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Ab initio calculations of soft-x-ray emission from S{100) layers buried in GaAs
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Calculations of soft-x-ray emission spectra from(180) layers buried in GaAs are reported. The local
densities of states for Si in As and Ga sites are found to be very different. By comparison with experimental
data, this difference allows us to determine the relative amounts of Si in the two types of sites. In the case of
a single Si layer we find that 63-5)% of the buried atoms are in Ga sit¢S0163-182@08)11139-9

I. INTRODUCTION Il. THEORY

All wave functions and energy eigenvalues were calcu-

In comparison with surface and bulk systems, knowledgdated ab initio within density-functional theofy/ (DFT) us-
of the electronic states in interlayers and at interfaces is relang the local-density approximatiofi DA) implemented as
tively limited. The reason for this is that conventional spec-in Refs. 8 and 9. For the electron-ion interaction, fully sepa-
troscopical methods are not particularly useful in this consable, nonlocal pseudopotentidRP’s were used®!!based
text. Bulk methods, like optical absorption, are not sensitiveon self-consistent solutions of the relativistic Dirac equation
enough to give information about the relatively small inter-for free atoms2?~*# The calculations were performed using
face volume. Surface sensitive probes, e.g., photoelectrahe plane-wave band structure code fhi94amd*ethich is a
spectroscopy, on the other hand, can only probe externdleavily modified version of fhi93c{, which concerns the
surfaces. However, knowledge of the electronic structure ofomputational methods. The geometries were described by
interfaces is crucial for understanding any device propertieghe slab supercell method, using the theoretical lattice con-

Recently it was demonstratetb be feasible to map the stants for GaAg5.50 A) and Si(5.39 A) in all calculations.
details of the electronic density of states in deeply buried To describe the single 00 layer, we placed 1-ML Si
ultrathin layers using soft-x-ray emissiqi®XE) spectros- inside a seven-layer GaAs slab. The sysisupercell was
copy. Irradiating the sample by a very brilliant source, e.g., ahen periodically repeated. Four different geometries were
dedicated synchrotron beamline, it is possible to detect chaexplicitly considered, two within the “segregated model”
acteristic fluorescence from buried layers. Spectra wergFigs. 1@ and 1b)] and two with “mixed” distributions,
reported from 1 and 3 ML of Si deposited on undopedwith 50% and 75% Ga sitd&igs. 1(c) and Xd)]. Results for
GaAg100 and overgrown with 100-A GaAs. The over- Figs. a)—1(c) have been discussed earlier in Ref. 5, but for
growth was performed at a relatively low temperaturethe sake of clarity on the computational details, they are
(500 °Q in order to suppress Si/GaAs intermixing. shortly reviewed here.

In this paper we analyze the experimental findings by cal- For the mixed cases, the minimum symmetry possible in
culating ab initio SXE spectra for different model systems. the current frame of calculations was used. The plane-wave
At low concentrations, Si atoms are knowo be incorpo-  cutoff energies were 16 and 8 Ry for the nonmixed and
rated substitutionally in Ga sites. Outside the range of normixed geometries, respectively. 24 and 72 special
mal doping concentrations, the situation becomes increasMonkhorst-Packk points in the irreducible Brillouin zone
ingly complex®* with higher Si content. Reduced mobilities (IBZ), corresponding to 288 points in the full zone, were
and free-carrier concentrations indicate that As sites becomased to sample the wavefunctions. Regarding the case of
substituted, and Si-rich domaifeven segregatigroccur. In  3-ML Si, we used the two alternative structures of the “seg-
the experiments at hand there is currently no detailed knowlregated” mode([Figs. 2a) and Zb)]. Both calculations were
edge of the microscopic distribution. We have therefore choperformed with a 16-Ry cutoff energy and 21 special
sen to consider some alternative model arrangements. Twdonkhorst-Packk points. The supercells contained three Si
types of geometries have been treatéd:a “segregated layers placed inside nine layers of GaAs.
model,” where it is assumed that the Si atoms form ideal Each atomic layer within the supercells was assumed to
(100 planes of one typéeither anion or cation sitesand  occupy the same volume as in the corresponding bulk. The
(i) a “mixed model,” in which case the Si atoms occupy in-plane Si positions were assumed to be fully adapted to the
random anion and cation sites. The case of thrd&08j GaAs lattice. In each cadéigs. Xa)—1(d), 2(a), and Zb)]
layers is treated only within the segregated model, since thihe atomic positions were fully relaxed. The equilibrium ge-
relative importance of mixing should be reduced because abmetries were considered as established when all forces were
the increased thickness. Preliminary results mainly considersmaller than 0.005 eV/A, corresponding to an estimated nu-
ing the segregated model for 1-ML Si in G480 have  merical uncertainty of maximum 0.05 A. To check explicitly
been published in another report. that the slab thickness was sufficient in a quantitative way,
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FIG. 2. Geometries used for three(BI0) layers. Due to peri-
odicity it was possible to only use one-fourth of the supercell struc-
tures, thus enabling a 16-Ry cutoff.

