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ABSTRACT: Single crystals of rhombohedral KBiS, were Rotating sample Detector Phase &
synthesized for the first time, and the structure, growth habit, 77 = I

and properties of this layered semiconductor are presented. The
single crystals form from a reactive K,Ss salt flux and are still

. (<
embedded in the residual flux, without removal from the reaction | = | AR Lo :
vessel throughout the whole study. Laboratory diffraction contrast ——* = | pa\\G‘“
tomography (LabDCT) was used to identify the crystalline phase, ———— &S

orientation, and microstructure of the crystals. Meanwhile, powder ~ X-ray S & Bi
and single-crystal X-ray diffraction were used to determine detailed ) :
crystallographic information. The morphology of the crystalline
assemblies observed by absorption contrast tomography reveals
screw-dislocation-driven growth to be the dominant mechanism.
First-principles electronic structure simulations predict rhombohe-
dral KBiS, to be a semiconductor with an indirect band gap, which was confirmed by experiment. This study demonstrates how non-
destructive tomographic imaging and 3D crystallography methods can lead to advances in discovering new materials and studying
crystal growth mechanisms.

Bl INTRODUCTION resolution X-ray absorption contrast tomography®’ and
diffraction contrast tomography'®'" can be applied to identify
previously undiscovered materials with a simultaneous view of
the crystal morphology and growth habit. Since the Laue pattern
indexation can be quickly checked against known crystal
structures, a set of “unmatched” crystals was quickly identified,
and the material was determined to be the new layered
semiconductor KBiS,, still embedded in the flux. Conducting
the entire analysis non-destructively enables an investigation of
the crystals in their native environment while the samples are
preserved for further subsequent correlative characterization.
Understanding the growth of crystalline materials requires
observing the growth habit and grain orientations. Traditional
absorption X-ray tomography provides orientation indirectly by
facets seen in the density contrast.'”~'* Identifying crystalline
phases and their orientations requires diffraction information,
which is possible by additionally interrogating the Laue
diffraction pattern during sample rotation, as embodied in X-
ray diffraction contrast tomography (DCT).'>'® Diffraction

The discovery of new inorganic materials is sustained by the
growth of high-quality single crystals that enable robust
characterization of their functional properties and permit
structure solution from single-crystal diffraction. The most
effective crystal growth occurs from liquids or gases, based on
enigmatic growth mechanisms that are especially tantalizing in
the grand challenge of obtaining metastable materials by
extracting them from an aggressive growth medium. Reactions
in molten fluxes can lead to such kinetically trapped metastable
phases unobtainable by a direct combination of elements," and
these methods have proven to be prolific in producing new
chalcogenide materials in particular.” These compounds are
typically narrow-gap semiconductors, and heavy elements lead
to strong spin—orbit coupling, which can lead to topologically
protected gaps, such as in TIBiS,> and Bi,Se;.* Given the nascent
field of crystal growth for nontrivial topology, the identification
and high-quality growth of these materials are invaluable.

Unfortunately, the reaction vessels obscure the progression of
phase nucleation, growth, and transformation. Some character-
izations of flux systems in situ have provided views of the Received: January 19, 2022 R
crystallization and dissolution of phases in reactive fluxes, in Revised:  March 16, 2022 ;
particular by powder diffraction,>® but these methods are poorly Published: March 31, 2022
suited to probe growths with large crystals.

Here, using the case of a novel flux-grown layered semi-
conductor crystal, we show how a combination” of high-
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Figure 1. (a) Flux reaction schematics. Details of the synthesis can be found in the Experimental Section. (b) Schematic and image of the sample in a
quartz tube after the reaction. The outer tube diameter is S mm. (c) Unit cell of rhombohedral KBiS,. (d) [110] and [001] directions in layered
rhombohedral KBiS, crystals. (e) Absorption contrast tomography of the sample, where the outside gray region is the glass tube with a wall thickness of
1 mm. A movie of the whole sample, including the glass tube, can be found in the Supporting Information. (f) Absorption contrast tomography
corresponding to the region indicated in (e), with a portion cut to show the needle-shaped crystals. Another high-resolution scan movie in the
Supporting Information shows this region in detail. The central volume in color was used for diffraction tomography study. (g) LabDCT picture in
inverse pole figure format with the largest central needle-shaped grain in the [110] direction, indicated with the upward arrow.

