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Abstract

Neighborhood at atomic scale is important for the properties of advanced alloys.
The preference or avoidance between neighboring atomic species is known as
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chemical short-range order (SRO). While SRO in metallic medium/high entropy
alloys has garnered substantial attention recently, understanding SRO in semicon-
ductor alloys remains underdeveloped. Motivated by theoretically predicted SRO
and its dramatic impact on band structure, here we perform statistical analyses of
atom probe tomography data to quantify SRO in SizGe1—_z—ySny alloys (x<12
at.%, y<16 at.%). Leveraging a side-by-side experiment-theory comparison at
the same spatial scale enabled by machine-learning neuroevolution potentials of
first-principles accuracy, we reveal, for the first time, a notable SRO favoring Si-
Si 1°* nearest neighbors even at dilute Si and Sn compositions. The SRO can be
tuned by varying precursors, offering a new degree of freedom for band engineer-
ing beyond composition and strain, and enabling new phase-change materials
based on SRO transitions for Si electronics/photonics.

Keywords: Short-range order, SiGeSn alloys, atom probe tomography, Poisson
statistics, Machine-learning neuroevolution potentials

1 Introduction

The importance of neighborhood has long been recognized in human civilization. For
example, ancient China has a well-known story that Mencius, a famous philosopher
in 300 B.C., moved 3 times with his widowed mom in his childhood to find a good
neighborhood for proper education.[1] Interestingly, neighborhood at the atomic scale
turns out to be equally important for the properties of advanced alloy materials. For a
given atomic species in an alloy comprising several elements, it matters which species
of atoms are their 1%, 2"¢ and 3"¢ nearest neighbors or even at longer range. The
preference or avoidance of certain atomic species in the K" nearest neighbor (KNN)
lattice sites is referred as chemical short-range order (SRO). This is in contrast to
random alloys, where all atoms distribute randomly on the lattice sites without any
preference of neighboring atomic species. In recent years, chemical SRO in metallic
medium and high entropy alloys (MEA and HEA) has received substantial attention
as it can profoundly impact their mechanical and electrical properties.[2-8] Since an
MEA /HEA requires more than 3/5 principal components,[9, 10] the SRO in these cases
occurs in more or less equimolar alloys rather than dilute alloys. The corresponding
SRO domains also have well-defined long-range ordered (LRO) counterparts such as
D03 or By,[7] therefore named after the corresponding LRO.

By comparison, SRO in dilute metallic alloys with a few percent of solute atoms
is less commonly studied either theoretically [11] or experimentally.[12-15] This is
because usually the low concentration of solute atoms limits their interactions, making
it difficult for them to exhibit significant chemical ordering. Furthermore, SRO in semi-
conductor alloys is rarely studied compared to their metallic counterparts, even though
different types of LRO such as CuPt-A, CuPt-B, and CuAu-I etc. have been observed
in equimolar ternary III-V compounds.[16] While SRO in dilute nitride semiconduc-
tors was theoretically predicted previously, it was mostly disapproved by experimental
results.[17] Therefore, investigating SRO in semiconductor alloys, especially dilute
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semiconductor alloys, could potentially reveal new physics in atomic ordering for novel
device applications.

As a representative semiconductor alloy, SiGeSn have received significant inter-
est for short-wave and mid-infrared (SWIR and MIR) optoelectronics applications as
Si-compatible Group IV semiconductors. The latest advancements in Si-based GeS-
n/Ge photodetectors,[18-24] GeSn/SiGeSn hetero-structures [25-29] and quantum
well (QW) lasers [30-33] demonstrated the potential of SiGeSn alloys for integrated
photonics on Si.[34-37] However, unlike III-V and II-VI semiconductors, the lattice-
matched hetero-junction is still missing in SiGeSn devices due to the limited choices
in lattice constant-bandgap space. For example, theories showed that lattice-matched
type-I confinement between GeggSng; and SiGeSn only provides an energy barrier
lower than 0.1 eV for both the conduction and valance bands.[38] A desirably higher
band offset is important to reach room temperature lasing,[25] but it requires a larger
difference in Si composition between the QW and the barrier thus a larger lattice mis-
match, which brings a key issue for epitaxial growth. Inspiringly, very recent studies
predicted the existence of SRO in GeSn and SiGeSn alloys and illustrated the dra-
matic impact of SRO on their band structures.[39-42] For example, theoretical models
show that the band gap in Sip125Gep.62551n0.25 increases from ~0.25 eV (direct) for
a random alloy to ~0.75 eV (indirect) for an alloy with enhanced SRO.[39] These
new findings give rise to an alternative and highly effective direction towards perfectly
lattice-matched iso-composition hetero-junctions and QWs with large band offsets
by engineering SRO.[43] Moreover, first-principles calculations also show SRO has a
strong impact on the thermal conductivity of SiGeSn alloys,[44] forecasting the possi-
bility to use SiGeSn as the first CMOS compatible thermoelectric material for on-chip
energy harvesting.[45, 46]

However, experimentally quantifying the extent of SRO still remains a big
challenge,[2-8], especially underdeveloped for semiconductor alloys. While four dimen-
sional scanning transmission electron microscopy (4D-STEM) has been applied to
study and map SRO domains at nm-scale in medium and high entropy alloys,[2—
4,47, 48], it is usually difficult to directly correlate the 4D-STEM results to the atomic
species that exhibit SRO and multiple sources have been shown to potentially con-
tribute to the diffraction signals.[49, 50] Extended X-ray absorption fine structure
(EXAFS) was first carried out by Shimura et al. to extract SRO information in SiGeSn
alloys,[51] but the result reflects an averaged SRO over a large volume (~100 um?
area X ~1 um thickness) while theory predicted that the statistical spatial distribu-
tion of SRO at nanoscale is also important.[39, 41, 42] Mukherjee et al. later employed
atom probe tomography (APT) to analyze the radial distribution function (RDF) of
Si, Ge and Sn elements and observed a repulsive interaction between Sn and Si.[52]
However, their RDF is meaningful only for r > 0.5 nm which is beyond 3NN, while
theories predict it is INN-3NN that exhibit the most significant SRO with the largest
impact on the band structure.[39-42] Ideally, local ordering in INN-3NN can be read-
ily examined once atomic positions and species are identified by APT, as shown in
studies for metals.[53-56] However, it is challenging to directly derive accurate RDF
and SRO of semiconductors from APT because the large spatial error induced by
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the non-uniform electric field during the field evaporation of semiconductors, or the
so-called local magnification issue.[57-59]

