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For ideal type-ll GaAs/AlAs superlattices it was predicted that the coupling betWeand X, electron
states is allowedforbidden if the number of monolayers in AlAs slabs is evérdd). We use a simpler
structure, namely, a single GaAs/AlAs/GaAs type-Il double quantum well with thickness gradient to show
experimental evidence of the AlAs-monolayer dependence of tecoupling. A careful determination of
layer thicknesses is obtained from electron microscopy and optical spectroscopy using additional quantum
wells inserted in the structure. The results concernindthécoupling are obtained from the study of the ratio
of photoluminescence intensities of the zero-phonon line and the phonon replica and from their time decay.
The variation of thel’-X coupling with AlAs thickness cannot be explained simply by the variation of the
overlap ofI' and X, envelope functions. It clearly shows the monolayer dependence of -tKemixing
potential. We develop a simple model to obtain fheX coupling in the case of nonabrupt interfaces. The
amplitude of variation of the radiative recombination time due td ¥ mixing is well reproduced within this
model.

[. INTRODUCTION GaAs. The fundamental optical transition involving the first
heavy-hole state (HH and the firstX,-electron state is thus
Type-ll GaAs/AlAs heterostructures have been the subweakly allowed. Photoluminescend@L) from pseudodirect
ject of a number of experimental papers in the past yEdrs. SL's consists of a prominent zero-phon@@PH) line and
Such topics as the transition from type-l to type-ll phonon(PH) replicas. SL’s withX,, as the lowest electron
superlattice$™ (SL's) the nature of the lowest electronic State are denoted as indirect.
state§~7 (X, or X4y), and the valley-mixing effectd (I'-X From the theoretical point of view, the subband structure
coupling in type-Il SL’s have attracted considerable atten-Of type-Il (GaAs)/(AlAs)y SL's with N(M) monolayers
tion. Optical studies of type-Il SL's have led to good knowl- (ML's) of GaAdAIAs) in a period was investigated by sev-
edge of their electronic subband structure, opening the wagral authors using a tight binding methtid> an empirical
for detailed investigations of the fine structure of excitonPseudopotential approach,*or the effective mass approxi-
state&° and high excitation effect€"* In addition, the study mation with extended boundary conditioh’s?* see also the
of transport properties in heterostructures has shown that tHatest publicatior§~>on intervalley mixings. The coupling
I'-X transfer plays a key rof&: between the lowesf and X, electron states was shown to
Let us briefly recall the main characteristics of the banddepend on the parity of the numbdrof ML'’s in AlAs slabs.
structure of GaAs/AlAs SL'é.Below a GaAs thickness of This coupling exists ifM is even and cancels ¥ is odd.
36 A and provided that the AlAs thickness is not too small,Such an effect is seldom encountered in solid-state physics.
the SL is of type Il. The electron and hole wave functions areYet a similar behavior, although of different origin, was
mostly confined in AlAs and GaAs layers, respectively. Thedemonstrated in thin metallic layers. The coupling between
electron wave function is derived from atstate of AlAs.  two ferromagnetic layers separated by a spacer layer was
The degeneracy of th¥ state is lifted by the confinement studied for the system Fe/Cr/Fe with a wedged Cr layer. It
because of the effective mass anisotropy of ¥walley. oscillates between ferromagnetic and antiferromagnetic be-
Owing to the competition between confinement and straifavior with increasing Cr thickness, the smallest period be-
effects, the lowest electron state is X state for AIAs  ing equal to 2.1 ML2®
thickness below 70 A and GaAs thickness above 7-8 A and Next we recall the origin of the parity-dependeiitX
an X,, state otherwise 7 denotes thg001] growth axig. coupling in GaAs/AlAs heterostructures. Theand X states
SL’s with X, as the lowest electron state are usually denotedre coupled if they are both even under the symmetry opera-
as pseudodirect since thg state is coupled to thE state in  tions changing into —z. In the bulk the origin for symme-
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try operations is usually taken on an As gifdn a SL the 12

origin must be taken at the middle plane of an AlAs or a

GaAs slab. Thd™ Bloch function as well as thE envelope g 10~ o o 0 a
function is even under a symmetry operation that charges >~ gk Cm m =
into —z whatever the nature of the plane of origin. The en- & O " m ®m =
velope function of the lowesX state is even. If the plane of % 6 O " @ ® ®m ®
origin is an As plane in AlAgevenM), the X Bloch func- £ B & R 2R =B
tion is even and” andX states are then coupled. If the plane 2 4r : : : : : : : : :
of origin is an Al plangodd M), theX Bloch function is odd 3 )L 0 m m m m m m ®m =
andI" and X states are not coupled. This conclusion holds

even if the complexity of the real band structure at ¥e 0 ' ' ' '
point is taken into accourithe existence oK; andX; states 0 2 4 6 8 10
coupled by thek-p interaction.?’ In GaAs/AlAs SL’s an AlAs thickness (ML)

additional condition must be fulfilled foF-X coupling: the
bulk zone-edgeX point along the[001] direction must be
folded onto the zone centér point of the SL Brillouin zone.
This is achieved if N+ M) is even or, in other words, if the
SL periodP=(N+M)agy/2 is an even number of ML's of
thicknessag/2. It stems from the fact that alternat@01l)  we present the procedure used to determine the GaAs- and
planes of the same element do not lie on top of each otherAlAs-layer thicknesses. Section IV is devoted to an analysis
There have been several attempts to demonstrate expeﬂf the experimental results. We show the experimental and
mentally the parity effect in SL’s. For (GaAs)(AIAS) y calculated transition energies and present the results on the
SL's with 8<M =15 it was observed that the radiative re- dependence of thE-X coupling matrix element on the AlAs
combination rate is larger for odd.?® This result, which is  thickness. We develop in Se¥ a simple model ofl’-X
opposite to the predicted one, was not explained. However, goupling taking into account interface roughness. Section VI
similar study for SL’s of the same composition did not showis devoted to a discussion of the experimental results in the
any dependence of the radiative recombination rate on th&ame of this model. Finally we summarize our results and
parity of M (Ref. 29 and neither did a comprehensive study conclude in Sec. VII.
of PL from short-period SL’s in Ref. 7. Some hints of the

FIG. 1. Map of the GaAs and AlAs thicknesses in a GaAs/AlAs/
GaAs type-1l DQW of appropriate composition to observe the ML
dependence of thE-X coupling (solid squares The open squares
represent type-I DQW'’s.

parity effect could nevertheless be inferred from time- !l SAMPLE COMPOSITION AND EXPERIMENTAL
resolved PL studies of SL¥. The nonexponential decay of TECHNIQUES
the PL from type-Il pseudodirect SL's was attributed to the A. Composition of the DQW

existence of a distribution of the values of the radiative prob- )

ability wy due to thel-X coupling. Excitons that contribute N order to be suitable for the study of the AlAs-
to the PL line are localized in regions with slightly different Monolayer dependence of tiieX coupling the composition
AlAs effective layer thicknesses. Therefargy varies from  ©f the DQW must fulfill a few requirements. The DQW must

site to site because of the parity effect. Layer thickness flucP€ émbedded in a Ga.Al As alloy with concentratiorg
tuations make the parity effect difficult to demonstrate ex-SUCh that theX; and thel” electron states are indeed confined

perimentally. In the case of a SL, fluctuations of the layer" the double well. The GaAs layers must be thin enough to
thickness exist not only in the layer plane but also along th&nsure that thé” state is at higher energy than g state.
growth axis. The possibility of the occurrence of a slightly "€ maximum thickness of the AlAs layer is fixed by the
enlarged well for electrons among the AlAs layers can nevefellowing condition: the difference\E;, of the energies of
be ruled out. the hole states with symmetrical and antisymmetrical enve-
We have undertaken a study of the optical properties ofoP€ functions must be larger than the thermal endugl.
GaAs/AlAs type 11 structures with the aim of revealing the [N the case of odd, the lowest electron state is an antisym-
ML dependence of thE-X coupling. Considering the neces- MetricalX, state which is coupled to an antisymmetrical
sity to control as much as possible the quality of interfacesState. If the condition ol\Ey, is not fulfilled, electrons can
e.g., by using growth interruptions, the use of a single GaAsfécombine with holes in the thermally populated antisym-
AlAs/GaAs double quantum welDQW) of type Il is more metrical hole state, leading to the observation of the opposite

appropriate. It can be shown that theX coupling depends parity selection rule. From the above conditions we deter-
on the parity ofM in the same manner as for a GaAs/AlAs Mine the domain of GaAs- and AlAs-layer thicknesses suit-