contrast tomography can be accomplished even with a
laboratory X-ray source (LabDCT) instead of one of the few
synchrotron sources.” ™" While the DCT method has been
used to map grain orientations (with resolutions of around S0
um) in Ti,*”*' AICu,"” and Zn—Mg alloys,22 with synchrotron
and conventional X-ray tube sources, those studies were on
freestanding materials with simple structures. The utility of
DCT for emerging materials, especially novel crystalline
materials intact within their synthesis environment, has never
been shown.

In this study, we take advantage of the grain visualization
capabilities of DCT in combination with the wealth of single-
crystal Laue diffraction data to confirm the crystal size, shape,
orientation and identity simultaneously on a much more
complex sample. From absorption contrast tomography on the
same sample, we identify needle and plate morphologies of
rhombohedral KBiS, that can be attributed to different stages of
nucleation and growth, suggesting a screw-dislocation-driven
growth mechanism.”® Applying these measurement techniques
to future in situ studies in extreme environments (especially in
aggressive chemical potentials) will allow short-lived, kinetically
trapped phases to be obtained, which should accelerate the
discovery of new metastable materials.

B EXPERIMENTAL SECTION

Synthesis. The flux for KBiS, crystal growth is K,Ss, which was
synthesized by a stoichiometric reaction of potassium (0.356 g, 99%)
and sulfur (0.729 g, 99.9%). The potassium chunk was loaded into a
one-side-open small quartz tube, which was loaded into a larger quartz
tube with sulfur at the bottom to avoid direct contact between sulfur
and potassium. The larger quartz tube was sealed under vacuum. After
the temperature was ramped up to 400 °C for 18 h, the sample was kept
at 400 °C for another 18 h to allow sulfur to be fully transported and
react with potassium to form K,S. Next, flux reactions were conducted
in fused silica tubes with Bi shots (0.104 g, 99.9%, around 10 X 2 X 2
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mm?) in K,S; (0.236 g). The flux reaction mixtures contained a nominal
stoichiometry of 2K,S; + Bi, and the temperatures were ramped to 600
°Cin 6 h, held for 6 h, and then cooled to 300 °C for 50 h, and then the
samples were quenched in water to ensure that the remaining flux was
amorphous.

Tomography. The sealed tubes were first examined by X-ray
absorption contrast tomography using a Rigaku CTLab GX130
machine at the Beckman Institute at the University of Illinois to verify
the presence of crystals in the flux. High-resolution absorption contrast
tomography (ACT) and LabDCT measurements were carried out
using a ZEISS Xradia 620 Versa X-ray microscope (Carl Zeiss X-ray
Microscopy, Dublin, CA). The objective-based dual-magnification
setup of the X-ray microscope allowed zooming into the interior region
of interest at a higher resolution of 1 gm/voxel without the need for
cutting samples to smaller sizes as would be needed on a conventional
microCT setup. A full field of view scan collected at 6 pm/voxel
provides a full overview of the tube, enabling us to pinpoint local
regions of interest for high-resolution absorption and diffraction
contrast tomography. For ACT, 1601 projections were obtained with a
3 s exposure at an X-ray energy of 160 kV at 10 W, using a HE2 high-
energy filter. The total run time was about 2 h. The data were
reconstructed using the microscope’s proprietary 3D reconstruction
software (ZEISS XMReconstructor), which is based on the FDK
reconstruction algorithm. Diffraction contrast tomography was
performed at 160 kV in the Laue focusing geometry, where the source
and detector were aligned equidistant from the sample. A set of 181
diffraction projections were collected over a 360° rotation of the
sample, each with an exposure of 180 s, making the total run time about
9 h. The interior region of interest for diffraction contrast tomography
was determined from 3D reconstructed absorption contrast tomog-
raphy data using a scout-and-zoom method. 3D crystallographic
reconstruction was carried out with a dedicated 3D grain mapping
software'” supplied with the microscope (GrainMapper3Dv3.0; Xnovo
Technology ApS, Denmark). For indexation of the crystal structures, a
refined crystal parameter file was imported on the basis of XRD
measurements of isolated crystals of rhombohedral KBiS,. An overlay of
the grain reconstruction and the absorption data and 3D visualization
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Figure 2. (a) Laue diffraction patterns collected from the region of interest indicated in Figure 1f,g. For the sake of clarity, only three prominent grains
and their corresponding Laue reflections are highlighted. (b—f) Selected Laue diffraction patterns where the sample was rotated in 2° steps about the
central axis of the glass tube. The outlined reflections correspond to the three grains with the colors assigned as unique identifiers. The tracking of
reflections at the expected locations during sample rotation confirms the orientation determination. G1 and G2 have reflections that appear in the same
frames because they are fragments of a much longer, crystallographically aligned needle. A movie of raw Laue diffraction spots as the sample was rotated
about its vertical axis (without background subtraction) is given in the Supporting Information.