Here, we apply physics-informed statistical analyses [60] to the APT measure-
ments of Si;Ge;_,_,Sn, (x < 12 at.%, y < 16 at.%) alloys and leverage side-by-side
experiment-theory comparison based on first-principles neuroevolution potentials to
reveal a distinct and notable preference for Si-Si 1NN in SiGeSn alloys grown by chem-
ical vapor deposition (CVD). This trend holds even for dilute SiGeSn alloys with a few
percent of Si and Sn, driven by the minimization of local distortion in this atomic size
mismatched system against phase separation. To our knowledge, this is the first exper-
imental evidence showing not only Si-Si SRO in SiGeSn alloys but also notable SRO in
any dilute semiconductor alloy system, without any LRO counterparts at all, in sharp
contrast to SRO in more or less equimolar MEA /HEAs with clear LRO counterparts.
The experimental results are consistent not only with theoretical modeling but also
4D-STEM analyses in reciprocal space that will be published separately.[61, 62] Our
research also suggests that Si-Si SRO in SiGeSn thin films could potentially be modi-
fied by Si precursors, revealing an exciting new approach to tailor the band structure
of SiGeSn alloys towards lattice-matched heterostructures and QWs. Furthermore,
this first experimental discovery of notable SRO in dilute semiconductor alloys with
large atomic size mismatch enriches our fundamental understanding of phase stabil-
ity in terms of random to SRO transitions, one of the central themes of materials
science. Potential transitions from random to SRO alloys and vice versa by swapping
neighboring atoms may open a door towards novel phase-change electronic/photonic
devices on Si based on SRO rather than LRO transitions in existing systems, which
can potentially boost the speed and energy efficiency of the phase transition process
for functional materials.

2 Results and discussion

2.1 SiGeSn samples and SRO

A set of 14 SiGeSn samples grown by CVD are investigated. The Si precursor for sam-
ples A1-A4, B1-B4, C1-C6 was SiH5Cly, SioHg,and SiHy, respectively. Si composition
ranges from 1.2 to 11.3 at.% while Sn composition varies from 2.5 to 15.9 at.%. More
details about atomic composition will be presented later. The SRO is derived from
APT data using the physics-informed Poisson-KNN statistical method developed in
Ref.[60]. Through a statistically weighted summation of nominal KNN in APT data,
the true KNN shells are reconstructed, enabling the calculation of the probability of
an A atom having a B atom in its true KNN shell, i.e., PXNN (A B = Si, Ge, Sn).
The SRO parameter is then derived as the ratio of PXNVY to the atomic percentage

of B in the region xp:

PR
s 0

Specifically, a5V, > 1 indicates a tendency of Si-Si clustering, while a ;Y. < 1 indi-

cates a tendency of Si-Si de-clustering. Also note that our definition of SRO parameter

in Equation (1) is exactly equal to 1 minus the Warren-Cowley SRO parameter com-

monly used in theoretical literature. This experimental definition in Equation (1) is

KNN _
Qa_p =
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preferred because it more intuitively corresponds a larger SRO parameter to the pref-
erence of A-B neighbors. SRO is analyzed within 10 nm x 10 nm x 10 nm nanocubes
in each sample (except samples B3 and B4), and 3D SRO maps are generated accord-
ingly. Each nanocube contains more than 10000 atoms, providing sufficient data for
statistical analysis. SRO in samples B3 and B4 is calculated in 10 nm x 10 nm x 5
nm nanocubes (~7000 atoms) because the thickness of SiGeSn barriers in the QW
structures is smaller than 10 nm.

2.2 Impact of APT laser pulse energy on SRO analyses

The APT data collected from different institutions were measured under varying con-
ditions, particularly with respect to the pulsed laser energy. To rule out the impact
of laser energy on the SRO parameters, we first compared the SRO in the same sam-
ple (A1) measured at different laser energies using the same APT equipment at Oak
Ridge National Lab, as listed in Table 1. Laser mode with 60, 20, 10 pJ/pulse laser
energy was used to evaporate atoms from sample Al for APT data. Voltage mode
(i.e., using electric field only without laser evaporation) was also used for a compar-
ison (the last row in Table 1). SRO parameters were analyzed in ~20-50 nanocubes,
each with dimensions of 10 nm x 10 nm x 10 nm, for each condition. The mean SRO
value was then compared with an error range calculated using the the standard error
of mean (SEM). The SEM is defined as the standard deviation (SD) divided by the
square root of the number of the nanocubes (N), i.e., SEM = SD/+/N. By consider-
ing the number of nanocubes, the SEM accurately reflects the true error of the mean.
It is found that Si-Si INN SRO ai'?%,, is almost identical in these cases and it is not
affected by pulsed laser energy ranging from 0 to 60 pJ. In particular, the Si-Si INN
SRO parameters are practically the same for 0 vs. 60 pJ. Note that higher pulsed
laser energy results in stronger thermal evaporation vs. field evaporation, which can
perturb the atomic positions via thermal excitation. On the other hand, it can reduce
the DC voltage required to evaporate the atoms, which helps avoid sample fracture,
especially in brittle materials such as semiconductors. Increasing laser pulse energy
also leads to a larger ratio of 14 ions to 2+ ions for Si, Ge and Sn, which serves as a
good indicator of thermal perturbation when comparing APT data acquired by differ-
ent equipment under different conditions. Results in Table 1 suggests Si-Si INN SRO
is not impacted by pulsed laser energy when the Si+/Si++ ratio is in the range of
0-2.5 and the Ge+/Ge++ ratio is within 0-4.0. Therefore, all the APT data selected
in this paper were acquired by 0-60 pJ/pulse with the 14/2+ ion ratios around the
ranges specified above in order to avoid any artifacts due to different measurement
conditions.

