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Ge K-edge extended x-ray-absorption fine-structure (EXAFS) spectra of a series of strained-layer
[1Si)y /1 Ge), |, superlattices grown by molecular-beam epitaxy an the {100} face of single-crystal Si
have provided a determination of the degree of intermixing and the extent of relaxation as a function of
the thickness of the Ge layer. The results are obtained with use of constrained simultaneous nonlinear
least-sguares curve fits to multiple data files from different samples, This procedure, along with associat-
ed analysis of the fit surface, has improved the reliability of the analysis, We discuss the general applica-
bility of simultaneous analysis procedures to EXAFS analysis of a series of related samples, such as those
spanning compositional variation or thermal processing.

L. INTRODUCTION

The extended fine structure in x-ray-absorption spectra
(EXAFS) has proven to be a very useful, atom-selective
probe of the local geometric structure.'? Although a
large amount of information can be deduced from
EXAFS spectra, there is as yet no agreed upon optimum
analysis procedure. Indeed, it is possible that the best ap-
proach varies with the structural problem being investi-
gated. This paper describes procedures we have
developed for simultaneous nonlinear least-squares
analysis of multiple EXAFS data files that are particular-
ly well suited to studies of a series of related samples.
Simultaneous or quasisimultanecus multiple-data-set
analysis is used extensively in other spectroscopies, such
as reliability-factor analysis of multiple-beam low-energy
electron diffraction.’ However, simultaneous multiple-
file analysis of EXAFS is not a standard procedure.
While the constrained multiple-file analysis was
developed within the context of studies of buried 5i-Ge
interfaces, the concept should be useful in a wide variety
of EXAFS applications. For this reason we give a gen-
eral exposition and relate it to other recent developments
in EXAFS analysis. In addition, we report the results of
its application to studies of the structure of 5i-Ge inter-
faces buried in single-crystal Si (Si-Ge superlattice struc-
tures).

8i-8i, . . Ge, structures have been used successfully in a
number of additional, high-speed devices such as hetero-
junction bipolar transistors. Interest has grown recently
in very-short-period [(Si),, /IGel, ], atomic-layer superlat-
tices (ALS) made of p periods of alternating m and n
monolavers of pure 51 and Ge. These maierials have been

predicted to exhibit optical properties not observed in the
bulk or alloy materials due to zone-folding effects.®
Knowledge of the geometric and electronic structure of
ALS samples is essential in order to understand and op-
timize the growth procedures. Here we report the aver-
age Ge-5i and Ge-Ge bond lengths and (Ge,5i) first-shell
coordination numbers for a series of superlattices with
Ge layer thicknesses between 2 and 8 atomic layers. The
change in the distances and coordination numbers pro-
vide valuable insights into the transformation from two-
dimensional (2D) to three-dimensional growth and the
extent of intermixing. The constrained multiple-file
analysis was essential in obtaining these results.

II. BACKGROUND

A, SiGe strained layers

There is a 4.29 lattice mismatch between 5i and Ge.
However, because this is a strongly bonded system, the
deposition of pure Ge (or alternatively the codeposition
of 51 and Ge) onto a S1(100) surface leads to the formation
of a strained epilayer. The Ge epilayer adopts the in-
plane lattice parameter of the 5i(100) template, which re-
sults in a tetragonal distortion of the unit cell to accom-
modate the strain. The intraplanar spacings of alloy lay-
ers of wvarying compositions measured by x-ray
diffraction” are in agreement with those calculated using
classical elasticity theory. The average nearest-neighbor
distances caleulated for strained alloy layers ranging
from O to 100 % are show in Table I. Growth of strained
layers continues until a “critical thickness™ is reached, at
which point it becomes favorable for the layer to relax.®



TABLE 1. Average nearest-neighbor distances in 8, _ ,Ge,

alloys grown on Si.

Distance (nm)

x (S} Strained Relaxed
0 0.2350

0 0.2363 0.2372
50 .2381] 0.2401
&0 0.2387 0.2410
T0 .2393 0.2420
B0 0.2400 02430
100 0.2412 0.2450

The average bond lengths in relaxed alloy samples are
also indicated in Table L.

The actual atom-by-atom deposition of pure Ge and
the evolution of the growth has been and is still being de-
bated. It is generally agreed that the initial growth is by
a Frank-van der Merwe laver-by-layer mechanism (2D}
which makes a transition somewhere between three and
four monolayers (1 ML is 0.68x10" Si/em®) to
Stranski-Krastanow mode (3D) islands). ™* A recent x-
ray-diffraction study” has proposed that the critical thick-
ness for strain relief is also 3—=4 ML, as opposed to the
value of & ML determined by ion scattering.® The au-
thors attributed the difference to an increased sensitivity
to the onset of relaxation. However, Mo er al."” have
studied this transition by scanning-tunnel microscopy
and suggest the process may be more complicated than
the simple two-stage process indicated above. Relevant
to this are the numerous reports of ordering in both SiGe
alloys and at Si/Ge interfaces. A wide wvariety of
structural models have been proposed.''” ' Recently,
Copel et al. * have shown that surfactants can suppress
iD growth and possibly will also prevent the formation
of ordered structures. This may provide the means to
grow the thicker layers of adequate compositional and in-
terface quality which are needed to achieve recently pro-
posed devices. !

The epitaxial layers were grown in a VG Semicon V80
molecular-beam-epitaxy (MBE) system on 100-mm Czo-
chralski (100) Si wafers.* To ensure identical initial con-
ditions, a thick $i buffer layer was grown at =520°C us-
ing optimum growth conditions. The substrate tempera-
ture was then reduced before the thin Si and Ge epitaxial
layers were deposited alternately at rates between 0,02
and 0.04 nm/s. For the samples studied, the growth tem-
perature for the layers was 385°C. Cross-comparisons
using Rutherford backscattering, secondary-ion-mass
spectrometry, cross-sectional-transmission-electron  mi-
croscopy, and x-ray-diffraction measurements have estab-
lished the Ge concentration and mnominal layer
thicknesses (i.e., ignoring any intermixing). ™

Raman spectra were taken by illuminating the samples
with 300 mW of either 458- or 468-nm laser light., Mea-
surements were made in  a guasibackscattering
gr.«:nrrl:&tr:.',Ei with an incident angle of 77.7* to the sample
surface. The scattered light was collected without polar-
ization analysis and dispersed with a SPEC 14012 double
monochromator before being detected with a cooled

RCA 31034A photo-multiplier. Representative spectra
from three ALS samples are shown in Fig. 1.

