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Electronic structure of ultrathin Ge layers buried in Si(100)
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Ultrathin Ge wetting layers, buried in @00, have been investigated by soft x-ray emission spectroscopy.
With the assistance adb initio density functional theory calculations the electronic structure of the layers
could be established. In particular Si bulk states, splitted and resonating in the Ge layers, were identified.
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[. INTRODUCTION [AlAs in GaAs (Refs. 9—12]. We complete a systematic se-
ries of study here by investigating a group IV/IV structure,
During the last decades various growth technologies haveamely, Ge in Si.
proven to be powerful methods to produce high-quality epi-
taxial thin film materials. The techniques include, e.g., mo-
lecular beam epitaxyMBE) and chemical vapor deposition
(CVD). In particular high-performance electronic device- Three samples were prepared, namely with 1, 2, and 3
oriented materials have been fabricated, such as structuresonolayerdML) of Ge buried in Si100). The samples were
for heterojunction bipolar transistors, field effect transistorsgrown in a vacuum generators V-80 MBE system with a base
and light emitting diodes. pressure ok 10~ Torr.23 A Si(100) wafer was first cleaned
A fundamental research area of current interest concerrigy heating at 800 °C to remove a thin protection oxide. Im-
the lattice-mismatched Si/Ge system. Depending on th&ediately thereafter a 70-nm thick undoped Si buffer was
growth conditions Ge islands or wetting layers are formed orgrown at 700 °C. This substrate was then cooled down to
the S{100) substraté: The atomic structure of such sys- about 275°C for the deposition of 1, 2, or 3 ML of Ge.
tems after capping with Si has been investigated by variou§inally a 10-nm thick Si caplayer was grown during which
means, e.g., transmission electron microscopgM) (Ref. the substrate temperature was increased from 275 to 350 °C.
3) and high-resolution x-ray diffractidfHRXD). Except for The surface morphology of 'the G_e layer was monltored
localized quantum well or quantum dot states as probed i uring the growth using reflection high energy electron dif-

photoluminescencéthe electronic structure is, however, still raction (RHEED). Al three samples surfaces showed a 2
largely unknown because traditional spectroscofiesy X 1 surface reconstruction. For the 3 ML sample the RHEED

hotoelectron and Auger spectroscopiae too surface sen- intensity of the reconstruction spots was a bit weaker than
ph ger sp . : that for the 1 and 2 ML samples. There was, however, no
sitive to detect truly buried interfaces. It should in this con-

. L "~ “indication of a rougher surface in the meaning that we did
nection be stressed that it is in general not representative 1%t observe traces of a Si bulk diffraction pattern
use thin caplayers because modifications of the buried inter- 1o goft x-ray emission experiments were performed at

face can take place during the overgrowte have, how- beamline 7.0 of the Advanced Light SourddLS) at
ever, demonstratéd'* that it is feasible to analyze the elec- | ayyrence Berkeley National Laboratory. The base pressure
tronic structure of deeply buried=10 nm layers using soft iy the analysis chamber wasx10 ° Torr. The beamline
x-ray emissionSXE) spectroscopy. Combined widhb initio  yses a 5-m long, 5-cm period undulator and a spherical-
density functional theoryDFT) calculations fine details in grating monochromator to produce intense and high-
the partial, local density of states of buried layers can beesolution soft-x-ray radiatiotf: The monochromator pro-
extracted. vides a choice of three different spherical gratings. In the
We have earlier studied a group IV/II-V semiconductor present experiment, a 150 lines/mm grating was chosen to
structure]Si in GaAs(Refs. 6-9] and a II-V/IlI-V structure  give a monochromator resolution of 0.3 eV at 145 eV photon

Il. EXPERIMENTAL
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energy. The refocusing mirrors are capable of focusing theV/A, corresponding to an estimated numerical uncertainty
radiation to a small spot size on the sample. This is importandf maximum 0.05 A. Further, in the very thin layers consid-
because the grazing incidence spectrometer used to recoggled here, the in-plane Ge atomic positions were assumed to
the x-ray emission has a very small acceptance angle. Soffully adapt to the symmetry in the host Si lattice. We make
x-ray fluorescence spectra were recorded using a highhis assumption since there is no evidence in the sample of
resolution grazing-incidence grating spectrométeiThe  gislocations or high concentration of defects. This means that
spectrometer provides a choice of three different sphericahe Ge layers are strained by 3.5% parallel to the interface.
gratings. It has also an adjustable entrance slit and a tWorne syperlattice constant perpendicular to the interface was,
dimensional mul't|.channe'l detector, which can pe translateﬂowever' optimized with regards to the total energy by cal-
to the focal position defined by the Rowland circle of the j5ting the total energy for differentlattice constants in
gra_tmg in use. The 300 lines/mm gratl_ng was selected hergteps of 0.15 A. The energy dependence was subsequently
which provides a spectrometer _resolutlon of 0.5 eV. interpolated by a third degree Legendre polynom in each
Because the observed experimental spectral features Weg8se and the minimum extracted. Using this method all arti-
so weak from the buried Ge monolayer samples, we had tQcja| vertical strain is avoided. In the case of 1 ML Ge, the