Another important piece of information from Table 1 is that, under the same laser
pulse energy or thermal perturbation, Sn shows much smaller 14-/2+ ion ratio than
Si and Ge. At laser pulse energy below 20 pJ, Sn atoms are almost entirely field-
evaporated as indicated by the predominance of 2+ ions. Since Sn atoms are well
known to migrate under a large electric field,[63, 64] this factor could reduce the
accuracy of quantitative Sn-Sn SRO analyses compared to Si-Si. This will be discussed
later.



200

201

202

203

204

205

206

207

208

209

210

212

213

214

215

216

217

218

Table 1 SRO of SiGeSn sample Al versus laser energy

Sample Si Ge Sn Laser Si+/ | Ge+/ | Sn+/ Mean # of
# at.% | at.% | at.% | energy (pJ) | Si++ | Ge++ | Sn++ agli\l_l\g'i nanocubes
60 2.44 3.97 1.05 1.031+0.03 20
20 0.30 0.17 0.01 1.05+0.03 47
Al 4. . .
b 89.0 6.5 10 0.13 0.05 0.00 1.04+0.03 36
0 0.00 0.00 0.00 1.024+0.02 45

2.3 SRO in SiGeSn

Fourteen different SiGeSn samples grown by 3 types of CVD precursors were analyzed.
Their composition and SRO are summarized in Table 2. Again, the SRO is represented
as the mean value + SEM. As a representative example, Fig. 1 shows APT and STEM
data of sample Al grown by SiH5Cls. As shown in Fig. 1a, SiGeSn sample A1l is the
barrier in a SiGeSn/GeSn/SiGeSn multiple quantum well (MQW) structure.[30] Fig.
1b shows the composition profile. The SiGeSn region we investigated has 4.5 at.% Si
and 6.5 at.% Sn on average. 3D SRO mapping is exemplified in Fig. lc. oV, is 1.04
4+ 0.01 over 148 10 nm x 10 nm X 10 nm nanocubes in 4 tips. The high-resolution
STEM (HRSTEM) image and Energy Dispersive X-Ray Spectroscopy (EDS) mapping
of sample Al are shown in Fig. 1d, indicating no defects near the interface between
SiGeSn and GeSn.

Table 2 Composition and SRO of 14 SiGeSn samples

Si Sample Si Ge Sn Si:Sn Mean Mean # of
Precursor # at.% | at.% | at.% | ratio agl;l_z\gi afNN. nanocubes
Al 4.5 89.0 6.5 0.69 1.0440.01 1.01+0.01 148
SiH,Cly A2 6.6 85.8 7.6 0.87 1.0340.01 1.00+£0.01 179
A3 3.7 88.3 8.0 0.46 1.0940.01 | 0.9940.01 81
A4 1.2 88.6 10.2 0.12 1.1540.05 1.014+0.00 81
B1 4.5 83.1 124 0.36 1.031+0.01 1.00+0.00 100
SiyHg B2 2.1 82.0 15.9 0.13 0.98+0.13 | 1.01+0.01 9
B3 10.8 78.5 10.7 1.01 1.084+0.01 1.01+0.01 64
B4 4.2 81.4 14.4 0.29 1.064+0.03 | 0.9940.01 64
C1 1.3 93.3 5.5 0.24 1.11+0.05 | 1.0140.01 36
C2 3.2 92.8 4.0 0.80 1.0640.01 1.0240.01 79
SiH, C3 1.7 92.8 5.6 0.30 1.1140.02 | 1.0040.01 63
C4 11.3 86.2 2.5 4.52 1.0240.01 1.054+0.06 30
Ch 4.1 92.7 3.2 1.28 1.074+0.03 | 0.984+0.03 36
C6 2.4 93.6 4.0 0.60 1.004+0.04 | 1.0040.02 72

Similarly, APT data of sample B1 (grown by SisHg precursor) and C1 (grown by

SiH4 precursor) are shown in Fig. 2. Sample B1 is also a MQW sample, as shown
in Fig. 2a and b. The SiGeSn barrier has 4.5 at.% Si and 12.4 at.% Sn. The SRO
mapping in sample B1 is shown in Fig. 2¢, with a similar level of fluctuation as sample
Al. Sample C1 is a SiGeSn thin film grown on Ge, with 1.3 at.% Si and 5.5 at.% Sn,
as shown in Fig. 2d and e. Compared to the SRO in sample A1l and B1, the agjy_l\gi in
sample C1 (1.11 £ 0.05) has a larger mean and fluctuation, as illustrated by more dark
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Fig. 1 APT and STEM data of sample Al grown by SiHsClz. SiGeSn is the barrier in a SiGeS-
n/GeSn/SiGeSn quantum well (QW) structure. a) Reconstructed APT data. b) Composition profile.
¢) 3D SRO mapping examples in SiGeSn region. d) HRSTEM and EDS mapping of the sample.

red (~1.5) regions in Fig. 2f. Please note that the relatively larger ole J\gz in sample
C1 compared to sample Al and B1 does not result from C1 being a SlGeSn thin film
on Ge. In fact, samples C2-C6 are also SiGeSn thin films on Ge, yet C4 and C6 have
a smaller a Y ’%.. The large g%, in C1 and C3 is most likely due to the small Si:Sn
ratio, as will discussed in the trend shown in Fig. 3a.