SL3! Besides, despite the good reproducibility of growth able to observe the parity effe_ct. Figure 1 shows this domain
conditions from one sample to the next in the molecularor & (GaAs)/(AlAs)y DQW in a Ggsslg 45As alloy at a
beam epitaxy(MBE) growth chamber, it is preferable to temperature of 2 K. Typically the number of ML'B| or M,
grow on the same sample different regions with an even anlies between 2 and 8.

an odd number of AlAs ML'’s or, in other words, a sample
with a gradient of AlAs-layer thickness. This paper is orga-
nized as follows. In Sec. Il we discuss the limitations for the The samples are grown by MBE. A large gradient of
composition of a DQW appropriate to the study of the parityAlAs thickness across the wafer is achieved by stopping the
effect. Then we describe the samples and the experimentabtation of the substrate during the growth of AlAs. The
techniques used to characterize and study them. In Sec. ldomposition of wafer A is the following. On top of the

B. Samples and experimental techniques
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Wafer C was made similar to wafer A with some im-

Qw1 DQw provements. The last 100 A of the buffer layer were not
doped in order to prevent segregation of the dopants into the
calibration structure. The growth temperature was kept at

CB () ) ) | 600 °C for GaAs as well as for AlAs in order to prevent Ga

\ evaporation during the growth interruptions. Sample C1 (4

buffer Qw2 GaAlAs alloy  cap layer X 50 mnf¥) was cleaved along the diameter of the wafer in

the [110Q] direction. No TEM measurements were made for

o this wafer. Attempts to obtain a larger AlAs thickness gradi-
VB | | || | ||——r|J1— Z ent by tilting the substrate holder were not successful. Poorer
—> sample quality was obtained, as indicated by the broadening

. . of the PL lines.
F_IG. 2. Schematic representation of the band struz{tl]reon-_ Sample D was used for thickness calibration by x-ray dif-
duction bandCB) and valence ban@B)] of the samples used in  fraction. It consist of a calibration structure followed by a SL
this work (not to scal@ of nominal composition GaA6 ML)/AlAs(8 ML) grown in

the same conditions of growth temperature and growth inter-
n"-Si-doped GaAs buffer we first grew a number of layersruptions as wafer A. For this sample the rotation of the sub-
that are used for optical calibration of GaAs and AlAs thick- strate was not stopped during the growth of AlAs.
nesses. This calibration structure consists of two 100- Samples were prepared for TEM measurements first using
A GaAs quantum well§QW's) separated by a 30-A AIAs a mechanical thinning and then an *Aion milling. The
barrier. In the middle of the second GaAs Q@W2), 1 ML TEM study were performed using 200-kV JEOL 2000EX,
of AlAs was deposited while the rotation of the substrate wasTopcon EM002B and Philips CM20 electron microscopes.
stopped. Growth interruptions of 120 s were achieved befor@oth conventional and high-resolution observations were
and after the AlAs-ML growth. Then the main structure for made on the cross-section setting. Conventional imaging,
the study of the parity effect was grown. It consists of anamely the dark field imaging with 002* spot, allows one to
DQW of nominal composition at the center of the waferget a good chemical contrast between GaAs and AlAs. The
GaAd6 ML)/AIAs(6 ML)/GaAg6 ML) sandwiched between AJAs ML in QW2 of the calibration structure can be easily
two Gay ¢Alg 4As layers of thickness 1000 A. The AlAs layer revealed. With high-resolution lattice images, layer thick-
is grown in the same conditions as in the calibration strucnesses of the calibration structure were precisely determined.
ture. The band structure is schematically shown in Fig. 2. PL was excited with the 514-nm line of an argon ion
The 500-A GaAs cap layer is* doped as the buffer layer laser. Care was taken to use very low excitation power den-
in order to pin the Fermi level at the bottom of the GaAssity (typically less than 50 mW cnt) to avoid the broad-
conduction band in the whole structure and to avoid built-inening and shift of the main PL line to higher energy. For
electric fields and band curvature. GaAs is grown at a subtime-resolved PL, laser pulses were generated with a 250-
strate temperature of 600 °C. AlAs in QW2 and in the DQWMHz acousto-optical modulator. 50-ns pulses with agB-
is grown at 640 °C(the temperature is raised from 600 to period and an extinction ratio better than 1:1000 were used.
640°C during the 120-s growth interruptiorSample A1  PL was focused onto a monochromator slit and detected with
(3%x50 mnt) was cleaved along the diameter of the wafer ina time-correlated single photon counting system. For pho-
the[110] direction. PL is studied as a function of the position toluminescence excitatiofPLE) spectra of the calibration
of the laser spot on the sample. Smaller pieces, sample ARructure we used a continuous-wave Ti-sapphire laser
and sample A3, were cleaved near the center and the edge piimped by an argon laser with a light regulation system. For
warfer A, respectively, close to sample Al. They were firstPLE spectra of the DQW a rhodamine 6G-dye laser was
characterized by optical spectroscopy and then by transmistsed.
sion electron microscopyTEM).

The composition of wafer B is close to that of wafer A.