contribute with different errors to the two peakhie to, e.g.,
nonlocal effects To check for such errors, we have com-
pared results from test calculations employing the PP DFT-
FIG. 1. The atomic geometries used in the calculations for ond. DA with those of other computational schemes not relying
Si(100 layer. For(a) and(b) it was possiblgdue to periodicityto  on these approximations. Bulk fcc Ga PDOS'’s have been
only use one-fourth of the supercell structufessults in Ref. 4 compared with Ref. 18Koringa-Kohn-Roslokon muffin-tin
while in (c) and(d) the whole structures were used when caIcuIat—LDA) to test the validity of the PP, while the semiconductors
ing the mixed result, thus forcing the use of a lower cutoff. have been tested against linear muffin-tin orbital and empiri-
_ ) _ ) cal nonlocal pseudopotential calculatidisThe agreement
we investigated the partial density of stat®9OS and the  for the PDOS of the bulk substances involved is found to be
atomic positions in the central layers. Full agreement withyery good. There is nothing that indicates any additional er-
the bulk PDOS was obtained in all cases, and the positions @bys in the slab calculations as compared to the bulk cases.
the central |a.yer ions were found to be within 0.02 A relativeAccording|y we believe that any errors induced by the cal-

to the ideal ones, deSpite Signiﬁcant movements in the intercu|ationa| method can be ignored in the present cases.
face.

We §|SO. investigated the influenc_e of the lower cutoff |, RESULTS_COMPARISON BETWEEN EXPERIMENT
energy in Figs. @c) and 1d) by comparing the PDOS’s both AND THEORY
for the central layers with those of the other cases, and for
bulk GaAs and Si calculated at 8 and 16 Ry, respectively, in We have earliertested the calculations by comparing the
each case using six speclalpoints in the IBZ. Very good theoretical SiL, 3 SXE spectrum of bulk Si with the experi-
agreement was found for the different cutoffs, thus indicatingnental one. The experimental spectrum was well reproduced
the validity of the lower cutoff and minimal influence on the in all features.
SXE spectra. Furthermore, a cutoff energy of 8 Ry has been The “segregated” model returns a good qualitative pic-
found by experience to give reliable values for energy dif-ture of the physical systemHowever, it fails to reproduce
ferencegand thus forces This agrees well with the fact that the SXE spectrum correctly. To improve on the model, we
ions also take the ideal position in the central layers in theconsider arrangements where anion and cation sites are oc-
calculations using an 8-Ry cutoff. cupied randomlythe “mixed” model; see above Figure 3