As summarized in Table 2 and Fig. 3a, the preference of Si-Si 1NN is observed in
almost all SiGeSn samples except B2 and C4, with an average a}Y’%, ranging from
0.98 to 1.15. These include notable Si-Si INN SRO in dilute SlGeSn alloys such as
A3-A4, C1-C3, and C5. To the best of our knowledge, this is the first experimental
demonstration of notable SRO in dilute semiconductor alloys. This result largely agrees
with the theoretical prediction based on SiGeSn supercells of the similar compositions,
generated through large-scale Monte Carlo sampling based on our developed machine-
learning neuroevolution potential for SiGeSn alloys, shown in Fig. 3a, with a clear
preference of Si-Si INN and aY '}, ranging from 1.2 to 1.3. The degree of preference
for Si-Si 1NN pairs from the APT data is smaller than the predictions due to the

perturbation of atom positions in APT measurements, which leads to the assignment
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of some Si-Si INN pairs to the 2NN and 3NN shells (Fig. 3b) and dilutes the Si-Si
1NN SRO parameters. More discussions will be provided later.

In contrast to agy_]\gi that are predominantly greater than 1, the average Sn-Sn
SRO a}g]XI_VSn is almost identical to 1 (except C4), meaning Sn-Sn INN pairs are
less likely to occur than Si-Si 1NN in most of the SiGeSn samples. We also noted

that the Sn-Sn 1NN SRO parameters in SiGeSn are slightly lower than their GeSn



241

242

243

244

245

246

247

248

249

a 14 /4 b 120

B SiH,Cl, = Al
137 , ® SiH, 1.151 ® B4
MadA A 4, 4 ® SiH, A C3
1.2+ A Theoretical 1.10 4
_ .
Z0n @ 1NN
Z 511 S5 1.05-
3 = 8
1.0+ 1.00 1
0.9 1 0.95 4 2NN 3NN
0.8 T T T T T T /T 0.90 T T T T T
0.0 02 04 06 08 1.0 12 14 44 46 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Si:Sn ratio r(A)
cC 14 d so
* True oy without perturbation || | peoe-- ——SRO
1.31 * Measured ally; with perturbation 40 4 ' Random
*.
1.21 — si G S
=5 p = 304 10.062509€0.875°N0.0625
(]
Z.L 1.1 ~ s
z5 Sk & INN
3 ., ¥ * 201 2NN
oo 10 3NN
a Si0.0625G€0.8755M 0625
0.8 T T T T T T T 0 T T T T T
00 05 10 15 20 25 3.0 20 25 30 35 40 45 50
Standard Deviation of Atomic Displacement (A) r(A)

Fig. 3 a) Si-Si INN SRO in SiGeSn versus ratio between Si and Sn composition. The error bars are
the standard error of mean (SEM). The black triangles represent the theoretical prediction, enabled
by first-principles machine-learning neuroevolution potential, using supercells of the same size as
those in experiment, with SEM obtained by averaging 900 configurations for each composition. The
red, green and blue squares represent experimental data measured in SiGeSn grown by precursors
SiHoClg, SigHe and SiHyg, respectively. The corresponding dashed lines are the linear fits of the data
from each of the three precursors. b) Si-Si INN-3NN SRO in sample A1, B4 and C3. The error bars are
SEM. c) Measured SRO from theoretically simulated Sig.0625Geo.875S510.0625 supercells as a function

of atomic position perturbation. The red star is the true allgjivf\gi without perturbation. The black

stars are the measured average afgjy_]\’si as a function of the magnitude of perturbation, quantified

by standard deviation of atomic displacement. The error bars represent the SEM of a}gli\’l\gi over 10

different configurations. d) Si-Si RDF in theoretically simulated Sig.0625Geo0.8755m0.0625 supercells.

counterparts,[60, 65] which is also qualitatively consistent with the theoretical pre-
diction, as will be detailed in the next section. On the other hand, although Sn-Sn
repulsion is predicted in SiGeSn,[39] it is not quantitatively observed in the APT data.
This is because the Sn-Sn 1NN SRO parameter from APT analyses is more susceptible
to atomic position perturbation in the APT measurements due to the compensation
between 1NN and 3NN shells, as will be detailed in the next section. Another factor
is the surface migration of Sn atoms under a large electric field, as discussed earlier.
Therefore, while we find that the relative comparison of Sn-Sn SRO parameters still
holds true when atomic perturbation is smaller than 2.5 A, as shown in Supporting
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Information Fig. S1, Sn atoms may experience a larger perturbation in atomic posi-
tions than Si during APT measurements, leading to a lower accuracy in quantifying
Sn-Sn SRO using APT.

The ratio between Si and Sn is also presented in Table 2 because theoretical pre-
diction shows a dependence of Si-Si SRO on this ratio, as shown in Fig. 3a. The
black triangles are theoretical ai’%, calculated based on 10.2 nm x 10.2 nm X
10.2 nm supercells generated using Monte Carlo (MC)/machine-learning neuroevolu-
tion potentials (NEP) method (see methods for details). The error bars represent the
SEM obtained from 900 different supercells evenly selected from MC/NEP trajectories
ranging from 100 000th to 1000 000th MC step, with a spacing of 1000 step, for each
composition. According to the simulations, a relatively stronger Si-Si 1NN preference
is observed when Si:Sn ratio becomes smaller. This supports the idea that SRO exists
to minimize the distortion (or strain) created by the substitution of Si and Sn in the
Ge lattice.[41] Given that Sn atoms are 15% larger than Ge atoms while Si atoms are
about 4% smaller, a certain degree of preference for Si-Si INN could effectively coun-
teract the lattice dilation induced by nearby Sn atoms, e.g. through a Si-Si-Sn nearest
neighboring configuration to reduce the local strain. The more the Sn or the fewer
the Si atomic percentage in Ge, the more pronounced the dilational lattice distortion,
which requires more Si-Si 1NN to compensate the distortion through Si-Si-Sn neigh-
boring configurations. This theoretically predicted trend is indeed largely consistent
with the trends in the SiGeSn samples grown by SiHoCls and SiHy precursors (see
the red and blue squares in Fig. 3). The impact of CVD precursors will be further
discussed in a later section.

