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X-ray absorption fine structure studies of buried Ge-Siinterfaces
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We have used Ge K-edge x-ray absorption fine structure (EXAFS) and a gas ionization detector
ith sample rotation to study the locai environment of nominally pure Ge layers buried in single
crystal Si. The samples were grown by molecular-beam epitaxy on Si(100). The dependence on
thickness, number of Ge layers and growth temperature is explored. Considerable sensitivity to
the quality of the epitaxial growth is observed. For instance the degree of mixing of the 8i and Ge
layers is a function of the growth temperature. A weak polarization dependence of the Ge K-edge
EXAFS is observed. The initial quantitaiive analysis provides estimates of intermixing in the
thinnest layers which are compatible with results of complementary Raman measurements.

I. INTRODUCTION

Si-Si, . ,Ge, strained layer superlattice structures have
been used successfully in a number of new devices such as
heterojunction bipolar transistors. Interest has grown re-
cently in very short period (Si,, Ge, ), atomic layer superlat-
tices (ALS) made of p periods of alternating m and n mono-
layers of pure Si and Ge. These materials have the potential
to exhibit optical properties not observed in the bulk or alloy
materials due to zone folding effects. Characterization of the
geometric and electronic structure of ALS samples is very
difficult but essential in order to optimize the growth proce-
dures.

Raman scattering has been utilized to investigate ALS
samples.' Acoustic phonons have been found to be sensitive
to the overall periodicity and average properties while opti-
cal phonons yield information regarding local structure, in-
terface smearing, and lattice-strain effects. Unfortunately
these parameters are coupled in the analysis and caution is
required in the interpretation of the Raman data.? Indepen-
dent measurements of certain parameters, such as the num-
ber of Ge~Ge, Si-Ge, or Si-Si bonds, their bond lengths, and
the local strain environment would be extremely useful in
analyses of the Raman data. To this end we have initiated a
study to determine if x-ray absorption fine structure
(EXAFS) at the Ge K-edge (11,104 eV) can supply some of
the information discussed above. In principle, bond lengths
accurate to 0.02 A, coordination numbers to 20% and ele-
mental identity to within 2 Z-units can be obtained using
EXAFS.**

We have measured the EXAFS signal for a series of
(8i,,Ge,), samples grown by molecular-beam epitaxy
(MBE} under different growth conditions. The Raman
scattering, double crystal x-ray diffraction and glancing inci-
dence x-ray diffraction of these samples have been measured
previously.>” The EXAFS results are found to be sensitive
to interdiffusion at the Ge/Si interface. In addition we have
investigated the extent to which polarization dependent
measurements—i.e., recording Ge EXAFS for sample orien-
tations with the polarization perpendicular or parallel to the

Ge layers—can give additional information. In this brief pa-
per, we report the qualitative interpretation of the data and a
preliminary quantitative comparison of the EXAFS data for
one sample with the Raman results for the same sample.

{l. EXPERIMENTAL
A. Sample preparation

The epitaxial layers were grown in a VG Semicon V80
MBE system on 100 mm Czochralski (100) Si wafers.’ To
ensure identical initial conditions, a thick Si buffer layer was
grown at =520 °C using optimum growth conditions. The
substrate temperature was then reduced before the thin Si
and Ge epitaxial layers were depcsited at rates between 0.02
and 0.04 nm/s. For the samples studied, the growth tem-
perature for the single layers was =~ 385 °C while for the su-
perlattices the temperature was significantly lower (250-
300 °C}. Cross comparisons using Rutherford backscatter-
ing, secondary ion mass spectrometry, cross-sectional trans-
mission electron microscopy, and x-ray diffraction measure-
ments have established the Ge concentration and nominal
layer thicknesses (i.e., ignoring any intermixing).>®

B. Electron yield

The experiments were performed at the A3 and C2 beam
lines at the High Energy Synchrotron Source at Corneil Uni-
versity (CHESS). Electron yield detection® allows study of
the local environment of atoms near the surface ( <0.1 zm)
because of the limited escape depth of the Auger and second-
ary electrons produced in the decay of the core hole. A spe-
cial gas-flow electron detector with sample rotation® ** is
used in order to eliminate diffraction artifacts while provid-
ing gas-amplification of the electron yield signal.

Horizontally polarized x rays coming from the double
crystal monochromator first traverse a N, ionization
chamber and then enter the gas-flow chamber which con-
tains the sample rotating at 100.rpm. He gas at atmospheric
pressure is used because it has a iow ionization cross section
for x rays and an adequate electron impact ionization cross



section for detection of the high energy Auger and thermal-
ized secondary electrons which escape from the sample. In
order to investigate polarization and angle of incidence de-
pendence of the electron yield signal, the gas-fiow chamber,
with its incorporated rotating sample holder, is mounted on
a stepping motor controlled, two circle goniometer.

