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ABSTRACT

Short-range atomic order in semiconductor alloys is a relatively unexplored topic that may promote design of new materials with unexpected
properties. Here, local atomic ordering is investigated in Ge-Sn alloys, a group-IV system that is attractive for its enhanced optoelectronic
properties achievable via a direct gap for Sn concentrations exceeding ~10 at. %. The substantial misfit strain imposed on Ge-Sn thin films
during growth on bulk Si or Ge substrates can induce defect formation; however, misfit strain can be accommodated by growing Ge-Sn alloy
films on Ge nanowires, which effectively act as elastically compliant substrates. In this work, Ge core/Ge;_Sny (x~0.1) shell nanowires
were characterized with extended x-ray absorption fine structure (EXAFS) to elucidate their local atomic environment. Simultaneous fitting
of high-quality EXAFS data collected at both the Ge K-edge and the Sn K-edge reveals a large (= 40%) deficiency of Sn in the first coordina-
tion shell around a Sn atom relative to a random alloy, thereby providing the first direct experimental evidence of significant short-range
order in this semiconductor alloy system. Comparison of path length data from the EXAFS measurements with density functional theory
simulations provides alloy atomic structures consistent with this conclusion.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0136746

Short-range order (SRO) in solid solutions has been shown to
contribute to its mechanical properties,' * but its presence and result-
ing effects on the electronic behavior of semiconductor alloys have not
been widely studied. This prompts interest in determining the degree
of SRO in semiconductor alloys. Ge-Sn solid solutions have garnered
much interest recently,” '* primarily for their capability to achieve a
tunable direct bandgap in a group IV semiconductor system that is
compatible with complementary metal oxide semiconductor (CMOS)
technology, and for their greater carrier mobility'”’ compared to silicon
and germanium CMOS transistor channel materials. However, the lat-
tice parameter difference between Ge and diamond cubic «-Sn
(214%)"*'° can promote the formation of various types of defects,
especially after post-growth annealing, including Sn precipitation.”*’

The lattice mismatch means that relatively defect-free epitaxial thin
films grown on typical Si or Ge substrates tend to be in a state of biax-
ial compressive strain, which hinders the transition to a direct gap.”*
For these reasons, this study focuses on Ge-Sn alloy shells, deposited
around Ge nanowires, which are grown by the vapor-liquid-solid
(VLS) growth mechanism. The growth process and characteristics of
such nanowires have been reported in detail elsewhere.”” *” This core/
shell nanowire geometry is particularly advantageous: the Ge;_,Sny
shell grows on an effectively elastically compliant substrate and, there-
fore, can be essentially strain-free for shell thicknesses comparable to
or greater than the core diameter.””® In fact, Ge core/Ge;_,Sn, shell
nanowire photodetectors have been shown recently to achieve impres-
sive responsivity and photoconductive gain.'”
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SRO in nanowire structures was investigated via extended x-ray
absorption fine structure (EXAFS). EXAFS has been used previously
to study changes in bond lengths, often as a function of composition,
in several semiconductor systems”’* as well as SRO in metallic sys-
tems.” There have recently been a few studies of SRO in Ge-Sn using
atom probe tomography (APT). Assali et al” found no SRO in their
Ge-Sn films, even in analysis of the correlation of nearest neighbor
distributions. This could be due to the high residual strain in their
films, which another analysis found affected the degree of SRO.”* Liu
et al.”* performed a detailed APT study of SRO in Ge-Sn alloy thin
films and found a small degree of Sn-Sn correlation, which depended
on depth beneath the sample surface and strain in the film, but not on
the average alloy composition. In contrast, computational work on the
local atomic structure of Ge-Sn alloys indicates a much higher degree
of SRO, wherein the shell of first nearest neighbors around Sn is nearly
devoid of Sn, with the redistribution of these Sn atoms to the third
shell.”