To better understand the underestimated Si-Si INN SRO parameters in the exper-
imental data compared to theoretical predictions, as briefly mentioned earlier, Si-Si
2NN and 3NN SRO parameters of sample Al, B4 and C3 are shown in Fig. 3b. Here
we select one sample for each precursor. Clearly, the average a2 ™. and a3 ", are
also slightly larger than 1 in these samples due to the atomic position perturbation
that leads to the assignment of some true Si-Si 1NN pairs to the 2NN or 3NN shells.
This will be detailed next.

2.4 Impact of atomic position perturbation on APT SRO
analyses

To further confirm the impact of atomic position perturbation in APT data on Si-
Si SRO parameters retrieved by Poisson-KNN method, we generated SRO structural
models (102 nm X 10.2 nm x 10.2 nm, 46656 atorns) of Si0_0625Geo_875Sn040625
by employing Monte Carlo (MC) sampling using a machine-learning neuroevolution
potential for Si-Ge-Sn alloys we developed herein (see methods), as an extension of
our recently developed neuroevolution potential for GeSn alloys.[42] The MC/NEP
sampling yields a Si-Si INN SRO parameter a};]iv_]\gi = 1.24. To mimic the limited
detection efficiency in APT, we created ten distinct configurations by randomly remov-
ing 50% of the atoms within each configuration. Atomic positions were then spatially
perturbed according to a Gaussian distribution [66] with a standard deviation of 1-
3 A to simulate the uncertainty in determining atomic positions in APT. Applying
Poisson-KNN method to these perturbed structural models, we found the approach
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yields an average Si-Si INN SRO parameter around 1.1 in Sig gg25Geo.8755M0.0625
when the perturbation is within 1-3 A. This degree of underestimation of o}, is
almost identical to the difference between the theoretically predicted and experimen-

tally measured als]ly_]\gi shown in Fig. 3a, suggesting that the perturbation in APT

measurement can be the main reason that the measured aiY'\, is lower than the pre-
dicted value. Furthermore, as shown in in Fig. 3d, the Si-Si radial distribution function
(RDF) in the theoretical supercell (red curve) exhibits a notably higher INN peak but
only a slightly lower 2NN peak compared to that in a random alloy (grey curve), with
the 3NN peaks being nearly identical in both cases. This indicates that the intermix-
ing of INN with 2NN or 3NN, induced by perturbations in APT measurements, will
dilute the measured Si-Si INN SRO a{Y\,; while increasing Si-Si 2NN and 3NN SRO
parameters close to or above those of the random alloys. It also explains the trend

observed in Fig. 3c, where the measured alsjiv_]\gi gradually decreases as perturbation

increases. Consequently, the measured o2} '}, and oY ?. become larger than 1 due
to this intermixing, as confirmed by the APT experimental results in Fig. 3b.

As alluded earlier, we also checked the impact of perturbation on measured Sn-Sn
SRO using theoretically simulated models, as shown in Supporting Information Fig.
Sla, despite that the predicted Sn-Sn repulsion is not observed in APT. The measured
atN N, is more sensitive to the perturbation than agY?%,. This is because the Sn-Sn
RDF in SRO SiGeSn alloys shows strong depletion of INN and strong enhancement
of 3NN that compensate each other upon perturbation (see Sn-Sn RDF in Supporting
Information Fig. S1b), while Si-Si RDF is dominated by 1NN enhancement without
strong depletion from either 2NN or 3NN. Consequently, the intermixing of Sn-Sn
1NN and 3NN due to atomic position perturbation in the APT data will significantly
compensate the SRO of each other towards a random alloy and smears out the mea-
sured Sn-Sn INN SRO (see Fig. Slc in the Supporting Information). In contrast, the
Si-Si INN SRO parameter only gets diluted, while overall Si-Si INN-3NN all show

enhancement even upon atomic site perturbation, as discussed previously in Fig. 3b.

2.5 Precursor effect

As mentioned earlier, while the SiGeSn samples grown by SiHoCly and SiHy (red and
blue squares and linear fitting dashed lines in Fig. 3a) largely follow the theoretical
trend that the Si-Si INN SRO increases as the Si:Sn ratio decreases, the samples
grown by SioHg (green squares and linear fitting dashed line in Fig. 3a) appear to
follow the opposite trend. To directly assess the influence of Si precursors on SRO,
we selected sample B4 and C3 for comparison. The former is grown by SiosHg while
the latter is grown by SiH4. These two samples have a similar Si-to-Sn ratio (~0.3)
and a comparable ion-charge ratio (~2.1 for Si+/Si++ and ~2.8 for Ge+/Ge++),
allowing us to mitigate the influence of temperature and perturbation. Histograms
of Si-Si and Sn-Sn INN SRO statistical distribution is shown in Fig. 4. oY7L, is
relatively smaller in the sample grown by SioHg (1.06) than the sample grown by
SiH4 (1.11), but Sn-Sn SRO parameter iy —is almost the same for these two
samples (~1.00). This comparison, together with the clearly different trends in Si-
Si INN SRO vs. Si:Sn ratio for SioHg, SiH2Cly and SiHy, (Fig. 3a), suggests that
Si-Si SRO could be potentially tuned by choosing different Si precursors. Based on
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this finding, we expect that changing the Sn precursor from SnCly to others such
as SnDy may also produce different Sn-Sn SRO. A likely reason for the precursor
effect is the surface chemistry and surface termination, which could impact the SRO
on the growth front. Additionally, the growth rate using SiosHg precursor is higher
compared to SiHy,[67] meaning the growth process with SioHg might be further from
thermodynamic equilibrium. As a result, the SRO does not align with the theoretical
value predicted at thermodynamic equilibrium. We will investigate more about the
control of SRO through CVD precursors in the future.