The SXE spectra were calculated within single-particleshows the corresponding calculated emission spectrum with
and dipole approximations according to the approach ofhe Si atoms distributed equally over As and Ga sifms-
Refs. 5 and 17. We should also mention at this point thdished earlier in Ref. btogether with the spectrum for 75%
possibility of additional errors in the explicit heights of the of the Si atoms in Ga sites. The separate contributions from
theoretical peaks, and thus in the interpolation scheme belothe two kinds of sites are also included. All spectra are re-
due to the PP DFT-LDA. In principle the PP DFT-LDA may lated to the common valence-band minim@a#BM).
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FIG. 3. The experimental SXE spectrum from &180) mono-
layer in GaAs (dotted, and the theoretical spectra within the
“mixed model.” The arrows on the theoretical spectrum indicate
changes expected due to core-level shifts.

band. We associate the dominant peBkJ for Si atoms in

Ga sites in the theoretical spectrum with one of the two
strongest experimental peakBl). The second theoretical
peak(associated with peak)lis considerably smaller at this
site. This behavior agrees well with that of the Si atoms in
well-separated planésTo account fully for the experimental
peak I, we also have to consider the “As-site spectrum.”
The large peak nearly coincides in this case with peak I, and
dominates the spectrum as expected from the “segregated”
model. Regarding the other structures indicated in Figure 3
we find that pealA steams from a hybridization with As
states, while shouldet is due tod-symmetry states. On the
whole there remains a pronounced complementary character
of the two contributions from different types of sites.

In addition we note a peak above the VBM for the
75-25 % mix, which also seems to be present in the experi-
mental spectrunistructureV). Because of its position above
the VBM, we associat® with emission from Si-induced
donor states. There is no counterpart either in the theoretical
spectrum for the Si in As sites or any of the spectra in the
case of the 50-50 % mix. Investigating the PDOS in detalil
for the surrounding atom&Ga and A$, we find that these
donor states are highly localized in space despite their posi-
tion well above the VBM. In fact, beyond the nearest neigh-
bors they can hardly be observed at all. We also observe that
the Si donor states are positioned 0.32 eV below the GaAs
conduction-band minimungCBM) in the calculation. Thus
the donor states will remain localized even at room tempera-
ture, the ionization energy being of an order of 10 larger then
KT. This properly explains how this feature might be seen in
the experimental spectrum despite the localized nature of
SXE.

There is a clear distribution though, of these states be-
tween neighboring Si atoms as opposed to surrounding Ga or
As. This motivates the abscence &f in the 50-50 %
geometry—there is a shortage of electrons in the covalent
bonds for Si in As sites that equals the abundance of elec-
trons for Si in Ga sites. Due to local redistribution all doping
effects vanish. In the 75—25 % structure the “compensation
doping” is of course incomplete, thus giving rise to tbe
peak.

When comparing experiment and theory in more detail,
we find that the separation between the two main peaks in
the calculated mixed spectra is around 1 eV smaller than
observed experimentally. The difference is, at least partly,
due to the fact that we have not taken into account any core-
level shifts. Since the electronegativity of Si is halfway be-
tween that of Ga and As, the charge transfer will be in op-
posite directions for Si in cation and anion sites. Thus the
energy separation between the common VBM and thepSi 2
level should increase/decrease for Si atoms in Ga/As sites,
respectively, and the SXE spectra should shift accordingly.
The directions of these expected shifts are indicated by ar-
rows in Fig. 3. Assuming that the difference between experi-

Somewhat unexpectedly, the local PDOS’s within thisment and theory is due to this effect, the results show that the

model are qualitatively similar to those found in the “segre-

gated” model, with predominantlg character in the range of

polarization gives rise to a relative core level shift-ef eV.
Introducing this shift explicitly in the theoretical spectra

the two major peaks. This may be understood as due to thewould of course improve the agreement between experiment
localized nature of the covalent bonds forming the valenceand theory.
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FIG. 4. The ratio between the two main pedkg andBg, as
extrapolated from the three cases with 0%, 25% and 50% of Si
atoms occupying As sites. Experimentally a 1:1 ratio is observed,
which can be used to theoretically determine the amount of Si in
different sites.