There has been one published report to date on EXAFS of crys-
talline Ge-Sn alloys.”® However, the data were collected at the Sn K-
edge only and were limited to a narrow k-range. Also, the presence of
localized amorphous regions of Ge;_,Sn, material limited that analy-
sis. Furthermore, this study was focused on point defects in Ge-Sn
alloys, rather than SRO.

Figure 1 provides details of the sample examined in this study.
The inset shows a scanning electron microscopy (SEM) image of the
as-grown sample. The image demonstrates that the Ge;_,Sny shells
have sharp facets indicative of high crystalline quality with no visible
Sn precipitation.”” Previously reported transmission electron micros-
copy (TEM) images indicate that the entirety of the core/shell nano-
wires is single crystalline.”” Figure 1 also shows a symmetric 20-w
x-ray diffraction (XRD) scan of the sample near the (333) peak.
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FIG. 1. XRD symmetric 20-a scan of Ge/Geq_,Sny core/shell nanowires. Top axis
shows Sn composition corresponding to the diffraction angle, assuming an
unstrained Ge-Sn alloy and applying Vegard's law. Inset: scanning electron micros-
copy image of Ge/Ge; _,Sny core/shell nanowires at 30° of stage filt.
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The peak at ~90.5° is from the single crystal Ge(111) substrate, and
the peak at ~88.5° is from the Ge;_,Sny shell material. Vegard’s law
may be used to estimate the Sn content of the Ge, _,Sn, material, and
since, based on the previous work,”**® the Ge,_,Sn, is unstrained for
the shell thickness (& 110 nm) and core diameter (= 50 nm) here, this
makes the Bragg angle of its peak a direct reflection of its Sn composi-
tion, leading to the composition axis at the top of Fig. 1. The center of
the Ge;_,Sn, peak corresponds to a composition of ~9.4at. % Sn.
Previous XRD-estimated compositions of Ge; 4Sn, shells deposited in
this CVD process have been validated by energy-dispersive x-ray spec-
troscopy (EDS) composition measurements during scanning transmis-
sion electron microscopy (STEM) imaging of core/shell nanowires
and nanowire cross sections.”””°

EXAFS samples were prepared by exfoliating the nanowires from
their growth substrate using tape. Data were collected at beamline
11-2 at the Stanford Synchrotron Radiation Lightsource (SSRL). The
sample was loaded in a liquid He cryostat, and both the Ge K and Sn
K absorption edge data were collected in fluorescence. The Ge K-edge
fluorescence was collected using a passivated implanted planar silicon
(PIPS) detector, while the Sn K-edge fluorescence was collected using
a monolithic 100-element Ge detector. Soller slits were placed in front
of each detector, as well as a Ga filter for the Ge K-edge and a Cd filter
for the Sn K-edge, to enhance the signal-to-background ratio.

Raw EXAFS data were reduced using Srxpack,””™ and back-
ground subtraction and fitting were performed using AtHenA and
Artems,"”* respectively. The data were fit to the EXAFS equation,
which is Eq. (S1). The Ge K-edge data were Fourier transformed using
the range k=30-190nm ', and the Sn K-edge data were Fourier
transformed using the range k= 30-195nm™'; a Hanning window
with dk=1nm ™" was used for both edges. The Fourier transforms of
the k*-weighted data were then fit in R space for both edges over the
range of R=0.15-0.47 nm, corresponding to the first three coordina-
tion shells around the absorbing atom. The two datasets were fitted
simultaneously using nine distinct single-scattering paths for the first
three coordination shells (calculated by FEFF*""%) each consisting of
Ge(absorber)-Ge(scatterer), Ge(absorber)-Sn(scatterer), Sn(absorber)-
Ge(scatterer), and Sn(absorber)-Sn(scatterer). Paths for each coordina-
tion shell with Ge(absorber)-Sn(scatterer) were fit with the same AR
and g2 parameters as paths with Sn(absorber)-Ge(scatterer). The com-
position x of the alloy was incorporated (and fit) by multiplying the
coordination number for the path by x for a path with Sn scatterer or
by 1 — x for a path with Ge scatterer. Therefore, the fit included 23
parameters: amplitude reduction factor (S2) for both edges; energy
shift (AE,) for both edges; nine changes in path length (AR) and
Debye-Waller factor (6%) for the nine paths; and composition x. It
should be noted that this fitting model represents the simplest physical
EXAFS model for a random binary alloy with two absorbing atoms
and three coordination shells.

