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Bulk and interface Al 2p core excitons in GaAs/AlAs/GaAs heterostructures
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Aluminum 2p soft-x-ray emission and absorption spedtES and XAS of a GaAs/AlAs/GaAs hetero-
structure semiconductor have been measured with high-energy resolution. The Y2 shows a similar
feature to that of AlGa, _,As alloys. Strong Al D core excitons have been observed in XAS, and attributed
to the X- andL-like states in the conduction band. The XAS profile has changed depending on the incident
angle of the excitation x rays. This dependence may relate to the symmetry of the exciton transitions.
[S0163-182699)01208-4

Excitons in multilayer semiconductors have been investiwhich consisted of an input slit, a spherical grating, and a
gated during the last decade. Recently, much attention ha3sl-coated microchannel detector. The XAS were measured
been focused on the electronic and optical properties of thby total photon yield TPY) mode. The energies of incoming
core exciton in heterostructure systetn$,since progress photons were calibrated by photoelectron emission spectra of
in the molecular-beam epitaxyMBE) technique has led Au 4f levels and the Fermi edge and the energy scale of
to the possibility of making superlattice semiconductors. XES was calibrated by the reflection of x rays. The energy
GaAs/AlAs superlattices have been studied intensively beresolutions of XAS and XES were about 0.02 and 0.5 eV,
cause of their interesting quantum-well effetts® Both  respectively.

AlAs and GaAs have a cubic zinc-blende crystal structure, The GaAs(60 A)/AIAs (400 A)/GaAs (3000 A) hetero-
and various band-structure calculations have been carried ostructure specimen was fabricated on a G4A6) substrate
for them!12 The valence-band structure of AlAs and GaAs by the MBE method’ The sample rotation axis stood at
are similar, although the conduction-band minima occur atight angle to the incoming x rays which were plane-
the Brillouin zone centerl{) along the(100) and(111) axes polarized light, and the experimental geometry is shown in
near theX andL points, respectively. Elements of tetravalent the inset of Fig. 3, where and 3 indicate the incident angle
semiconductors such as these have a valence configurationafid the exit angle, respectively, so that a largeneans the
s?p?, and formsp® hybridization. Knowledge of the elec- greater amount of grazing incidence. The arrangement of the
tronic structure of internal layers and their interface is a keyexperimental system fixed + g=105°.

concept for understanding the properties of semiconductor Figure Xb) shows the Al 2 XES measured at an excita-
devices. tion energy of 74.66 eV, and the XAS of AlAs, and they are

The intense Al D core excitonic structure of AlAs was clearly observed in spite of the GaAs overlayers. Figutes 1
first observed in total electron yielTEY) spectrum mea- and Xc) show the results of the band calculatibto com-
sured by Kellyet al® Since the surface of AlAs is unstable pare with the present experimental spectra. The AIXES
in the atmosphere, the surface should be covered with 8XAS) provided information on the valenc&onduction
stable layer such as GaAs. Thus it was difficult to obtainband havings- andd-like orbitals with respect to the Al site.
good photoelectron signals from the AlAs layers through theThe excitation energy of XES was high enough so that the
overlayers, and the Al core excitons of bulk AlAs under spectrum showed a nonresonant normal-emission spectrum.
overlayers have not been well understood. The band-gap energy of AlAs has been reported to be about

Owing to the longer mean free paths of soft x rays in2.2 eV?> An arrow put between the valence- and
solids, the soft-x-ray emission and absorption spe@taS  conduction-band edges serves as a guide for the eye.
and XAS are more bulk sensitive than any electron spectra. The Al 2p XES from an AlGa _,As alloy system for
For instance, Nilssoet al* studied the electronic structure various values o have been reported->°However, the Al
of buried Si layers in GaAs using synchrotron radiation, and2p XES from thex=1 sample remain unknown because of
showed the possibility of detecting a signal from the buriedexperimental difficulties. As one expects, the Al XES of
layer due to the appreciable penetration of soft x rays. AlAs look similar to that of a high Al concentration

