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Spectroscopic evidence of the dissymmetry of direct and inverted interfaces
in GaAs/AlAs type-Il superlattices
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In type-Il pseudodirect superlattic€SL’s) the study of the polarization of photoluminescence in a magnetic
field along the growth axis brings insight into exciton localization and interface quality. We demonstrate that
excitons in a given sample are not localized at random at the direct or inverted interface, but mostly at one type
of interface. For each sample we determine the nature of this interface. This determination is made possible by
the study of two asymmetrical superlattices in which excitonic recombination is forced at one type of interface
by the design of the band structure. In nominally symmetrical SL’s, i.e., with a two-layer period, we show that
localization at the direct or the inverted interface is determined by the growth conditions, namely, the substrate
temperature and growth interruption at interfad&0163-182€28)03607-9

I. INTRODUCTION degeneracy is lifted by the electron-hole short-range ex-
change interaction leading tol&; exciton radiative doublet
The structure of heterointerfaces in multilayered systemsind toI'; and I', exciton nonradiative statésseparated
such as quantum well§QW'’s), superlattices(SL's), and from the I'5 state by the exchange energy(Fig. 1). Re-
guantum wires has a strong influence on their electronic andently it was established experimentally that the degeneracy
optical properties. It has been much investigated by means aff the I's excitonic doublet is lifted in type-l1l GaAs/AlAs
high-resolution electron transmission microscopy withsuperlattice$®'*The experimental results are well explained
chemical lattice imaging? cross-sectional scanning tunnel- by the theory developed by Aleiner and Ivchetki one
ing microscopy’* and optical spectroscopy such as photolu-assumes that excitonic states are localized at interfaces. Very
minescencéPL) (Refs. 5-9 and Raman scatteringl® The  likely both the electron and hole are localized by layer thick-
interface roughness is generally defined as the existence okss fluctuations, and the electron recombines with a hole
interface islands of thickness 1-2 ML. The size and lateralocalized either in the right or left GaAs layer, i.e., at the
spacing of these interface islands have been shown to depemyerted interfac6GaAs on AIAg or at the direct interface
on the growth condition$.However, the existence of re- (AIAs on GaA9, respectively. Aleiner and Ivchenko showed
sidual roughness on an atomic scale has been shown eventhnat, for a singleA/B or B/A type-Il quantum well, the ex-
high-quality sample&.”** An atomic exchange process dur- citon radiative doublet is split intf110] and[110] dipole-
ing growth is likely to be one of the main contributions to
small-scale interface roughne’sin heterostructures built
from A andB semiconductors, th&/B andB/A interfaces
have been shown to be nonequivalent as far as interface
roughness is concernéd:®12
The existence of interface islands is considered to be the
main cause of exciton localization in QW’s and SL's. Al-
though localized excitons probe interface defects on a length
scale much larger than the atomic scale, in this paper we
show that the study of excitonic photoluminescence with re-
gard to the polarization properties of emitted light brings
useful information on the interface structure, the dissymetry
of adjacent interfaces, and the localization process. Type-Il
QW'’s and SL’'s are very appropriate for this study, since
electrons and holes are confined in adjacent layers, and their \
envelope functions overlap at interfaces. . . - .
The present work is based on results obtained from pre- 0 0.1 0.2 0.3 0.4 0.5
vious studies of the fine structure of excitonic states in
type-ll pseudodirect SL's by PL and optically detected mag- MAGNETIC FIELD (T)
netic resonancéODMR).**~**The electron—heavy-hole pair  FiG. 1. Heavy exciton energy levels of a type-ll SL in a longi-
state is built from d'-hole state and aX,-electron state. The  tudinal magnetic field|¥ ;0 and|¥ ;) are the exciton radiative
X,-electron state in AlAs is coupled to thieelectron state in  levels. Only the case with >0 is represented. The level anticross-
GaAs, making the optical transition weakly allowEdThe  ings LAC1 and LAC2 between the upper nonradiative state and the
electron—heavy-hole pair state is fourfold degenerate. Thigvo radiative ones are indicated by arrows.
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active states owing to the combined effect of exchange intef115
action and mixing of heavy- and light-hole states at the GaAs AlAs GaAs AlAs