Figure 2 shows the “raw” (unfiltered) kz—weighted 7(k) EXAFS
data and fits for (a) the Ge K-edge data and (b) the Sn K-edge data. It
is important at the outset to note the excellent quality of these data.
Such high-quality data extending to k=200nm™ ' were obtained by
the combination of several factors. First, using a liquid He cryostat was
essential to reduce thermal vibration damping of the EXAFS. Even
more importantly, as the sample is not a conventional thin film, it was
possible to remove the newly grown nanowire material from the sub-
strate by using tape, thereby eliminating the need for a grazing
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FIG. 2. Fits to the Fourier transforms of (a) Ge K-edge and (b) Sn K-edge data of
the sample. The top curves are the data and fit of the magnitude of the Fourier
transform of the EXAFS, |X(R)|, and the bottom curves are those of the real part of
the Fourier transform of the EXAFS, Re[X(R)]. Insets: raw k*-weighted (k) data.

incidence EXAFS geometry and contamination of the signal due to the
substrate’s absorption as well as Bragg peaks from the substrate or
layer itself.*”

Both fits closely follow the data. It should be noted that the Ge K-
edge data will include signal from the pure Ge core in addition to the
Ge;_,Sny shell, but the core constitutes less than 4% of each nano-
wire’s volume. In addition, a coherent interface between the core and
shell is expected with the core strained to match the lattice parameter
of the shell, while the shell remains strain-free.”*”* Therefore, the Ge
core should be only a minor perturbation to the analysis, as supported
by the close agreement of the EXAFS (x=0.11 = 0.02) and XRD
(x~20.094) determinations of the alloy composition.

Figure 3 shows the results of the fitted Debye-Waller factors (42)
for the first three coordination shells. Clearly, the Sn—Sn scattering paths
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FIG. 3. Fitted values of Debye-Waller factors (¢2) for the random-alloy model. The
plot also includes EXAFS fitting results for a pure crystalline Ge sample recorded in
the same liquid He cryostat.

reveal anomalous values compared to the others, despite the EXAFS
determination of x being equivalent to that determined by XRD.

To shed light on the Sn-Sn Debye-Waller factors, Fig. 4 shows
chemically specific sums of the fitted single-scattering paths. That is,
panel (a) shows the sum of paths with Ge(absorber)-Ge(scatterer); panel
(b) with Ge(absorber)-Sn(scatterer); panel (c) with Sn(absorber)-
Ge(scatterer); and panel (d) with Sn(absorber)-Sn(scatterer). The fitted
intensity for Sn atoms in the first shell around another Sn atom is much
lower relative to its second and third shells compared to the other types
of paths. Because of the correlation between coordination number and
Debye-Waller factor in an EXAFS fitting model, these results taken
together indicate that the first shell around an absorbing Sn atom is sig-
nificantly devoid of Sn, while the second and third shells appear Sn rich,
consistent with the results of the theoretical prediction of SRO in
Ge-Sn.”