C. The EXAFS technique

EXAFS is the energy dependent interference of the outgo-
ing photoelectron wave created by x-ray absorption above
inner-shell (core) ionization thresholds (edges) with that
component backscattere:d from nearby atoms. In a one parti-
cle, single scattering picture’ the EXAFS signal for polar-
ized x rays may be represented as

x(k)y =3 3cos’©, y,(k)

= z 3c0s? 6, A, (K)(N,/k-r?)

Xexp( — 2k’ ?) sin[2kr, + 8,(k)],

where the direction of the ith neighbor with EXAFS compo-
nent y, (k) makes an angle of ©, with the x-ray polarization
vector. 4, (k) is the backscattering amplitude as a function
of wave number (k (A~1) = [0.263(E — Ey)}'?, where
E, is the photon energy (in eV) at which the photoelectron
has zero kinetic energy ) from each of the neighboring atoms
of type i, which are located at a distance 7, and which have a
mean-square relative displacement of o 2. This expression
assumes Gaussian distributions of interatomic distances and
ignores inelastic and multiple scattering intensity losses. The
EXAFS signzl depends not only on the energy (wave num-
ber) of the photoelectron but also on the distance and num-
ber of backscatterers in each shell. The type of backscatterer
(i.e., atomic number, electronic structure) determines the
backscattering amplitude and phase. The experimental am-
plitude is attenuated by thermal motion and static disorder
(o, a Debye-Waller-like term, which is the mean relative
displacement along the absorber-backscatterer direction)
and by inelastic scattering (4, the mean free path). The
EXAFS signal corresponding to individual coordination
shells can be isolated using Fourier filtering. Quantitative
structural parameters relating to this signal can then be de-
rived using curve fitting based on backscattering amplitudes
and phases for the Ge-Ge and Ge-Si components derived
either from analysis of the experimental spectra of model
compounds or from spherical wave calculations.’""'?

Figure | shows the amplitude functions for Si and Ge
backscattering as predicted by spherical wave calcula-
tions."! The deep minimum at 4 A " ' in the Ge backscatter-
ing corresponds to the maximum in the Si backscattering.
Thus the EXAFS signal at 4 A "' turns out to be a very
useful semiquantitative indicator for the relative amount of
Si in the first shell. This has guided our initial qualitative
interpretation of the spectra.

The Ge K-edge EXAFS is the average over the local envi-
ronment of the Ge atoms in all layers. For the ideal case of a
bilayer of pure Ge, the Ge atoms will have an equal number
of Ge and Si nearest neighbors. For thicker epilayers there
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FiG. 1. Backscattering :amplitudes for Ge and for Si according to spherical
wave calculations. "'

will be Ge atoms in the interior which wili have only Ge
nearest neighbors. As discussed above, the shape of the back-
scattering amplitude can be used to differentiate between Ge
and Si backscatterers and thus to establish the ratio of Si:Ge
nearest neighbors. Effects such as interdiffusion at an inter-
face will alter this expected ratio and will be evident in the
measured spectrum. In addition, from a determination of the
bond lengths for different layer thicknesses, information can
be obtained about strain/relaxation processes. Alternative-
ly, if the local structure is spatially anisotropic (as might be
expected for strained Ge thin films embedded in Si) the po-
larization dependence of the backscattering intensities can
give additional information.*

1Il. RESULTS AND DISCUSSION
A. Qualitative analysis

Figure 2 presents the k '-weighted, background subtract-
ed k-space EXAFS spectra for the single epilayer and ALS
sampies for a range of Ge, thicknesses. The spectra for a 14
at. % Ge-Si alloy and for single crystal Ge are also shown to
supply reference spectra of a mostly Si like and a fully Ge
environment, respectively. All of these spectra were record-
ed with the E vector in the plane of the Ge layers. The k-
space spectra of the single layers, each of which is the sum of
several scans, were Fourier filtered between 0 and 6 At
remove some high frequency noise. The spectra of the multi-
layer ALS samples, which are of very high quality, were
recorded in a single 10 min scan. Figure 3 presents the mag-
nitudes of the Fourier transforms (FT) of the spectra shown
in Fig. 2. These are pseudoradial distribution functions—
i.e., the radially averaged atom density surrounding the core
ionized atom with the pcak positions shifted to lower R be-
cause of scattering phase shifts.’
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FIG. 2. k'y(k) Ge K-cdge EXAFS for MBE-grown (Si,, Ge, ), atomic
layer superlattice (ALS) structures and Ge, single layers buried in Si. The
values of (m,n,p) forthe n = 2, n = 4and n = 8 ALS samples are: (6,2,48),
(9,4,24), and (18,8,8). The n> 8Ge,, layer is an # = 12 sample. For com-
parison, the results for a 14 at. % Ge-Si alloy and single crystal Ge are also
shown. The k-space data for the single layer Ge,, samples have been Fourier
filtered over 0 to 6 A to remove some high frequency noise.

