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Diffraction anomalous fine-structure (DAFS) and extended x-ray absorption fine-structure (EXAFS)
measurements were combined to determine short range order (SRO) about a single atomic type in a
sample of mixed amorphous and nanocrystalline phases of germanium. EXAFS yields information
about the SRO of all Ge atoms in the sample, while DAFS determines the SRO of only the ordered
fraction. We determine that the first-shell distance distribution is bimodal; the nanocrystalline distance
is the same as the bulk crystal, to within 0:01�2� �A, but the mean amorphous Ge-Ge bond length is
expanded by 0:076�19� �A. This approach can be applied to many systems of mixed amorphous and
nanocrystalline phases.

DOI: 10.1103/PhysRevLett.89.285503 PACS numbers: 81.07.Bc, 61.10.Ht, 61.43.Dq, 61.46.+w
coordination, the amorphous phase has been a matter
of controversy for more than two decades with both

structure (EXAFS) [4], but detailed knowledge about
the structure of each phase, i.e., the number of nearest
Materials consisting of a mixture of crystalline and
amorphous phases and crystallization of amorphous ma-
terials and glasses are very important subjects in modern
physics and technology. An example of the former is
nanocrystalline silicon whose importance in Si technol-
ogy continuously grows. Since transport of carriers is
determined by the amorphous phase surrounding the
nanocrystals, the knowledge of its structure is of utmost
importance both for investigation of the transport behav-
ior in heterogeneous systems and for applications.
Examples of importance of the crystallization are com-
mercial CDs and DVDs which are based on amorphous-
to-crystalline phase transitions in the Ge-Sb-Te system.
In order to increase the crystallization and amorphization
rates for faster and denser optical recording, knowledge
of the bond rearrangement on the atomic scale is vital.
While generally the short range order of glasses is the
same as that of the corresponding crystals, exceptions do
exist. An example is GeTe which is an important con-
stituent of the commercially used media.While its crystal
structure is definitely known and possesses 3(Ge):3(Te)
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3(Ge):3(Te) coordination and 4(Ge):2(Te) coordination
being supported by various techniques [1]. The obvious
importance of this material for optical memories and
optical data storage requires a detailed investigation of
the crystallization/amorphization processes.

Annealing of amorphous semiconductors often leads to
formation of nanocrystallites embedded in an amorphous
matrix. The relative amount and average size of crystal-
lites, as well as many physical properties changed by
annealing [2], depend on elemental composition (Ge, Si,
Ge-Si alloys, As2S3, As2Se3, GeSe2, etc.) and the details
of sample preparation. However, quantitative information
about the structures of both the crystalline and amor-
phous states is incomplete because previously used struc-
tural techniques did not possess sensitivities to both the
short range (SRO) and the long range order (LRO) corre-
lations of the same atomic type in a multiphase mixture.

Separating the structure of the coexisting amorphous
(a) and nanocrystalline (nc) phases has been attempted
previously using x-ray diffraction (XRD) [3], Raman
scattering [3], and extended x-ray absorption fine
 2002 The American Physical Society 285503-1
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FIG. 1. Determination of the average size and shape of the
crystallites: (a) TEM image of an annealed sample: Ge nano-
crystallites embedded in SiO2. (b) XRD measurements of
the Ge(111) peak. The same peak was used later for DAFS
measurements.

VOLUME 89, NUMBER 28 P H Y S I C A L R E V I E W L E T T E R S 31 DECEMBER 2002
neighbors, interatomic distances, and local geometry,
could not be obtained. One attempt to discriminate the
structural contributions of the same element (Ge) in a
mixture of its crystalline and amorphous phases used
EXAFS photoelectron wave number k-space selectivity,
where only the nc phase has higher shell EXAFS above
k� 3 �A�1 [5,6]. However, this missed important infor-
mation such as a separate determination of the a Ge and
nc Ge first-neighbor distances, since both a and nc phases
give first-neighbor contributions to the SRO, and only the
average distance over both types of Ge-Ge correlations
can then be determined [7].

In this work, we demonstrate that a relatively new
structural technique, diffraction anomalous fine structure
(DAFS) [8], the hybrid of the x-ray diffraction and x-ray
absorption measurements that combines the LRO sensi-
tivity of the former and the SRO sensitivity of the latter,
can be used to disentangle the contributions of ordered
and disordered states of the same element. This extends
the use of the EXAFS k space selectivity to include
variable photon momentum transfer, q, in a manner that
is complementary to differential anomalous scattering
(DAS). DAS fixes photon energy E at a few values and
scans q as a continuous variable in order to achieve a
chemical separation of the SRO, e.g., around different
atomic types in a single-phased amorphous material [9].
Here, to separate the SRO of a single atomic type in a
mixture of its ordered and disordered phases, we inter-
change the variables, fixing q at a few values (note that
EXAFS has the information content of q � 0 DAFS) and
scanning E as a continuous variable.

