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ABSTRACT: Ge and Sn are unreactive at ambient conditions. Their significant promise for optoelectronic applications is thus
largely confined to thin film investigations. We sought to remove barriers to reactivity here by accessing a unique pressure, 10 GPa,
where the two elements can adopt the same crystal structure (tetragonal, I4,/amd) and exhibit compatible atomic radii. The route to
GeSn solid solution, however, even under these directed conditions, is different. Reaction upon heating at 10 GPa occurs between
unlike crystal structures (Ge, Fd3m and Sn, I4/mmm), which also have highly incompatible atomic radii. They should not react, but
they do. A reconstructive transformation of I4/mmm into the I4,/amd solid solution then follows. The new tetragonal GeSn solid
solution (I4,/amd a = 5.280(1) A, ¢ =2.915(1) A, Z = 4 at 9.9 GPa and 298 K) also constitutes the structural and electronic bridge
between 4-fold and newly prepared 8-fold coordinated alloy cubic symmetries. Furthermore, using this high-pressure route, bulk
cubic diamond-structured GeSn alloys can now be obtained at ambient pressure. The findings here remove confining conventional
criteria on routes to synthesis. This opens innovative avenues to advanced materials development.

here is a strong long-standing drive to extend the To investigate this region for creating reactivity to make a

functionality of (Si, Ge)-based technology from micro- bulk Ge—Sn alloy, we employed a multianvil large volume
electronics into optoelectronics." The indirect band gap of the press coupled with requisite and detailed in situ angle
cubic diamond-structured Si, Ge, and SiGe solid solutions dispersive monochromatic synchrotron X-ray diffraction
makes this problematic.”~* A solid solution of Ge with Sn, measurements.'® The starting mixture was a 60:40 at. % c-
however, can lead to direct band gap formation, which is thus Ge and f-Sn mixture, which was then compressed to 9.9 GPa.
being intensely investigated.s_8 These investigations, however, At 9.9 GPa, however, conversion to f-Ge has not occurred.
are largely limited to thin films because Ge and Sn are Upon heating, -Ge also does not appear (Figure la,c, Figure
unreactive at ambient pressure due to their dissimilar crystal S2). This phase transition is severely kinetically hindered. Sn at
and electronic structures and markedly different atomic 9.9 GPa is in the #-Sn structure with only a weak t-Sn presence
radii.”'® Pressure, however, can have a profound effect on (Figure 1a,c, Figure S2). Upon heating, the presence of t-Sn
structural and electronic phase relations and therefore on becomes more notable at 327 K, accompanied by c-Ge. At 352

reactivity,"' ' leading also above 10 GPa to synthesis of a new K t-Sn is the principal Sn phase present, and by 384 K any
cubic 8-fold coordinated GeSn solid solution.'* At 10 GPa, a residual f-Sn has disappeared, with c-Ge being the only Ge
region of the phase diagram can be accessed where Ge and Sn phase present. The first noticeable signs of a surprising reaction
may have the same crystal structure and favorable atomic radii between c-Ge and t-Sn occur above 384 K. In particular
ratios for solid solution formation.'"'> We describe the between 298 and 384 K the (110) diffraction peak of t-Sn
endmember Ge and Sn phase relations here and investigate (black arrow at 489 K) shifts as ngrmal to lower angles, due to
the special region where the intention is to have the two thermal expansion (Figure 1a,c, Figure S2). It does so l?y 0.009
endmembers have the same crystal structure and compatible degrees. B etween 384 and 489 K, however, this peak
atomic radii. At between ambient and 10 GPa, Ge adopts the unexpectedly shifts to higher a'ngle by 0'0_06 degrees due to
cubic Fd3m (c-Ge) structure, whereas Sn adopts a tetragonal uptake of smaller Ge by t-Sn (Flgure‘la,c, Flg}lre $2). Between
I4,/amd structure (f-Sn, Strukturbericht Designation AS). At 489 and 532 K the (110) peak shifts to hlghefr angl§ by a
10 GPa cubic Ge also transforms to the I4,/amd structure (f- furth?r 0.006 degrees. But above 4%89 K. concomitant with the
Ge). Sn, on other hand, transforms above 10 GPa to another additional Ge uptake in t-Sn, diffraction peaks of f-GeSn

tetragonal phase with the I4/mmm space group (t-Sn).'® The
only pressure where Ge and Sn are compatible according to Received:  April 9, 2021
the Hume—Rothery criteria'” is at 10 GPa. In particular, at 10 Published: May 19, 2021
GPa Ge and Sn can uniquely adopt the same crystal structure,