Although multi- and single epilayer samples of the same
layer thickness (» value) which are of equivalent quality
(dislocation density, degree of intermixing) would be ex-
pected to have an identical Ge local environment and thus
identical Ge K-edge EXAFS, our results for the multi- and
single layer samples of the same epilayer thickness are quite
different. The single layer spectra always exhibit a larger Si
backscattering contribution. We interpret this to indicate a
much larger extent of intermixing in the single layer than in
the multilayer samples. This is more likely a reflection of the
higher growth temperatures employed for the single layers
than for the ALS, rather than any fundamental dependence
on the degree of repetition of the layer structure.

For the ALS multilayer structures, a transition takes
place between n=2 and n=28 from a mixed (Si,Ge)
towards a Ge-dominated first shell. This is particularly visi-
ble in the FT (Fig. 3) where the centroid of the first shell
peak shifts to higher R for n = 4 and n = 8. As n increases
the contribution from the Si neighbors at the interface de-
creases but for n = 8, the 12.5% contribution to the first
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F1G. 3. Magnitudes of the Fourier transforms of the Ge K-edge EXAFS for
the (8i,,Ge, }, and Ge, superlattice structures buried in Si whose EXAFS
data is presented in Fig. 2 (see caption to Fig. 2 for sample detzils).

shell signal from Ge-Si bonds (at the interfaces) still pro-
duces visible effects on y (k) and the FT. The n = 12 single
epilayer is rather Ge-like, although the more poorly defined
signal above 3 A (Fig. 3) indicates there is interdiffusion at
the somewhat higher growth temperature used to prepare
this sample.

The thinner layers, both ALS and single epilayer, show
considerably stronger Si first shell signal, both in terms of
intensity at 4 A ~' and a broadening of the main radial distri-
bution peak to lower R. While some Si first shell signal is
expected in all cases, the amount is much larger than can be
accounted by the proportional contribution of the Ge/Si in-
terface layer. The excess Si contribution provides a measure
of the intermixing and thus the growth quality. The extent of
intermixing appears to be dependent on the growth tempera-
ture as well as on the layer thickness. Thus the n =4 and
particularly the n =2 ALS, which were grown at higher
temperatures than the n =8 ALS, have k- and R-space
EXAFS signals which are progressively more similar to that
of the 14 at. % Ge-Si alloy, in which almost all nearest
neighbors to the Ge atoms are Si. The qualitative conclusion
that there is intermixing in the # = 2 ALS is consistent with
the Raman results.>® Qur quantitative estimate of the
amount of intermixing is presented in Sec. III C.
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FIG. 4. {a) Ge K-edge EXAFS data for parallel and perpendicular polariza-
tion of the # = 2 (Sis Ge, ), multilayer ALS sampie. (b) Magnitudes of the
Fourier transforms of (a).

The Ge K-edge EXAFS of the n = 4 and n = 2 single lay-
ers show very strong Si first shell signal.® Again, a higher-
than-optimum growth temperature was employed, leading
to intermixing. It is noteworthy that the EY-EXAFS tech-
nique is able to provide good quality data even for two mono-
layers of Ge buried 500 A inside single crystal Si.

B. Polarization dependence

Figure 4 compares spectra of the n =2 ALS recorded
with the sample oriented with the E vector perpendicular
and parallel to the growth direction. While small differences
can be seen, particularly between 2.5 and 4 A in the FT,
overall there is remarkably little polarization dependence.
The polarization dependence of the other samples was even
smalier. Naively one might expect the parallel polarization
to have stronger contributions from Ge-Ge signal. How-
ever, the high symmetry of the diamond lattice is such that
most interatomic vectors will have similar projections paral-
lel and perpendicular to the growth direction. The sample
rotation about the surface normal, which is employed to
eliminate diffraction artifacts, further increases the symme-
try and reduces polarization dependence. Thus for a perfect
lattice there would be no polarization dependence in the first
shell signal {independent of n, the layer thickness). Of
course a strained Ge layer has a tetragonal distortion which
should lead to a weak polarization dependence in the first

shell signal. Relative to bulk Ge the tetragonal distortion
involves a contraction of the in-plane distance by 0.06 A and
an exPansion of the distance along the growth direction of
0.05 A in a fully commensurate epitaxy. A careful measure-
ment of the first-shell polarization dependence should be
able to identify whether a particular Ge epilayer is strained
or relaxed.