Raman seattering from longitudinal acoustic and optic
phonons in ALS can provide information on interface
blurring and intralayer strain,”®*" as well as give an indi-
cation of the overall epitaxial quality.” In the best-
guality ALS, the folded acoustic modes seen at frequen-
cies below ~200 em ' have an intensity and linewidth
comparable to the higher-frequency optic modes. The
Raman spectrum of sample MNo. 2 {n ~ 2} shown in Fig. |
exhibits a strong and narrow folded mode at 182 em ™!,
indicating that this sample has sharp interfaces between
the nominally pure Si and Ge layers. The positions and
intensities of the three optic modes (295, 415, and 513
em” ' in No. 2) are sensitive to the degree of confinement,
strain, and interface blurring.””

Modeling of the Raman sgh:trum of MNo. 1 in—2) has
been attempted previously.”” The calculations showed
that the degree of mixing at an interface can be estimat-
ed. However, without specific information about the
disposition of atoms at or near the interfaces, only quali-
tative results can be obtained. Given that constraint, the
degree of intermixing was estimated from the Raman
data to be about ~ 8% at both interfaces.

In the case of the n —4 ALS (No, 3], the optical pho-
nons are still sharp, but the acoustic mode is generally
broader and occasionally weaker (see the peak at 128
em™ ") than for the n~2 samples, indicating some
deterioration in guality. MNonetheless, the layers are still
well defined, as indicated by the appearance of another
confined Si-layer mode at 496 em ™' below the major Si-
layer mode at 514 em ™~ in No, 3,

For thicker Ge layers (r~8), the folded acoustic
modes show only weakly in the Raman spectra and are
very broad, as can be seen for Mo. 5 in Fig. 1. The optic
mode near 400 cm ™" is also broad and weak and, given
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FIG. 1. The Raman spectra of (a) No. 2 (s —2), (b} MNo. 3
im~4), and (c) Mo. 5 (r ~8} recorded at a resolution of 3cm ™",
The strong peak at 320 cm ™' is due to the 5i substrate.



that the frequency and the intensity of this mode are both
sensitive to interface blurring,”” it can be concluded that
a greater degree of interface mixing and/or roughness is
present than for the thinner layer.

Raman studies of MBE-grown 5i,_, Ge, epilayvers and
superlattices have shown that two optical-phonon modes
near 255 and 435 cm™' can be associated with ordering
within the alloy layers.'? Only a very weak peak was
found near 435 cm ™" in some of the as-grown ALS and
there was no corresponding feature at 255 cm ™! (see Fig.
1}, This indicates that little if any ordering has occurred
at the interfaces in the as-grown material.

B. EXAFS

EXAFS 15 the energy-dependent interference of the
outgoing photoelectron wave created by x-ray absorption
above inner-shell (core) ionization thresholds (edges) with
that component backscattered from nearby atoms. Ina
one-particle, single-scattering, harmonic picture' the
EXAFS signal may be represented as

Yik)=3 x/ (k)= A,(kIN,/(kR ) expl —2k*c ?)

sin[2kR,+8,(k)] ,

where A,(k) is the backscattering amplitude as a func-
tion of wave number ([k(A~')]=[0.263(E —E,;)]'"?,
where E; is the photon energy (in eV) at which the pho-
toelectron has zero kinetic emergy) from each of the
neighboring atoms of type i, which are located at a dis-
tance R;. The EXAFS signal depends not only on the en-
ergy (wave number) of the photoelectron and the intera-
tomic distance but also on the number and type of back-
scatterers in each shell. The type of backscatterer (i.e., its
atomic number and, to a smaller extent, the valence-
electronic structure) determines the shape of the back-
scattering amplitude [ 4;{k)]. &;(k), the phase shift be-
tween the outgoing and backscattered components of the
photoelectron wave function, depends on the identity of
both absorber and backscatterer. The experimental am-
plitude is attenuated by inelastic scattering ( A, the mean
free path) and by thermal motion and static disorder,
which enter into this expression as o7, the mean-square
relative displacement along the absorber-backscatterer
direction (the EXAFS Debye-Waller factor, also denoted
by DW in this paper). This expression assumes Gaussian
distributions of interatomic distances and does not explic-
itly account for inelastic and multiple-scattering intensity
losses, although these are largely accounted for when ex-
perimental models are used in the analysis.

Detailed prescriptions and accompanying rationaliza-
tions have been presented for EXAFS analysis within the
plane-wave-based, single-scattering, Gaussian distance
distribution model.! Standards and criteria for such
analyses have been established.” In situations where a
coordination shell (usually the nearest neighbor) consists
of a single element isolated from any other component,
the structural parameters can be derived from an analysis
of the Fourier filtered data using appropriate calculated

or experimental phases and amplitudes.  Recently,
much-improved spherical-wave’?! calculations have
supplanted earlier plane-wave calculations, allowing the
use of data lower in the core-ionization continuum, which
is very helpful when dealing with low-Z backscatterers.
Several procedures have been developed to optimize these
analyses, including criteria for automatic background re-
moval, ™ selection of data range,™ and the choice of E,
ithe k-scale origin) through phase linearization. % In
some cases, such as highly disordered or weakly bonded
materials where one needs to go beyond the assumption
of a Gaussian distribution, the formalism has been ex-
tended through the use of either analytical radial-
distribution functions or cumulant techniques.”” For sys-
tems involving heavy atoms where structured back-
scattering amplitude and phase functions often make the
standard analysis ill conditioned, incorporation of the
phase and/or amplitude in the Fourier analysis can clari-
fy the interpretation and more reliably reveal low-Z com-
ponents in the presence of high-Z components.™ Recent-
Iy, procedures to calibrate EXAFS using powder x-ray
diffraction data recorded under anomalous dispersion
conditions have been developed. *  Other themes in
EXAFS data analysis have been described recently by
Crozier.*