14,/amd, and have atomic radii that differ by 11%,"® well below

the Hume—Rothery 15%'” tolerance threshold for solid

solution formation.
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Figure 1. (a) Angle-dispersive X-ray diffraction patterns upon heating a c-Ge and t-Sn mixture (from a 60:40 starting mix) at 9.9 GPa in a
multianvil device and formation of a #-GeSn solid solution upon heating {a = 5.294(1) A, ¢ = 2.926(1) A at 9.9 GPa and 604 K (Figure S3
including Le Bail fitting) 1A Vegard’s law assessment'® indicates a 3-Ge, 445N 56 composition upon temperature quenching {a = 5.280(1) A, ¢ =
2.915(1) A at 9.9 GPa and 298 K (Figures S4 including Le Bail fitting)}.'"® Error assessments in pressure and temperature measurement are
provided in the Supporting Information.'® The Supporting Information'® also includes a more detailed plot containing 31 diffraction patterns upon
heating (Figure S2). The black arrow pinpoints the t-Sn diffraction peak ((110) plane) at a temperature where this peak is continuing to shift to
higher angles (and hence Ge uptake is continuing) but before 5-GeSn appears. The blue arrows in the ensuing two patterns (at 513 and 532 K)
designate the continued shifting to the right of this peak and the concurrent emergence of $-GeSn solid solutions and the decline of the c-Ge and t-
Sn patterns. The temperatures in blue designate the region throughout which the structural reconstruction (from I4/mmm to I4,/amd) and
significant compositional changes occur in solid solution. The plot in the Supporting Information'® shows this transitional region in much greater
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Figure 1. continued

detail (Figure S2). (b) Patterns were collected on decompression. The solid solution is stable down to 0.9 GPa, with a broadened -Sn pattern
detected at 0.7 GPa (Figures S5—S12 including Le Bail whole pattern fittings are shown in the Supporting Information).'® (c) Time—temperature—
intensity—two theta plot at 9.9 GPa in the solid state and upon temperature quenching. The left horizontal bars are not scales, but references to
correlate times on the right vertical axis with their corresponding temperatures on the left vertical axis. The blue-colored temperatures designate the
region where the structural reconstruction (from I4/mmm to I4,/amd) and significant compositional changes occur in the new solid solution.

emerge and the Fd3m and I4/mmm peaks decline in intensity.
Between 556 and 604 K the only sample diffraction peaks
present are those corresponding to the new pB-GeSn solid
solution, but they are broad and diffuse. This indicates
structural disorder and compositional diversity, that is, a range
of f-GeSn compositions. The peaks are also shifting to higher
angles and gradually become more pronounced with temper-
ature. This region hence indicates considerable restructuring as
well as convergence on an overall higher Ge-containing f-
GeSn phase. At 582 K the }-GeSn peaks are stronger and
sharper and continue to gradually improve up to the highest
annealing temperature of 604 K (Figure la, Figures S2 and
$3). From 582 to 604 K, the f-GeSn peaks no longer
significantly shift to higher angles. This is because a more
limited shift to higher angles is compensated by a comparable
shift to lower angles due to thermal expansion. The
contribution of thermal expansion alone to f-GeSn peak
shifting to lower angles is evident from the significant peak
shifting to higher angles on temperature quenching (Figure
la,c, Figures S2—S4). Using a Vegard’s law estimation, the
composition of the new tetragonal solid solution is f-
GegasSngss at 9.9 GPa and 298 K (Figure S4).18 Since the
p-solid solution has the same space group as #-Sn and unit cell
parameters between those of the endmembers, it is reasonable
to assume that all the atoms are on the high-symmetry Wyckoff
4a position. Upon decompression, the new tetragonal solid
solution is retained down to 0.9 GPa (Figure 1b, Figures SS—
$12). At 0.9 GPa a notable shoulder is also present on the left
of the (011) peak (near S degrees), which is a harbinger of
significant Sn ex-solution (Figure 1b). Accordingly, 5-Sn peaks
are observed on complete decompression accompanied by a
nanocrystalline c-Geg ¢sSny 3, pattern (Figure 2, Figure $13)."
The nanocrystalline cubic diamond-structured crystallite size is
evaluated to be about 7 nm.'®"