Wafer B contains a calibration structure and a DQW. The || cALIBRATION OF GaAs AND AlAs THICKNESSES
buffer and cap layer are not doped. The nominal composition
of the DQW structure at the center of the wafer is G@As A. X-ray diffraction
ML)/AIAs(4 ML)/GaAg4 ML) for the DQW and Results from x-ray diffraction for sample D containing a
GaysAlgasAs (992 A) for the alloy cladding. Additional SL show that the thickness of GaAs layers in the SL is
growth interruptions of 120 s are achieved before the firskmaller than the nominal one by 1.4 ML whereas the AlAs
GaAs QW and after the second one in the DQW structurethickness is very close to the nominal one. This is the result
Unfortunately the rotation of the substrate was not stoppe@f the evaporation of Ga atoms during the growth interrup-
during the growth of the AlAs ML in QW2. Therefore the tion and the concomitant raise of the substrate temperature
gradient of AlAs determined in the calibration structure mayfrom 600 to 640°C after completion of each GaAs layer.
be somewhat different from the one in the DQW. Samplesrhis interpretation is confirmed by direct measurement of Ga
B1 and B2 were cleaved from wafer B along f10] and  evaporation ratg0.05 As ') exactly in the same growth
the [110] radius, respectively. Samples B3 and B4 wereconditions. As a consequence both QW2 and the DQW are
cleaved near the center and the edge of the wafer respeasymmetrical in samples Al, B1, and B2, the first GaAs
tively, close to sample B1. They were used for TEM mea-layer being thinner than the second one by 1.4 ML. This is
surements. taken into account in the calculation of transition energies in
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the following. The asymmetry of the structure has proved to 7.5
be quite essential for the interpretation of PL spectra from 7
samples B1 and B2. 2 65
2
B. Determination of layer thickness by optical spectroscopy %
and TEM g 55
The photon energies of the PL lines from QWiomi- E > s
nally 100 A GaAs in the center of the wafeand QW2 45
(nominally 100 A GaAs with 1 ML of AlAs in the middle g '1'0' L '2'0' L '3'0' L '4'0' —
are used to obtain the gradient of GaAs and AlAs thickness. Excitation spot position (mm)
The PL spectra of QW1 and QW2 was recorded each 2 mm 4
along the samples. PLE spectra were recorded at a few po-
sitions to determine the value of the Stokes shift between g . me
absorption and PL. From the energy of the lowBstHH, S
excitonic transition in QW1 we determine the GaAs thick- g
ness in QW1. From the differencg,, of the I'y-HH; tran- % 3
sition energies in QW1 and in QW2, we determine the E
amount of AlAs in the middle of QW2A,,, which is of the 25~
order of 50—60 meV, is extremely sensitive to the thickness B1 B2
of AlAs. Its variation is about 1 meV for 0.1 A. 2 ; 1'0 1'5 2'0 2'5 3'0 35 25 ;0 1'5 io '5 0
The relation between the thickneksand the transition Excitation spot position (mm)
energyE in QW1 is obtained as follows. We calculate the
intersubband™;-HH; transition energy as a function &fin 65
the effective-mass approximation using abrupt interfaces and
taking into account the nonparabolicity of the conduction g
band>? The exciton binding energy as a function of the well <
thickness is taken from Ref. 33. Combining these results and 2
interpolating between the calculated values we obtain the 55
following relation: £ s .
T 1
5 . 2zJ'I’IIIIIIIIIIIIIIIIIIIIICI
Eme\/(LA)=iEO qiL! (3.1) 0 10 20 30 40 50

Excitation spot position (mm)

with @o=2.296 30, q,=—28.2650, q,=4.78544<10 !, FIG. 3. GaAs and AlAs layer thickness for the DQW in samples
qz=—4.3881% 10 %, (,=2.10064<10°°, and gs= Al B1, B2 and Cl.

—4.119 7210 8. We check the validity of this equation for

L around 100 A by comparing these results with TEM mea-equal to the experimental value. Let us compare the AlAs
surements for wafer B. From high-resolution TEM micro- thickness value obtained by this procedure and the value
graphs of sample B3 we determine the average thickness éfom TEM measurements nearby the center of wafer B. The
QW1 to be equal to 86.241.36 A from 30 measurements growth rate of GaAlAs is obtained from the alloy thickness
over an in-plane distance of 600 A. No optical measurementsn TEM micrographs. To obtain the AlAs growth rate we
were done on sample B3 prior to TEM observations. Theresubtract the GaAs growth rate. For sample B3, the average
fore the value of 86.21 A has to be compared to the thickAlAs thickness in QW2 obtained by multiplying the AlAs
ness obtained from optical determination for sample B1 closgrowth rate by the growth duration is found equal to 0.94
est to sample B3, i.e., at positions 28 mm or 30 mm. OumL. This value has to be compared to the one obtained by
calculation gives 85.39 A and 84.16 A for these points, re-optics: 0.92 ML and 0.89 ML for positions 28 and 30 mm on
spectively. It is in very good agreement with TEM results. sample B1, respectively. When we calculate transition ener-
More precisely we can say that the calculated thickness is afies using nonabrupt interfaces and the spreading of the
most overestimated by 0.55 A or underestimated by 3.41 AAIAs ML in QW2 over 3 ML, the agreement between the
A calculation of thel’;-HH; transition energy using non- calculated valug€0.97 ML and 0.94 ML for positions 28 mm
abrupt interfaces leads to even better agreement. The Gassd 30 mm and the one determined by TEW.94 ML) is
growth rate at the center of the wafer, 1.54 & sis obtained  even better. Using the ratio of growth duration for layers in
by dividing the thickness by the growth duration. In order tothe calibration structure and in the DQW we finally obtain
calculate the AlAs thickness in QW2 we use the followingthe GaAs and AlAs layer thicknesses in the DQW for
procedure. From the GaAs growth rate obtained as aboveamples B1 and B2 as is shown in Fig. 3. The GaAs thick-
and from the growth duration we determine the thickness ofiess is that of the second GaAs well, grown without Ga
the left and right GaAs parts of QW2. We subtract 1.4 ML evaporation.

from the left part to take into account the evaporation of Ga For sample A we use a different procedure to overcome a
during the growth interruption and temperature rise. We therfiew problems related to the doping of the buffer. The PL of
adjust the AlAs thickness until the energy differentg is QW1 is broad6—10 meVf and Stokes shifted by 8—10 meV
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from the absorption edge observed in PLE spectra. This ab-
sorption edge does not show sharp excitonic features but
broadbands. On the contrary the PL and PLE spectra of QW2
show the usual excitonic behavior. We conclude that Si dop-
ants have migrated at least into the first AlAs bartfeFheir
ionization leads to an important density of carriers in QW1
which we evaluate to be 1.3-1.6 t@m 2. The corre- X x /
sponding Fermi level lies in th&; subband of QW1 but Xm
below thel'; subband of QW2. Therefore the value of GaAs Ly NS, C 0\
thickness in QW1 is primarily not determined from optics 1800 1820 1840 1860 1880 1900
but from high-resolution TEM micrographs. We obtain Energy (meV)
105.80+2.77 A and 93.62.38 A from samples A2 and
A3 near the center and the edge of wafer A, respectively. We
use these values to calculate the-HH; transition of the
undoped well. The differencé between the calculated and
experimental values is interpolated along sample Al and the
GaAs thickness of QW1 is determined as a function of po-
sition along sample Al. The AlAs content of QW2 in
samples A2 and A3 is obtained as previously from TEM
data. The AlAs gradient along sample Al is obtained follow-
ing the procedure described above. Finally, we determine the
GaAs and AlAs thicknesses in the DQW. The curves are 1900 1950 2000 2050 2100 2150
shown in Fig. 3. Error bars for AlAs thickness are deter-
mined from the uncertainty in both the GaAs thickness in
QW1 and the alloy thickness obtained from TEM data for F|G. 4. PL spectrum of sample Al at position 37 mm. Spectra
samples A2 and A3. For instance, at position 25 mm, thga) and (b) are obtained with excitation power densities 50
AlAs thickness is found to be equal to 6:695.4 ML. mW cm 2 and 50 W cm 2, respectively. The nature of the PL lines
For sample C1 PL and PLE spectra of QW1 and QW2 dds given in the text.

not show any indication of dopant migration. Therefore the
layer thicknesses are determ_ined from _optical data. Fi_gure % and wafer B is the introduction of additional growth inter-
|ShOWS the GaAs and AlAs thicknesses in the DQW. l:m‘"jl”y’ruptions for wafer B at the interfaces GaAlAs/GaAs and
et us remark that the procedures used either with TEM dat%aAs/GaAlAs before and after the growth of the DQW, re-
(averaging over sample thickness and in-plane disjaoce : ) 9 . <!
with optical data(use of PLE spectjdead to a determination spectlvely. Therefore we attribute the ZPH line spl!ttlng to
of layer thicknesses which are relevant for a free excitorfl€ COexistence of large areas of GaAs whose thicknesses
delocalized in the layer plane. dlffer_ by 1 ML. The asymmetry of the DQWthe first GaA_s

well is thinner than the second one on the averagakes it
possible to observe PL from excitons localized in sites where
the thicknesses of the two GaAs wells either are equal or
A. PL spectra differ by 1 ML. The X,-HH; transition energies for samples