interface. These radiative states are denoted hereafter -
| V119 and|W¥ ), respectively(Fig. 1). A is their splitting
energy, in the range of a fepeV. The absolute value d is
experimentally obtained from the period of quantum beat:
observed during the decay of excitonic PL when the transi
tion is resonantly excited with100]-polarized light'#2° It —
was predicted in Ref. 19 that the sign&®for in other words i
the ordering of "1, and|¥11o) stategis opposite forA/B —
and B/A interfaces. This sign is then characteristic of the "
type of interface(direct or invertedl at which excitons are \/
localized. Experimentally, it was shown from quantum beats
studies that excitons are mainly localized at one kind of in- —
terface, but neither the sign &f nor the nature of this inter- direct
face could be determinéd:*® —> z
To obtain experimentally the sign of the splitting energy 4 11
A and its correspondence with the nature of the interface, w
performed magneto-optical studies of type-Il pseudodirec
SL’s of various compositions. Let us consider excitons local-
ized at interfaces of one typgith A>0, for instancg In a
longitudinal magnetic field directed along the growth direc-
tion (z axis), the Zeeman splitting of the excitonic states / -
leads to the level scheme of Fig. 1. For two values of the
field the upper nonradiative level crosses the two radiative l
levels. As a matter of fact, state mixing by any small in-plane
component of the field or by hyperfine interaction results in
level anticrossingLAC).?! Let us consider specifically the \\\\‘4////
experimental situation where the four excitonic sublevels art
populated after relaxation of electron-hole pairs created b
band-to-band excitation. With increasing magnetic field, a
LAC fields, the oscillator strength becomes equally sharet
between the exciton states. At these particular field values,
owing to the larger population of the nonradiative state the
intensity of emitted light increasé$Let us consider now the
polarization of emitted light. With increasing field the polar-
ization of light emitted by the radiative states changes from
([120], [110]) linear polarization to ¢, ,o_) circular polar- Il. SAMPLE CHARACTERIZATION AND
ization. Since in the range of field considered here the split- EXPERIMENTAL SETUP
ting of the radiative states is much smaller than the PL line-
width, the detected light originates from both radiative states. The samples were grown by molecular-beam epitaxy.
Therefore the degree of polarization of PL, either linear orSamplesK111 andK115, designed to reveal the correspon-
circular, is nearly equal to zero. However, at LAC fields, thedence between the sign Afand the interface of localization,
additional emitted light is elliptically polarized with the long are composed of 336 periods of a SL grown on top of a
axis of the ellipse along the direction of polarization of then®-doped GaAs substrate and -doped GaAs buffer layer.
lowest(uppe) radiative level at the firstsecond LAC field. They are capped with 100 nm of" -GaAs. The nominal
Hence by measuring the degree of linear polarization of Plcomposition of one SL period i§GaAs 15 A/AIAs 12 A/
as a function of the magnetic field we are able to determin&aAs 18 A/AlAs 9 A for K111, and(GaAs 18 A/AlAs 12
the ordering of the zero-field excitonic radiative stgds,) ~ A/GaAs 15 A/AIAs 9 A) for K115. Thus the sequence of
and|¥1y). The correspondence between the siglhaind  layers is identical for the two samples except for the inver-
the interface at which excitons are localized is obtained fronsion of the growth direction. The band structure is schemati-
the study of type-Il samples in which excitonic recombina-cally shown in Fig. 2. In both samples electrons and holes
tion is forced at one kind of interface by the design of theare mainly confined in the 12-A AlAs layer and in the 18-A
structure. GaAs layer, respectively. The excitonic recombination is
This paper is organized as follows. In Sec. Il we describehen expected to occur at the same energy but atGaAs
the samples and the experimental setup. In Sec. Il we repoan AlAs) inverted interface foK111 and at thgAlAs on
on level anticrossing results. We relate them to the growthiGaAs direct interface forK115. As a matter of fact x-ray
conditions of the samples, and we discuss exciton localizadiffraction, Raman, and PL results show that the composition
tion with respect to interface roughness. We also discuss Pbf each sample is slightly different from the nominal one.
polarization at zero field. Finally, in Sec. IV we summarize However this has no incidence on the validity of the LAC
the results and conclude. results. From x-ray diffraction one finds that the total AlAs

