respect to the middl e of an Al As slab (sup erlatti ces for instance), the osci llato r
streng th of the lowest opti cal tra nsiti on shoul d depend on the pari ty of the num ber
M of Al As m onolayers (M L) in the Al As slabs [8{ 11]. Due to the interpl ay between
conÙnement and stra in e˜ects , the lowest electro nic state can be either of X z - typ e
or of X x y -typ e (z denotes the growth axi s). Structures wi th X z as lowest state are
nam ed pseudodi rect since the X z state can be coupl ed to the electron À state at
interf aces. For even M , the contri buti ons to the coupl ing of successive GaAs/ Al As
and Al As/ GaAs interf aces add up and the opti cal tra nsiti on is al lowed whereas,
for odd M , these contri buti ons cancel out and the tra nsiti on is forbi dden. Thi s
e˜ect ari ses f rom the symm etry properti es of the zone-edge X z -Bl och functi on
under symm etry operati ons tha t change z into À z .

La yer thi ckness Ûuctua ti ons is a major pro blem to inv estigate monolay er-
-dependent properti es. Previ ous attem pts to show experi menta l evidence of the
pari ty- dependent opti cal selecti on rul e using superlatti ces either were unsuccess-
ful [5] or led to contra dictory results [12, 13]. Our choice was to use a sing le
GaAs/ Al As/ GaAs typ e I I doubl e quantum wel l (D QW ). Absorpti on is qui te weak,
theref ore only photo lum inescence (PL) can be used to show evidence of the pe-
ri odi c behavi or of the exci to n oscil lato r strength wi th Al As thi ckness. W e report
hereafter on PL and ti m e-resolved PL results.

2 . Sam p les

The sampl es were grown by molecul ar beam epita xy at Laborato i re de Mi -
cro structure s et Mi croÇelectro nique (Bagneux, France). A large gradient of Al As
thi ckness across the waf er is achieved by stoppi ng the rota ti on of the substra te
duri ng the growth of Al As in the DQW . Typi cal GaAs and Al As thi cknesses are
between 3 and 7 MLs (1 m onolayer (ML) corresponds to 2.83 ¡A). W i th thi cker
layers the pari ty e˜ect can no longer be observed. Addi ti onal quantum wells are
grown in the structure to pro vi de accurate cal ibra ti on of GaAs and Al As thi ckness
by opti cal spectroscopy and electronic m icroscopy. D etai ls on the growth condi -
ti ons and thi ckness calibra ti on can be found elsewhere [14]. Sampl es are cleaved
from 2- inch wa fers in the form of rectangular pieces of length 50 mm and wi dth
3{ 4 mm . Sampl e 17Q55 consists of a DQW wi th nominal structure at the cen-
ter of the wafer GaAs(6 ML)/ Al As(6 ML)/ GaAs(6 ML) embedded in 1000 ¡A of
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Ga0 : 6 Al 0 : 4 As al loy layers. Unf ortuna tel y, the D QW was found to be asym metri cal,
the Ùrst GaAs layer being thi nner tha n the second one by 1.4 ML. Thi s asymm etry
ori ginates f rom Ga evaporati on duri ng the growth interrupti on and tem perature
ri se at the GaAs/ Al As interf ace. For sam ple 39Z36 the com positi on is sim i lar but
the substra te tem perature was kept constant for GaAs and Al As growth in order
to prevent Ga evaporati on.

PL wa s exci ted wi th the 514 nm l ine of an argon ion laser. For ti me-resolved
PL, laser pulses were generated wi th a 250 M Hz acousto-opti cal m odul ato r. 50 ns
pul ses wi th a 5 0 ñ s period were used. PL was detected wi th a ti me-correl ated
sing le photo n counti ng system.