PL spectra of all samples show the usual features oBl and B2 are shown in Fig. 5. They are calculated in the
type-1l pseudodirect structures: a ZPH line with phonon rep-£ffective mass and envelope function approximation. The ex-
licas PH, PH,, or PH; at 49 meV, 34.5 meV, and 28 meV, Citonic binding energy and the stress effect in AlAs and in
respectively(Fig. 4. PH, and PH are not well separated as the alloy are not taken into account. The notation
observed for SL’s with thin layerS. The PH replicas are (M/AlAs/p) means that we use a constant GaAs thickness of

attributed to recombination assisted by a zone-edge LO phdn(p) ML in the first (second well and the continuously
non of AlAs (PH) and a zone-edge LA phonon of GaAs or varying AlAs thickness determined in the previous section.
AlAs (PH;). PH, may be a superposition of replicas involv- In Fig. 5 the calculated energies have been downshifted by
ing zone-edge and zone-center GaAs LO phonons or ma¥y3 meV. The good agreement between calculated and experi-
originate from a GaAs interface phondhPL spectra of mental curves is strong support of the validity of our inter-
samples from wafers A and C on the one hand and wafer Bretation. It brings along two comments. First let us note that
on the other hand show a striking difference which is obvi-samples B1 and B2 were in principle excellent candidates to
ously related to the growth process. At any point on samplesbserve the parity effect. In the range of layer thickn@ss4

Al and C1 one observes a single ZPH line, 6—10 meV broadylL) of these samples, the line splitting due to the variation
originating from theX,-HH; excitonic recombination, to- of AlAs thickness by 1 ML would be of the order of 10 meV.
gether with its PH replicas. The energy of the ZPH line var-However, despite optimized growth conditions, it was im-
ies smoothly along the sample as shown in Fig. 5. On th@ossible to observe line splittings due to a variation of AlAs
contrary, at a few positions on samples B1 and B2, there ithickness by 1 ML. Second, in order to show the parity ef-
an abrupt change of the energy of the ZPH line with coex{ect, one needs to study the ratio of the ZPH line and the PH
istence of two lines over a distance of 2—4 nfRig. 5). The  replicas. The existence, at some positions, of two ZPH lines
significant difference in the growth process of wafers A andand the overlap of their PH replicas is then a major problem.

PH, py -

PL Intensity (arb. units)
IIIIIIIIIIIIIIIIIIIIIIIIIII

PL Intensity (arb. units)

Energy (meV)

IV. EXPERIMENTAL RESULTS AND ANALYSIS
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2100

B. Experimental study of the I'-X coupling
Al

alloy

1. Time-integrated PL

N
(=]
g1
S

In order to determine the dependence of k¥ coupling
matrix element on AlAs thickness we have studied the ratio

% 2000 of the intensities of the ZPH line and the L PH replica.
g HH,-X ), In the first approach we consider no dispersion of the radia-
E,g tive recombination rate. The intensity of the ZPH line is
& 1950 proportional to
m
Wrx
1900 I 2ph , (4.2

i
Wix+ 2, Wi+ Wp,
I

0 10 20 20 40 50 wherewirx is the recombllnatllon rate due to theX cou-
pling, wyy, is the recombination rate due to the phonon-
assisted transition with phonapandw,,, is the nonradiative
recombination rate. The intensity of the LO PH replica is

Excitation spot position (mm)

B1 B2 proportional to
2/AlAs/2
2020 ) Wlﬁ(h)
[e | ph™ . (42)
Y Wyt > wh+w
2 20000 2/AlAs/3 2AlAs/3 — "ph™ Tnr
]
g In second-order perturbation theory the recombination rates
) 4 LO -
2 19801 049 \\ 3/AIAY3 _’({{0 Wry andwpy are written as
= d — pr 3/AlAs/3
m o® M
1960 00 Wrx=Wo —, 4.3
® 3/AlAs/d " 3/A1As/4 Er—Ex
Q‘...._O/’ |
L1 11 11 L1 11 Lo Mei.ph ?
1940 Woh =Wol e —E 2 ho | (4.9
0 5101520253035 25201510 5 0 Er—Ex+hvpy

Excitation spotposition (mm) wherewy, is thel'-HH, radiative recombination rate for lo-

FIG. 5. Transition energies, experimentaircles and calcu-  calized excitons; hvy, is the LO phonon energy, ard rx
lated (solid lines, in samples A1, B1, and B2. For samples B1 and @1d M5 are the matrix elements of tHé-X coupling and
B2 solid (open circles indicate intenséveak PL intensity. of the electron-phonon interaction connectingndX states.

It is instructive to presen ¢, as a producM gl_ph< dr|ry),

The study of thd™-X coupling requires the knowledge of v_vhereMg,_ph s the_ matrix eleme_nt between_ the BI.OCh func-
the energy differenceBy—Ey). It can be obtained from t|r§)ns and<|¢r| k) is the overlap integral which varies along
: e sample.
PLE spectra but also more conveniently from PL spectra att . .
modethe excitation densitabout 50 Wycrﬁz) Howgver Let us note thaMe.py is independent of the parity of the

. numberM of AlAs ML’s since the symmetry of the LO
for samples B1 and B2 we could observe thé{H, transi- _ phonon state changes witfl in the same manner as the

tion neither in PLE spectra-nor in PL spectra. This is iNsymmetry of the electron BlocK state?’ According to Egs.
agreement with our calculations: tieHH; transition en- (4.3 and (4.4) the ratiol ,y/1 5y is given by
. : ,

ergy lies very closéwithin a few me\j to the indirect gap of
the Gg Al 45AS alloy. For wafers A and C the composition l.ph | Mpx Er—Ex+ thh‘ 2
of the alloy was changed to make thieHH, transition of the Y E—Ex | (4.5
DQW observable. Figure 4 shows the weak lihgsl,, and ph el-ph ro=x

I ; observed in PL spectra of sample A1 under moderate exin order to demonstrate that theX coupling depends on the
citation power density. In accordance with calculated transiparity of M, one has to compare the experimental value of
tion energiegFig. 5 they are attributed to thE-HH, tran- | ,,p/1 5y to the ratioR= (Er— Ex+hvp,) % (Er— Ex)?. Fig-
sition in the DQW (,), to a transition involving the ure 6 shows the experimental ratio of the spectrally inte-
HH,-hole state in the DQW and th¥ electron in the alloy grated intensities, ,, andl ,, for samples Al and C1 and the
(1,) and to the indirect exciton transition in the alloy). In  ratio R for sample Al. The exponential tail of the ZPH line
Fig. 5 the calculated transition energiésxcept the alloy was subtracted from the PH replica before integrating. The
gap are upshifted by 26 meV. Calculation of transition en-nonmonotonous variation df /1,y is a clear indication of
ergies using nonabrupt interfaces would lead to larger tranthe ML dependence of thE-X coupling. The ratid ,,n/1 1,
sition energies, more in accordance with the experimentataries by a factor 1.7 in sample Al and 2.4 in sample C1.
ones. The amplitude of variation df, /1,5, is larger in sample C1