. L. . Interpolated theory 63%/37%
Finally we have used the calculated relative intensities of

the Bag and Bg, peaks in the three cases of 0%, 25%, and
50% Si in As sites, to establish a relation between the site
distribution and the intensities between the two main peaks;
see Fig. 4. Since these intensities are of similar magnitude in
the experimental spectrum, it is possible to estimate the ac-
tual distribution of Si atoms. We find in this way that 63%
(£5%) of the Si atoms occupy Ga sites. This kind of distri-
bution indicates that featuré should be associated with Si
donor states due to excess of Si in cation sites in a similar
way to the 75-25 % geometry above. Interpolating the spec-
tra for this mixing(63%) and including the indicated core-
level shifts above, we achieve the final spectrum for 1-ML Si
in GaAg100); see Fig. 5. This spectrum agrees extremely
well with experimental data. Thus we believe this distribu-
tion to accurately describe the embedded Si layer on a mi-"1
croscopic level.

It should be noted, however, that Si in the physical system
”?ight_ redistr_ibute itself over several ato”.“.c layers through FIG. 5. Interpolated spectrum for the optimal mixing given by
diffusion during, and possibly after, deposition and the c’Ve"'Fig. 4. The expected core-level shifts have been included, and the

growth _Of GaA_S' Hovyever, due to the localized eﬁe(,:ts we dopeaks shifted accordingly. Contributions from Si in As and Ga sites
not believe this to influence the results substantially. They . 550 interpolated and displayed.

small qualitative changes between the completely segregated
model and the mixed ones clearly indicate that the system in . . . . ]
large is relatively insensitive to the exact distribution. be sufficient to allow for a reliable interpretation of experi-
Treating the case of 3-ML Si, we only consider the ideaiMental data both in the qualitative and quantitative senses.
geometries with Si layers in §F SigSias aNd Sk Sias-Siga In contrast to the 1-ML case, the 3-ML buried Si contains
planes[Figs. 2a) and 2b)]. Given the good qualitative re- three geometrically different sites. The Si atoms can occupy
sults of 1-ML Si(see Ref. bwith this simple approach, this either cation or anion positions in either of the two outer
ensures at the very least a good understanding of the speglanes, or they can be positioned at the center of the three-
trum. Considering the increased thickness, it is also modayer Si region. Although this central site might be classified
likely that the importance of intermixing is considerably lessas a Ga or As site, it is more appropriate to consider it as
pronounced in the 3-ML case, since in practice only the outefpure” Si. In a nearest-neighbor approximation, the central
layers might be redistributed. In a first, simple approximationSi atomis bulk Si. This interpretation is supported by the
to such a mixing, two out of three layers would still be con-theoretical spectra and the PDOS of the central layers, which
tinuous in thex-y plane, while the third ML of Si should be turns out to be rather bulklike. In the case of the
redistributed with similar weights above and below this Sixs-SigSias geometric structurFig. 2(a)], the agreement
double Si plane. Such an approach would be very numerief the electronic structure and that of bulk See Ref. bis
cally costly and possibly improve on details, but clearly theespecially goodFig. 6). A slight shift as compared to the
effects should be quite small compared to the 1-ML case. Wsurrounding outer layers results in a broadening of the total
thus believe that calculations on the ideal geometries shoulgpectrum from this geometry.

(Core level shift
included)

Energy rel. VBM (eV)
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TTTTTTTIT T T T T TTTT g peak appear below the bulk like features of the central Si
: atoms.

