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Abshci The Al 3p omupied density of states in GaAs(30 A)-Gao.7Al@.,kr(31 A) 
hetemstNetum is studied and compared with that of bulk Gao,7AIo.~As thmugh x-ray 
emission spen”py induced by eleclmns The radiative recombination of the Al Is 
mn: &ton is also analysed. Partial dehybridization of the AI p and s valence and 
conduction slates is o k m d  for the first Lime in h e  barriers of a superlattice and 
of a single quantum well. These changes suggest that the Al electron distributions 
of neighbouring barrien are not coupled in hetemstructures of 30 A period and a x  
governed bj their quasi-2D character. 

1. Introduction 

The GaAsGa,,,&,,As heterostructures have been the object of extensive 
investigation because these systems have properties of great practical and theoretical 
interest [1,2]. The optical properties of superlattices have been widely studied [3,4] 
in order to determine the influence of their quasi-twodimensional structure on the 
electron and hole states. For superlattices with larger periods (greater than 60 A), it 
has been found that the motion of the electrons and holes at the band edge is quantized 
in the growth direction while along the layers the motion has a two-dimensional ( 2 ~ )  
character. As the superlattice period is reduced to a few monolayers, the electrons 
and the holes are no longer bound and their distribution loses its 2D character [S-S]. 

For a full understanding of these systems, the densities of states (Doss) must he 
known in rhe total energy range of the valence band. We report the AI 3p valence DOS 
of G+,,AI,,As in the barriers of a GaAs(30 %L)-Gau,,AIU,,As(31 A) superlattice and 
of a single quantum well compared with those of the bulk ternary compound and at 
the GaAs-Ga0,,AI,,As interface. 

The AI 3p D o s  is obtained from the AI 3pl s  dipolar radiative transition 
using electron-induced x-ray emission spectrometry (EXES) [9]. Bulk materials as 
well as layered systems and interfaces can be analysed by this method. Radiative 
recombination of the AI 1s core exciton can also take place [lo] and the binding 
energy, intensity and width of the excitonic state can be deduced by EXES for the 
various materials. 
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In section 2 we describe the preparation of the samples and we recall the principle 
of EXES and the experimental conditions which allow its application to the study of 
bulk materials, interfaces or layered systems. In section 3 we present the EXES 
spectra of the various systems and we discuss them in comparison with experimental 
data obtained previously on the AI 3p valence states of bulk AlAs and GaAs-AlAs 
interface and with the experimental data taken &om the literature. In section 4 we 
report the core excitonic emissions. Concluding remarks are given in section 5. 

2. Samples and method of analysis 

21. Sample preparation and characmizarion 

Three samples labelled B, SL and QW were prepared using molecular beam epitaxy. 
The samples were grown on a GaAs buffer layer 1 pm thick deposited on GaAs(100) 
substrates doped with IOL8 Si the samples were protected with a GaAs layer 
100 8, thick Sample B is bulk Gau,7AI,,,3h 1500 8, thick. Sample SL is a superlattice 
consisting of 24 periods of Gau~7A1u,,As(31 8,)/GaAs(.70 8,). Sample QW is a single 
quantum well 30 8, thick surrounded by two Ga,,AI,,,,As barriers 31 8, thick. The 
deposition rates are 0.35 pm h-' for GaAs and 0.5 pm h-' for Ga,,AI,,,,h; the 
substrate temperatures of 6oo°C were the same for the three samples. Rotation of 
the substrate during deposition ensured g o d  homogeneity of the compounds. tIb 
obtain heterosbllctures of good structural quality, the growth was interrupted at the 
end of each layer deposition. RHEED oscillation patterns [Ill and photoluminescence 
spectra involving the valence excitonic level 1121 were analysed for samples SL and 
QW and showed a low roughness of layers and a very few defects. 