16 862 C. GOURDONEet al. PRB 62

s 5AlAs th6ic5kness (ML)6 s
60 —— & ——32 B2 ° a
[ ]
[ ]
. P o® b
= '_’l:n { [ ]
oy
q.: ><+ § .
H& 3_ — ° L ]
3 ®
d12 o o
20 = [
o8
or Al Joa J
()0||||1|0||||2|0|||5|0|| |:‘:)||||5|)0 v [T FYTT1 ITOT1 RTAT1 IYOT
(a) Excitation spot position (mm) 3.5
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FIG. 6. (@) Experimental ratiol ,,n/1,, (Squarel and ratioR - B
=(Ep—Ex+hwyn)?/(Er—Ex)? (dotted ling as a function of posi- % 100 2/AIAS/3
tion on sample Al(b) Experimental ratid , /I 5, for sample C1. \‘;/i B
This ratio cannot be obtained between positions 0 and 10 mm. In & [/ 3/AlAs/3 3/AlAs/3
this region the disappearance of PH replica and the behavior of the ”E i
ZPH line indicate a type-Il to type-I transition. The solid linesarea £ 50
guide for the eyes. = F
€ - 2/AlAs/2
because the DQW is more symmetrical. The periodic behav- [
|Or Ofther'x COUp“ng IS aISO better Observed In Sample Cl 0 IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIII
Figure 7 shows the same data for samples B1 and B2. At 0 5 10 15 20 25 30 3525 20 15 10 5 0

positions where two ZPH lines coexist the PL spectrum is
decomposed in Gaussian lines. We plot the ratio of intensi-
ties of the most intense ZPH line over its h@s PH replica. FIG. 7. (a) Experimental ratid ,,/1,p, (b) calculated ratioR

The ratiol ,pn/1 5, varies in the range 12—40 for sample B1 = (Er—Ex+hwv,)%(Er—Ex)?, and (c) calculated ratior,,/ mrx

and 20-75 for sample B2. The values of this ratio close to=1,,4(0)/I ,n(0) as a function of position on samples B1 and B2.
the center of the wafdiposition 30(25) mm for sample B1

(B2)] are in accordance for the two samples. The theoreticadpectra shows clearly that exciton localization is governed by
ratio R is obtained from the calculated valueskf andEy . the hole localization in large islands of GaAs. The island size
The discontinuities in th&® curve originate from the differ- is probably much larger than the exciton Bohr radius. The
ence of theE energies calculated for an{AlAs/p) and a  effective AlAs thickness for the localized exciton is indeed
(m/AlAs/p+1) structure with infinite extension in the layer the one determined from optical measurements and TEM
plane. In fact thel’-X coupling as well as the electron- results.

phonon coupling occurs via all thé states either localized For samples Al and C1 the ratigyy/I,, shows minima

or extended in the layer plane. The discontinuities would bet positions where the average AlAs thickness is about 6 ML
smeared out if the full calculation ofipy/wp, were per- (Al and C) and 4 ML (C1): it seems that the observed
formed. R is actually almost constant since the differenceparity effect is opposite to the theoretical one. There are two
(Er—Ey) is much larger than the phonon energy. Obviouslypossible explanations. The first one is related to the interface
the amplitude of the variation of,,n/l,, cannot be ex- profiles. It was shown theoretically that with quite different
plained by the variation oR. As we shall see below, for GaAs/AlAs and AlAs/GaAs interface profiles, one of them
samples B1 and B2 the general behaviol gf,/1,, can be  abrupt and the other extending over several ML's, the parity
explained by the parity effect with the AlAs gradient deter- rule forI'-X coupling is inverted® However, we shall see in
mined in Sec. lll. The ML line splitting observed in PL detail in Sec. V that, with the interface profiles expected

Excitation spot position (mm)
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10— recorded during the firsits after the pulse and the time-

] integrated one, is very small, less than 0.3 meV. Therefore
the spatial and spectral diffusion of excitons can be neglected
in the first approach. We attribute the nonexponential decay
to the existence of a distributiopm(wry) of the wry recom-
bination rates for localized excitons. The time-dependent PL
intensities are written as

PL intensity

o

I pn(t) = Nofo WrxP(Wrx)

xex;{—(wrerz wipthWnr t:|dWFx, (4.6)
I

lon(t)= Nonhf0 pP(Wrx)

PL intensity

t dW]'*X, 4.7

X exp{ - ( Wix+ X Whnt Wy,
I

g whereNj is the exciton density at=0 andw,, stands for
5 10 1% 20( )25 3 wpp, . In the following we shall neglect the nonradiative re-
fme Hs combination which is very smaif. The differential decay
FIG. 8. Decay curves of the ZPH line and the LO PH replica fortime in the time window 15-3%s is about 15us. The
sample Al at position 13 mm. decay behavior is the same in the ZPH line and the replica at
long times ¢>10 ws). This was also observed for SI>5.
from the growth conditions, there is no inversion of the par-1is time behavior can be well reproduced using a distribu-
ity rule. The second explanation is related to exciton local{ion such thap(wry) is equal to zero fowry smaller than a
ization. A direct proof of exciton localization is unfortu- cutoff valuew, of about 15 us™". The average value of
nately difficult to obtain since the Stokes shift betweenWrx iS (Wrx)= [y WrxP(Wrx)dwry. We shall definenry
absorption and PL cannot be measured in a single type-hsw,., = (wyy)—w,. The important parametersy , Wph,
DQW because of the very weak absorption coefficient. Conang w, are obtained from a simple analysis of the decay

sjdering the nature of the PL spectra, i.e., a single ZPH Pleurveslzph(t) andl ,(t). We use the following experimen-
line whose energy shifts smoothly with sample composition;5| data: the ratio of ,pr(t) andlp(t) att=0,

interface roughness is most probably characterized by in-

plane small-scale fluctuations of the interface plane of 1 or 2 1Lor(0)  Wpx+W
ML. These fluctuations are averaged over the relative motion P = c; (4.8
of the electron and the hole. The effective localizing poten- 1on(0) Wph
tial for the center-of-mass motion of the exciton has minimathe |ogarithmic derivative ofy, att=0,
with larger in-plane length scale. Excitons are very likely
localized in regions where the effective AlAs thickness is 1 dlyy ~ i
larger than the average thickness determined above. An ef- - n at :Wr><+Wc+zi Wphs (4.9
fective thickness larger by-1 ML brings our results in ac- P =0
cordance with the predicted parity effect. and the logarithmic derivative of ,, at long times {
=15 us),
2. Time-resolved PL

To go one step further one needs to determine separately —lim i M} :Wc+2 Wiph' (4.10

the recombination ratesy and w,';,?. Time-resolved PL t—el lph At [

experiments were performed for sample Al. The time decay.. . ~
was recorded at the maximum of the ZPH line and at the>NC€ZiWpp, is much smaller than bothx andw,, we can
maximum of the LO phonon replica with the monochromatorsafely neglect;wy,, in Egs.(4.9) and(4.10. The decay of
slits sufficiently open to record most of the PL signal of each! pn(t) is reasonably fitted by

line (see Fig. 8 We subtracted in both cases the weak con-
stant PL signal excited by the residual laser signal between ex;{— W +2 wi H
laser pulses. We also subtracted from the decay curve of theI 0= ¢4 Teh

PH line the decay curve of the tail of PL signal superimposed 'pht*)= 1o T « ='o T P

on the PH line. This decay curve is recorded at about 10 (I+a wrxt) (I+a Wrx(t‘)l 11
meV below the PH line. In both the ZPH line and the PH '
replica the decay is nonexponential. Let us note that thevith 0.45< o<1 depending on the position on the sample.
spectral shift of the ZPH line obtained from two spectra, oneThe corresponding distribution functige(wyy) is

expl—wgt)
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AlAs effective thickness (ML) a distribution of the radiative recombination rates and if the
6 657 7.5 7.5 7 tunneling rate is much smaller than the average radiative
2111 1 —t rate.

