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ABSTRACT
Atomically sharp interfaces between dissimilar crystal phases are typically achieved through vacuum-based epitaxial growth,
whereas solution-based processes generally produce broadened reaction fronts and compositional gradients. Here, we show that
wet etching of cation-eutaxy A–III–V compounds unexpectedly yields atomically sharp heterophase interfaces. Using CaGa2P2
as a model system, we demonstrate a composition-driven structural evolution from a stable cation-eutaxy phase to a metastable
Ca-deficient cation-eutaxy phase, followed by the emergence of an atomically sharp interface between cation-eutaxy CaGa2P2
and zinc-blende GaP, and culminating in complete conversion to zinc-blende GaP. This behavior arises from the absence of
thermodynamically stable intermediate phases, a largemixing enthalpy imposed by coordinationmismatch, and strong curvature-
driven interface flattening associated with directional III–V covalent bonding. The same transition pathway and atomic scale
interface sharpness are reproduced in CaIn2P2 and CaGa2As2, establishing the generality of this mechanism across cation-eutaxy
A–III–V compounds. These findings demonstrate that atomic-scale interface control is achievable in diffusion-limited solution
processes and motivate future electrical and optical studies of devices exploiting such sharply defined heterophases.
1 Introduction

Heterophases with atomically sharp interfaces are most com-
monly realized through epitaxial growthunder high-vacuumcon-
ditions [1, 2]. In deposition-based processes, surface diffusion
and lattice matching can be tightly regulated, allowing inter-
faces between dissimilar phases to be defined down to a single
atomic layer. Wet etching, in contrast, represents a prototypical
diffusion–reaction–limited process [3] in which the transport of
dissolved species and surface dissolution occur simultaneously.
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As a result, local variations in defects, facet-dependent surface
energies, and bond strengths typically give rise to spatially
nonuniform dissolution rates [4]. These characteristics generally
broaden the reaction front over several nanometers and produce
extended compositional gradients [5], making atomically abrupt
interfaces difficult to achieve through solution-based processing.

In this study, we demonstrate that atomically sharp heterophase
interfaces can nonetheless form during wet etching of cation-
eutaxy A–III–V compounds, specifically CaGa2P2, CaIn2P2, and
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CaGa2As2. These materials consist of III–V layers alternating
with intercalated A-site cations, forming a layered framework
stabilized by cation eutaxy [6–8]. Complete removal of the A-
site cation restores the III–V sublattice to its thermodynamically
stable zinc-blende (ZB) structure. When regions in which the A
cation remains coexist with regions inwhich it has been removed,
a heterogeneous phase state necessarily emerges, generating an
interface between the cation-eutaxy phase and the ZB III–V
phase. The formation of such an interface at the single-atomic-
layer scale constitutes an atomically sharp heterophase.

Solution-based topochemical etching selectively removes the
interlayer cation located between III–V layers [9–12]. However,
the reaction proceeds under conventional wet etching conditions
in which the spatial location of the etching front is not externally
controlled (Figure 1a). Despite this apparent lack of precision,
the Ga–P, Ga–As, and In–P sublattices remain intact without
long-range rearrangement. Once the Ca concentration locally
falls below a critical composition, the newly formed ZB III–V
phase emerges and directly contacts the residual cation-eutaxy
framework within one to two atomic layers. This behavior
stands in marked contrast to the reaction front broadening and
compositional smoothing that are typically observed during wet
etching.

The emergence of such atomically sharp interfaces can be
understood by considering the intrinsic structural and thermo-
dynamic characteristics of cation-eutaxy materials. First, the
large coordination mismatch between the III–V polyhedra in the
cation-eutaxy phase (Ga2P6, Ga2As6, In2P6) and the sp3 tetrahedra
of the ZB phase strongly increases the mixing enthalpy (ΔHmix),
thereby suppressing mutual solubility and confining composi-
tional accommodation to the atomic scale [13]. Second, the strong
covalent character of the III–V sublattice raises the energetic
cost of bond angle and bond length distortions at the interface,
leading to a large interfacial energy [14]. According to the Gibbs–
homson relation [15], this high interfacial energy provides a
strong driving force for curvature relaxation, promoting interface
flattening. The combination of intrinsically low miscibility and
curvature-driven interface smoothing enables atomically sharp
interfaces to form even under diffusion-limited wet etching
conditions.