In cases where a single “structural shell” contains
several components (as defined by overlapping peaks in
an EXAFS radial distribution function), these approaches
are inadequate and a nonlinear least-squares curve fit
analysis in wave number' or energ;.r‘“ space is required.
In those cases where there is sufficient data range to
detect beating between the two components, the beat fre-
quency gives the difference in the two distances. ¥

In many applications EXAFS is used to study trends
through a series of closely related samples, such as the
annealing of materials,*® variable composition alloys,*
oxide glasses,*® solutions of variable composition,*® etc.
In these situations, many parameters should either be
identical le.g., £;) or exhibit systematic trends through
the series. If the EXAFS spectra of each sample is ana-
Iyzed independently, it is difficult to take advantage of
physically reasonable constraints on the wvalues of
structural parameters over the series. We have developed
a procedure for flexible, constrained, simultaneous non-
linear least-sgquares analysis of a number of EXAFS data
files. This represents a significant improvement over pre-
viously discussed procedures to combine information
from several different sources in EXAFS analysis, such as
the “fine-adjustment-based-on-models™ procedure of Teo,
Antonia, and Averill.¥

C. Application of EXAFS to studies of Si-Ge interfaces

Giiven the intense interest in quantum-engineered ma-
terials containing 5i-Ge interfaces, it is not surprising
that other Ge K EXAFS studies have been carried out.
Ovyangi et al.* have used fluorescence detection in a
total-reflection geometry in a “tour-de-force™ study of a
single monoatomic epitaxial Ge layer, as well as other
studies of the layer thickness dependence of
5i/Ge, /51(100). Bouldin and co-workers have reported



studies of Ge-5i alloys prepared by im|:r‘iEll';tautimﬂ:l“| or by
MBE.” We have made preliminary reports of our
EXAFS studies of single and multiple Ge layers,™ com-
parisons to Raman and single-crystal x-ray-diffraction
measurements.” A study of interdiffusion in a
[iSilg/1Ge); |, sample as a function of annealing time®' is
being reported in a separate paper. The principle motiva-
tion of our Ge K EXAFS studies is to better understand
interdiffusion and intermixing during growth and post-
growth processing (annealing and other fabrication steps)
from a local-structure viewpoint. Thus, our interest is fo-
cused on how structural parameters change as a function
of growth or annealing procedures. The constrained
multiple-file analysis provides absolute accuracies at least
as pood as, and probably better than, independent
analysis. Most importantly, it provides much-improved
accuracy of the relative values, i.c., trends through a
series of related samples,

The ALS materials presemt particular challenges for
EXAFS since some Ge atoms (those inside a Ge layer)
will have only Ge neighbors, others (those at the inter-
face) will have both Si and Ge neighbors, and still others
(those which have migrated into the Si layver) will have
mainly Si neighbors. Since the measured EXAFS is a
weighted average over all Ge environments, the first-shell
analysis only provides an averaged Ge-Si and Ge-Ge dis-
tance (R), coordination number (N), and Debye-Waller
factor (a® or DW). In addition, the Ge-Si and Ge-Ge sig-
nals cannot be separated on the basis of distance, i.e., the
first shell consists of two unresolved components. In the
pure materials the nearest-neighbor distances for Si and
Ge are 0.233 and 0.245 nm, respectively. Amorphous
and single-crystal alloys of 8i and Ge have intermediate
nearest-neighbor spacings.™ " Thus, one expects the
8i-8i, Ge-Ge, and Si-Ge bonds at the epitaxial interface to
have intermediate bond lengths. Therefore, we are neces-
sarily looking at changes close to lor even below) the lim-
its of absolute errors in conventional EXAFS analysis,
These challenges were the motivation for developing the
multiple-file analysis procedure.

III. APPLICATION TO ALS

A. Procedure

The EXAFS signal must be extracted from the raw x-
ray-absorption spectrum as measured by conventional
transmission, or (as in this case) by electron or fluores-
cence yield. This involves setting the energy scale to zero
at the half height of the edge jump, transforming from
energy to k space with k' multiplication, then subtract-
ing the nonoscillatory background generated by fitting
the continuum data over a standard range to a multisec-
tion polynomial spline function (three equal-section cubic
splines were used in this work). EXAFS signals corre-
sponding to particular shells are isolated using Fourier
filtering. Quantitative structural parameters relating to
this signal are then derived using curve fitting based on
backscattering amplitudes and phases for the individual
components obtained either from analysis of experimen-
tal specira of model compounds or from spherical-wave

calculations, **!

In any EXAFS analysis it is important to investigate
the dependence of the result on the background subtrac-
tion and the range of forward and reverse Fourier trans-
forms. In many cases, apparently small variations can
cause significant changes in the shape and the position of
the maximum of the amplitude function, and even in
node locations, upon which the interatomic distances are
directly related. It is difficult to define a fail-safe recipe
for the optimum procedure to convert raw spectral data
to the Fourier-filtered y(k) data used as input to the
curve-fit analysis. Even so, it is critical to use rigorously
identical procedures for model data as well as all sample
data. In the present analysis we have found that the
background subtraction and the range of reverse trans-
form (AR) are particularly sensitive aspects of prepara-
tion of the Fourier-filtered files. The ranges in k and R
space define N, the number of degrees of freedom of
the data, i.e., the number of truly independent experimen-
tal points:™

Nepe =28k AR /7 .

We emphasize that consideration of the number of de-
grees of freedom gives a necessary, but not necessarily a
sufficient, condition for producing meaningful results,
Increasing AR increases N, . but there is always uncer-
tainty about including contributions from other shells,
especially in materials with many different local environ-
ments of the absorber. Using the maximum possible &
range is also desirable to give maximum precision. The &
range is limited at high k to the point at which the real
EXAFS signal becomes indistinguishable from the noise
{usupally being limited more by systematic than by ran-
dom noisel. While in principle the minimum & value
could be taken as the edge jump, in practice it is limited
to several :'L_], in order to aveid distortions associated
with the strong near-edge multiple-scattering signal, as
well as difficulties in background subtraction in regions of
rapid signal variation. The availability of good experi-
mental models and spherical-wave calculated phases and
amplitudes, ***! including some consideration of multiple
scattering,”' has allowed the reduction of typical k.,
values from4to 2 A~".