Si-Si Sn-Sn
20 b 20
a Si Precursor: Si;Hg,  Mean: 1.06 Si Precursor: Si;Hs  Mean: 0.99
Sample B4 % SEM: 0.03 Sample B4 SEM: 0.01
154 154 9
Si:Sn =0.29 § SD: 0.23 Si:Sn =0.29 SD: 0.05
o N\
O § ]
5 N\
/L
N
04 NN
02 04 06 08 10 12 14
1NN
Si-Si
20 d 20
C Si precursor: SiH, Mean: 1.11 Si precursor: SiH, Mean: 1.01
15 Sample C3 \ SEM: 0.02 15 Sample C3 SEM: 0.01
Si:Sn =0.30 SD: 0.19 Si:Sn =0.30 \ SD:0.06

- \ 0_

02 04 06 08 10 12 14 16 18 0.8 09 1.0 11 1.2
1NN 1NN
Usi.si Agn-sn

Fig. 4 Histogram of Si-Si and Sn-Sn INN SRO in sample B4 and C3. a), b) ai¥ ™. and o}V, in
INN INN

sample B4. Sample size n = 64 (nanocubes). c), d) ag, ", and ag, g, in sample C3. Sample size
n = 63 (nanocubes).

2.6 Band structure of random vs. SRO dilute SiGeSn alloys

To investigate the impact of SRO on the band structure in dilute SiGeSn alloys, the
theoretical band structure of Sig os25Gen.s755M0.0625 (With a SRO discussed in Fig.
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3c,d) is computed and shown in Fig. 5, compared with the random alloy with the
same composition. The predicted band gap is listed in Table 3. It is found that even
with this low Sn and Si composition (6.25% for both), SRO already increases the
direct bandgap by ~60 meV, i.e., 10 %. As the electrical pumped GeSn/SiGeSn QW
laser works at 100-150 K to date [25-27], increasing the QW depth by using a larger
bandgap SRO SiGeSn barrier without increasing the lattice mismatch would help with
carrier confinement towards a room temperature laser. On the other hand, random
SiGeSn alloys are more direct in band structure, thereby more suited for the QW
region. As discussed earlier, switching CVD precursors could potentially offer such
SRO control to optimize the QW structures. It is also worth noting that the fact that
SRO slows down the indirect-to-direct gap transition in GeSn and SiGeSn system is
fundamentally attributed to the preservation of local tetrahedrality of Ge atoms. In
this regard, the transformation of Ge to direct gap semiconductor, either by tensile
strain or Sn alloying, is essentially due to lattice distortion (either locally by Sn alloy or
homogeneously by biaxial tensile strain), associated with the breaking of local perfect
tetrahedrality (sp® hybridization). SRO will reduce this effect induced by Sn since it
tends to minimize the elastic strain energy.

Random (SQS)

“"'*:ng t'e f'& :;
&R Y %
Q 5% (V8 A

091 o
0.8
0.7 f

0.6

0.5

Energy (eV)

0.4

Spectral weight

0.3

0.2

0.1

Wave vector Wave vector

Fig. 5 Unfolded electronic band structure of Sigp.0625Geon.s8755m0.0625 alloys with and without SRO.
The direct band gap of the SRO alloy is about 0.1 eV larger than that of the random (SQS) alloy.
The corresponding Bloch spectral weight, which quantifies the amount of Bloch character preserved
in the supercell eigenvalue and how closely an electronic state resembles an ideal Bloch state in a
perfect crystal, is color-coded and size-coded in the plot on the right. Larger sizes indicate states that
closely match the ideal Bloch states, while smaller sizes indicate states that are more disordered or
less Bloch-like.
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Table 3 Predicted band gap of
Si0.0625G€0.8755M0.0625

Ar (eV) | Ap (eV)
SRO 0.640 0.599
Random 0.577 0.632

2.7 Discussion

Our studies of SRO in SiGeSn alloys represent the first observation of notable SRO
in dilute semiconductor alloys due to large atomic size differences. Si-Si 1NN becomes
preferred in order to compensate for the local lattice dilation induced by the large Sn
atoms, even for dilute solute concentrations. The 15% atomic size mismatch between
Sn and Ge sits right at the border of Hume-Ruthery rules, while the mismatch between
Si and Sn is even larger. Usually, such atomic size mismatch would lead to either
phase separation or compound formation. In SiGeSn system, we found the formation
of SRO as another intermediate solution to minimize the lattice distortion induced
by the atomic size mismatch, in order to stabilize this metastable system against
phase separation. When the Sn composition further increases, though, eventually even
SRO won’t be enough to fully reconcile the local distortion induced by the atomic
size mismatch, and phase separation would occur. Therefore, this finding enriches
our understanding of fundamental thermodynamics and phase stability in atomic size
mismatched alloys systems by taking SRO into account.