22 Method qf analysis 

By means of an electron beam, AI Is core holes are created in the samples. The 
3pls  radiative recombination is then analysed with the aid of a bent-crystal x-ray 
vacuum spectrometer of the Johann type. The bent crystal is a quartz blade with 
lOi0 planes parallel to the curved faces. The detector is a gas flow counter (90% 
Ar-10% CH4) working in the Geiger-Miiller region. The spectral resolution is about 
2 x 

The energy of the incident electrons is an important parameter. Indeed, for 
photons and electrons of equivalent energy, the photon escape depth is greater than 
the electron excitation depth. Then, the analysed sample depth is determined by the 
energy E,, of the incident electron beam. As is well known, electrons lose energy by 
going through a material. Using this property and the fact that only electrons having 
an energy higher than the AI Is ionization energy (1560 ev) are efficient, we adjust 
the energy E, of the incident electrons so that a well defined thickness in the sample 
can be analysed. The orders of magnitude of the mean energies of electrons inside 
the material can be deduced from one of the empirical relations [In] between the 
practical range R (A) of the electrons and the energy E 

and the photon energy is determined to within ahout *0.2 eV 

R (8,) = (Wo/pU.8)E (keV)'., 

where p (g 
the number of emitted photons increase. 

is the specific gravity. On increasing E,, the analysed thickness and 
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'RI study bulk Ga,,,AIu~3As (sample B), we have chosen an incident energy equal 
to 4300 eV; we estimated that the energy of electrons is about 4OOO eV at the surface 
of Ga,,,&.,As, then the emissive thickness (where electrons have an energy larger 
than the Is ionization energy) is about 1100 

'RI study the Ga,,,AIo,,As-GaAs interface, we used the interfacial region of sample 
B between the top layer and the bulk ternary compound. The method is the same 
as that employed for numerous other solid-solid interfaces [14]. In this method, the 
incident energy is such that, after the electrons have gone through the GaAs upper 
layer, their mean energy E must be just superior to the threshold ionization energy 
of the analysed line. The closer E is to the threshold energy, the thinner the analysed 
thickness at interface. Indeed, the electrons present a distribution in energy. The 
shape of this distribution depends on the ratio x / R ,  where I is the length of the 
path in the upper layer. We measured the number of emitted AI 3p - 1s photons 
in the range from Eo = 1500 eV to E, = 2300 eV and plotted it versus E,,. We 
obtained a threshold at about 1700 e\! The difference between this value and the AI 
1s energy (1560 ev) results from the energy losses in GaAs. We obtained a spectrum 
for the interface with E, = u)50 eV which was the lower limit for a reasonable 
but poor counting rate. From Fitting's results we estimated that the mean energy of 
electrons on the Gao,,AI,,3As surface is about 1900f 100 eV, i.e. about 340 eV higher 
than the AI Is threshold energy. Using the data concerning electron paths and their 
energy losses [ISJ, we estimated that the analysed thickness is less than 100 8, at the 
interface. 

"b study the superlattice we used an energy E, = 5000 eV so as to analyse the 
whole sample; this energy has been determined as previously. For the barriers of 
the single quantum well we chose an energy Eo = 3500 eV in order to obtain an 
appreciable value of the ionization cross section; indeed the ionization cross section 
becomes the main parameter for determining the intensity in this case when the 
amount of emissive AI atoms is low, i.e. about 1.4 x 10'' atoms. 

The intensity of an x-ray emission describes the energy distribution of the final 
state; it depends on the transition matrix element, i.e. here on the amplitude of the AI 
3p wavefunction in the region of the 1s highly localized core hole. For the AI 3p i Is 
transition in III-V semiconductors, a one-electron model is known to be sufficient 
[lo]. Then, if the radiative transition probability is constant along the emission band, 
the spectral density describes the k-space integrated distribution of a hole in the local 
and partial valence Doss around aluminium afoms. A spectral change characterizes a 
change in the DOS in the ground state. 

Le. the major part of the sample. 

3. AI 3p valence states 

No emission line of Ga and As is present in the AI 1s range. The quasi-linear 
background due to bremsstrahlung has been subtracted from the spectra. The curves 
represent normalized intensity versus photon energy. For comparison with spectra in 
other energy ranges, the curves are adjusted relative to the top E, of the valence 
band, which is determined by extrapolating the linear part of the high-energy side of 
the emission. The bottom E, of the conduction band is located at a distance equal 
to the gap width at room temperature (1.85 eV [16]). Above E,, the counting time 
is ten times that for the valence band. 
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3.1. Buk Ga,,,A,,+ 

Figure l(a) shows the Al 3p -+ 1s emission of sample B (full circles). It presents a 
non-structured main peak and a wide shoulder lying between about 4.7 and 8.5 ev; 
another shoulder with a lower intensity widens the emission down to 12.8 e\! A faint 
structure is observed in the gap at 0.25 eV below E,; it will be discussed in the next 
section. We compare the AI 3p -+ Is emission of bulk Ga,,,AI,,,As with the AlAs 
emission [lo] (broken (short dashes) curve in figure I@)). The main peak and the 
lower shoulder are almost similar. The first shoulder is slightly shifted towards higher 
binding energies in the ternary. Both this shoulder and the main peak are broadened. 