and analysis were performed with Dragonfly Pro software (Object
Research Systems, Montreal, Canada).

Crystal Structure Determination. Duplicate samples were made
to obtain individual single crystals, using the same stoichiometry and
heating sequence as detailed above. Crystals were collected by
dissolving the flux in distilled water. Single-crystal X-ray diffraction
on a Bruker D8 Venture Duo instrument gave a structure of KBiS,, with
the TIBiS, structure type in space group R3m. Powder X-ray diffraction
was performed to verify that the crystalline product was a single phase.
Stoichiometric starting materials (4Bi + K,S; + K,S;), where K,S; was
synthesized in the same way as for K,S; with stoichiometric K and S,
produced cubic KBiS,. The full refinement results and structures are
given in Table S1 and Figure S1 in the Supporting Information.”*

UV-vis—NIR Measurement. UV—vis—NIR measurements were
carried out for ground powders using a Varian Cary SG instrument at
the Materials Research Laboratory at University of Illinois, and the
reflectance vs wavelength data were converted and linearly fitted with
the Tauc method.” R, is the diffuse reflectance of the sample, and
F(R,,) is the Kubelka—Munk function, defined as F(R,,) = (1 — R.,)?/
2R.,. In the Tauc method, (F(Ry)-hv)"/? = B(hv — E,), where hv =
1239.7/2 in units of eV, wavelength A in units of nm and B being a
constant. Finally, linear regression was performed for the linear portion
of the (F(Ry,)-hv)"?* versus energy hv curve, and E, is the intercept of
the straight line with the horizontal axis, which is around 1.21 eV.

Band Structure Calculation. We used the Vienna Ab-Initio
Simulation Package (VASP)**728 to compute the electronic structure
and optical spectra within first-principles density functional theory
(DFT). The generalized-gradient approximation by Perdew, Burke, and
Ernzerhof (PBE)*’ was used to describe exchange and correlation and
compared to the hybrid HSEO6 functional by Heyd, Scuseria, and
Ernzerhof.®® The projector-augmented wave (PAW) method®" was
used to describe the electron—ion interaction, and Kohn—Sham wave
functions were expanded into a plane-wave basis up to a kinetic-energy
cutoff of 500 eV. The spin—orbit interaction was taken into account in a
fully noncollinear approach.>” These simulations were performed for
the atomic coordinates of the conventional cell provided by Materials
Project (mp-1D 1223443)%** that we converted to a primitive unit cell
using AFLOW/ACONVASP.*® We subsequently relaxed the atomic
coordinates until all forces were less than 5 meV/A. We used a 12 X 12
X 12 TI'-centered k-point grid for the Brillouin zone integration in
computing the PBE electronic structure, a I'-centered 4 X 4 X 4 grid for
the HSEO6 data, and a I"-centered 16 X 16 X 16 grid for optical spectra.