verify that the observed features are related to the sample ang,, o procedure was only applied to the homogenous Ge
not to the instrumentation. A reference sample SiC was S§ayer though and the unmixed superlattice constant used also
lected to be measured under the same experimental cOngll5; the mixed geometries. The strain introduced into the

tions. The spectrum was found to be very smooth in thenivaq systems because of this should be, however, very
energy region 100-140 eV and showed only a minor featurg | (see below,

around 122 eV, of no importance for the present work. Thus = 14 separate effects from strain and hybridizatisee fur-

t_hese experimental observations rulg out feature contribUy,q, below we recalculated the unmixed 1 ML system with
t|on§ from the instrumentation including detector and elec— sj atoms exchanged to Ge atoms using the same numeri-
tronics. cal conditions as above. The atomic positions from the
Si(Ge) system were all kept fixed, however, and the supercell
IIl. THEORY dimensions were unchanged. The partial density of states
(PDOS was only calculated for the original buried Ge layer
The electronic structure of the buried Ge layers were calsince this was the subject of interest.
culatedab initio within the density-functional theoryDFT) It is very important to test the reliability of the computa-
(Refs. 16 and 1)7 using the local density approximation tional results. In particular one should find out if the chosen
(LDA).*8 Nonlocal, fully separable pseudopotentials werethicknesses of the Si layers are large enough to obtain con-
employed®# to describe the ion-electron interactions. Bothverged results.
the Si and Ge potentials were obtained by self-consistent In the first test we investigated the PDOS and the atomic
calculations on free atoms using the relativistic Diracpositions in the central layer of pure Si slabs. In all cases
equatior®=2* To model the embedded Ge layers, Si slabsvery good agreement with the bulk PDOS was achieved. The
with one, two, or three monolayers of Ge were periodicallyatomic positions agreed with those in bulk Si within 0.03 A,
repeated, making up a superlattice in each case. In this wayespite the large displacements at the surfaces of the slab.
unit supercells were created and an ordinary plane wave As a second test we redid the calculations for the 1 ML
based band structure code could be empldyélThe plane-  system using a slab of 11 ML of Si at a cutoff energy of 8 Ry
wave cutoff energy was chosen to 16 Ry which returned vergince this has proven to give reasonable results for semicon-
good results in a similar investigation for 1lI-V ductor systems befoféwhat concerns atomic positions and
semiconductor$’ The wave functions were sampled at 15 energy differences. Taking into account the differences due
special Monkhorsk points in the irreducible Brillouin zone to the lower cutoff energy, no relative changes outside the
for each superlattice. This corresponds to 160 points in theaumerical uncertainty were found for either the PDOS,
full zone. The theoretical values of the lattice constants weratomic forces, or positions. We also optimized the superlat-
used for Ge(5.58 A) and Si(5.39 A) everywhere in the tice constant for the mixed geometries, using 7 ML of Si and
calculations. an 8 Ry cutoff energy without finding any numerically sig-
The 1, 2, and 3 monolayers of Ge were placed centrallyificant differences with the homogenous unmixed geometry.
inside slabs containing 7, 10, and 9 monolayers of Si, respec- A third test aimed at possible errors due to the use of
tively. In the case of 1 ML Ge we used three different geom-pseudopotentials and the LDA. In an earlier publicafian
etries to model the buried layer in order to investigate differ-similar systems we made comparisons with other computa-
ent degrees of mixing between Ge and Si atofi)sa single  tional schemes not relying on the mentioned approximations.
homogenous Ge layer where all Ge atoms are found withilGood agreement was found and there is thus no reason to
the layer,(ii) a 2X 2-interface cell where every fourth Ge suspect any errors due to the choice of numerical method.
atom is displaced one atomic layer into the Si slab, @ing The PDOS contributionés, p andd) were calculated by
a 2x2-interface cell with a 50% mix, i.e., every second Gefirst extracting the contribution in each specikigoint and
atom is displaced one layer into the Si slab. Each atomithen integrating thék space by a Monte Carlo method. A
layer was presumed to have the same interface area as in thecond-degree three-dimensional polynomial interpolation of
bulk Si and all atoms were relaxed. Equilibrium was consid-27 k points lead to a numerical accuradgr peak positions,
ered established when all forces were smaller then 0.00mtensities, etg.better than 0.5%.
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Energy (eV) of the nature of the peaks we have plotted in Fig. 1 she
+d partial density of valence states corresponding to
FIG. 1. Experimental and theoreticd,3SXE spectra from M ,(3p,,) and M3(3ps3,) emissions, respectively. We have
bulk Ge. A Gaussiarf0.5 eV) and Lorentzian2.0 eV) broadening assumed an energy separation of 4 eV betweerMbeand
have been applied to the experimental spectrum. For comparisof , thresholds. AM,/M intensity ratio of 2.0 was used
the M, and M, 4(s+d) densities of states for the valence band is\yhich is somewhat larger than the statistical ratio 1.5. We
also shown. The energy scale has been set to zero at the valenfq that the lower and upper peaks in the experimental spec-
band maximum in thé, DOS and at théM, threshold in the SXE trum are solely due tdl5 and M, emissions, respectively,
spectra. while the middle peak is a sum of these two contributions.