After background subtraction over an appropriate k
range, which includes k' weighting and normalization to
the nonoscillatory portion of the continuum (g, which
we approximate from the experimental data as the
differcnce in linear fits to the preedge and postedge datal,
it is Fourier transformed without apodization. Our
choice of k' weighting is at variance with the common
EXAFS practice of using k* or k* weighting to *“sym-
metrize™ the peaks in the Fourier transform (FT} by mak-
ing the backscattering envelope more Gaussian in
shape. *** We find that higher k weightings cause loss of
low-k information. This is a real disadvantage, particu-
larly when one is dealing with a relatively low-Z back-
scatterer like Si whose amplitude envelope peaks at 4
A~ In our experience, analysis with high & weighting
usually leads to a distortion of the relative coordination
numbers for low- and high-Z components.



The next important decision in the analysis is the win-
dow and apodization for the reverse transform (Fourier
filtering). A symmetric Hanning apodization with taper
over 309% of the window was used in this work. With the
less symmetric peak shapes that occur with multicom-
ponent shells and k' weighting, one must be careful to in-
clude all parts of the FT relevant to the shell of interest,
For example, the FT of the n =2 data in Fig. 2 has a very
steep decline at 2.2 A. This decline does not signify the
end of the first shell; rather, it is a consequence of the
overlap of the 5i and Ge components., The secondary
peak at 2.4 A is very much part of the first-shell signal
and must be included in the reverse transform il one
wants to correctly evaluate the mixture of Si and Ge
neighbors in the first shell, At the same time, one does
not want to choose too wide a filter window. On the high
side, this can lead to inclusion of the second-shell signal.
On the low side, especially below 1 ﬁ., one can add signal
which is really a consequence of residual background. At
the same time, complex backscattering amplitude shapes
and component interferences can lead to a real low-R
shoulder or tail which must be included. In this context
we find it very useful to examine the shape of the FT of
the signal calculated using spherical wave phases and am-
plitudes,*' since we find this to be a good predictor of the
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FIG. 2. kyik) Ge K-edge EXAFS (left) and magnitude of the
Fourier transforms (right) for [(Si), 1Gel, ]P ALS structures
MBE grown on single-crystal 5i(100). The target values of
{m,mp) for the m =2, n=4, and n =7 ALS samples were
(8,2,1000,09,4,24), and (20,7,8). Table II lists m and n values
measured by x-ray diffraction. The resolts for single-crystal Ge
(Gex 11, the Ge-Ge model) and solid Ge[SilCH; ), ]y (mol, the
Ge-5i model)™ are also shown. The spectra were recorded at
room temperature using total electron-yield detection with a ro-
tating gas ionization detector.™

complexities leading to non-Gaussian peaks in FT magni-
tude spectra.

The Fourier-filtered first-shell signal is then fit to an
appropriate model. In order to carry out the curve-fit
analysis, backscattering amplitudes and phases are need-
ed.! Exactly the same file-preparation procedures should
be applied to extract phases and amplitudes from experi-
mental measurements of suitable model compounds or
from theoretical calculations. Treating data and models
equally increases the chance of cancellation of systematic
distortions due to background subtraction and Fourier
filtering procedures.

Presently we can simultaneously analyze up to four
spectra, each of which has up to four components. While
it would be a relatively simple matter to extend this to a
larger number of data files and a larger number of com-
ponents, the computational times would increase
significantly. Usually one analyzes several different sets
of spectra, which has the advantage of testing the unigue-
ness of any one set. If the same spectra were fit indepen-
dently, the four parameters (R, N, DW, and E, ) for each
of the two first-shell components would result in eight fit
parameters for one spectrum with two components, giv-
ing 32 fit parameters overall for an unconstrained
analysis of four spectra. With the multiple-file analysis
one can selectively reduce the number of free parameters
in a physically meaningful way. In our analysis of the Ge
K EXAFS of these ALS samples we have chosen to re-
quire that the E, and DW parameters for each com-
ponent are identical for each of the four spectra. This
choice reduces the number of independent parameters
from 32 to 20. A common E; is a reasonable assumption
In many cases, since Ey approximates the average poten-
tial along the internuclear distance,"? which should be
approximately the same for a given pair of elements in
slightly different environments. Since the E; value for
any file 15 also dictated by the calibration of the original
energy scale, it is essential that this calibration be done
identically for all spectra. The assumption of a common
DW factor is probably less general but we believe it to be
appropriate in this case because, in these epitaxial,
single-crystal samples, each Ge atom should have four
relatively rigid bonds with a small and harmonic thermal
motion. In other applications it may be appropriate 1o
constrain other parameters. For example, if one analyzed
a series of spectra of the same material recorded at
different temperatures, then one would want to assume
identical Eg, N, and perhaps R, but different DW factors.

Although we have used a two-component analysis in
this illustration of our procedure, there are many cases
where a constrained multiple-file curve-fit analysis would
be much better than a spectrum-by-spectrum analysis
cven for well-isolated one-component shells because of
the increase in reliahility associated with the introduction
of physically meaningful constraints.

An additional aspect of our analysis procedure is a sys-
tematie investigation of the contours of the fit surface.
We systematically vary the starting point of the fit by
scanning initial parameters over selected ranges (typical-
ly, one scans initial values only within a physically
significant range). For each set of initial parameters the



fit is carried out to a predefined convergence limit. By
starting from a large number of initial parameters one
can learn a considerable amount about the fit surface and
thus the quality of the derived parameters. By plotting
values of the parameters against each other for the whole
sequence of scanned fits one can investigate either the
correlation of end parameters among each other, or the
dependence of the final result on the initial parameters of
the fit. Trends in R or & through different samples are
detected very clearly when using scans of initial parame-
ters in cnnjun::tinn with the multiple-file fits, since param-
eter correlations are easily observed and the scatter of the
fits gives a very direct measure of the relative errors.