inverted
— 2

FIG. 2. Schematic representation of the band structure and en-
velope functions for electrons and holes in sampekl5 and
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TABLE I. Sample composition and growth parameters. The column on the far right shows the result obtained from magneto-optical
studies, i.e., the type of interface at which exciton recombination odsesstext

Sample Composition Doping of the Growth Substrate Growth rate(A)/s Interface of
GaAgA)/AIAs(A) substrate/buffer  interruption temperature °C GaAs/AlAs recombination
E219 18/12 n-typeh-type no 640 2/1 direct
D207 28/20 n-typeh-type no 640 2/1 direct
E913 20/11 no/no no 640 2 direct
B223 17A/26 n-type/no no 650 1.35/1.75 direct
A5L23 sL1 25/22 noh-type yes 580 2/1 direct
A5L23 sL2 20/15 noh-type no 580 2/1 inverted
B321 31/23.6 n-type/no no 600 0.5 inverted
B209 24/13.6 n-type/no no 600 0.5 inverted

thickness in one period is equal to 20.4 RX11) and 20.6 A
(K115), very close to the nominal ori@1 A). The total
GaAs thickness in one period is smaller #1015 (28.8 A)

andK115. The difference of PL intensitid$;19; and |11
with polarizations parallel to thEL10] and[110] directions,
respectively, is plotted as a function of the magnetic field.

than for K111 (31.3 A). Both values are smaller than the For sample<115, where exciton recombination occurs at the
nominal one(33 A). Raman spectra show that the AlAs LO direct interface, one observes a decrease followed by an in-
modes are identical in the two samples whereas the GaAs LCrease of the signal. We conclude that the lowest excitonic

mode frequencies are consistent with thinner layens 145

level has[110] symmetry. The opposite conclusion is

than inK111. In accordance with these results, the PL specreached for sampl&111: the lowest level hagl10] sym-

trum is at slightly higher energy fd€115 than forK111.
A set of nominally symmetrical SL’s, with a two-layer

metry at the inverted interface.
The field values at the anticrossings as well as the differ-

period, was also investigated in order to determine the influence between them are larger for sampl@15 than for

ence of growth conditions on the exciton localization at one
interface or the other. The samples composition and growth
conditions are given in Table |. For each sample [th&Q]
and[110] directions were either revealed by surface recon-
struction during growth or checked afterwards by examining
the sample surface with an optical microscope with magnifi-
cation X400, looking for the so-called “oval” defects whose
orientation with respect to thel10] and[110] directions is
well known. We have examined the oval defectsBofype
according to Fig. 2 of Ref. 22.

The PL was excited with the 514.5-nm line of an argon
laser. PL light was dispersed in a monochromator and de-
tected by a photomultiplier followed by a lock-in amplifier.
The polarization of PL light detected at the peak of the ex-
citonic PL line was analyzed by using a photoelastic modu-
lator. The amplitude of modulation at frequentyapplied
along thex axis of the modulator is adjusted in order to
obtain a maximum dephasing afbetween thex andy axes
of the modulator. The modulator is followed by a polarizer
aligned along th¢110] axis of the sample and at 45° of the
x axis of the modulator. We obtain the difference of PL
intensitied I11197— |12 at frequency Z. The PL intensity
polarized along th§110] direction is obtained by inserting a
polarizer parallel to the[110] direction in between the
sample and the modulator. The experimental setup used to
observe PL quantum beats in order to obtain the splitting
energyA has been described elsewh&td&he sample was
mounted on a sample holder placed in the core of a small
superconducting coil immersed in a standard optical cryostat
at pumped liquid-helium temperature.