. We will therefore mainly use the low binding ener art for
The SXE spectra were calculated in a one-electron apénalysis of the Ge Iayeyrs g P

p[]oxima(;i_on.gsing the Easci? tr:eory in R.efs.. 28 andb29. T_he Figure 2 shows experimental emission spectra from a
photon distribution in the dipole approximation can be writ- sample containing 1 ML Ge buried 10 nm below 4180

ten as surface as described above. We observe that theMGe
emission is about a factor 100 weaker then the,$iemis-

|(hy)~(hv)3f [(pcle-r|b,)|28(E, (k) —E.—hv)d3k, sion. In addition to the small volume of the Ge layer, the
relatively lower fluorescence yield from tié shell, than the

wherec andv refer to the core state and the valence bandL shell, is a contributing factor for this intensity difference.
respectively. The core state wave functigp was obtained Figure 3 shows calculates - d) DOS for various modi-
from a linear muffin-tin orbita(LMTO) calculation and its ~fications of a buried monolayer of Ge in($00). For identi-
energy was chosen to be the experimental one. The expefiication of the features in these curves tiee-@) DOS for
ment is largely angle integrated so we have summed over afiulk Si and Ge have also been plotted. The shapes of these
directions of the electromagnetic fietd curves are very similar while the energies of the various
features are displaced. The main difference between Ge and
Si is that Ge has a deeper potential of roughly 1 eV. For
Ge-Si substitutionally disordered alloys this fact leads to a
Bulk Ge was studied as a reference. A recorded emissiotvirtual crystal” model which assumes a common, average
spectrum, and an arbitrarily smoothed version of it, arepotential, resulting in a common band structure. The question
shown at the top in Fig. 1. Three peaks A, B, and C arenow arises to what extent this model is also valid for a Ge
observed. The theoretical spectrum has been convoluted bymaonolayer in a Si crystal. In other words, do the Ge atoms
Gaussian(0.5 eV) to simulate the experimental broadening form “their own” (resonantelectronic states or are common
and a Lorentzianf2.0 eV) to simulate the lifetime broaden- “virtual” Si-Ge states established?
ing. The resulting spectrum shows the observed three peaks. The bulk DOS of Si and Ge display three features, each
As our aim is to identify the origin of the structures, our labeledS,;, S,, S;, andG;, G,, andGs, respectively. The
result is satisfactory and we have not tried to optimize broadd ML spectrum(“0% mix” ) shows six features. It appears
ening parameters, background subtractions, etc. For analysisat the G, state is split into two state€}” and G; and

IV. RESULTS AND DISCUSSION
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5 10 5 0 In the real system the Ge atoms will not form a perfect

smooth monolayer, but due to intermixing the Ge atoms will,
Energy (eV) to some extent, occur on neighboring Si sites. As described
above in the theoretical section this situation has been simu-
lated by two calculations labeled in Fig. 3 “25% mix” and
“50% mix,” respectively. On the whole the two spectra are
quite similar. Entirely new, complicated structure appears,
however, as compared to “0% mix,” which will not be ana-
similarly happens foG, andG3. The reason for the splitting |yzed here. We note, however, that two new strong peaks
is the changed symmetry in the Ge layer. According to abov@ppear in the 11-12 eV regidh, andl.), i.e., below any
bulk Ge has a larger lattice consta®t58 A) than bulk Si  structure in the “0% mix” spectrum.