The dramatic reduction in intensity of the first Sn-Sn scattering
path was quantified using an additional multiplicative parameter s
(referred to as the “swap parameter”). The addition of s to the fit
reduced the Sn-Sn first shell Debye-Waller factor significantly to a
value consistent with the values for Ge-Ge and Ge-Sn and produced a
value of s = 1.7 = 1.2, indicating a reduction in the number of Sn
atoms in the first shell around another Sn atom by ~40% compared to
what would be expected for a random alloy. (The large error bar is due
to the high correlation between s and ¢2.) The Sn-Ge coordination
was then also adjusted by the opposite amount (to maintain a coordi-
nation number of four around the absorbing Sn atom), and, indeed,
the fit was again improved, but not significantly over the model that
ignored this correction. Redistribution of Sn to both the second and
third shells in the model was also attempted, and again the fits did not
show significant improvement, regardless of the relative fraction of
additional Sn in these shells. This result is consistent with the fact that
the redistribution of Sn to the second and third shells is only a minor
perturbation to their total coordination because the coordination
number of the second and third shells is 12, whereas that of the first
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shell is four. Consequently, no additional quantitative information
could be gleaned other than that the first shell around a Sn atom is
deficient in Sn, and that this Sn is moving to the second and third
shells.

The value of the swap parameter indicates much stronger local
ordering than that detected in published reports using APT, corre-
sponding to a short-range order parameter of 0.59 + 0.42, whereas Liu
et al. obtained 0.85-1.15." Liu et al. suggested that the modest SRO
measured in their experiments compared to theory’” may be a conse-
quence of the non-equilibrium nature of Ge-Sn alloys, which have
been grown at low temperature to enable Sn incorporation above the
solid solubility limit. The growth temperature of the films described in
Ref. 34 was not reported. However, in Ref. 33, which similarly detected
much less SRO than the present EXAFS study, the authors employed
temperatures of 320, 300, and 280 °C during Ge-Sn growth, all of
which are higher compared to the Ge-Sn shell growth temperature of
275°C employed herein. Therefore, the present results do not seem
consistent with the suggestion by Liu et al. that Ge-Sn films grown at
lower temperatures should show less SRO. Another factor that could
be influencing the amount of SRO in these samples is the film growth
rate. Assali et al.” obtained growth rates of roughly 3, 2.4, and 1.3 nm/
min for layers having reported compositions of 7 at. % Sn, 12 at. % Sn,
and 17 at. % Sn, respectively. All of these film growth rates are greater
than the growth rate of the 9.4at. % Sn nanowire shells reported
herein, which is about 1 nm/min. This slower shell growth rate may
promote local Sn redistribution during atom incorporation into the
shell, facilitating SRO.

The values emerging from the fits, both with and without the
swap parameter, are shown in Table S1, and further discussion of

%0 01 02 03 02 05 06

R (nm)

them is warranted. Amplitude reduction factors (S3) of 1 are obtained
for both edges, which are the same values obtained for pure Ge and
pure Sn reference samples measured at the same beamline (see supple-
mentary material). This suggests that the first three shells are fully
occupied within the accuracy of these measurements, contrary to the
results of Gencarelli ef al.,”® which showed unusually low coordination
numbers in the second and third shells. Additionally, it should be
noted that the fitted value of composition, both with and without the
swap parameter s, corresponds to that obtained from XRD, adding
credence to the robustness of the fit.

The alloy path length results are also of interest and are shown in
Fig. 5(a) as relative strain of those path lengths, for the first three coor-
dination shells, where the relative strain is defined as

% _ Rmeusured —R
R R ’

where Ryeasured 1S the measured path length from the fit to the EXAFS
data and R is the corresponding path length in room temperature crys-
talline Ge. To facilitate interpretation of these results, first principles
simulations were performed using the Vienna Ab-initio Simulation
Package (VASP)."*” The spin-polarized calculations were completed
with the revised Perdew-Berke-Ernzerhof generalized gradient
approximation®’ for exchange-correlation interactions, with plane
wave basis cutoff energy of 8.33 x 107 J (520eV) and augmented-
wave pseudopotentials.”** Tonic relaxation was completed with
gamma-centered reciprocal-space grid with a minimum spacing of
0.003nm ", and the supercell volume fixed to the desired volumetric
strain. The supercell was formed from a 2 x 2 x 2 grid of unit cells,
with three of eight being identical cells containing two Sn atoms (to