Using XRD, one can verify the presence of nanocrys-
tallites, and obtain their average size and lattice parame-
ter. In the DAFS experiment, a diffraction peak specific to
the ordered nc regions is measured as a function of
incident x-ray energy in the anomalous scattering region,
across the Ge absorption edge. The resultant oscillatory
fine-structure signal �nc�k� is due to local structural
correlations in only the ordered nc regions. Inde-
pendently measured EXAFS �total�k� of the same sample
yields SRO averaged over all Ge atoms, therefore the SRO
from nc Ge and from all other n� 1 structurally inequi-
valent Ge environments in the sample can be separated by
appropriate combinations of �total�k� and �nc�k�:

�total�k� � �1�nc�k� �
Xn

i�2

�i�i
other�k�; (1)

where �i
other�k� is partial EXAFS due to the ith state of Ge

other than nanocrystalline (e.g., Ge-O and a Ge) and �i
are weighting coefficients:

Pn
i�1 �i � 1.

We studied the local structure of mixed phase samples
containing amorphous and nanocrystalline germanium
supported by an SiO2 matrix. Two samples were prepared
by codeposition of Ge and Si oxides onto quartz sub-
strates by radio-frequency magnetron sputtering [10].
The Ge concentration was 60 mol% and the thickness
of the samples was 500 nm. One of the samples was then
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annealed for 1 h at 800 �C in an argon atmosphere. TEM
studies of these samples have demonstrated that nano-
crystals of ca. 15–20 nm in size, roughly spherical in
shape [Fig. 1(a)], were formed in the annealed sample
[11]. Combining these results with those of Raman scat-
tering [12] and EXAFS [11] experiments performed with
the same samples, we concluded that, in the Ge-rich
phase embedded in the SiO2 matrix of both the as-
prepared and annealed samples, Ge-Ge and Ge-O corre-
lations dominate and Ge-Si alloying is negligible.
However, there are three different structural environ-
ments around the Ge in the annealed sample which com-
plicate the analysis: Ge nanocrystals, amorphous Ge, and
Ge oxide. Moreover, the coexistence of amorphous and
crystalline phases of Ge squeezed into the small regions
(several tens of nm) in the SiO2 host matrix should result
in a large surface=volume ratio of Ge-Ge bonds in a Ge
near the interface with the nc Ge phase. As modeled
previously for Si, these amorphous interface layers may
be �7 �A thick [13]. Therefore, the average Ge-Ge bond
length in the amorphous Ge phase in our sample is
expected to differ from the average Ge-Ge bond lengths
in either bulk crystalline or amorphous Ge phases. In
order to isolate all three contributions, we analyzed the
samples by three different x-ray techniques, as described
below.

All three experiments, XRD, DAFS, and EXAFS, were
performed at room temperature using a custom-designed
four-circle Kappa diffractometer at Brookhaven National
Laboratory’s National Synchrotron Light Source on
Beamline X16C. Diffraction measurements were taken
first, to determine the relative fractions of amorphous and
crystalline phases in the as-deposited and annealed
285503-2
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samples. The as-deposited sample was verified as amor-
phous [Fig. 1(b)]. The Bragg peak profiles of the annealed
sample were measured by the �-2� method at the (111),
(220), and (311) peaks, which had nearly identical
�qFWHM values of 0:042�1� �A�1, indicating that the
peak broadening is due to the finite-size effect of roughly
spherical ordered regions. No preferred orientation of the
crystallites was observed, in agreement with our TEM
studies [Fig. 1(a)]. The characteristic length L of the
ordered regions was estimated from the measured
�qFWHM using the Scherrer formula (L � 0:94� 2
=
�qFWHM) as ca. 14	 1 nm, in agreement with the TEM
results above.

For DAFS and EXAFS measurements, energy scans of
the (111) reflection (Fig. 2) were performed from 200 eV
below to 600 eVabove the Ge K edge energy (11104 eV).
The x-ray beam was focused at the sample position using
a sagittally focused second crystal of the Si(111) mono-
chromator. In the DAFS experiment, the energy depen-
dence of the Bragg peak intensity was measured in each
of 20 consecutive scans. The EXAFS measurements, also
used to isolate the DAFS signal from the fluorescence
background, were taken in the same scattering geometry
as the DAFS experiment, by moving the 2� motor of the
diffractometer off of the Bragg peak and measuring the
Ge K� fluorescence intensity as a function of incident
x-ray energy. To calibrate x-ray energy between consecu-
tive scans, we monitored the absorption of air-scattered
radiation in a reference Ge filter [14].