B. Results

The Ge K EXAFS spectra were recorded at the 43
and C2 beam lines at the Cornell High Energy Synchro-
tron Source (CHESS). Electron-yield detection™** al-
lows study of the local environment of atoms near the
surface (= 0.1 pm) because of the limited escape depth of
the Auger and secondary electrons produced in the decay
of the core hole. A s sgpacla:l gas-flow electron detector
with sample rotation™ is used in order to eliminate
diffraction artifacts while providing pas amplification of
the clectron-yield signal. Typical acquisition times were
20 min per spectrum. Two to four spectra were summed
to generate the file subsequently analyzed. The EXAFS
spectrum of the Ge single crystal recorded with the gas
ionization detector with sample rotation was identical to
that of powdered Ge recorded in a conventional
transmission measurement, indicating that the statistical
quality is excellent and that smooth rotation in a single
plane effectively eliminates diffraction structure.

Figure 2 shows a sclection of EXAFS spectra [y k)]
for two model compounds, single-crystal Ge and
Ge[SilCH,); 1y, as well as a series of buried 5i-Ge super-
lattices with Ge layers of different thicknesses (see the
figure caption for description of the samples). All
EXAFS data were extracted from spectra which were
recorded at room temperature with total electrnn-;,'leid
detection using the rotating gas ionization system.™ A
uniform, fine-particle film of the Ge[SiICH,};], was
prepared by evaporation from an acetone solution. Fig-
ure 2 also plots the magnitude of the Fourier transform
of each EXAFS spectrum. The Ge K spectra of pure
single-crystal Ge (bottom curve of Fig. 2) was used to
provide experimental Ge-Ge phase and amplitude model
functions, while that of the molecular compound,
Ge[SilCH, ), ], (Ref. 60} (top curve of Fig. 2}, was used for
the Ge-5i mode] functions. In each model species there 15
a well-isolated first shell which consists of only Ge and
only Si nearest neighbors, respectively (the shoulder
around 2.8 A in the FT of the molecular compound cor-
responds to the Ge-C distance). The Ge-Ge distance in
pure Ge (0.2450 nm) is well known. The crystal structure
of Ge[Si(CH,), ], has not yet been determined. We have
assumed its Ge-Si bond length o be 0.238% nm based on
the wvalues of 0.2384(1} nm in triphenylgermanium-
trimethylsilicon [(C H,),Ge-SHCH;);] and 0.2394(1) nm
in  trimethylgermanium-triphenylsilicon  [ICH,}Ge-

SilC;H;),], as determined by single-crystal x-ray
diffraction.®’ Uncertainty in the Ge-5i bond length of the
model compound would affect the accuracy but not the
precision of our results. The maxima of the backscatter-
ing Envel-npes for Si and Ge are located at different posi-
tions (4 A~ for Si and B A ! for Ge). The height of the
EXAFS signal at k =4 A~ provides an easy qualitative
measure of the amount of first-shell Si since the Ge back-
scattering amplitude is almost zero at that value.”

The relatively broad main peak (1-3 A} in the FT's of
the ALS samples indicates that there are several com-
ponents (i.e., 8i or Ge nearest neighbors with different
distances) within the first shell. Therefore, quantitative
analysis must involve a curve-fitting procedure. We have
chosen to carry this out in k space on the Fourier-filtered
first-shell data, rather than E or R apace. The k range
for our data analysis is 2.4—14.8 A~ !, while the R range
of the Fourier back transform is 1.2-2.6 A, giving
Nyspe =11. These values were chosen according to the
criteria discussed in the preceding section. The Fourier-
filtered first-shell data for four samples are simultaneous-
Iy fit to an appropriate model, in this case consisting of
two components, which give the position (R), number
[N, the mean-square relative displacement (DW) of the
(e and Si neighbors, averaged over all sites.

Figure 3 illustrates the guality of a constrained two-
component fit to four Fourier-filtered first-shell Ge K
EXAFS spectra: the as-grown [(8i;-Ge; |0 sample, and

Fourier-Ffiltered EXAFS k¥ (k)
" i
T

[
-

Wove Number (-:I..l)

Fici. 3. Example of the quality of a fit to a Fourter-filtered
e K-edpge EXAFS spectrum based on simultancous analysis of
(a) the as-grown [(Sily/Ges e sample, and after (h) 20 =, (c) 200
5, and {d} 2000 s anneal at 750°C. The models used were single-
crystal Ge and Ge[SilCH, ), ], analyzed in a strictly identical
fashion, See Ref, 51 for quantitative results and interpretation,



the same sample after 20, 200, and 2000 s thermal an-
neals.”! Visually, it is clear that the quality of the raw
data (Fig. 2) and the fit to the Fourier-filtered data (Fig.
3) are both excellent. The quality of fit can be quantified
through ¥?, derived in the nonlinear least-square-fitting
procedure. However, one soon realizes that one can pro-
duce fits of visually indistinguishable quality and similar
¥? but with clearly unphysical parameters. Hence, anoth-
er criterion is, how reasonable are the parameters pro-
duced by the fitting. Even within the range of “reason-
able physical parameters” there may be several different
fits with almost the same ¥*. Which is the best one to
choose? The number of minima of similar depth in the ¥?
surface can be reduced either by increasing the data
range or by reducing the number of free parameters, i.e.,
constraining certain parameters to have the same value in
a number of data sets. Both procedures result in better
stability with respect to different starting parameters. A
logical step to increase stability is to reduce the total
number of parameters per unit data range (i.e., ¥, /Ak}
This can be done by simultaneously fitting a number of
different spectra with certain parameters constrained to
have the same value in each file.

Another way of increasing the information content in
the analysis is to mecasure the same sample at different
temperatures and then to fit different files together with
common E;, and N. So far we are only able to record the
EXAFS spectra of these single-crystal 5i-Ge samples at
room temperature because of the necessity of sample ro-
tation and electron-yield detection to remove crystal
diffraction artifacts.” 7 Alternatively, spectra recorded
in different polarizations may provide additional degrees
of freedom. From our studies to date there appears to be
relatively little polarization dependence of the EXAFS
first-shell signal.®® This is as expected because the local
Ge  environment is  only slightly distorted from
tetrahedral. In a perfect tetrahedral environment all four
bonds are sampled equally in all orientations. The
present analysis does not explicitly take into account po-
larization effects.