We also developed a better understanding of APT SRO analysis techniques. While
APT analysis has been applied to SiGeSn thin films previously,[52] conventional
approaches only allow analyzing the atomic neighbors beyond 3NN. The Poisson-KNN
method allows us to investigate atomic SRO in 1INN-3NN for the first time in SiGeSn
alloys. The observed tendency of Si-Si attraction is highly consistent with the theoret-
ical modeling especially after considering the impact of atomic position perturbation
in APT measurements. Relatively stronger Si-Si 1NN preference is observed when
Si:Sn ratio becomes smaller, supporting the idea that SRO exists to minimize the dis-
tortion (or strain) created by the substitution of Si and Sn in the Ge lattice. The
relative comparison of Sn-Sn SRO is also qualitatively consistent with the theoreti-
cal predictions for SiGeSn vs. GeSn, as discussed earlier, although the absolute Sn-Sn
SRO parameters are less accurate than that of Si-Si. This discrepancy arises because
(1) Sn-Sn SRO is more sensitive to atomic position perturbation since INN and 3NN
are opposite in repulsion vs. preference. The intermixing of INN and 3NN due to
atomic position perturbation will dramatically compensate INN SRO and artificially
randomize the alloy; (2) Sn atoms have a stronger tendency to migrate under a large
electric field in the APT data collection. Overall, we find that the accuracy of APT
SRO analyses depends not only on the nature of SRO for different atomic species, but
also the migration of the atomic species under high electric field and thermal pertur-
bation induced by the laser pulses. Close collaborations with theoretical modeling and
cross-check with other techniques, such as 4D-STEM [61, 62], would be ideal to better
understand and interpret the APT SRO data.

Moreover, the theoretically predicted coexistence of two types of SRO in SiGeSn
with higher Si and Sn compositions [39] suggests that the mean value of SRO over a
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large area is not enough to reveal the atomic structure in a complex alloy. Instead, local
atomic ordering should be characterized by the distribution of the SRO parameter
in both real space and SRO parameter space.[42, 68] Thus the 3D SRO map and
histogram we obtained from APT data are informative and greatly complementary to
the averaged results from EXAFS [51] in SRO analyses.

We also found that modifying CVD precursors can potentially control the SRO
in SiGeSn growth process. It is known that surface chemistry and reconstruction on
the substrate impact the crystal growth process.[69-72] By using different precursors,
kinetics of the surface reactions could lead to different chemical bonding associated
with surface reconstruction, and this local ordering could in turn foreshadow the
nucleation.[73, 74] Previous studies show that Ti-based precursors can influence the
SRO in Ti-doped NaAlHg,[75, 76] and Bi surfactant can dramatically change the
atomic ordering in GaAsSb and GaAsN.[77, 78] These studies echo with our discov-
ery that SRO in SiGeSn alloys could be tuned by varying Si precursors, although the
impact of precursor is still subtle in our results and the detailed mechanism needs
further exploration.

Since Si precursor could impact the SRO of Si, we expect that engineering Sn
precursors might also have an impact on the SRO of Sn. Currently, SnCly is the
dominant CVD precursor for Sn. However, other precursors such as SnDy are being
studied. We have also investigated SRO in GeSn grown by different Ge precursors. It
is found Ge precursor (GeHy or GeoHg) seems to have a small impact on Sn-Sn SRO
in GeSn, see Supporting Information Fig. S2. We will explore the influence of the Sn
CVD precursor on Sn-Sn SRO in GeSn and SiGeSn in future research.

The significance of this work is that it indicates the possibility of controlling
SRO in SiGeSn by tuning growth methods, e.g. switching between different precur-
sors in CVD growths. As SRO can significantly impact the bandgap of SiGeSn,[39]
lattice-matched hetero-junction with the same composition/lattice constant but dif-
ferent SRO and bandgaps across the interface could potentially be achievable.[43] This
could resolve the long-existing materials growth issue brought by lattice mismatch,
thus offering a new degree of freedom to achieve high quality lattice-matched SiGeSn
hetero-junctions and QWs for optoelectronic applications such as lasers, modulators
and photodetectors. Potential transitions from random to SRO alloys and vice versa
by swapping neighboring atoms under thermal or electrical pulse excitation may also
open a door towards novel phase-change optoelectronic devices on Si based on SRO
rather than LRO in existing systems (e.g. amorphous-to-crystalline or random to LRO
alloys), which can potentially boost the speed and energy efficiency of the phase tran-
sition process. The study of SRO in SiGeSn is the beginning of better understanding
the atomic ordering and pathways to its control in advanced Si-based semiconductor
alloys that may include all Group IV elements such as quaternary CSiGeSn alloys.

3 Conclusion

In summary, we investigated the SRO in Si;Ge;_y—,Sn, (x<12%, y<16%) grown
by CVD, utilizing advanced APT SRO analysis techniques. Notable Si-Si 1NN pref-
erence is observed and its dependence on Si/Sn ratio is consistent with theoretical
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modeling. The modeling was achieved through large-scale atomistic simulations using
state-of-the-art machine-learning neuroevolution potentials developed specifically for
SiGeSn, which provide first-principles accuracy and enable side-by-side experiment-
theory comparisons at the same spatial scale. To our knowledge, this is the first APT
experimental work revealing 3D SRO mapping and statistical histograms in SiGeSn
alloys. It also represents the first observation of notable SRO in dilute semiconductor
alloys, revealing a strong impact of atomic size mismatch on SRO. We also reveal the
impact of Si precursors on the SRO in SiGeSn, potentially offering an effective and
facile approach to control the SRO as a new degree of freedom in band engineering
towards high-quality lattice-matched iso-composition SRO hetero-junction and QWs
in SiGeSn devices for infrared optoelectronic applications. Furthermore, transitions
between SRO and random SiGeSn alloys at the same composition under thermal or
electrical excitation may also potentially offer new mechanisms for designing novel
phase-change semiconductor materials and devices on Si.

4 Methods

APT conditions: APT conditions for each sample is listed in Table 4. Cameca IVAS
software were used to reconstructed APT data.