After isolating the f0�E� and f00�E� from the Bragg
intensity (Fig. 2, insets) using the iterative Kramers-
Kronig algorithm [15], the total absorption cross section
��E� was obtained using the optical theorem: � �
4
 "hcf00�E�=E. In the EXAFS experiment, this quantity
was obtained directly, from the ratio of the fluorescent
and incident beam intensities. The appearance of the
shoulder in the near-edge region of f00�E� (arrow in
Fig. 2) is a known signature of crystalline Ge. We find
FIG. 2. Raw DAFS and f0, f00 data (insets) separated by the
Kramers-Kronig transforms. A near-edge ‘‘shoulder’’ in the f00

data is indicated by an arrow.
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that we can qualitatively reproduce, using ab initio FEFF8

[16] simulations, the main near-edge features, including
the ‘‘shoulder,’’ for clusters of atoms larger than 15 �A in
diameter. This confirms that the nc Ge is ordered on at
least this length scale, in agreement with the XRD and
TEM results. After the background subtraction and edge-
step normalization of two sets of raw ��E� data measured
separately by EXAFS and DAFS, their respective k��k�
signals were obtained (Fig. 3). The clearest difference
between the curves is the absence of the Ge-O coordina-
tion in the DAFS-extracted k��k� data, evident in their
Fourier transforms (Fig. 4), illustrating the phase selec-
tivity of DAFS technique. Fitting EXAFS theory calcu-
lated using FEFF7 [17] software to the fluorescence
EXAFS data (Fig. 4) yields a mean Ge-Ge distance,
averaged over both a and nc Ge, of 2:476�7� �A.

From the analysis of the DAFS-extracted nc-Ge k��k�
data (Fig. 4), we obtained the nc Ge-Ge distances to be
2:44�2� �A, in agreement with those measured directly by
XRD [2:455�1� �A]. The nc Ge-Ge distance is shorter than
that of the EXAFS-extracted average Ge-Ge distance,
indicating that the average Ge-Ge distance distribution
is bimodal, shorter in the crystalline, and longer in the
rest of the Ge-rich phase. This can be visualized by
comparing the residuals obtained after fitting the Ge-
Ge contribution to the bulk EXAFS data with the
unimodal (UNI) and bimodal (BI) distribution models
(Fig. 4). As Fig. 4 illustrates, the fit residuals obtained for
the UNI model are twice greater than in the BI model.
Moreover, the misfit of the UNI model in the vicinity of
Ge-Ge peak is concentrated on the right-hand side of the
bulk peak, i.e., manifesting the longer amorphous Ge-Ge
pair length, unaccounted for in the UNI model.

Analysis of the signal of the nc Ge phase (obtained
from the DAFS data) and the cumulative signal contain-
ing a mixture of GeO, a Ge, and nc Ge (measured by
fluorescence EXAFS) allows separation of the structural
contributions of all three phases. We used constrained
FIG. 3. k-weighted EXAFS measured by bulk fluorescence
(symbols) and extracted from the DAFS f00 (solid line).
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FIG. 4. Fourier transform (FT) magnitudes of the FEFF7

theory (solid) and the data (symbols). Fits were performed in
r space using the k range from 3.5 to 10 �A�1. Top left: Bulk data
and theory for Ge-O and average Ge-Ge contributions; k
weighting was used in FT. Bottom left: DAFS-extracted data
and theory for the nc Ge-Ge only; k3 weighting was used in FT.
The signal above ca. 3 �A in the bottom plot is dominated by
noise in the �nc�k� data (Fig. 3) preventing the analysis of
higher shells characteristic for the crystalline structure [5,6].
The inset shows the FT magnitudes of the fit residuals in the
vicinity of the Ge peak obtained after fitting bulk EXAFS data
(top left) with the unimodal Ge-Ge distribution model (UNI)
and the bimodal distribution model (BI).
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fitting of the total EXAFS with a model that included all
three contributions: Ge-O, nc Ge-Ge, and a Ge-Ge, but
with all nc-Ge structural parameters fixed at values pre-
viously determined from the DAFS. From this, the frac-
tions of all three components were obtained: Ge-O,
23�2�%; nc Ge-Ge, 43�18�%; a Ge-Ge, 34�18�%. In addi-
tion to the previously obtained first-neighbor nc Ge-Ge
distance of 2:44�2� �A, the remaining two distances were
determined as 1:746�5� �A in Ge-O, and 2:516�18� �A in a
Ge. The obtained Ge-O distance is in good agreement
with that reported previously for a similarly prepared
sample [11]. The mean Ge-Ge distance in a Ge is within
the 2:47–2:54 �A range quoted in previous works on amor-
phous germanium [18]. The reason this distance is
0:076�19� �A longer than that in the nc Ge is believed to
be caused by the large contribution of Ge-Ge bonds
located within the distorted amorphous-crystalline inter-
face layers, as described above.

This work illustrates that a combination of DAFS and
EXAFS can be used to determine the SRO around a single
atomic type in a sample of mixed amorphous and nano-
crystalline phases. DAFS determines the SRO of only the
ordered phase, while EXAFS measures the SRO of both
phases; the combination of both tools allows a full sepa-
ration of the SRO. In this Letter, we demonstrate this
separation in a monatomic system of mixed a and nc Ge,
but the approach can be generalized to make separate
SRO determinations in multiatomic systems containing
mixed amorphous and crystalline phases. Our approach
285503-4
relies on no specific characteristics of the sample except
the presence of an accessible x-ray absorption edge for
both absorption and diffraction experiments. Possible
applications include studies of materials such as quantum
dots, ion-damaged materials, and thin-film oxides, where
the nucleation and growth of nanocrystals from an amor-
phous matrix are important.
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