In this paper, we report on the AIRXES and XAS ina Al,Ga _,As alloy. PeakA is attributed tos orbitals located
GaAs/AlAs/GaAs heterostructure semiconductor to provideon the As site, and here it can be observed in this energy
information about electronic structure and core excitongegion as well. PeaB is attributed to a hybridized state sf
states. The experimental measurements of GaAs/AlAs/GaAarbitals on the Al site wittp orbitals on the As site. Bands
were performed at a revolver undulator beamline BL-19B atandD arep-like bands rather thaslike bands on the Al site.
the Photon Factory at the National Laboratory for High En-  Figure 2 shows the Al @ XES of AlAs measured at vari-
ergy Physics with a varied-line space-grating monochro-ous excitation energies indicated on the left side. The solid
mator (VLS19) (Ref. 19 without an entrance slit. The XES curves show the recombination peak of the incident x rays
were recorded using a soft-x-ray emission spectrortfeter and, the intensity is at a reduced scaleiof The excitation
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i . ous photon energies in the Alp2core exciton region. The solid
FIG. 1. (&) The band dispersion curves of AlAs taken from Ref. i\o5 e the recombination peaks of the incoming x rays. The in-

tllt (|b3| Th‘?tA' prtXtES off ZZAS;/Al\(IAs/fGaAsRar;dlt?e XASc) The tensity is in factor oflis. The numbers on the left side of the spectra
otal density of states o s faken from ket L1 indicate the excitation energies.

energies of 77.96 and 75.00 eV can produce both the Al = .
2pa, and the Al 2y, core holes, while the excitation ener- 1€ incident angle dependence of Ab XAS has been mea-

gies of 74.66 and 74.46 eV create only the Ab;2 core sured. Figure 3 shows the incident angle dependence of XAS
hole. When the incident photon creates only trré,gcore of AlAs normalized by the incident photons. The solid lines,
hole, only the transitions from the valence band to tpg2 Caled CE1, CE2, and CES3, are guides for the eye, and
component contribute to the spectra, so that struckiie ~ CEL (CE2' and CE3) refers to the spin-orbit splitting of
sharper at 74.66 and 74.46 eV. On the other hand, WheﬁEl (CE2 and CER To decompose the components of the

incident photons create both Ap3, and Al 2p4;, core holes spectra, Iine—shape fitting analyses were carrie_d' out using a
at 75.00 and 77.96 eV, structuBsbecomes broad and shifts 1€ast-squares fit method, adopting the superposition of the six
to the higher-energy side. XES excited at high energy do noll_orgznt2|an functions and one straight line. Three different
show the core-exciton-like structure at around 75 eV whictfXclton states on eachp2orbital were assumed, and they
was reported by Nithianandam and Schnatt&tlgut at low
energy the spectrum has a very intense direct recombination AlAs
peak which is related to existence of core exciton states. CE -._.‘.C|E3- Al2p-XAS
Two intense peaks are observed in the XAS which corre- NI N
spond to the Al P/, and Al 2pg, core excitonic peaks with B A
the Al 2p spin-orbit splitting {,,=0.44 eV. The present ; W %
XAS, which were recorded by the TPY mode, reproduced magadd
very well the results of the TEY experiment by Keby al.*® B
However, remarkable structures corresponding to the con-
duction band were not found in the present results, but a
low-intensity broadband was found in the higher-energy re-
gion. If the structural difference between the samples of the
XAS and TEY experiments is not important, this difference L
could be attributed to the difference between the decay pro- Iy
cesses, that is, photonXAS) and electronsTEY). The
present result, that strong exciton structures are observed in
XAS, suggests that the x-ray emission processes is dominant — s
under the core-exciton excitation as compared with the pho- ; rd
toemission processes. Taking advantage of the relatively ——_
weak contribution of the conduction band in the XAS, we I Y IS VI A A
can simplify the line-shape fitting procedure described be- 74.0 7%ﬁoton755rigrgy(e</§'5 76.0
low, where we deal with the continuum transition as a part of
the background. FIG. 3. The XAS of GaAs/AlAs/GaAs measured at various in-
In order to investigate the character of the exciton states;ident anglesea is the incident angleg is the exit angle.
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FIG. 5. The incident angle dependence of the intensity of each
exciton.

and OntoA! reported that the dielectric constantvas 8.16,

and Rheinlandeet al?? reported that the effective mass per-
pendicular to the principal axis of the mass tensor atXhe
point was 0.19. Thus the calculated radius is ab&u#2 In

the same model, the exciton binding energy is estimated to
be about 0.4 eV. Since a larger binding energy was sug-
gested in the later discussions, the exciton radius may be
smaller than the estimated value, but at least one can say that
the core-exciton radius is smaller than the thickness of AlAs
in this sample. It is consistent that CE2 and CE3 are assigned
to the bulk components.