3. R esul t s an d m odel

3.1. Phot olumi nescence

PL spectra consist of a zero-phonon l ine (ZPH) and phonon repl ica (PH).
In order to determ ine the dependence of the À À X coupl ing m atri x element on
Al As thi ckness we have studi ed the rati o I zp h= I ph of the intensi ti es of the ZPH
l ine and the LO PH repl ica. Contra ry to the À À X coupl ing the electro n{ phonon
intera cti on is independent of the pari ty of the numb er M of Al As MLs since
the symm etry of the LO phonon state changes wi th M in the sam e m anner as
the sym metry of the electron Bl och X -sta te [15]. In the Ùrst appro ach the rati o
I zph = I ph i s equal to w À X =w ph , where w À X is the radiati ve recombi nati on rate due
to the À À X coupl ing and w ph i s the recom binati on rate due to the LO- phonon
assisted tra nsiti on. In second- order perturba ti on theo ry , one has
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Ù
Ù
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M el À ph

E À À E X + h ¡ ph

E À À E X

Ù
Ù
Ù
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2

; (1)

where E À ; E X are the energies of the H H 1 À À 1 and H H 1 À X 1 exci to nic tra n-
siti ons, respecti vely, and h¡ ph i s the LO phonon energy. M À X and M el À ph are
the m atri x elements of the À À X coupl ing and the electron{ phonon intera cti on,
respect ively. In order to show tha t the À À X coupl ing depends on M , one m ust
compare the experim ental ra ti o I zph = I ph wi th the rati o calcul ated wi th a constant
value of j M À X =M el À ph j

2. The E À energy is obta ined from the weak H H 1 À À 1 PL
l ine observed when the exci ta ti on intensi ty is increased. The rati os I z ph = I ph and
( I z ph = I ph ) c alc are displ ayed in Fi g. 1 for sam ple 17Q55. Thei r di ˜erent behavi ors
wi th Al As thi ckness give a clear indi cati on of the monolayer dependence of the
À À X coupl ing. D ue to the asym metry of the DQW the rati o I z ph = I ph vari es onl y
by a f actor 1.7 between odd and even M . The ampli tude of vari atio n is larger (2.4)
for the m ore sym m etri cal DQW of sam ple 39Z36 (Fi g. 2). The periodi c behavi or
of I z ph = I ph i s also m ore cl earl y seen owi ng to the larger Al As gradient. The rati o
I zph = I ph shows minim a at positi ons where the avera ge Al As thi ckness is about 6
and 4 MLs. It seems tha t the observed dependence of the oscil lato r streng th on
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Fig. 1. a | A lA s thickness for the D QW of sample 17Q55 as a function of the positio n

of the excited spot along the sample, b | experimental ratio I z p h =I p h (black circles, the

solid line is a guide for the eyes) and c | calcula ted ratio ( I zp h =I p h ) c alc (dashed line)

w ith a constant ratio j M À X =M j taken as an ad j ustable parameter.

Fig. 2. a | A lA s thickness for the DQ W of sample 39Z36 as a function of the positio n

of the excited spot along the sample, b | experimental ratio I =I (black circles).

T he solid line is a guide for the eyes. T his ratio cannot be obtained betw een p osition s

0 and 10 mm. In this region the disapp earance of PH replica and the variation of the

ZPH line with sample comp osition indica te a typ e I I to typ e I transition .

the pari ty of is opposite to the theoreti cal one. Thi s is attri buted to exci to n
local izati on. The ZPH PL l ine is 6{ 10 m eV broad. Its energy vari es smoothl y wi th
sam ple com positi on. Exci tons are very l ikely localized in regions where the e˜ecti ve
Al As thi ckness is larger tha n the average thi ckness determ ined by the calibra ti on
pro cedure whi ch is relati ve to the free exci to n. An e˜ecti ve Al As thi ckness for
local ized excito ns larger tha n the avera ge one by 1 ML is consistent wi th the
l ine wi dth (whi ch is usual ly of the sam e order as the Sto kes shift resulti ng f rom
local izati on). Hence our resul ts are in accorda nce wi th the theo reti cal predi cti ons.