For Ga,,,AI,,,As, as for M, hybridization of the valence states is present for 
the whole band spread. This is Seen by considering the AI 3s -+ 2p and As 4p -+ 3d 
emissions of Ga,.,AI,,As [17,18] (figure l(b)). In the range of the main peak, the 
AI 3p states are predominant relative to the AI 3s states, while in the range of the 
fmt shoulder the AI 3p states are strongly mixed with Al 3s states. The energy and 
the shape of the AI 3p and As 4p peaks are very similar, showing that these two 
distributions are strongly mixed. The lower shoulder comes from a mixing between 
AI 3p, Al3s  and As 4s states. A mixing of the AI and Ga DOSS must also be present 
in the ternary. Because in the binaries these Doss are similar but slightly shifted 
[19,20], a broadening is foreseen for the ternary spectral DOS, in agreement with 
our observations. Such broadening has also been seen using UPS and ascribed to an 
alloying effect 1211. W i n g  to anion disorder in the alloy, it has been shown that 
Ev shifrs towards a higher photon energy with decreasing x in Ga,-,AI,As 1181. 
An increase of 0.15 eV has been found between x = 1 and x = 0.3 from the AI 
b,, (3s -+ 2p) emission. By decomposing our experimental spectrum as described 
in section 4, we determine an increase of 0.2 eV between AIAs and Ga,,,AI,,As in 
good agreement with the cited reference. So the differences between the spectra of 
AIAs and Al,,,Ga,,,AS can be interpreted as due to alloy disorder. 

In figure l(c) we present the total spectral density of Ga,,,AI,,,As as obtained 
by XPS 1221. The composition of the material is slightly different from ours but 
the expected energy shifts are sufficiently small that the spectra could be compared. 
Indeed the XPS spectrum and the EXES spectra show rather good agreement for the 
positions of the experimental peaks especially for the first peak and the energy E,. 
Note that the spectral intensities cannot be compared because EXES gives the local 
and partial DOSS while XPS involves the total DOSS weighted by photoabsorption cross 
sections. 

Tb our knowledge no partial p cation DOS has been calculated for 111-V ternary 
compounds but they are assumed to be close to those for binary compounds. 
GaAs can be considered as representative of 111-V compounds, a slight shift and 
broadening being expected depending on the nature of the cations. We plot in 
figure 2 the partial p cation Dos calculated for GaAs [U] from a tight-binding (TB) 
Hamiltonian. This Hamiltonian has been constructed by a leastsquares fit to an 
empirical pseudopotential calculation [24]. It contains the s and p orbitals of both 
Ga and As; it is orthogonal and is based on 22 TB parameters in the two-centre 
approximation. The calculated DOS has been broadened by a Lorentzian curve of 
full width at half-maximum (m) LIlz  equal to 0.6 e\! Agreement between the 
experimental and calculated curves is rather good except for the intensily of the 6 eV 
shoulder which is higher for the calculated Dos than for the spectral density. This is 
probably due to the matrix element which is not included in the calculations. Indeed 
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Figure L (a) Al 3p -+ Is and Al Is mre exciton e in bulk Gao,.tAlo.+ (sample B) 
(A), Al 3p -+ Is emission m bulk AlAs [IO] (----) and AI 3p -+ Is emission 
at the GaAs-Gao,r&,,As interface (- - -). (6) Al 3s 3 2p (cuwe I) @hoton energy 
range, ahut  70 eV) and As 4p -+ 36 (cum 11) @hoton energy range, about 40 ev) m 
bulk ~ . . t A l o . ~ &  [17]. (c) m wlence band in hulk Alo.&ia~.~As [221. 

the matrix elements of the radiative transition between a core level and quasi-pure p 
or highly hybridized ps states are expected to be different the more extended the 
valence states are, the smaller is the matrix element. Then, the intensity ratio of the 
first shoulder on the main peak is expected to be lower for the spectral density than 
for the calculated DOS. 