S What is the origin of CE2 and CE3? At large incidence
75.0 75.5 angle, these intensities drastically change toward opposite
inclinations as shown in Fig. 5. This strongly suggests the
symmetry difference between CE2 and CE3 transitions. In

FIG. 4. Fitted Al 20 XAS of GaAs/AlAs/GaAs spectra mea- Fig. 5, the CE2 and CE3 components have comparable in-
sured at the incident angle=45° and 39.9°. The solid curve tensities, less tham~40°, near normal incidence. Both
shows the calculated spectrum using a superposition of six Loreneomponents should be bulk components of AlAs. It is well
zian functions(dashed curvgsand one straight lingnot shown. known from band calculations that the lowest conduction

band is located at th¥ point, and the second lowest, at the
were represented by Lorentzian functions; in addition, ond. point!*81° Therefore, we tentatively assign CE2 to the
straight line was for background signals including the con-X-point core exciton, and CE3 to tHepoint core exciton.
duction band state. The full width at half maximum intensity The energy difference between CE2 and CE3 is about 0.1
ratio, by the spin-orbit splitting, and the energy positions foreV, which is smaller than the value by the band calculations,
each incident angle, were fixed; in the present study, théypically 0.2 eV. This discrepancy is probably caused by the
intensity  ratios were fixed to be CE1:.CEl exciton binding energy difference between tie and
=1:1.1, CE2:CE2=1:1.5, and CE3:CE3=1:0.8. Figure L-point core excitons. If this assignment is correct, it sug-
4 displays the typical fitting spectra of the Ap2XAS at « gests that the core-exciton binding energy should be the or-
=45° and 39.9°. The solid curve and dashed curves shower of 0.1 eV, and such a large binding energy means that
the fitted spectrum and six Lorentzian functions, respecsome wave-function mixing effects exist between ¥and
tively. L points in the core-exciton states. Even in the case when

Figure 5 shows the incident angle dependence of the inand L states are mixed, two exciton states can be still ob-
tensities of CE2(open squargsCE3 (closed circles and  served in the absorption spectra; for example, @ac8re
CE1 (open trianglg excitons obtained by the fitting. Using excitons attributed to thé& and X points in ALGa,_,As
Fresnel's formula and x-ray interaction coefficients tale, mixed crystal are observed near th& crossover composi-
the attenuation lengthbof GaAs and AlAs at 75.5 eV were tion, x~0.42% Therefore we call these core excitoXdike
estimated to be over 180 and 300 A. Also, when sweepingCE2) andL-like (CE3) core excitons.
a=20-60°, the values do not vary rapidly with angle  Roughly speaking, the Al @ XAS show 2—3s and
change. Indeed the penetration depth of soft x rays is deep@p— 3d transitions. Thougls- and d-character wave func-
than the thickness of the overlayer GaAs in the region of theions are allowed to appear at both tiendL points of Al
Al 2 p core exciton. sites?® d character is stronger at thépoint, whiles charac-

It is difficult to know the radius of excitons of indirect ter is dominant at thé point. According to this, the-like
semiconductors such as AlAs; however, the effective-massore exciton may enhance the character of the-3d tran-
approximation succeeds well in many cases. The p\t@re  sition, while theL-like core exciton may enhance the char-
exciton of an AlGa _,As alloy system has been discussedacter of the p— 3s transition. The different incident angle
in a Wannier exciton modéP. In the case of the Wannier dependences of the CE2 and CE3 intensities can be related to
exciton model, the excitonic Bohr radius is represented byhe difference of the transition characters, though a full un-
a=agemy/u, whereag=0.53 A is the Bohr radius. Fern derstanding of this will be left for further investigations.
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The incident angle dependence of CE1 is analogous to To summarize, we have investigated the electronic struc-
that of CE2, though the intensity of CE1 is considerablyture of AlAs covered with GaAs by x-ray emission and ab-
weak. Therefore, CE1 may have Xdlike character in the sorption spectroscopy. A2 XES shows andd partial den-
above meaning. We tentatively assign CE1 toXHike core  sities of states which are similar to those in,88 _,As
exciton at the GaAs-AlAs interfaces. It has been known thaglloys. Two strong Al 2 core excitons were observed in
GaAs/AlAs heterostructures caused by MBE have abrupt inXAS, and the components were attributed to e and
terfaces without a mixing of the compositions. However theL-like excitons in the conduction band. Further, a weak core
Al 2p core-exciton wave function at the interfaces can pen€Xciton was observed at the lower-energy side, which was
etrate into the GaAs layer in the exciton radius. Taking intotentatlvely attributed to t.he.mterface exciton. The XAS in-
account the fact that thE point of GaAs is located below [€NSity dependence on incident angles may be due to the
the X point of AIAs, we can expect the core-exciton er]ergydlfference between the symmetries of the excitons.

near the interfaces to be reduced by the penetration, though a This work was supported by Grants-In-Aid for Scientific
theoretical examination will be necessary to evaluate the erResearch from the Ministry of Education, Science and Cul-
ergy quantitatively. ture of Japan.
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