The simultaneous analysis of related samples with ap-
propriate comstraints has two beneficial effects. First, it
makes the fit more stable and it provides more precise
values of the differences in structural parameters for a
series of closely related spectra and/or samples. The
mathematical technigues used in EXAFS analysis pro-
vide estimates of the random errors. However, systemat-
ic errors are often several times larger. Sources of these
include a relatively strong dependence of the final result
on choices made in the EXAFS data file preparation and
Fourier analysis, systematic errors associated with terms
neglected in the EXAFS model emploved (e.g., approxi-
mating the distance distribution as a Gaussian), and the
uncertainty in the decision of what constitutes the correct
structural model. In EXAFS there are two pairs of high-
Iy corrclated parameters, i.e., (R, Ey) and (N, DW), In
independent analyses of individual files, this correlation
can play havoc with extraction of correct values for the
individual parameters. Second, the introduction of physi-
cally reasonable parameter constraints reduces these
correlations and increases the chances of deriving the

true answer. In addition, examination of the fit surface
through systematic scans of the initial parameters and
subsequent graphical amalysis provides alternative ap-
proaches to error estimation that can be very useful in
building confidence in the results.

We have used a scanned multiple-file analysis in order
to explore the contours of the Ge-Si fit surface (a 20-
parameter space in this case). The initial parameters of
the four files of the fit series were scanned together in
nested loops: Ry, . and R, g were varied from 2.36 1o
2.43 A in three steps (this range is dictated by the bond
lengths in bulk Si and Ge, along with observations in al-
loys*2~ ), Ng.—the number of Ge neighbors—was
varied from 1.2 to 2.8 in three steps, while setting the ini-
tial Ng to 4Ng,. (i.e, normalizing N, ., to the total
number of neighbors in a tetrahedral environment); and
E{,G: and E,:,5i were each varied independently from —35 to

5 eV in six steps. The initial values of Ag?, the DW pa-
rameter, were always zero because these values are rela-
tive to the experimental models which should have com-
parable thermal motion factors. Owerall, this scan pro-
cedure involved 972 (33> 3 » 6> 6) different initial con-
ditions for which converged fits were carried out. Each
fit takes between 10 and 50 iterations and each iteration
takes about 2 s of CPU time on an IBM PS/2 Model 70
computer (Intel (486 processor), running at 25 MHz. Ex-
amination of initial and final parameters, together with
the ¥ for each fit, provides many ways to investigate the
behavior of the fit. Figures 4-7 show examples of how
this data base has been manipulated to graphically ex-
plore the fit surface and answer specific questions about
the fitting.

Figure 4 plots the Ge-Ge and Ge-5i distances versus r:
for a series of converged fits for the [(Gey-Sig)] 4 sample,
starting with systematically different initial parameters.
Plots of this type explore the local fit surface, graphically
present the scatter of the optimized parameter values,
and allow an average parameter value and standard devi-
ation to be calculated from the best fits. This gives a
measure of the sharpness of the minimum. In the partic-
ular example of Fig. 4, one notes that the scatter, as well
a5 the width of the “hole” in the fit surface, 15 larger in
the R .5 than the R ;.. dimension. This was a general
observation in the analysis of all of the sets of Si-Ge sam-
ples. Since the Ge-Ge bonds are predominantly in the Ge
layer, while the Ge-5i bonds can be distributed between
the interface and Ge that has diffused into the Si layer,
the broader R 5,5 minimum may be a reflection of a wid-
er distribution of Ge-5i sites.

Figure 5 is a histogram derived from the scanned fits to
the first-shell Ge K-edge data for four n =2 samples as
grown and annealed for 20, 200, and 2000 5.°' It is the
number density of final values (i.e,, ¥* the number of fits
which end with ¥* in the indicated interval) over all of
the initial parameters explored. Figure. 5 shows that
most initial conditions within the physically reasonable
parameter range result in the minimum ¥2, giving
confidence in the uniqueness of the converged fit. This
result is more pronounced the more stringent a conver-
gence criterion that is used for the least-squares fit. At
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sample in the as-grown, 20, 200, and 2000-5 anneal series. Such
plots are useful in evaluating the fit surface and estimating the
precision of the results.

€=1.0x10"" (¢ is the convergence parameter, the
difference in xi on successive steps in the fit) {upper
curve), twice as many fits find their way to the lowest
value than at e=1.0X 1077 (lower curve). In an analo-
gous fashion the distribution of fits relative to any initial
parameter, e.g., R1Ge-8i), can also be plotted.

Figures 6 and 7 provide examples of graphical analysis
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ters to investigate the degree of correlation hetween parameters,

used to investigate the correlation of parameters and the
dependence of the final result on the initial parameters of
the fit. Figure &, a plot of B, q. for the as-grown n =2
sample against E;(Ge), the inner potential term for the
Ge-Ge component, shows that these two parameters are
highly correlated. Since this is a common Ey for all files,
this correlation of R and E,; makes it essential that all the
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value for any parameter.



files within a fit series are calibrated identically. In this
case, the slope (dR /dEy) is about 0.5 pm per eV for
R;.ge between 0.241 and 0.242 nm, the range of the
minimum ¥?, i.e., the best fits.

Figure 7 is a histogram for the as-grown n =2 sample
{taken from a fit to the n =2 anneal data®') of the number
of fits which produce a given Ng,, starting with three
different imitial N5, values. Again, one sees that the
minimum of ¥ and the most frequent final N, value
coincide. Plots of this type indicate that no matter what
initial parameters are chosen (at least within physically
reasonable values), the fit most frequently converges to
the same minimum x! answer. The same point can also
be made by plotting initial parameter values against ¥ to
see that good ¥ values result starting from a wide range
of imtial parameters. Many such plots can be (and were)
made in order to investigate the behavior of the fitting.

Since (at present) only four files are treated simultane-
ously, but there are more than four samples in each
series, we have used overlapping sets of files to span the
full data set. The optimized fit parameters for the same
file in different data sets are slightly different. The degree
of consistency of these repeat analyses is another test of
the accuracy of our curve-fitting EXAFS analysis pro-
cedures. This, along with investigations of the fit behav-
ior with other model functions, provides a means of es-
timating absolute errors in the determination of the pa-
rameters in the EXAFS model.

C. Discussion

Table I1 shows the values of R ;. 5.0 B 5.5 @and the ra-
tio of nearest neighbors Ng g, /N g, g, derived using the
analvsis described above from the Ge K EXAFS of a set
of six ALS grown without the use of surfactants). These
samples have been the basis of continning studies by a
wide range of technigues and are rather well character-
ized. The present results demonstrate that EXAFS can
provide quantitative information which supplements that
from other short-range probes (e.g., Raman), or from
diffraction technigques.