3.2. GaAs-Gao.#,,+ inlmface 

The interface spectrum is shown in figure l(a) proken (long dashes) curve) together 
with the bulk spectrum (full circles). As already emphasized, the emissive thichess 
was less than 8, The most efficient region is that closest to the interface 
because the number of effective electrons rapidly decreases with increasing depth. 
Consequently the number of atoms which participate in the spectrum is small and 
the interface spectrum presents poor statistics. The main peak is similar to that of 
the bulk but a clear increase in the spectral AI 3p DOS is observed in the range of 
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Figure 2 Calculated penial p and local Ga DOS in 
GaAs 

the Al 3p + Al 3s mixed states (first shoulder); this result resembles what we have 
observed for the GaAs-AL4.s interface [q. 

Baldereschi d al [XI have estimated the effect of compositional and positional 
coca1 lattice distortion) disorders in Al,Ga,-,h. They were interested in the energy 
gap and their results for valence states concern only the first 5 or 6 eV from E,, Le. 
the range of the main peak. Because the difference between the electronegativities of 
Al and Ga is small and because GaAs and AlAs have nearly the same lattice constants, 
they found that chemical and positional disorder should have rather a limited effect on 
the main peak This agrees with our observation. On the contrary, in the energy range 
of the first shoulder, broadening is foreseen at the GaAs-Ga,-,Al,As interfaces when 
the states of the two materials are mixed I191 and defects such as wrong cationetion 
bonds are present [27. Because a large broadening is observed, one expects these 
types of defect U) be present at the interface studied here. 

3.3. Superlattice and singte quantum well 

Rgure 3 shows the AI 3p - Is emission of the sample SL (full circles) together with 
the bulk ternary spectrum (full curve). The three typical parts of 111-V oompound 
spectra are present and also a faint structure, located at 0.7 eV below E,., which will 
be discussed in section 4 together with that in bulk The main peak and the lower 
shoulder are superimposable on those of the bulk. A strong change in the spectral 
density is seen in the range of the first shoulder where we observe a small and well 
resolved feature located 5.8 eV below E,. A similar result is obtained for sample 
QW. The spectrum for sample SL has a shape analogous to the bulk AlAs spectrum 
but the energy of the feature in the spectrum of sample SL does not coincide with 
the first shoulder of Al.&, showing that the two systems are different. Changes in 
the DOS induced by variations in atomic arrangement, defects [Z], etc, are located in 
this energy range but, as seen in the interface spectrum, they introduce a broadening 
of features and not a well resolved structure. 

This structure in the spectrum for sample SL is in an energy range where the Al 
3p states are mixed with predominant Al 3s states. Its presence suggests that Al p 
states are less hybridized and less extended in the layered samples. Thus, the layered 
structure induces partial localization of the states which are the most hybridized with 
extended s states in the 3D bulk material. 

Calculations made within the framework of the local-density-functional theory, 
by means of the self-consistent relativistic linear muffin-tin orbital method, for 
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[(G~AS),-(&)~] superlattices have shown that reduced periodicity in the (0011 
growth direction leads to a low dispersion of the states at the bottom of the upper 
part of the valence band, about 5.8 eV below Ev, because of the reduction in the 
Brillouin-zone size [ZS]. This range corresponds to that of the well resolved structure 
which we observed in the E)(ES spectrum. However, it must be emphasized that these 
theoretical results concem ultra-thin superlattices. For the period considered here, 
the &ect of the Brillouin-zone size must be very small. In fact, we obtain the same 
results for sample SL as for sample QW where no periodicity is present. 

Thus we suggest that dehybridization of states, as seen for the first time in our 
EXES spectra, is due to the ZD character of the structure of the barriers. From our 
results a net decrease in valence electronic coupling exists between U1 A neighbouring 
bamers. 

4. Al Is transitions from gap states 

We consider here the f a i t  structures observed in the band gap for the bulk 
and for sample SL. We cannot discuss the data for sample QW and the G a A s  
Ga,,,AIo,,As interface, because of their poorer statistics. As seen for AlAs [lo] 
and other semiconductors 129,301, an emission from a level located in the band gap 
can be interpreted as the radiative recombination of a core excitonic state created 
simultaneously with the core hole. Fbr core excitons, the electron-hole interaction is 
dominant and the exciton radius is hown to be only a few angstrhs. 