B RESULTS AND DISCUSSION

The flux reaction schematics and the crystal structure of
rhombohedral KBiS,, along with the tomography setup and both
absorption contrast and diffraction contrast tomography data,
are all shown in Figure 1. Figure la shows the reaction
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schematic, where Bi and K,S; flux are loaded into a fused silica
tube, shown in Figure 1b. They were reacted at 600 °C and
slowly cooled to 300 °C. The tube has a 3 mm inner diameter
and 1 mm wall thickness, as can be seen in Figure 1le, typical for
single-crystal growth in reactive fluxes with moderate vapor
pressures. The region used for tomography study is at the
bottom portion of the tube, embedded in flux, and is optically
opaque. The unit cell of the crystalline product KBiS, is shown
in Figure lc. The density contrast reconstruction of the entire
tube in the tomographic region is shown in Figure 1f with a
density cutoff chosen so that only the Bi-containing crystals are
visible, while the flux is transparent. Needle- and plate-shaped
crystals with some dimensions greater than 1 mm are evident,
and powder diffraction of replica samples, with all crystals
ground together, confirmed that they are the same phase (Figure
S1).** Initially, no fit to the Laue patterns could be obtained by
DCT using the reported crystal structures of Phases in the K—
Bi—S system: KBiS,,***? KBi,S;,** K,BigS 5" KBig335,0,"" and
K,Bi;S,,.** However, single-crystal diffraction data of crystals
from a replica sample provided a structure solution of a new
rhombohedral phase of KBiS,, previously unreported in the
Inorganic Crystal Structure Database (ICSD), which indexed
the DCT Laue data with a high completeness value.'” After our
analysis was complete, this phase was also reported in powder
form.*

Figure 1g shows the subset of crystals with which Laue
patterns were obtained, colored with respect to their
orientations on the basis of the inverse pole figure (IPF)
reference shown on the bottom right. The largest needle passing
through the center of the volume has the (110) plane normal to
the vertical direction and the most complete matching to the
Laue pattern. We focus the bulk of our analysis on this grain. The
orientation of the central needle-shaped grain is with the [110]
direction upward, shown for the KBiS, structure in Figure 1g.

Figure 2a shows raw diffraction patterns obtained in the DCT
scan, where reflections from a large number of crystals are
observed. Such a large number of reflections is a result of the
polychromatic X-ray diffraction from the entire illuminated
cross-section of the sample, not just from the inner region of
interest (the cube volume in Figure 1g). A diffuse background
from the amorphous flux and glass wall was subtracted but can
be seen in the supplementary movie in the Supporting
Information.”* Despite the presence of extraneous grains outside
the region of interest, and the expected absorption of weak
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Figure 3. (a) 3D multiplanar view of the absorption contrast tomography data. (b—d) 2D planar views indicated in (a), where the bars all correspond
to 1 mm. (e) Enlarged view of the red square region in (d) highlighting hollow channels in crystals with arrows. (f) Schematics of needle, plate, and
dendrite, which are indicated in (b) with green arcs, red arrow, and blue arrow, respectively.

diffraction peaks by other grains or the tube wall, many strong
reflections from the region of interest are successively tracked as
the sample is rotated. Correct peak indexing is verified by
tracking the diffraction spots from frame to frame, as the sample
is rotated, shown in Figure 2b—f. Two grains, G1 and G2, have
reflections that precess as expected (marked with short arrows)
as the sample is rotated by 10° over five frames. These reflections
are primarily of {110} and {114} character, as indexed in Figure
S3 in the Supporting Information.”* The ability to index the
central grain, despite the presence of additional peaks and
absorption from nearby grains, is a testament to the robustness
of the grain reconstruction algorithm.'” The grains G1 and G2
belong to a single needle with nominally the same crystal
orientation, as can be seen in Figure 1g. High-resolution
absorption contrast tomography images revealed that these long,
needle-shaped crystals have occasional cross-sectional breaks
along their length. The angular orientation sensitivity of DCT
allows the detection of a subtle change in orientation at the
breaks as distinct pairs of reflections, which is evidenced by the
different locations of G1 and G2 reflections in Figure 2.
Corresponding {hkl} and IPF indexations are shown in Figure
S3, for a total of 26 grains indexed within the region of interest.”*