The experimental values af,, are shown by circles in
Fig. 9b). The dotted line represents the calculated quantity
fonl Er— Ex+ thh|2/|<¢r|1//x><‘//r|¢HH1>|2 where the pref-
actorf,, was taken to be 5410 % us meV 2 in order to
reproduce the experimental data. The increase,pfacross
the sample is mainly due to the increase Bf ¢ Eyx). Here
fon can be expressed §§/M§,_ph whereT, is related to the
C radiative timer, of the directl’-HH 4 excitonic transition by
[ To= To|<(//F|z,bHHl>|2. TakingT, between 0.5 ns and 1 ns, we

find Mg,pn in the range 1-1.4 meV. This value is in good

=
)

Recombination time (Ls)
2 a

(=]

Zweo b e . agreement with those determined for S#.

e S N Trx iS shown in Fig. @q). It varies between 0.5 and 1.7

g 120 -t ws. It should be noted that this radiative time does not ex-

g o® ___.-".';. Ton actly describe the decay of the whole population of localized

E 0 _..-". ., excitons but only of those whose radiative ratgy is larger

-g [ than the escape frequeney. . In agreement with the time-

g I° integrated data we observe a maximummef around the

S 40 T e . .

3 T ¢ . position 10 mm and possibly around 40 mm, where the ratio

R e e el I ,pn/1pn Shows minima. In the next section we develop a
% 10 20 30 40 50 model describing thd™-X coupling for localized excitons.

Excitation spot position (mm) This model accounts well for the amplitude of variation of
TrX -
FIG. 9. Sample Al{(a) experimental radiative time due to the
I'-X coupling 7« [experimental, circlegthe thick solid line is a V. MODEL

guide for the eyes calculated, dotted line (b) recombination time

for phonon-assisted transitiaf, (experimental, circles; calculated, A. I'-X coupling in the case of an interface alloy monolayer

dotted ling and inverse of the cutoff frequeney (squarek The generalized envelope-function approximation to de-
scribe thel’-X coupling for ideal SL's was developed by
p(wpyx)=0 for wpy=we, Aleiner and Ivchenk® and Fuet al?° In this approach the

application of generalized boundary conditions for matching

@ o ye—1 the envelope functiongr, % and their derivatives at inter-
a (Wrx—Wc) . . . . L.

p(Wryx)=|= B e — faces is equivalent to an inclusion of theX mixing poten-

Wrx () tial Vix acting on the envelope functions as a sumdof
functions at each interface, namely,
a(Wry— W)
Xexp — ——=——| for wprx>wg,
Wrx Vix(2)= 2 trxaV(z) 8(z-2). (5.
(4.12 !

Here the interfaces are taken as As planes at positipns
V=r?/(2mya?), a is a parameter with the dimension of
length, say, the lattice constaag, m, is the free-electron

whereI” stands for the gamma function. The analytical ex-
pression ofp(wry) is close to the one used to describe the

I'-X coupling due to alloy fluctuations in bulk I11-V alloy$. masstpy is a dimensionless coupling parameter, as(a)

; — -1 — -1
The (j?cay t|me9rc-— (V_VC) + 7pn=(Wp) 7, and "X s the phase factor of the Block zone-edge wave function:
=(wrx) "~ are shown in Fig. 97, of the order of 15us, iS i the origin z=0 is taken at one of As planes, it can be
almost constant over sample Al. Our interpretation of theyresented as

physical origin ofr, is as follows. The ZPH radiative recom-

bination rate of excitons depends on the AlAs effective 27z 97 Ja

thickness at the localization site. For a fraction of the exciton 7(z))= cos_—=(—1)"". (5.2
population this recombination rate is very small. We assume 0

that during their long lifetime these excitons have the opporit should be mentioned that the full treatment of thex
tunity to migrate to other localization sites where the radia-coupling requires making allowance for a two-subband elec-
tive recombination rate due to tHe-X coupling is larger. tron dispersion near th¥ point and coupling ofl"; states
Spectral and spatial diffusion of excitons can be described asith both X; and X, states™>?%?'We use here a simplified
tunneling assisted by acoustical phonons. The associated tumodel in which theX; states are ignored and only thg-X;
neling frequency depends on the energy difference and dissoupling is considered. In this case thedependent cou-
tance between sitewy, is interpreted as the average tunnel- pling coefficient

ing frequency. It can be easily shown that the long-time

behavior of PL is governed by the tunneling time if there is trx(z) =trxm(z) (5.3
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s 1 |b a for anyz;. _In part_icular, this means thaty(z) is a periodic_
t-I : function with periodd=2 as one can expect from the begin-
£ } ning.
=) L '
§ i 3 : Now we consider a left Ga gLAI g As interface layer be-
§ : tween GaAs and AlAs and the next p&gRAI NS right in-
< 0 C | z:z,,'+1—§I | terface layer, each of them consisting of 1 ML of alloy, and
Z, Zotl denote the corresponding equivalent abrupt interfaces as
o — b andzg. TheI'-X coupling matrix element is then written
g 1| —
g ) " _
g < 2=t M px=aoV(¢r|trx(2)[ 8(z—2.) + 8(z—zr) 1| x)
[0 1 “
g f g 2 =aoVLyr(zy) Yx(zO)trx(zL) + ¥r(Zr) Px(Zr)trx(ZR) -
Q B 2 «
= OfF — | 5.
I T N A S N S N B A A ) . . N ) ©9
It is easy to check that the parity rule is verified for interfaces
s 1 E C located on As pllanesgg,gﬁo orl). If =& =€ (0<¢
g <1) and the thickness of pure AlAs is an odd number of
g I ML's, m=2p+ 1, then the central plane of the AlAs layer is
§ an Al plane and the coupling is forbidden as well from the
S I same symmetry considerations. The coefficiehfs for the
< 0F left and right interfaces must thus verify the additional con-
I N N T Y T O T Y 11
Number of ML dition
FIG. 10. (a) Schematic representation of a GaAs/AlAs interface t%x+t$x: 0,

region with 1 ML of GaAlAs alloy,(b) Schematic representation of that is

a GaAs/AlAs/GaAs barrier with very asymmetrical interface pro- !

files, the dotted line indicates the exponential decrease of Al con- to(Zot1— &)+ tro(Z4+ 2D+ £)=0

centration, andc) interface profiles deduced from the segregation rx(Zn O+ trx(zat2p+6)

model. or

in Eq. (5.1) is the same for GaAs/AlAs and AlAs/GaAs in- trx(= &) =trx(§)  (0=é<1). 5.6

terfaces. The established properties allow one to expand the func-
In a real GaAs/AlAs structure the interface can hardly betjon t,.,(z,) in the Fourier series as

defined as an ideal As plane. Fluctuations of the interface

position over 1 or 2 ML’s, when averaged over a certain

in-plane distance along the layer plane, result in an effective trx(Z) =trx 2 Cpcosm(2p+1)z, (5.7

interface position which can be located anywhere between p=0

two As planes. Moreover, even in regions with fixed inter-WhereEpszl.

face position, the segregation process during the sample |n the following we shall use foryy(2) either a triangular

growth results into a smoothly rising Al concentration from function:

the GaAs to the AlAs layet”*° Hence there is a need to

©

evaluate thd™-X coupling in the case of fluctuating or non- trx(z)=trx[1—2(z—2n)] for 2n=z<(2n+1),
abrupt interfaces. The idea is to obtain an expression similar

to Eq. (5.1) but with a coupling coefficientyy(z;) continu- trx(z)=trx[—1+2(z=2n—-1)] for

ously dependent og;. A nonabrupt interface is modeled

here by considering 1 ML of Ga Al As alloy between (2n+1)<z<(2n+2), (5.8

pure GaAs and pure AlAs. We define an equivalent abrup
interface atz;=z,+1— ¢ wherez=z, is the position of the
As plane after the last pure Ga platie units of ML) [Fig.
10(@)]. From é=1 to £=0 the interface moves from =z,
to z=z,,,=2,+1 and the coefficientrx(z) in Eq. (5.3
jumps from+tyy to —tryx, with the arbitrary choicey(z,)
=1. For anyz; betweenz, andz,,,; we define a function Let us now try to extend this model in the case of a
trx(z) which continuously varies between the above limits.GaAs/AlAs interface region extending over several ML’s of
Let us analyze properties of the functiopg(z). Since  GaAlAs alloy with rising concentration in Al. Hereafter, for
any Bloch function at theX point changes its sign under the the sake of simplicity, we shall neglect the variation of the
translation by the basic vectar=(ay/2)(0,1,1), i.e., by 1 envelope functions across the interface region. The general-
ML along the axisz|[001], one can write ized boundary conditions for matching the wave functions
Y and ¢y and their derivatives at an A/B interface are ex-
pressed as a matrix relatidn?%2'In a simplified approach
trx(zi+1)=—trx(z) (5.4 the diagonal matrix coefficients take the value 1 and the off-

Br a cosine functiotx(z) =trx cos(rz), in order to simplify
the calculations.