Ill. RESULTS AND DISCUSSION
A. LAC results for samples K111 andK115
The LAC signal is shown in Fig. () for samplesk111
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FIG. 3. Level anticrossing signals for sampk$15 andK111

(a) and for two-layer superlattices: sampE219 andB209 (b). In
(a), the vertical scale has been shifted for sanifld5 for the sake
of clarity.
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sampleK111. This is consistent with a larger valuedfand  grown at the same temperature, but one of them with Gl at
a larger exchange energyfor sampleK 115 than for sample interfaces and the other one without Gl. Excitons in SL1
K111. The value ofA is obtained from the period of the with GI recombine at the direct interface, and excitons in
quantum beats observed during the PL decay. It was foun8L2 without GI recombine at the inverted interface. It can be
equal to 11.8:0.6 and 9.4-0.4 ueV for sampleK115 and  deduced from the results of Table | that excitons recombine
K111, respectively. The value of was obtained from atthe direct interface either when the sample was grown with
ODMR measurement$. It was found equal to 23.8 and 19 Gj or with a high substrate temperatu@o °O.
eV for samplesK115 andK 111, respectively. These results  Recombination at the direct or inverted interface is deter-
are in agreement with the fact that GaAs layers are thinner igyined by the localization of excitons or electron-hole pairs.
K115 than inK111. As a consequence, the overlap betweety s clear that, in type-Il SL’s, most of the PL signal arises
the electron and the hole envelope function is large€115  from the recombination of excitons and not of distant
and both the exchange energyand the splitting energd  glectron-hole pairs since the exchange interaction measured
are larger. in ODMR experiments is typical of type-Il exciton$!®

To our knowledge the one-to-one correspondence be- Exciton localization at the direct or at the inverted inter-
tween the ordering of¥1;9 and|¥15) states and the na- face cannot be explained by the asymmetry of interface pro-
ture of the interface has not yet been established theoretjjeg resulting from gallium segregation during growthiwe
cally. Calculation of the heavy-hole—light-hole mixing at have theoretically considered a superlattice in which an en-
interfaces within a tight-binding approach should give thejagrged GaAs layer and an enlarged AlAs layer, adjacent to it,
correct ordering of excitonic levels provided that the valuegre included. The enlarged GaAs layer is located prior to or
and sign of the tight-binding parameters for GaAs and AlAsafter the enlarged AlAs layer in order to simulate exciton
are known with sufficient accuracy. Nevertheless, simplgocalization at the normal or inverted interface, respectively.
qualitative considerations can help to understand the experiFaking segregation into account, we calculated the variation
mental results. In a GaAs layer the projections of the arsenicof confinement energies of the electron and hole, and we
gallium bonds on th¢001) plane lie along th¢110] direc-  estimated the difference of exciton binding eneByyin the
tion at the indirect interface, whereas they lie along[t)]  two configurations. For the composition of our samples, the
direction at the direct interface. To some extent, the holejectron confinement energy does not change with the con-
Bloch function retains th@ character of the arseniC'ga”iUm figuration but the h0|e Conﬁnement energy iS Sma”er by 0.5—
bond. Therefore, at the inverted interface it hgs,aompo- 1.5 meV for localization at the direct interface. On the other
nent withx|[[110] and at the direct interfaceg, component  hand, the exciton binding enerdg, is larger by at most 4%
with yll[110]. Since the optical selection rules for the exci- for localization at the inverted interface. In order to obtain
tonic transition are governed by the symmetry of the holdocalization of the exciton at the inverted interface, the en-
Bloch function, the experimental results are qualitatively un-ergy variationAE, should counterbalance the variation of
derstood, i.e., the lowest excitonic level is dipole activethe hole confinement energy. This is hardly realized in our
along the[110] ([110]) direction at the inverteddirect in-  samples. Segregation could thus explain exciton localization
terface. at the direct interface but not at the inverted one. Moreover,
the calculation shows almost no dependence of the hole con-
finement energy and the exciton binding energy on the varia-
tion of the potential profile with growth temperature. This is