First, consider the two n—~2 samples. Figure &
presents some  sketches of possible  interface
configurations. In the ideal n ~2 interface [Fig. #ia)]
Nsige/Ngege the ratio of bonds, is 1.0 [in the general
case, the value for a perfect Ge,, layer is 1./{n — 1}]. Any
deviation from the perfect interface, such as the random
displacements depicted in sketch B(b), will increase
Ny ge ' Nge.ge Thus, the measured Ny . /N5, 6. value
is a direct indication of the amount of intermixing. Quite
clearly, the observed bond ratio for the n~2 samples
[1.4{1), Table II] is inconsistent with previously proposed
models [Fig. 8ic), based on Refs. 13 and 14; Fig 8(d),
based on Refs. 11 and 15] for ordered bulk 5i-Ge alloys
which might have been considered relevant models for
these interfaces. On the other hand, the observed bond
ratio is consistent with the absence of any significant in-
tensity in the Raman spectrum of vibrational modes at
255 and 435 cm ™', which have been attributed to “order-
ing.""" If we assume that intermixing occurs at both in-
terfaces, '* then the observed Ng, 5. /N gege values of 1.35
and 1.43 for the n ~ 2 samples correspond to ~ 209 mix-
ing in both layers [Fig. &(b)]. However, if we assume that
the mizing occurs predominantly during the deposition of
Si onto Ge (Ref. 16) (as opposed to Ge onto 5i), then we
would have ~40% intermixing at the 5i— Ge interface,
in agreement with a recent model. ®?

Our measured Si-Ge and Ge-Ge bound lengths are sub-
stantially different from each other, as has been proposed
recently™ and observed by both Si K and Ge K EXAFS
measurements of crystalline and amorphous 5i-Ge al-
loys.™~* The value of R,q, in the n ~ 2 samples is in
good agreement with that calculated for a fully strained
pure Ge layer, as expected. The value of R, 5 in the
a2 samples (0.239 nm) is very similar to that of 0.238
nm found by Ovangi e al. for a SiGeSi heterostruc-
ture.¥ It is close to the average bond length for a
strained 609 alloy (Table I). This is not surprising, since
the Si-Ge bond length dominates the average bond length
for alloys at compositions near 509%. Obviously, the dis-
tances given in Table T are the average interplanar dis-
tances, representing the weighted average of the Si-5i, Si-

TABLE II. Structural parameters derived from curve-fit analysis of the first-shell EXAFS of [(Si),, /iGe), |, epitaxial superlattices,
(Derived using simultaneous fits to several subsets of four files. E, and D'W for cach component were constrained to be the same in

all four files in order to reduce the number of parameters from 32 to 20 for each set of four files.)

Sample m* n? R, (nm) R asinm)

Code ML} ML) P (:£0.0005 nm)® Ne. { £0.0005 nm)" Ns N5/ Noeie
No. 1 6.6 20 48 0.2410 1.65 0.2396 2.25 1.35+0.15
No. 2 8.0 2.2 100 0.2413 1.70 0.2388 1.45 1.4310.10
No. 3 2.3 37 24 0.2403 2,40 0.2394 160 0.6140.03
No. 4 6.9 3.7 15 0.2409 2.55 0.2401 1.45 0.58+0.03
No. 5 20,0 8.0 B 0.2422 270 0.2412 1.30 0,4840,03
MNo. 6 17.5 8.7 B 02424 2.80 0.2439 120 0.40£0.03

“As measured by double-crystal x-ray

diffraction and <28 measurements.

"Uncertainty in changes of bond lengths from sample to sample and from R, and R;.g, in the same sample. This is estimated
from the stability of the fit and sample-to-sample variations. The absolute uncertainty of EXAFS distance determination is generally
assumed to be 0,002 nm (see text for further comments),



Ge, and Ge-Ge bond lengths in an epitaxial layver®™ or al-
loy sample. The very reasonable values of both the Ge-Si
and Ge-Ge bond lengths in the n ~2 samples determined
by our EXAFS analysis strongly suggests that our abso-
lute accuracy for bond-length determination is actually
close to what we have quoted as a precision in Table I,
rather than the usually adopted value of 0.002 nm.

The n—~4-ML samples are similar to the n =2-ML
samples in that the bond lengths measured by EXAFS
are essentially the same. This is a clear indication that
the layer is still strained and growing two dimensionally
(as expected and discussed above). Within the precision
of the present measurement, the amount of mixing las
measured by the increase in number of 5i-Ge bonds) is
the same as for n ~2. Therefore, we would seem to have
a continuation of either —20% mixing in the first and
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F1G. 8. Schematic of possible configurations for a nominal
2-ML Ge layer in Si. (a) Perfect ALS structure. (b) Random
mixing at both interfaces. (c) Ordering proposed on the basis of
bulk alloy studies (Refs. 13 and 14). {d) Ordering proposed
hased on the basis of diffraction studies (Refs. 11 and 15). In the
figure, bold lines indicate Ge-Ge bonds, normal thickness lines
indicate 5i-8i bonds, and dashed lines indicate Ge-5i bonds.
Double-line connections indicate out-of-plane nearest-neighbor
contacts. The bond lengths for the as-grown n =2 ALS struc-
ture are given in Table II. The (a) Ge-Ge interplanar distance
and the (b Ge-51 interplanar distance are not equal.
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fourth layers deposited, or 409 in the fourth layer. We
do not observe the same amount of mixing throughout
the four layers, as was observed “throughout™ the previ-
ous two layers. This is consistent with the Raman re-
sults, which indicated that the n —4 ALS have interfaces
of comparable quality to the »—2. It is clear, though,
that EXAFS f(as with any short-range probel cannot
make predictions about long-range ordering. As men-
tioned earlier, it is really through monitoring systematic
changes (such as the annealing study®'), or providing a
check on models which invoke long-range order, that
EXAFS has a role to play. In this context, further
EXATFS analysis is most likely to be productive if it is in-
tegrated with microscopy- or diffraction-based measure-
ments.