We solved our unknown phase as rhombohedral KBiS,, an
ordered rock salt derived phase, in space group R3m with a =
4.12 A and ¢ = 22.09 A. This is in contrast with the established
polymorph, cubic rock salt KBiS,,*® with K* and Bi** being
randomly mixed and a = 6.04 A. The rhombohedral phase has
layered K and Bi (001) planes (Figure 1d), which correspond to
(111) planes in the rock salt structure. This type of
rhombohedral R3m ordering can also be seen in other ABQ,
materials such as AgSbTe,, in which both randomized NaCl type
(Fm3m) and ordered rhombohedral (R3m) structures, together
with other ordered structures, have been confirmed exper-
imentally.***

In this case, DCT Laue diffraction was able to confirm the
structure of the crystals grown but not to solve a new unknown
structure. In addition to the background from flux, too many
diffraction spots were generated by different orientations of
different crystal grains. Thus, more insights into the growth
mechanism of the rhombohedral KBiS, can help the growth of
larger but fewer grains, ideally making it possible to solve the
crystal structure from DCT data alone generated from very few
large crystals.
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Tomographic slices are viewed in absorption contrast mode in
Figure 3, primarily focused on the long needles in the center of
the sample, which, due to their unbroken lengths and protruding
dendrites, can be assumed to be among the first large grains to
form. Secondary and tertiary dendrites can be seen attached to
the primary needle crystals that originate from the bottom of the
reaction tube, with this convergence being most apparent in
Figure 3b. The cross-sectional views of the needles in Figure 3d,e
reveal hollow centers that likely arise from screw-dislocation-
driven spiral growth®>*® when the dislocation strain field energy
is balanced by the creation of an internal surface energy.

Typically, screw-dislocation-driven growth will dominate
when the supersaturation in the solution is relatively low,*
which is observed here when the solution was in its initial period
of slow cooling. From classical theory of dislocation-driven
crystal growth,"” the radius of the hollow channel r is related to

. . v .
the Burgers vector of dislocation b as r = 8’;—27, where y is the

shear modulus and y is the surface energy density. Here the
Eshelby twist*® is not included, since for this case, the outer
radius of the needle-shaped crystals is significantly larger than
the inner radius. The formula above indicates a comparatively
small surface energy for this synthesis, since the crystal is grown
from a polysulfide flux with a similar composition.

The preferred [110] growth direction likely results from the
easy addition of all three ions to this plane, rather than
termination planes of a single ionic type, as would be the case for
[001] (shown in Figure 1d). In this way, all ions can precipitate
simultaneously. At the same time, the growth direction inside the
vessel is aligned vertically—this insight is only possible by non-
invasive tomography of the material inside the glass tube, while it
also reveals the interior pore structure of the grains.

Some plate-shaped crystals can also be seen, which is the
result of layer-by-layer growth, when the supersaturation is in a
moderate regime.””*” Finally, when the supersaturation
increases further, especially in the late cooling period, dendrites
will form. Overall, the screw-dislocation-driven growth domi-
nated the initial period when the needles formed, and plates
could only form starting from a later period, at which time there
was not much empty space available. This is the reason plate-
shaped crystals larger than 1 mm X 0.5 mm are not observed,
while the needle-shaped crystals in our tomography data are

https://doi.org/10.1021/acs.cgd.2c00078
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Figure 4. (a) Kohn—Sham electronic band structure (left) and density of states (right, in eV~' normalized to 1 formula unit) from density functional
theory simulations, with and without spin—orbit coupling. Results from the hybrid HSE06 exchange-correlation functional (dots) agree to within 0.5
eV with scissor-shifted (A = 0.73 eV) PBE data (lines). (b) Calculated imaginary part of the frequency-dependent dielectric tensor. Scissor-shifted PBE
data with (A = 0.73 V) and without (A = 0.44 V) spin—orbit coupling is compared, illustrating the influence of spin—orbit interactions on the
spectral shape, absorption onset, and anisotropy. (c) Experimental UV—vis—NIR diffuse reflectance measurement of powdered KBiS,. (d) UV—vis—
NIR data fit with the Tauc method, where the Kubelka—Munk function F(R,,) is defined in the Experimental Section. The indirect band gap is 1.21 V.

longer than 5 mm. Figure 3f shows the schematics of all three
types of crystals.