We have investigated LAC signals in a set of samplesot in agreement with the experimental results which show
grown in various conditions. Typical LAC curves are dis- that the interface at which excitons are localized depend very
played in Fig. 8b). Each studied sample exhibits a LAC much on the growth temperature. Therefore, we conclude
signal with linear polarization. This is a clear indication that, that our results cannot be explained by the effect of segrega-
for a given sample, excitons are mainly localized at one kindion.
of interface. If they were localized at random at one or the We believe that exciton localization at the direct or in-
other interface, contributions of the two classes of excitonserted interface is determined by the in-plane extension of
with A>0 andA <0 would not lead to any LAC signal with interface defects. As the exciton binding energy in GaAs/
linear polarization. AlAs type-Il superlattices is large inspite of the small over-

The results are summarized in Table I. Samples are clagap of envelope function§?*the two carriers cannot be far
sified into two categories according to the results of LACapart. They have to be localized at the same in-plane posi-
measurements: samples with recombination at the direct irtion, on both sides of an interface. Which region localizes the
terface or samples with recombination at the inverted interexciton is determined by the decrease of confinement energy
face. The composition of the SL, i.e., the thickness of GaAdor both carriers. Since th¥X, electron and the heavy-hole
and AlAs layers, does not seem to play a role in this classieffective masses are of comparable magnitudes, the localiz-
fication since in samples with close compositidlilse E913  ing potential for the exciton center of mass is not the local-
and A5L23-SL2 excitons do not recombine at the same in-izing potential for one or the other carrier, but an average of
terface. The possible electric field due to the doping of thehe localizing potentials for both carriers over the electron
substrate and/or the buffer does not play a role either, as caand hole in-plane relative motion. As a consequence, only
be inferred from Table I. Conversely, growth temperaturedefects with sizes in the range of or larger than the exciton
and growth interruptior(Gl) at interfaces play a key role. Bohr radius can localize excitons. Defects with size and
The influence of the latter is especially obvious for sampleseparation much smaller than the Bohr radius result in a scat-
A5L 23 in which two superlattices SL1 and SL2 have beentering potential.

B. Results in nominally symmetrical SL’s
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FIG. 5. Photoluminescence and degree of linear polarization
along the[110] direction for sampleK 115 under band-to-band ex-
citation and at zero magnetic field. Solid PL line: sum of PL inten-
sities I1119) and I35 with polarization along[110] and [110];
dashed PL line: difference of PL intensitiggo; andl g .
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FIG. 4. Schematic representation of exciton localization by in-
terface roughness for different growth conditiote.Low substrate
temperature and no growth interruption at interfag¢bsHigh sub-
strate temperature or growth interruption at interfaces. Residual
atomic-scale roughness has not been represented. [110] direction (I1101=I{119]>0). This is clearly seen in

Fig. 3. The degree of polarization is 1-3% at the peak of the

In Fig. 4 we schematically represent the exciton localizaZ€ro-phonon PL line. It varies inside the PL line and in-
tion process. We assume interface islands of 1-ML thicknes$;reases toward the low-energy side, as shown in Fig. 5.
and no correlation of the position of defects from one layer ODMR results obtained on some of the samples listed in
to the next. The length scale of interface islands is known td able | bring complementary information on the electronic
be larger at the direct interface than at the inverted?dfe, States:® A decrease of the exchange energy is observed in
owing to the larger atomic diffusion coefficient of gallium the low-energy part of the PL line, where the degree of po-
W|th respect to that Of a|uminium_ For a Samp'e grown at |0wlarization is Iarger. The Spectrum of the free-electron ODMR
temperature and without GI, the inverted interface exhibitssignal is also shifted to the low-energy part of the PL line
defects at a scale too small to be effective in localizing carWith respect to the spectrum of the exciton signal. These
riers. They are then localized by defects at the direct intertesults show that radiative recombination in the low-energy
face[Fig. 4@)]. Since an increase of the effective layer thick- tail of the zero-phonon PL line involvegjuas) free elec-
ness in one layer corresponds to a decrease of the effectifgons. We tentatively attribute tHel10]-polarized weak PL
thickness in the adjacent layer next to the direct interface, théignal to the recombination of distant electron-hole pairs,
electron and the hole very likely do not localize on both sidegVith the hole localized in anisotropic defects elongated along
of the direct interface. We can conclude, in agreement witithe [110] direction. The anisotropic localizing potential for
experiments, that in these samples excitons recombine at tfige hole mixes the heavy- and light-hole states. As a result of
inverted interface. With higher growth temperature or intro-the anisotropy PL exhibits a nonzero degree of polarization
duction of Gl at interfaces, the roughness of the direct interalong the[110] direction®®
face decreases, and the length scale of interface islands at theAnother possible explanation that cannot be completely
inverted interface increasd&ig. 4(b)]. Defects at the in- ruled out is the effect of the electron-hole long-range ex-
verted interface become effective for the localization of carchange Hamiltonian on excitons localized by anisotropic de-
riers. For the same reason as above, the electron and hole fg$ts elongated along tHe 10] direction. For free excitons
not localize on both sides of the inverted interface. The exthe long-range exchange interaction leads to the well-known
citonic recombination then occurs at the direct interface, afongitudinal-transverse splitting. For localized excitons, the
depicted in Fig. &). This is in agreement with the experi- degeneracy of the two exciton states which are dipole al-
mental results. We conclude that the LAC measurement inlowed for polarization along thg110] and[110] directions,