3.2. T ime-resol ved phot olumi nescence

Ti m e-resolved PL m easurements were perform ed to obta in separatel y the
radi ati ve recom bina ti on rates À X and . The PL decay is f ound to be non-
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-exponenti al both in the ZPH l ine and in the PH repl ica. Thi s is attri buted to a
di stri buti on p ( w À X ) of the w À X recom binatio n rate for local ized exci to ns. From
the analysis of the decay of the PL signal both in the ZPH l ine and in the repl ica we
obta in the radiati ve decay ti me due to the À À X coupl ing § À X = ( w À X ) À 1 and the
decay ti m e due to phonon-assisted tra nsiti on § ph = ( w ph ) À 1 . W e have neglected
the nonradi ati ve recom bi nati on [16]. §À X and §ph are pl otted in Fi g. 3 for sampl e
17Q55. §ph i s in the range 80{ 1 5 0 ñ s. The sol id l ine represents the recom binati on
ti m ecalcul ated in second-order perturba ti on theo ry [14]. The increase in §ph across
the sam pl e is mainl y due to the increase in E À À E X :

Fig. 3. Sample 17Q55: a | radiative time §À X due to the À À X coupli ng (exp erimental:

circles, calculated : solid line) as a function of position of the excited spot along the

sample ; b | recombination time for the phonon- assisted transition §p h (exp erimental:

squares, calculated: solid line). T he e˜ective A lA s thickness for locali zed excitons (see

text) is show n at the top of the Ùgure.

§ À X vari es between 0.5 and 1 : 7 ñ s. In agreem ent wi th the ti me-integrated
data we observe a m axi mum of § À X around the positi on 10 mm and possibl y
around 40 mm , where the rati o I zph = I ph shows minim a. The behavi ors of §À X

and § ph are clearl y di ˜erent. Thi s conÙrm s the m onolay er dependence of the À À X

coupl ing. In the next section we devel op a model describi ng the À À X coupl ing for
local ized excito ns. W i thi n thi s model we are able to reproduce the am pl itude of
vari ati on of §À X .

3.3. Model

The general ized envelope-f uncti on appro xi m ati on has been appl ied to de-
scribe the À À X coupl ing in the case of ideal ly pl ane interf aces [11]. The À À X

m ixi ng potenti al acti ng on the envelope functi ons is a sum of £ -functi ons at each
interf ace

V À X ( z ) =

i

t À X ( z i ) aV £ (z À z i ) : (2)
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The interf aces are ta ken as As pl anes at positi ons z i . V i s equal to ñh 2 =2 m 0 a 2 ,
where a i s the latti ce consta nt and m 0 i s the f ree electron m ass. t À X ( z i ) i s
equal to t À X ² ( z i ) , where t À X is a di mensionless coupl ing parameter and ² ( z i )

i s the phase factor of the Bl och zone-edge wave functi on. It can be wri tten as
² (z i ) = cos(2 ¤ z i =a ) = ( À 1 ) 2 z i = a . W e have extended thi s m odel to calcul ate the
À À X coupl ing in the case of interf ace roughness and exci to n local izati on. In a real
GaAs/ Al As structure the interf ace can hardl y be deÙned as an ideal As plane.
Fl uctua ti ons of the interf ace positi on over one or two MLs, when averaged over
a certa in in-pl ane distance along the layer plane, result in an e˜ecti ve interf ace
positi on whi ch can be located anywhere between tw o As planes. A non-abrupt
interf ace is m odel led here by consideri ng one ML of Ga1 À ¿Al ¿As al loy between a
pure GaAs layer and a pure Al As lay er. W e deÙne an equiva lent abrupt interf ace
at positi on z i = zn + 1 À ¿, where z = z n i s the positi on of the As plane af ter the
last pure Ga plane (in uni ts of 1 ML, i .e. a= 2 ). We intro duce the coupl ing coe£ -
ci ent t À X ( z i ) as a functi on of the positi on of the e˜ecti ve interf ace. It conti nuously
vari es between + t À X and À t À X , i ts values for perfect interf aces at an As plane.
In the fol lowi ng we shal l take t À X ( z ) as t À X cos( ¤ z ) , whi ch is the Ùrst term of i ts
expansi on in the Fouri er series.