B. Extension of the model in the case of gradual interfaces
over several ML's
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diagonal coefficients the values 0 tﬁi‘ For an A/B/C  profiles. Assuming that segregation occurs during the
structure, provided that the B layer is thin enough, it is easilygrowth, the Al concentration profile can be determined using
shown that:2 can be replaced bif{=tr5+t2¢, the other the models described in the literature. The models assuming
coefficients being unchanged. In the previous section wéhermodynamical equilibriufi or the kinetic modéf are
have actually described the case of three layers with concegguivalent at the growth temperature used for our samples.
trations&; : GaAs (£,=0), GaAlAs (£,=¢), and AlAs (¢,  We have calculateM rx with these Al concentration profiles
—1). Taking a linear variation otpy(z) for 0<z<1, [Fig. 100)]. Using Eq.(5.10 we find My ®<0.6W/try and
namely, tyx(2) =trx[1—22], with z defined az=1—¢, is MM «0.42/tr. There is no inversion of the parity effect
equivalent to writing a mixing coefficient for the interface with respect to abrupt interfaces. Therefore the experimen-
region: tally observed inversion of the parity rule cannot be ex-
plained by an asymmetry of the interface profiles.

ti=trxl (£2- &0) — (&2 )], (5.9
This means that thE-X mixing coefficient at an As plane is V1. DISCUSSION
taken proportional to the difference of Al concentrations on
either side. For a gradual interface profile we shall generalize A. Sample A
this expression and write the coupling coefficient as In Sec. V A we have described tHe-X coupling in the

" case of an interface region of width equal to 1 ML. In the
int _ i following we assume that this model can be applied to a free
trx_trxzo (=D &ia— il (510 exciton as well as to a localized exciton since small-scale
fluctuations of the interface position are averaged over the
Recently thel’-X coupling was calculated by means of a relative motion of the electron and the hole. We calculate the
pseudopotential method for (GaAgs)(AlAs)y SL’s in the  I'-X coupling for a localized exciton as if the exciton were
case of very asymmetrical interface profiles: one of thenfree with the electron located in an AlAs layer of effective
abrupt and the other one extending over several ME%.  thicknesse which can be different from an integer number of
was shown that the coupling is maximum for ottland  ML’s. Moreover, at each positiopalong the sample, the PL
minimum and close to zero for evéW. Interface graduality line is the sum of the contributions of excitons localized in
and asymmetry not only reduce the coupling but, in this pardifferent sites with positiorg, (y) of the left interface and
ticular case, also lead to an inversion of the parity effectzg(y) of the right interface distributed around their mean
These results are qualitatively well reproduced within ourvaluesz, (y) andzg(y)=2z.(y) +E(y). Hereg(y) is taken as
simple model. Let us consider a DQW GaAs/AlAs/GaAsthe average AlAs thickness determined by the calibration
with an abrupt left GaAs/AlAs interface profile and a gradualaugmented by 1.1 ML to take into account exciton localiza-
right AlAs/GaAs interface profil¢Fig. 10b)]. We take for  tion. Let us return to sample Al. WhatZg(y)? Even with a
the right interface an exponential concentration profile simiperfectly flat substrate surface, after the growth of the cali-
lar to that of Ref. 18¢= exd—(i—3)/o] for i>1 and&  bration structure and the GgAlo_/As alloy layer with thick-
=1 with o in units of ML. Using Eq.(5.10 the'-X matrix  ness gradient, the sample surface is no longer flat but con-
element resulting from the contributions of the left and rightyex. There is a difference of height of about 200 ML from

interfaces is the center to the edge of the wafer. Therefpréy) is taken
) as they-dependent position of the GaAs/AlAs interface of
[1_ ex;{ _ i” the DQW calculated by adding the thicknesses of the cali-
; 20 bration structure, the alloy layer, and the first GaAs layer of
Mpx=trxVy 1+(=1) 1 ’ the DQW.
1+ ex;{ — ;) We calculateM«(y) using fortyryx(z) the cosine func-
(5.11) tion. Equation(5.5) becomes for eack position
whereJ is the number of AlAs ML'’s between the left abrupt L L
interface and the As plane with indéx-0. Let us choose Mrx(¥)=trx@oV (Y (y) ¥x(y)cog 7z (y) ]
o=1. Then the total quantity of AlAs is an integer number +yR(y) pR(y)cod [z (y) +e(y)]}). (6.1)

of ML equal toM=J+o0=J+1. From Eq.(5.11) one ob-

tains MM 2P0, M=2ptlo . : . .
I rx 08Ny and Mry * 1.1V, The The wave functions/r and ¢y are calculated using equiva-

I'-X coupling potential is larger for odil than for evenM. : ;
! : . : lent abrupt interfaces and an AlAs thickness equad.t@he
The parity effect is much attenuated and inverted with re uantity |Upy|2= M ?/(trx@gV)? is plotted in Fig. 11a)

spect to the one predicted for abrupt interfaces. For the righgS a function of position on sample Al using the val f
interface the largest contribution to the coupling is the first— P P 9 alues o

coupling term across the=0 As plane as if the effective ZL(y) ande(y). The small-period and large-period oscilla-
AlAs thickness wered=M — 1. If we choose now=2, the tions arise from the variation of (y) and e(y), respec-
parity effect is the same as for abrupt interfaces althougliively. Let us examine three different models that can be
strongly decreased. used to calculate the average vallg |2, .

The question is whether, in our samples, the observed (i) Uncorrelated Gaussian fluctuations zf and zg with
inversion of the parity-related optical selection rule can bedistribution functionsP,(z,.) and P,(zg). In this case we
explained by the existence of very asymmetrical interfacéhave
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AlAs effective thickness (ML) tude variation offUry|2, remains much too large to fit our
6657 75 7.5 5 experimental results. Modél) is questionable in the case of
— T — very thin AlAs layers where some degree of correlation of
a interface fluctuations from one interface to the neighboring
one is expectet!t Taking for P/(z,) and P,(z,) Gaussian
profiles of widthw,=w,=1 ML the small-period oscilla-
tions are not sufficiently damped and the amplitude variation
of |UFX|§U is too small to account for our experimental re-
sults. Model(iii) introduces some correlation between the
left and right interfaces. This model describes the likely
growth process in which large scale monolayer fluctuations
at the left interface are reproduced at the right interface
whereas additional small scale fluctuations develop at this
interface. This model gives the best fit with our experimental
results. The distribution®,(z ) and P¢(e) in Eq. (6.4 are
taken as Gaussian profiles of widtly=w,=1 ML. The
productytRys R depends weakly oe. It is taken out of the

integral and calculated fag(y). Here|U |2, is plotted in
Fig. 11(b). The small-period oscillations are averaged and
the overall amplitude of the coupling is reduced. For com-
parison|U |2, is also plotted for a symmetrical DQW in
% 1.5 10 Fig. 11(b). The parity effect is of course more pronounced in
this case.