deed gives a signature of the quality of interfaces. is lifted and the radiative probabilityVi11o) for the [110]
level is larger than the radiative probabilit,,q for the

[110] level?® From numerical estimations ofV 11, and
W11g ,%" one expects a degree of linear polarization of PL of

Even without applied magnetic field, the study of the de-a few percent alon§l10], which is also consistent with our
gree of polarization of photoluminescence brings informa-experimental results. Whatever the exact interpretation, the
tion on carrier localization and the geometry of interface de-experimental results are in agreement with the observation of
fects. For each sample studied we have found at zerinterface defects elongated alofilO] by scanning tunnel-
magnetic field a small degree of linear polarization along théng microscopy?®2°

C. Zero-field degree of polarization
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IV. CONCLUSION that they cannot localize the exciton, either because the in-

We have demonstrated that the fine structure and polartprface is flat over sufficient distance or because the size and

ization properties of the excitonic PL in type-lI| seudodirectser)"’lration of islands are too small. We believe that the
su erlaﬁ)ticgs can be used to obtain inforyrr?atiorg) on the Iocalr-nemOd used in this work to demonstrate the dissymetry of
P normal and inverted interfaces with regards to exciton local-

ization process_of excﬂons_and on _mterface CharaCtenSt'C?Zation and recombination could be readily applied to other
The wave functions of localized excitons do not extend over,

; . : type-Il heterostructures, provided that the heavy exciton
many interfaces. In every sample studied, excitons reco “vel scheme in a maanetic field is similar

bine mainly at one kind of interface, either the direct one or Additional informat?on on carrier Iocali'zation was ob-
the inverted one depending on the growth conditions. W?

have demonstrated, on SL's where the interface of recomealmed from the small degree of linear polarization along the

nation is determined by the sample design, that, for exciton 110] direction observed in the low-energy tail of the PL line

- . : — Tor every sample at zero field. This wepKiO]-polarized PL
rc(iat(c:)%msbtg]tggisatditgglgl;ec(fii\r/](\a/efg??ig;r;\tteggf;i!ztar\]t?olr?v;?:rg;);he signal is attributed to the recombination of distant electron-
(110 ([1?0]) direction. hole pairs with the hole localized in anisotropic defects elon-

We have studied the influence of growth conditions on thec"med along th¢110] direction.
quality of interfaces. In our series of samples, excitons re-
combine at the direct interface either when the sample is
grown with growth interruption at interfaces or with high
substrate temperatur@40 °Q. They recombine at the in- We are grateful to Bernard Jusserand from CNET-
verted interface when the sample is grown at lower temperaBagneux for the characterization of our samples by Raman
ture or without growth interruption. In both cases, excitonsspectroscopy. We acknowledge fruitful discussions with
recombine at the interface with defects at a length scale sudbmitri Roditchev and Nicolai Romanov.
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