As expected, the n~8-ML samples, which are above
the critical thickness for relaxation, were significantly
different. R, ;. has increases substantially, which is
consistent with a movement towards a relaxed Ge-Ge
hond length of 0.245 nm. Because we average over all
Ge-Ge bond lengths, we cannot tell whether the entire
layer has a strain consistent with this value (partial relax-
ation of the whole layer) or different parts of the layer
have different strains land, therefore, different bond
lengths). The value of Ry 5, 15 even less straightforward
to interpret. We know that significant interdiffusion has
accompanied the relaxation, as the bond ratios are larger
than would be predicted by extrapolation of the » ~2 and
i ~4 data. This means we potentially have Si-Ge bonds
in a variety of compositional and strain environments,
Again, these conclusions are supported by the Raman re-
sults for the m ~ & sample, where the extreme breadth of
the acoustic modes and one optic mode indicates that
there must be a wide variety of environments of the Si
and Ge atoms across the interface. To understand the re-
sults fully, we will have to follow # over a much finer
scale and support the interpretation with electron micros-
copy images. However owur studies so far convince us
that EXAFS can provide information not readily accessi-
ble by any other means, which will be critical to testing
growth models.

The results of our EXAFS study of annealing the n =2
ALS samples have been discussed in detail elsewhere.”
Briefly, in conjunction with Raman and x-ray diffraction,
they show that strain in the Ge layer causcs initial
interdiffusion four orders of magnitude higher than that
for diffusion of Ge into Si after relaxation has occurred
li.e., as measured after long anneals) **% The Ge-Si
bond begins to relax the same time as the diffusion
oceurs, Such a guantitative examination of the local
structure is critical to improving our understanding of
the initial stages of relaxation. Tt would have been
difficult to determine by any other means.

I¥V. FUTURE DIRECTIONS

We have presented an improved EXAFS analysis pro-
cedure based upon simultancous multiple-file analysis.
Its wtility for improving the reliability of derived parame-
ters has been illustrated with a study of the thickness
dependence of the interface structure of Ge layers buried



in Si. Currently it is adapted only to systems where a
Gaussian distance distribution is an appropriate assump-
tion. Ewven though the constrained fit represents a quali-
tative improvement, there are a number of concerns that
can be justifiably raised with the procedure as it now
stands. In an ideally modeled system, the ¥° for a perfect
match between model and experiment should be 1. The
fact that our best fits have y* values significantly different
from | means that a number of aspects of the problem are
not correctly accounted for in the model. The use of a
nonweighted least-squares procedure is one limitation. A
weighted proportional to the statistical precision at each
point would emphasize the more accurately known,
lower-k data, which in this case 1s more sensitive to the
51-Ge mix and thus should lead to a more stable answer.
At the same time the k' weighting we have used means
that the noisier high-k data is not unduly weighted in the
fit. A more significant problem is probably the difficulty
of accounting for systematic errors, particularly the
neglect of certain aspects of the physical problem in the
standard EXAFS formulation (e.gz., non-Gaussian distri-
butions) and the dependence of the final answer on as-
pects of the preparation of the Fourier filtered data.

At present we are constructing procedures to
parametrize (and eventually scan) the file preparation
steps (energy calibration, background subtraction, k-
scale, and R-window selection). While we suspect that a
fully automated “turn-key™ EXAFS analysis algorithm is
as yet unattainable, this will facilitate understanding of
systematic errors such as the dependence of the final re-
sult on data-file-preparation aspects of the analysis.
When combined with scans of the initial parameters and
subsequent graphical analysis like those in Figs. 4-7, a
much better understanding of the dependence of the final
answer on each analysis step and, thus, a better estima-
tion of absolute error, will become possible. It is not yet
clear how one could combine these considerations into a
bgtter 21I}"ﬂnrmula to which optimal fits would produce
¥y =L

A qualitative extension of this constrained-fitting pro-
cedure, which would be particularly valuable for studies
of 5i-Ge interfaces, would be a simultaneous analysis of
EXAFS from core edges of both elements of a hetero-
bond. While Si K EXAFS studies of 5i-Ge interfaces and
alloys have been reported, ™™ no one as yet has carried
out a combined Ge K and Si K study. In principle, re-
quiring that R and o values be the same as viewed from
each side of the bond (e.g., that Rg, 5, and o*(Si-Ge) from
i K EXAFS arc identical to the values derived from Ge
K EXAFS) should provide a very powerful constraint on
the analysis. Of course, one must be careful to correctly
establish the constraint, since the DW and E; parameters

'P, A. Lee, P, H. Citrin, P. Eiscnberger, and B. M. Kincaid,
Rev. Mod. Phys. 53, 769 {1931).
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are relative to those for the model, and these will differ.
We have begun a program of 5 K-edge measurements™
but have not yet obtained data of sufficient quality to ad-
vance the analysis of the Si-Ge interface.

Another development will be the introduction of
analytical relationships among parameters, rather than
simply requiring sets of parameters to have identical
values. Thus, in a series where one expects a near-linear
variation of, e.g., bond length as a function of composi-
tion, the fit could adjust the two parameters of a linear
equation rather than four individual bond lengths. It
should also be possible to include a provision for non-
Gaussian distance distributions.

The constrained multiple-file analysis, in conjunction
with exploration of the fit surface, has provided much
greater confidence in the results for both the thickness
dependence (this work) and the evolution of a thin Ge,
layer as a function of annealing time.’! We believe
EXAFS measurements on a finer mesh of samples (both
variable thickness and anneal procedures) will allow im-
proved understanding of the mechanisms for epitaxial
growth of Si-Ge interfaces and their transformation dur-
ing thermal processing. Such understanding will be ex-
tremely beneficial in being able to meet the demands of
device designers concerning epitaxial interface gquality
and subsequent processability,

V. SUMMARY

Based on the measurements described above, the fol-
lowing conclusions have been drawn regarding this series
of 8i-Ge ALS samples. For n <4 the Ge-Ge bond length
is not that of bulk Ge as has been reported for strained
alloy layers but, rather, it is that of a fully strained pure
Ge layer. The 51-Ge is distinctly shorter than the Ge-Ge
distance. As n increases, the Ge-Ge distance relaxes in
the direction of higher values.
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