We now calculate the radiative decay time

U P (A2

‘1 n

|Er—Ex|?
rx :
|Urx|a2w|<‘//r|l//HHl>|2

10 20 30 40 50 wheregyy is a proportionality factors$3° is shown in Fig.

Excitation spot position(mm) 9(a) as a dotted line. The overall behavior and the amplitude
of variation of the experimental values ofy are quite well
reproduced. From the fit we  obtain gry
=2%x10"% us meV 2 A2 Heregry is written asTy/a?

calc__
TX —

(6.5

FIG. 11. (a) |Ury|? as a function of position along sample Al
(see textand (b) |Up|2, calculated with modefiii ) for the asym-
metrical DQW of sample AXsolid line) for a symmetrical DQW

(dotted line. with a=tryaoV="r%rx/(2meae). We can estimate the
strength of thel'-X coupling potentialVyy= a|Urx/Z,.
The calculated value ofUry|2, is of the order of 1.1

IUFXI§U=J J dz dzg X102 A~? at the center of the sample. Takifig between

0.5 and 1 nsg is between 1.58 and 2.23 meV A aNgy is
X (ks cosmzy + YRyR cosmzg)?Pi(z,)P(zg).  found in the range 1.7—2.5 meV. The dimensionless coupling
6.2 parameterrry is found in the range 0.23-0.33 in good
' agreement with other experimental determinatih3he
(i) Correlated Gaussian fluctuations with(y)=z(y) vglue of the coupling parameter is of the right order of mag-
+e(y), e(y)=e(y). In this case we have nitude compared to thg theoretically calculatgd Bhidow-
ever, a precise comparison cannot be made since we have not

5 Lo included in our calculation the complexity of the band struc-
|UFX|ay:f dz [¢rix cosmz, ture at the zone-edge point, i.e., thg-X3 mixing.
+yfyfcosm(z +e)°Pi(z). (6.3 B. Sample B

With the model developed in Sec. V and using the pre-
factorsf,,, andgry determined for sample A1, we calculate
for samples B1 and B2 the quantity

(iii) Uncorrelated Gaussian fluctuations zpf and e. We
have

2 |UFX|6211)

(el |2
(6.6)

|Urx|§w:JJdZLde[‘//%‘ﬁIi(COSWZL l,0M0) o0 fpn

EF_ EX+ﬁVph
Er—Ex

Iph(0)  7rx  Orx

+ YRy cosm(z +€)12P (z.)Pe(e). (6.4)

Model (ii) is clearly not adequate. We use fBf(z,) a  The variation with the position on the samples is plotted in
Gaussian function of full width at half maximum=1 ML.  Fig. 7(c). At the center of the wafgiU |2, is about 5 times
The small-period oscillations are well damped but the amplidarger than for sample Al owing to the larger products
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P Rys R of the amplitudes of the wave functions at inter- VIl. CONCLUSION
faces. Strictly speaking we have to take into accounithe
coupling not only at the GaAs/AlAs and AlAs/GaAs inter-  The aim of this work was to demonstrate experimentally
faces but also at the interfaces between the cladding alloghe predicted oscillatory behavior of thieX coupling with
and the DQW since théy envelope function extends also in AlAs layer thickness in GaAs/AlAs type-ll heterostructures.
the alloy layers. The amplitude afy at the alloy/GaAs in-  We have chosen to study GaAs/AlAs/GaAs DQW structures
terfaces is about 5-15 % of the amplitude at the center of th@ith thickness gradient. We have shown that the ML depen-
AlAs layer. Nevertheless, the value (firy|3, across the dence of thd'-X coupling must be observable for GaAs and
sample is very close to the one calculated without the coua|As thicknesses in the range 2—8 ML.
pling at the alloy/GaAs interfaces. We have studied the ratio of PL intensities of the ZPH
The variation of 7,,/7rx across the sample reflects jine and the LO phonon replica as well as the time decay of
mostly the variation ofUrx|3,/|(#r|#x)|> and is dominated  these lines. We have obtained the average radiative recom-
by the variation of the oscillating term dofz +€)]. We  pination time due to th&-X coupling, 71y, and the recom-
have measured the ratlgpy/l,p, of the time-integrated PL  pination time due to phonon-assisted transitiop,, as a
intensities[Fig. 7(a)]. From the analysis of the PL decay in fnction of AlAs thickness. For the four samples studied the
sample A1, we know that the variation b/l o i close 10\ 4 rjation of thel'-X coupling with AlAs thickness cannot be
t_he variation ofl ,,(0)/I ,;n(0). Therefore the calculated ra- explained simply by the variation of the overlapldandX,
tio 151(0)/15(0) = 7pn/ 7rx Can be compared to the experi- o,y o106 functions. It clearly shows the ML dependence of
mental ratiol ;pp/l pp. FOr s.ample B1, f_rom the center to the the I'-X mixing potential and its oscillatory behavior with
edge of the water, the ratio,,/7rx varies by a factor of 2 » ¢ yhickness. For samples B1 and B2 whose PL spectra
similarly to the experimental one. For sample B2 the overaIfSA‘hOW ML line 's littinas. the variation of the ratio of PL
behavior of the calculated ratig,,/7rx is in good agree- . pitings, .
ment with the experimental curve although the variation Oflntengltles Of_ the ZPH.I|r.1e and the LO phonon rephca 'S
consistent with the variation of the average AlAs thickness

Ton/ Trx In the region around 15 mm is not identical to the , e
experimental behavior df, /1 ;. As mentioned above in determined by the calibration. For samples A1 and C1 whose

Sec. II B the AlAs gradient in the DQW may be slightly PL spectra show a continuous energy shift with layer thick-
different from the one determined from the calibration struc-N€sses, the variation of the ratio of PL intensities of the ZPH
ture. This may explain the discrepancy. line and the LO phonon replica is consistent with the varia-

For both B1 and B2 samples the experimental variation ofion of the average AlAs thickness augmented-by ML to
the ratiol ,,n/1 o, by a factor 2—3 from the center to the edge take into account exciton localization. For sample Ak
of the wafer cannot be explained in the frame of a simpldncreases by 50% in a region with an average AlAs thickness
model where the matrix element of theX coupling would equal to 6 ML whereas the phonon-assisted recombination
depend on the AlAs thickness only through the overlap oftime does not show the same variation. We have developed a
theI" and X envelope functions. On the contrary the ampli- model describing thé&'-X coupling for excitons localized in
tude of variation ofl,,n/I,, across the sample is in good regions with fluctuations of the position of interfaces. The
agreement with the ratie,,,/ 7rx calculated with a model exciton is treated as a free exciton in a region with an effec-
taking into account the ML dependence of fheX coupling  tive AlAs thickness and nonabrupt interfaces. The amplitude
and the exciton localization. Unfortunately the AlAs gradi- of variation of the experimental radiative timegy is well

ent, smaller than 1 ML over the wafer, is too weak to givereproduced within this model. We obtain an estimation of the
the possibility to observe the oscillations of the couplingr_x mixing coefficientty .

matrix element. As mentioned in Sec. IV B 1, contrary to

sample Al, the localization of excitons in sites where the
AlAs thickness is larger than the average thickness deter-
mined from calibration is not necessary to explain the varia-
tion of I ,pn/l 5. This is well in agreement with the observed ) ) .
line splittings in the PL spectrum. They indicate that exciton e are indebted to V. Thierry-Mieg from L2M-Bagneux
localization is governed by the hole localization and not byfor the growth of samples and to G. Leroux from CNET-
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