The second (and higher) shells should exhibit a much
stronger polarization dependence. One third of the atoms in
the second neighbor shell are coplanar with the absorbing
Ge atom. The EXAFS signal from backscattering by these
in-plane atoms will contribute fully to the parailel polariza-
tion spectrum but would be extinguished in the perpendicu-
lar polarization spectrum. Since these are Ge atoms (for a
perfect epitaxial layer without intermixing), there should be
a considerable increase in the Ge component of the second
shell signal in the parallel relative to the perpendicular orien-
tation.

C. Preliminary quantitative analysis for the n=2 ALS

In favorable cases one can quantify the difference in two
closely spaced radial distance components by analyzing the
beat frequency arising from their interference.'>'* However,
the Ge-Si and Ge-Ge distances differ by less than 0.1 Ain
these samples, giving rise to beating with periods longer than
the range of available data. This beating does cause the
abrupt drop in the first shell radial distance peak at 2.2 A
observed in the FTs of the thinner samples (Fig. 3). In order
to obtain guantitative structural parameters for the Ge-Si
and Ge-Ge components of the first sheli signal for the n = 2
ALS, curve fitting has been carried out on the results from
both polarizations. A symmetric Hanning filter between 0.8
and 2.8 A was used to isolate the first shell signal. The fitting
derives (N, o, R, E,) parameters for each of the assumed
single (i.e., average) Ge-Si and Ge-Ge first shell compo-
nents by optimizing the match between the Fourier filtered
data and that calculated using the EXAFS expression, the
derived parameters and model Ge-Si and Ge-Ge amplitude
and phase functions.

The phase and amplitude functions used to simulate the
Ge-Ge component were obtained from the first shell signal
of pure Ge. The corresponding quantities for the Ge-Si com-
ponent were taken from a spherical wave calculation'? in
which a Ge-Si distance of 2.34 A, and 0.03 A Debye-Waller
factor was used. As always in EXAFS analysis, curve fitting
must contend with strong correlations between the (¥, o)
and (R,E,) pairs of parameters for each component. In or-
der to control this and optimize the physical validity of the
results, the two polarization spectra have been analyzed si-
multaneously and certain of the parameters have been con-
strained to be identical for the two curves.

Table I presents the interatomic distances, coordination
numbers and Debye~Waller factors for the Ge-8i and Ge—
Ge contributions to the Fourier filtered first shell signal of
the Ge K-edge spectrum of the n = 2 ALS for both polariza-
tions. These results give a direct measure of both the relaxa-
tion and the degree of intermixing at the interface. The de-
rived Ge-Si bond length [2.36(1) A is very close to that of
pure Si (2.35 A)] while the (average) Ge-Ge bond length is



TABLE [. Structural parameters derived from curve-fit analysis of the Ge K-
edge EXAFS of the n = 2 (8i, Ge, } , atomic layer superlattice recorded in
paralici and perpendicular polarization.

Parallet Perpendicular
Parameter Ge-Si Ge-Ge Ge-Si Ge-Ge
R(A) 2.36(1) 2.43(2) (2.36) (243)*
N 2.84 1.16 2.76 1.24
o (A} 0.034 (0.034) (0.034) (0.0M4)

* Figures in brackets have been constrained to be identical to corresponding
parameters listed earlier in the table in order to reduce the flexibility of the
fit. The fourth parameter { E,, the origin of the & scale) was allowed to
vary freely for each of the four components of the overall fic. Reasonable
values were found. Thus the total number of optimized parameters was
reduced to 11 from the normal value of 16.

shorter than in pure Ge, consistent with that expected for a
tetragonally distorted, strained Ge, epitaxial bilayer. With
regard to the coordination numbers, the fit predicts a ratio of
the Si:Ge first neighbors that is larger than 2. Since the ex-
pected ratio for a perfect interface is 1, the degree of inter-
mixing predicted by the deviation is 25% i.e., one quarter of
the atoms in the nominal Ge side of the interface are in fact Si
and vice versa. This is in semiquantitative agreement with
the estimate of ~7.5% provided by the Raman analysis.>’

V. CONCLUSIONS

Ge K-edge EXAFS spectroscopy has been shown to be a
useful tool for characterizing the quality of MBE-grown Si—
Ge superlattice structures. The extraction of accurate bond
length and coordination numbers is complicated by the
strong overlap in the EXAFS first-shell signal of back-
scattering from both the Si and Ge ncighbors and by the
presence of a number of different Ge environments in each
sample. However progress is being made toward a quantita-
tive analysis which promises to provide useful information

on the quality of specific growths and on the structure of the
ideal Si/Ge interface for various thicknesses of an embedded
Ge layer.
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