1)
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FIG. 5. EXAFS-measured relative strain AR/R in each path for the random-alloy model (no swap parameter) (a) and calculated AR/R (b). The horizontal dashed line corre-
sponds to the strain determined from the XRD alloy peak (Fig. 1). Panel (a) also includes EXAFS fitting results for a pure crystalline Ge sample recorded in the same liquid He
cryostat. The arrow at the top right of (a) corresponds to the path lengths of pure diamond cubic Sn (AR/R = 0.147).

match the composition of the experimental sample). The Sn atoms
were configured as either first nearest neighbors (INN), second nearest
neighbors (2NN), or third nearest neighbors (3NN). Simulations were
performed for three different supercells: one containing the INN con-
figuration, another the 2NN configuration, and the last the 3NN con-
figuration. It is notable that relative energies indicate similar energies
for the 2NN and 3NN configurations, while the 1NN configuration
has substantially higher energy (Table S2), supporting experimental
results herein and the aforementioned theoretical results.”” The super-
cell volume was expanded by 1.3% relative to pure Ge in each axis, to
correspond to the sample’s lattice parameter measured by XRD
(Fig. 1), and then fixed. All 64 atoms were allowed to relax within the
constrained volume supercell, and path lengths were tabulated for
equivalent configurations of atom pairs (i.e., Ge and INN Ge, Ge and
INN Sn, etc.) out to the third coordination shell. Such path lengths
were averaged over the value from the three independent simulations
with equal weight, except for the Sn—Sn paths, where each of the three
data points comes from a separate simulation. Figure 5 compares
the theoretical AR/R values [Fig. 5(b)] with the experimental values
[Fig. 5(a)] determined by EXAFS. Trends match the EXAFS measured
strain, with the notable exception of the absolute values of the second
and third shell Sn-Sn strain, which will be expanded on below.

Based on the seminal EXAFS study of III-V semiconductors by
Mikkelsen and Boyce," significant bond length differences in the
Ge-Sn alloy system should be expected relative to the bond lengths in
pure Ge and pure Sn. Mikkelsen and Boyce determined that the bond
lengths in the zinc blende III-V alloy Ga,_,In,As do not follow the
simple virtual-crystal approximation (VCA), but rather the In-As and
Ga-As bond lengths maintain their own chemically distinct values,
and these values vary linearly as a function of alloy composition x by
~ 1/4 of the natural bond length difference between them. For the case
of the true binary alloy Si-Ge system, both experimental® > and the-
oretical work’' have found similar results. Clearly, significant differ-
ences between the Sn-Sn and Ge-Ge bond lengths are observed in this
work, in both theory and experiment, with the Ge-Sn bond length
being close to the average of the two. It is also clear that with increas-
ing shell distance, all distances tend to their natural VCA average,52
although the Sn-Sn 3NN distance as determined by EXAFS is found
much closer to the 3NN distance of pure crystalline Ge. This anomaly

may be associated with the non-randomness of the alloy that would
likely favor smaller third shell Sn-Ge-Ge-Sn distances over larger
Sn-Ge-Sn-Sn and Sn-Sn-Sn-Sn distances,”’ together with the appar-
ent expansion of 2NN Sn-Sn distances to accommodate the local
strain™ (for information on the influence of multiple scattering related
to this point, see the supplementary material). Assuming the “1/y x”
natural first shell bond length dependence of Mikkelsen and Boyce,"”
the predicted first shell bond lengths would be 0.2454 nm for Ge-Ge,
0.2591 nm for Ge-Sn, and 0.2728 nm for Sn-Sn, for a Ge-Sn alloy of
the composition studied here, in satisfactory agreement with the fitting
results in Table S1, and nicely supporting the accepted chemical
dependence of bond lengths in semiconductor alloy systems.

See the supplementary material for the EXAFS equation, which
was used to model the EXAFS data, values of all the parameters emerg-
ing from the fit to the EXAFS data, data from the pure material refer-
ence samples, information on the simulations of defect energies, and
information on the influence of multiple scattering on the Sn-Sn 3NN
distance.
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