W e assume tha t thi s model can be appl ied to a local ized exci to n, as well
as to a free excito n, since smal l-scale Ûuctua ti ons of the interf ace positi on are
averaged over the relati ve moti on of the electro n and the hole. We calcul ate the
À À X coupl ing for a localized excito n as i f the exci to n were free wi th the electron
located in an Al As layer of e˜ecti ve thi ckness e whi ch can be di ˜erent from an
integ er numb er of ML. Mo reover, at each positi on y along the sam ple, the PL
l ine is the sum of the contri buti ons of exci to ns local ized in di ˜erent sites wi th
positi on z L ( y ) of the left interf ace and z R ( y ) of the ri ght interf ace distri buted
around thei r mean values z L ( y ) and z R ( y ) = z L ( y ) + ñe( y ) . ñe ( y ) i s ta ken as the
average Al As thi ckness determ ined by the cal ibrati on augm ented by 1.1 ML to
ta ke into account exci to n localizati on. z L ( y ) i s ta ken as the y -dependent positi on of
the GaAs/ Al As interf ace of the DQW calcul ated by addi ng the thi cknesses of the
cal ibra ti on structure, the al loy layer and the Ùrst GaAs layer of the D QW . Even
wi th a perfectly Ûat substra te surface, af ter the growth of the cal ibra ti on structure
and the Ga0 :6 Al 0 :4 As al loy layer wi th (no n- intentio nal) thi ckness gradient, the
sam ple surf ace is no m ore Ûat but convex. There is a di ˜erence of height of about
200 ML from the center to the edge of the waf er.

The À À X coupl ing m atri x element is then wri tten as

M À X (y ) = t À X aV
`

ˆ L
À ( y ) ˆ L

X ( y ) cos [¤ z L ( y )]

+ ˆ R
À ( y ) ˆ R

X ( y ) cos [¤ z L ( y ) + ¤ e (y )]
ˆ

; (3)

where ˆ denotes the envel ope functi on. The oscil la ti ons of M À X (y ) are avera ged
by ta ki ng into account a distri buti on of the positi ons of the interf aces under each
exci ted spot at positi on y . The best agreement wi th the experim ental data is
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obta ined by consideri ng uncorrel ated Gaussian Ûuctuati ons of zL and e [14]. The
di stri buti ons of P L ( zL ) and P e ( e ) are both ta ken as Gaussian proÙles of wi dth
1 ML. The avera ge squared m atri x element for the À À X coupl ing is calcul ated at
each y -positi on as

j U À X j
2
a v =

Ù
Ù
Ù
Ù

M À X

t À X aV

Ù
Ù
Ù
Ù

2

=

Z Z
dz L de

È
ˆ L

À
ˆ L

X
cos ¤ zL + ˆ R

À
ˆ R

X
cos ¤ ( z L + e)

Ê2
P L ( z L ) P e (e ) : (4)

W e calcul ate the radi ati ve decay ti m e using second-order perturba ti on the-
ory . The calcul ated §À X i s shown in Fi g. 3 as a sol id l ine. The behavi or and the
am pl i tude of vari ati on of the experi menta l values of §À X are qui te well repro duced.
T aki ng f or the radi ati ve ti me of the H H 1 À À di rect tra nsiti on a value of 0.5{ 1 ns,
we Ùnd the dim ensionl esscoupl ing param eter §À X in the range 0.2{ 0.3. Thi s is in
good agreement wi th other exp erimenta l determ inati ons [7] and of the ri ght order
of m agnitude com pared to the theoreti cal ly calculated one [9]. The À À X coupl ing
potenti al is f ound in the range 1.7{ 2.5 m eV.

4. Co n cl u si on

The aim of thi s work was to show experim ental evi dence of the periodic
dependence of the oscil lato r strength of the lowest opti cal tra nsi ti on on the num ber
of Al As MLs in typ e I I pseudodi rect GaAs/ Al As hetero structu res. In GaAs/ Al As/
GaAs DQW structures wi th thi ckness gradient we have studi ed the rati o of PL
intensi ti es of the ZPH line and the LO phonon repl ica, as wel l as the ti m e decay of
these l ines. W ehave obta ined the average radiati ve recom binatio n ti me §À X due to
the À À X coupl ing and the recom binati on ti me due to phonon-assisted tra nsi ti on
§ ph as a functi on of Al As thi ckness. The variatio n of the À À X coupl ing wi th Al As
thi ckness clearl y shows the ML dependence of the À À X mixing potenti al and i ts
oscil lato ry behavi or wi th Al As thi ckness.

W e have developed a model describing the À À X coupl ing for exci to ns lo-
cal ized in regions wi th Ûuctua ti ons of the positi on of interf aces. The am pl itude of
vari ati on of the experim ental radiati ve ti m e §À X i s well repro duced wi thi n thi s
m odel .
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637 (1992).