Another crystal growth mechanism that also produces hollow
spaces”” is not in play here, due to the long and thin morphology
of rhombohedral KBiS, crystals with an unvarying radius of the
needle-shaped crystals and the hollow core inside. Thus, we
believe the needles grew from screw dislocation.

Finally, the electronic band structure of rhombohedral KBiS,
was investigated by both theoretical calculations and ultra-
violet—visible—near-infrared (UV—vis-NIR) spectroscopy
measurements, and the results are shown in Figure 4. Our
Kohn—Sham electronic structure without spin—orbit coupling
(SOC), shown in Figure 4a, agrees well with that reported in an
earlier work.”” In addition, we also quantified the influence of
spin—orbit coupling and found that including this effect
decreases the band gap by about 0.29 eV (DFT-PBE) and
0.36 eV (HSE06). Several of the lowest conduction bands are
split by spin—orbit cougling; see Figures S4 and SS in the
Supporting Information.”* The valence bands between 2 and 4
eV below the Fermi energy are also affected, but to a lesser
extent. These splittings also affect the optical properties of the
material, as shown in Figure 4b. Overall, the material shows a
pronounced optical anisotropy between the optical conductiv-
ities €,, and €., as expected for a layered compound. The
aforementioned SOC-driven splitting leads to a spectral
broadening of both & components on the whole, judged by
the total width of the peak from ~2—6 eV. The influence of
exchange and correlation is significant in this material, as
witnessed by the increase in the band gap from 1.15 to 1.88 eV,
on comparison of the results from DFT-PBE versus HSE06.
UV—vis—NIR spectroscopy was used to measure the band gap
using a powder of rhombohedral KBiS, from replica samples. A
Tauc fit to the reflectance data in Figure 4c¢ gives an indirect
band gap of is 1.21 eV, shown in Figure 4d. The slight
discrepancy of measured band gap in comparison to the
calculated band gap is likely due to surface degradation inherent
to alkali sulfides in air.

The large crystals obtained here are notably isostructural with
rthombohedral TIBiS,. The latter is known to undergo
topological phase transitions, and its electronic structure can
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be tuned by strain,”">* temperature,> or Se doping on S sites>
on the basis of DFT calculations. Experiments have demon-
strated the tuning of the band structure by temperature™* and
doping.>** For rhombohedral KBiS,, which has a moderate
band gap, albeit indirect, the tuning of the band structure via the
aforementioned factors is possible, including doping TI on K
sites and introducing strain.

B CONCLUSION

In conclusion, we have shown that DCT can be used to identify
phases with previously unknown crystal structures, even within
bulky reaction vessels, and it can be used to characterize grain
orientations. Combining the phase identification of large crystals
with their growth mechanisms should lead to future studies that
can engineer the growth conditions, such as changing the
temperature profile, the starting stoichiometry, etc. in order to
obtain the preferred phase and/or morphology. All tomographic
analyses were performed without a synchrotron X-ray source
and without opening the fused silica tube, showing the
possibility of further study on sensitive samples and in situ
measurements during the growth process over a prolonged
experimental period. UV—vis—NIR spectroscopy measurements
confirmed rhombohedral KBiS, to be a semiconductor with an
indirect band gap of 1.21 eV, which was corroborated by first-
principles calculations. The parallels between the topological
insulator candidate TIBiS, and isostructural KBiS, can be
investigated in detail with subsequent optimization of the crystal
growth.
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https://doi.org/10.1021/acs.cgd.2c00078
Cryst. Growth Des. 2022, 22, 3228—3234



Crystal Growth & Design

pubs.acs.org/crystal

both rhombohedral and cubic KBiS,, SEM and micro-
scope pictures of rhombohedral KBiS, crystals, Laue
diffraction rotation tracking with {hkI} planes and crystal
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