Tb determine the characteristics of the excitonic AI Is transitions, we have first 
decomposed the bulk spectrum in the region 1555-1565 eV (figure 4(u)). The valence 
band edge is fitted by a linear law as usual in high-energy spectroscopies (E - Ev); 
this function is broadened by convoluting it with a Lorentzian curve of RKHM L,,z 
equal to 0.6 eV, which takes into account the broadening due to the known Al 1s core 
hole lifetime (about s) and the instrumental window. The excitonic transition is 
centred at the experimental energy E.. It is fitted by convoluting a Lorentzian curve 
with a Gaussian curve of FWHM G,,,: Because the broadening due to the phonon 
lifetime is relatively small, the Gaussian involves essentially the structural disorder 
of the bulk ternary compound. A good fit is obtained with the same Lorentzian 
curve for the valence band and the excitonic emission; this supposes that the lifetimes 
of the bare core hole and of the excitonic state are the same. The decomposition 
parameters are plotted in table 1. 

Table 1. Energy Ev of the top of fhe valence band and characterislia of the mitons, 
namely E., E b .  Lip, G1p and I. which are the posirion. hinding energy, Lorenizian 
width, Gaussian width and the inlensity, respclively. ?he ermr in lhe energy is *0.2 e V  

For sample SL (figure 4(b)) the binding energy, intensity and width of the observed 
transition are clearly larger than for the bulk. A good fit is obtained with the same 
value of G,lz and a value of L,lz broader for sample SL than for sample B (table 1). 
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Figum 3. Al 3p - Is and Al Is core exalon in a GaAs-Gao.,&,3As superlattice 
(sample SL) (A), and Al 3p .+ Is in smple B (-). For the AI Is mre miton 
e, the calculated r u m  for sample SL (upper rum) and for sample B (lower rum) 
(-) are also shavn. 
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Figure 4 Demmposition of the Al 3p - fS edge and the AI Is mre exciton e (0) in 
bulk Gao,,Al0,3& and @) in a GaA.?-Gan,1Alo.,As superlatiice: 4, experiment; - - -, valence band edge; . ~. -, exciton. 

Thus the excitonic state lietime of sample SL should be shorter than that for the bulk. 
This is consistent with the variation in exciton characteristics and should indicate that 
the radius of the exciton decreases for sample SL [31], making the localization of the 
excitonic state increase strongly. Simultaneously with the localization, dehybridization 
of AI states should be present in this range of the conduction band for sample SL. 
However, it must be emphasized that the interface state can also be present. The 
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observed changes should be due to the simultaneous presence of several unresolved 
transitions from interface and excitonic states. 

For the bulk ternary compound, the radiative recombination of the Al 2p exciton 
state has been observed [29]. Its FWHM is 0.6-0.8 eV. The lifetime of the Al 2p 
core hole is about ten times that of the Al Is core hole. The Lorentzian broadening 
can thus be neglected and the emission is characterized by a Gaussian curve whose 
width is in good agreement with our value of G,,z. The excitonic 2p level is located 
above the bottom of the conduction band. Indeed, states of different symmetries are 
concemed; the 2p exciton line involves s conduction states while we probe p states. 
Our results show that states present at the bottom of the conduction band have a p 
character. 

0.01 0.1 1 10 
Eb (eV) 

Fwm 5. lag-log plot of 1s and Zp exciton intensity versus lheir binding energy for 
ALAS, Ga0.7&.3.k and the OaAs-Ga0.7Al0.3As superlatlice (ample SL) (this work and 
[IO]) and for other materials [30]. 

We show in figure 5 a log-log plot of 1s and 2p core exciton intensity I ,  versus 
the binding energy Eb for seven materials [%I. It appears that the data can be fitted 
by a power law and the intensity varies as the square of the binding energy. We have 
indicated on the same plot our data for bulk AL4s and Ga,,Al,,,As in samples B and 
SL When our error bars are taken into account, our values are in good agreement 
with the previous fit. This suggests that the structure that we observe is an excitonic 
transition rather than recombination from interface states. 

5. Conclusion 

The present study describes the changes in the AI 3p partial DOS in heterostructures. 
The partial dehybridization observed for Al p and s valence and conduction states in 
samples SL and QW shows that the DOSS are strongly influenced by the 2D character 
of the structure at energies far from the band edges. These changes affect essentially 
the states of s character or those mixed with them because they are the more 
diffuse band states, i.e. the more sensitive to the atomic environment. Therefore, 
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the neighbouring bamers are not electronically coupled in beterostruaures of 30 A 
period and it is no longer possible to treat each layer as bulk-like material. EXES 
has proved its usefulness as a local and partial-Dos analysis method of semiconductor 
heterostructures in energy and depth ranges which are not easily accessible by other 
speamscopies but are important for a full understanding of these materials. 
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