With the barriers to reactivity removed, allowing formation
of the new tetragonal solid solution phase, we now consider
the unusual route to its synthesis. We then describe how this
new phase made possible by this unusual route plays a pivotal
role in markedly expanding the group IVA materials’
landscape.'* According to the Hume—Rothery criteria, c-Ge
and t-Sn are incompatible structurally and electronically for
solid solution formation. They have unlike crystal structures,
their atomic radii differ by a substantial 24%, well above the
15% tolerance ratio, c-Ge is an sp>-hybridized semiconductor,
whereas t-Sn is an sp-dehybridized metal'®™*° (Supporting
Information).'® With these characteristics, they should not
react. But they do. Ge diffuses into the t-Sn structure, as seen
by the shift to higher angles of the t-Sn(110) peak pinpointed
by black and blue arrows (Figure 1a). This peak initially shifts
to the left like the others (Figure la, Figure S2). Unlike the
other peaks (and this one for pure t-Sn), which continue to
shift to the left upon further heating, this one unexpectedly
here then shifts to the right throughout the 384 to 532 K
temperature regime (Figure la, Figure S2). Annealing and
raising the temperature further cannot promote any additional
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Figure 2. Nanocrystalline cubic diamond-structured phase with
composition GejgSnyz, based on a Vegard's law estimation,'®
together with f-Sn, is recovered upon complete release of pressure
{Fd3m, a = 5.925(1) A, at 1 atm and 298 K, nanocrystalline size: 6.5
nm (Figure S13 including Le Bail whole pattern fitting)}."®

Ge incorporation into t-Sn. This now is not surprising, given
the substantial Ge and Sn incompatibility, which causes strain
in the t-Sn lattice with Ge incorporated. The strained t-SnGe,
lattice however has an opportunity at 10 GPa. It can remove
this strain and incorporate more of the surrounding abundant
c-Ge (Fd3m). It can do this by transforming from I4/mmm to
a favorable crystal structure, accessible for both elements at this
specific pressure, I4,/amd,'"">'° at the expense of the Fd3m
and I4/mmm phases. The 14/mmm to I4,/amd transformation
is however reconstructive.”* This account is consistent with the
evolution of the diffraction patterns (Figure la,c, Figure S2).
Once the apparent limit is approached on Ge incorporation in
t-Sn at 489 K, an I4,/amd broadened pattern with evolving
peak shape profile emerges and gradually improves within a
significant structural and compositional transition zone
between 536 and 582 K (Figure la,, Figure S2).'® There is
the additional question, however, of why would t-Sn accept any
Ge to begin with, given their significant incompatibility with
respect to the Hume—Rothery criteria? This may be traced
back to the extremely favorable relative specific volume of f-
GeSn with respect to t-Sn and c-Ge (Supporting Informa-
tion)."® In particular, from the specific volume point of view,
there is no composition that would favor the reactants, t-Sn
and c-Ge, over the product, f-GeSn. While this is not a
sufficient criterion, it may provide a driving force for
incorporation of enough Ge to trigger restructuring to the
favorable I4,/amd phase. Notably this process would also hold
true for #-Ge and t-Sn starting materials because their atomic
radii ratios are also incompatible at 18%.'® The new solid
solution structure is stable upon temperature quenching and
almost down to ambient pressure. At ambient pressure another
significant transformation occurs to nanocrystalline diamond-
structured nc-Geg 43Sn 3, together with -Sn (Figure 2, Figure
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S13). The Ge-rich cubic diamond-structured phase evidently
results from ex-solution of #-Sn from the -GeSn solid solution
producing a Ge-richer composition, stable at ambient
conditions in the nanocrystalline cubic diamond-structured
phase.

These results are a fountainhead for developing new
materials landscapes in the crystal chemically and technolog-
ically pivotal, from ceramic to semiconducting solid solution
domain.”®*” Here, the new (-GeSn phase, with its mixed
covalent and metallic bonding and 6-fold coordination, is also
the structural and electronic bridge between the 4-fold-
coordinated cubic diamond-structured and new frontier 8-
fold-coordinated body-centered cubic (bcc) Ge—Sn alloys.'
With creation of this bridge, synthesis of the new bcc alloys is
no longer, because of the incompatibility of Ge and Sn, limited
to multiphase Ge and Sn starting mixtures. Now f-GeSn alloys
will be used as a single-phase synthetic vehicle for preparing 8-
fold-coordinated cubic alloys. This will allow us to closely
investigate cubic alloy composition as well as crystal quality
and stability formed from a known single-phase starting
composition, as compared to synthesis from endmember
physical mixtures.

The B-GeSn bridge is already a synthetic vehicle on its low-
pressure side in making here bulk nanocrystalline cubic
diamond-structured Ge—Sn, a hotly investigated system for
optoelectronics, confined previously to thin films.”~® Through
this work, investigation of bulk versus thin films can be
examined together with the effect of crystal size and
composition on direct band gap formation. Moreover, we are
also pursuing high-pressure and -temperature synthesis of
ternary (Ge—Sn—Si) systems. These can offer additional
tunability”® and entropic stabilization.””*° Stabilization may be
further enhanced by low-temperature decompression, leading
to complete recovery of novel Ge-rich octahedrally coordi-
nated alloys with intriguing electronic, optical, and structural
properties.31
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