Table 4 APT conditions

Laser Laser Pulse Base
Sample Mode energy | wavelength | frequency | temperature

4 (pJ) (nm) (KHz) (K)
Laser 60 355 125 30

Al Laser 20 355 125 30
Laser 10 355 125 30

Voltage 0 \ 200 50

Laser 50 260 138 30

A2 Laser 10 355 125 30
Voltage 0 \ 125 30

A3 Laser 50 260 138 30
A4 Laser 50 260 138 30
B1 Laser 10 355 200 50
B2 Laser 10 355 200 50
B3 Laser 20 355 200 60
B4 Laser 20 355 200 50
C1 Laser 50 260 138 60
C2 Laser 20 355 250 30
C3 Laser 20 355 250 30
C4 Laser 20 355 125 30
C5 Laser 20 355 125 30
C6 Laser 20 355 125 30

Poisson-KNN method: The SRO is quantified using Poisson-KNN method devel-
oped in reference [60]. True KNN is obtained by a statistically weighted summation of
nominal KNN from APT data. The counts of A-B pairs (A, B = Si, Ge, Sn) in the true
KNN shell are determined by weighted sums of the A-B pairs in the nominal KNN
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shells. The probability of A-B pairs is then calculated and compared with the compo-
sitions. This statistical Poisson-KNN method is verified by a rectification approach,
which uses a least squares fit to adjust atoms to nearby perfect lattice sites.[60] The
robustness of the Poisson-KNN method is also tested using GeSn, as described in ref-
erence [65], where the theoretical supercell of Geg 75519 25 with and without SRO can
be clearly distinguished even under perturbation of up to 3 A.

DFT calculations: The SRO structure used to calculate band structure was
obtained from DFT-based Monte Carlo sampling (MC/DFT).[39, 40] The simulation
cell containing 64 atoms is created by replicating a conventional diamond cubic cell
twice along each dimension. DFT calculations were performed using the Vienna ab
initio simulation package (VASP) [79] with the projector augmented wave method,[80—
82], a 2x2x2 Monkhorst-Pack k-points grid [83], a plane-wave cutoff energy of 300 eV,
and local density approximation (LDA) [84] as the exchange-correlation functional.
LDA has been demonstrated to yield the best agreement with experiment results for
structure optimization of pure Ge and Sn.[85-88] The conjugate-gradient algorithm is
employed to perform full structural relaxation, including cell volume, cell shape, and
atomic positions, with convergence criteria of 1075 eV for electronic relaxations and
10~* eV for ionic relaxations.

Band structure calculations: For band structure calculations, we utilized the mod-
ified Becke-Johnson (mBJ) exchange potential,[86] implemented in the VASP [79]
code, with the ¢-mBJ parameter of 1.2, which has been shown to predict accurate
band gaps for Si, Ge, and o-Sn, demonstrating good agreement with experimen-
tal data and superior computational efficiency compared to hybrid functionals or
GW methods.[43, 86-88] Spectral weight approach [89, 90] was used to unfold the
band structures back into the first Brillouin Zone of the diamond cubic structure.
The unfolding was performed using the fold2bloch code [90] on 128-atom supercells,
transformed from the 64-atom SRO and special quasi-random structure (SQS) [91]
supercells. The transformation matrix is [[0, 1, 1], [1, 0, 1], [1, 1, 0]]. Spin-orbit cou-
pling is included in the band structure calculations, as it is crucial for accurately
reproducing the band structures of Ge and o-Sn.[40, 43, 87, 88|

Neuroevolution potential for large-scale atomistic simulations: We trained neu-
roevolution potentials (NEPs) for SiGeSn alloys, extending our previously developed
NEPs for GeSn alloys [42], based on NEP4 neural network architecture for multi-
component alloy systems [92]. The training and test datasets were constructed based
on DFT calculations [39, 40]. The training dataset includes MC/DFT trajectories
of Sig.25Geg.5Snp.25 (21759 structures) and Sig125Geg g255n0.25 under 1% of tensile
strain (17 309 structures) and 1% of compressive strain (13025 structures), as well as
137 representative GeSn alloy structures selected via farthest point sampling (FPS)
of a comprehensive GeSn MC/DFT dataset that comprises a broad range of GeSn
compositions[40, 42]. The training dataset contains 52230 structures and 3342720
atoms in total. The test dataset was constructed from an MC/DFT trajectory of a
different composition, Sig.gg25Geq.68755Mn0.25, and includes 7153 structures and 457 792
atoms. We used GPUMD package [93, 94] v3.6 to train the NEP4 model for SiGeSn
alloys. The detailed input hyperparameters are provided in supporting information.
The training accuracy of our NEP4 model based on the entire training dataset reaches
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an excellent level, achieving a root-mean-square error (RMSE) of 0.3 meV/atom for
energy and 14.1 meV/ A for force, respectively. The predictive (test) accuracy is also
outstanding, achieving a RMSE of 0.34 meV /atom for energy and 11.6 meV/A for
force, respectively. By applying FPS to the entire training dataset, we obtained a
reduced FPS training dataset, based on which we trained another NEP4 model that
maintains a similar level of predictive (test) accuracy (RMSE of 0.27 meV /atom for
energy and 12.4 meV/ A for force on the same test dataset) while reducing compu-
tational cost. We further validated our developed NEP using MC/DFT trajectories
of a dilute composition Sig gg25Geo.8759100.0625, containing 191547 structures and
12259008 atoms. Our developed NEPs enable large-scale atomistic simulations lever-
aging GPU acceleration as implemented in GPUMD package [93, 94], surpassing the
spatiotemporal constraints of DFT while maintaining DFT-level accuracy. Large-scale
(10.2x10.2x10.2 nm?) SiGeSn supercells with SRO were generated using MC sam-
pling with the highly accurate and efficient NEP we developed herein for SiGeSn alloys,
based on the FPS training dataset, which demonstrates outstanding energy accuracy
and comparably excellent force accuracy (with RMSE of 0.2 meV/atom for relative
energy and 14.3 meV /A for force on the validation dataset).

Supplementary information. Poisson-KNN method on theoretically simulated
supercell data. Short-range order in GeSn grown by different Ge precursors. Input
hyperparameters for training the machine-learning neuronevolution potentials for
SiGeSn alloys.
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