(5.39 A) and the epitaxial Ge monolayer is therefore com-  The experimental spectra were convoluted with a Gauss-
pressed within its plane. As there is a tendency to keep thRyn function. The width(0.3 e\) was optimized so that the
unit volume unchanged the Ge-Si spacing perpendicular tetatistical noise was washed out, but that all significant struc-
the plane(z direction increases by 3.5%see above which  tyres remained. A comparison between the experimental 1
is somewhat lower than that required for a constant unit voly_ Ge M, 5 emission spectrum and the theory discussed
ume. The monolayer Ge atoms are thus surrounded by ghove is shown in Fig. 5. In the low-lying regi¢about 4 eV
tetragonal, instead of the bulk cubic structure. Enstates  \yide) we can make a direct comparison between theory and
are, however, not directly influenced by_ this e_ffect. On theexperiment as onlM, emission contributes there. The ex-
other hand, the threglevels, degenerate in cubic symmetry, nerimental spectrum shows six peaks in this region. Since
are split, creating two degenerate levels directed within the(he theoretical SXE spectra resembles the losald) DOS

monolayer plandx,y) and one level directed_ perpendicular very closely for all systems we have chosen to use the PDOS
(z) 0 the monolayer plane. As we have a mixingsandp rather than the spectra for simplicity. The theoretical

states in the solid, the crystal field splitting of tpestates (s+d) partial density of states for a perfect and a “25%

will be reflected indirectly also in the states, which are mixed” monolayer of Ge in Si bulk are plotted to identify the

observed in theVl, 3 SXE spectra. - ) )
To test this geometrical argument we have recalculate@"9N of the structures in the spectrum. The four high-energy

the (s+d) DOS of the buried Ge layer, but with the Si atoms €XPerimental peaks can be directly associated withcite
substituted by Ge atoms, keeping all the previous distanceés1, G3’, andG; peaks in the perfect monolayésee also
unchanged. Indeed we find, as summarized in Fig. 4, that theig. 3), while the two low energy peaks have no counter-
low-lying peakG, in bulk Ge splits into two peak&;*¥ and ~ parts. The theory for mixed monolayers shows however
G;?in the Ge monolayer. The pea andGg are similarly ~ structure in this region. As seen in Fig. 5, the structures
split. This shows that the splitting of the levels in the Geandl, are likely to be responsible for the two low-energy
layer in bulk Si is a geometrical effect. A further shift of the peaks. Analysis shows that the structurgsndl, can also
levels occur due to hybridization between the Ge and Sbe identified in the experimental curve. One should, how-
states, as illustrated in Fig. 4. ever, note that perfect agreement with the “mixed” theory is

FIG. 3. Calculatedg+d) DOS of 1 ML Ge buried in S1L00).
The model for the Si/Ge mixing is explained in the text under
“theory.” For comparison the ¢+d) DOS for bulk Si and Ge are
also shown.
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the one monolayer Ge is almost perfect, but that there is
some mixing present.

Samples with 2 and 3 ML of Ge in Q00 were also
studied. The experimental results are displayed in Fg\. 6
The 1, 2, and 3 ML spectra show some overall agreement,
but the details differ vastly. Figurgl) shows the theoretical
s+d DOS for the three systems. We have not computed the
effects of intermixing for 2 and 3 monolayers though and we L L
can therefore not make a detailed analysis of the experimen- 15 10 5 0
tal spectra here. We can point out, however, that there is a Energy (eV)
great deal of resemblance between theory and experiment.

The two low-energy peaks for 1 ML, indicated in Figbp .
FIG. 6. () ExperimentaM , ; SXE spectra for 1, 2, and 3 ML of

Xy z . .
gﬁ dGé IV?C d_ﬁ]e’ sga?nzvi)aeyh(g\r/ig:eisprc:essrlgtljyugézp:ﬁctiiotr:azlcuIage buried 10 nm below a &i00 surface. The energy is normalized
: P relative theM ; threshold. The labeled peaks are the same as in Figs.

tions shown in Fig. ). 3 and 5.(b) Local, partial 6+ d) density of states calculated for 1,
2, and 3 ML of Ge buried in $100. The labeled peaks are the
V. CONCLUSIONS same as in Figs. 3 and 5.

We have studied the electronic structure of 1, 2, and 3 ML _ _

tio DFT computations. There is very good agreement beand resonating on the Ge atoms. Thus the situation resembles

tween experiment and theory, in particular for the case of the “virtual crystal approximation” for alloys, where an av-
ML Ge. eraged electronic structure is observed. Due to the reduced

There is a strong indication that the layers are highly persymmetry in the Ge layer two Ge resonances are observed
fect, but that some intermixing with the neighboring Si at-for each Si bulk state. This is illustrated in Fig. 4 where the
oms occurs. The electronic states in the Ge layer can b8, states are seen to split in@}’ and G}, states.
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