Regarding the two different outer positions in As and Ga
sites(the a andb geometries the complementary nature of
the spectra remains from the 1-ML case. The differences
between the two geometries are, however, much less pro-
nounced, and both types of layers exhibit two dominant
peaks instead of a single one. Investigating the character of
the PDOS, i.e., the distribution af p, andd states together
with the physical distribution in real space, we believe the
electronic structure to a considerable extent to be bulklike.
Thus we give an alternative interpretation of the two peaks in
the outer layers as opposed to the 1-ML case. That is, we
believe the presence of the two peaks to be partly due to the
bulk like part of the PDOS, while the dominating part in
each site to arise from hybridization with the surrounding Ga
or As atoms. This is very much contrary to the findings for 1
ML, where a mere redistribution of the “As/Ga-influenced”
PDOS takes place between the Si atoms, and no pure bulk
features is to be found. Keeping in mind that these atoms
have Si neighbors in three out of four directions, this finding
agrees well with simple considerations based on neighbor
interactions.

In a similar way to the Ga-site-dominated cases above, we
also find a peak well above the VBM in the geometry
(SiggSiasSig) that we associate with Si-induced donor
states. These states are, however, positioned just below the
CBM and thus not very localized. At finite temperatures,
these states should become ionized and the electrons redis-
tributed over the whole volume of the sample. Consequently
this feature should not appear in the experimental SXE spec-
trum at room temperature. Measurement8 K might reveal
the donor states, but since the outer layers probably mix

3ML Si in GaAs

,' . SiasSiGaSias

/ themselves even furthdreducing the surplus of Si in Ga
e T e sites, if not eliminating it the doping effect is likely to be a
TR NN R R factor 10 less then in the 1-ML case anyway. In addition the
20 15 10 P 0 5 numerical uncertainty is relatively large,+0.05 eV, which

in reality may put the donor states exactly at, or above the
Energy rel. VBM (eV) CBM.
Using a straightforward superposition of the spectra from
FIG. 6. Calculated spectra from three(I0 layers with the the two three-layer geometries, we obtained the total SXE
geometries of Figs.(@) and 2b). The enclosed smaller spectra are spectrum(Fig. 6). All main features are well reproduced,
the contributions from the central layé&tash-dotted, smallesand with the exception of the Si-induced donor statese
the outer layers(dotted, medium sized respectively. The total above) The theoretical spectra show a good agreement with
spectrum is also shown. experiment, both in general features and relative intensities.
Further investigations including intermixing of the outer lay-

For theb geometry(Sic,SiasSiga Site9, the differences €rs will probably improve on the heights of the two main

between the calculated intensities of the central layer an@€@ks, but on the whole the calculations have provided a
that of bulk Si is considerably larger due to hybridization good picture of the electronic structure of the buried Si lay-

with the low lying As s states on the next-nearest- €S-

neighboring As atoms. The reason for the strong influence

desplte'the dlst.ance'ls that Fhe electronic structu're of the two IV. CONCLUSIONS

outer Si layers in cation positions becomes heavily altered by

the As atoms, and thus work as “pipes” connecting the cen- Ab initio electronic structure calculations have been per-
tral atoms with the As layers. This behavior, we believe, isformed on buried $100) layers in GaAs. In the case of one
explained by the fact that Si lacks electrons in the currentnonolayer, the experimental &i, 3 SXE spectrum is well
energy region—i.e., the screening is much less efficient foreproduced by the calculations if one assumes a mixed ge-
the low-lying Ass states as compared to the higlseandp  ometry with Si atoms occupying Ga as well as As sites. The
states of Ga. In the central layer this results partly in a thickcalculations indicate a relative shift of the Sp 2evel be-

tail on the low-energy side, but mainly in the enhancement ofween Si atoms in Ga and As sites ofL eV, and that 63
the A peak. For the outer layers, the familiar low lyisgtate  (£5)% of all Si atoms occupies Ga sites in the case of
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1-ML Si in GaAs. Interpolating the spectra for a 63—37 % compared to the 1-ML case are found also for the outer lay-
distribution of Si atoms in Ga and As sites, respectively,ers.
yields excellent agreement with experiments. Spectra for
three S{100 layers have been calculated using two different ACKNOWLEDGMENTS
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