2 Results and Discussion

2.1 Thermodynamic Pathway for Heterophase
and Sharp Interface Formation During Ca Etching

The structural transition induced by selective Ca removal from
CaGa2P2 can be rationalized by considering both formation
enthalpy (ΔHf) and Gibbs free energy (Figure 1b). According
to the Ca–Ga–P phase diagram at T = 0 K (Figure 1b, bottom
right inset), CaGa2P2 (ΔHf = −0.797 eVatom−1) and ZB GaP
(ΔHf = −0.509 eVatom−1) represent the only thermodynamically
stable phases at the two ends of the Ga:P = 1:1 tie line [16].
No equilibrium single phase exists for intermediate Ca-deficient
compositions corresponding to Ca1–xGa2P2. Instead, in this com-
positional range, the thermodynamically stable state corresponds
to a two-phase mixture of CaGa2P2 and ZBGaP on the 0 K convex
hull, with the relative phase fractions determined by the lever rule
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along the tie-line. From the standpoint of ΔHf, decreasing the
Ca content therefore stabilizes a CaGa2P2/ZB GaP heterophase
relative to a homogeneous Ca-deficient compound.

The initiation of the phase transition, however, is governed by the
Gibbs free energy landscape and the associated activation barrier.
The free energy of a Ca-deficient heterophase can be expressed as
𝐺Hetero(𝑥) = (1 − 𝑥)𝐺CaGa2P2

+ 𝑥𝐺GaP + 𝐺Interface , where 𝐺CaGa2P2

and GGaP are the bulk free energies of CaGa2P2 and ZB GaP,
respectively, and GInterface represents the interfacial energy con-
tribution. Because CaGa2P2 has a lower formation enthalpy and
contains a larger number of atomic species, resulting in a higher
configurational entropy contribution [17, 18], the inequality
𝐺CaGa2P2

< 𝐺GaP generally holds. As a consequence, the inclusion
of the GGaP term together with the positive GInterface term yields
𝐺Hetero(𝑥) > 𝐺CaGa2P2

, as illustrated in Figure 1b (top left inset).

Despite this thermodynamic preference, H2xCa1–xGa2P2 can per-
sist as a metastable single phase over a finite composition range.
Formation of the heterophase requires lattice reconstruction in
which the Ga2P6 ethane-likemotifs of CaGa2P2 rearrange into the
sp3 tetrahedral coordination characteristic of ZB GaP. This recon-
struction involves a substantial activation energy [19], analogous
to local lattice rearrangements reported for layered-to-spinel tran-
sitions during Li deintercalation [20, 21]. Consequently, even
when the Ca concentration exceeds the thermodynamic stabil-
ity limit, the cation-eutaxy framework can remain kinetically
trapped, giving rise to a metastable Ca-deficient cation-eutaxy
phase.

Once the two phases coexist, the interface must accommodate
a sharp compositional discontinuity [22]. The thickness of this
accommodation region is dictated by the miscibility between the
two phases and the interfacial energy. The coordination mis-
match between theGa2P6 polyhedra of CaGa2P2 [23] and theGaP4
tetrahedra of ZB GaP [24] produces a large ΔHmix, generating a
wide miscibility gap that confines the compositional transition to
a few atomic layers (Figure 1c) [25]. At the same time, the strong
covalent nature of the Ga–P sublattice leads to a high interfacial
energy (γ) [26, 27]. The curvature-dependent chemical potential
is given by μ(κ) = μ0 + γΩκ, where µ0 is the chemical potential
of a flat interface, Ω is the atomic volume, and κ is the curvature
[15]. A large γ produces strong chemical potential gradients (∇µ),
which drive atomic fluxes according to J = − M∇μ, where M
is the atomic mobility. These fluxes rapidly reduce interfacial
curvature, causing the interface to evolve toward a flat, atomically
sharp configuration (Figure 1d). High-angle annular dark-field
(HAADF)–scanning transmission electron microscopy (STEM)
directly captures this curvature-driven interface evolution. At
intermediate stages, the CaGa2P2/ZB GaP heterophase exhibits
asymmetric interfaces with residual roughness, whereas at later
stages both upper and lower interfaces become planar and are
defined within a single atomic layer (Figure 1e,f).

2.2 Atomic Scale Visualization of Ca
Composition-Dependent Phase States in CaGa2P2

Wet etching removes Ca2+ through an aliovalent ion-exchange
process in which Ca2+ in the solid is replaced by H+. The Ca
composition-dependent phase states in CaGa2P2 (Figure 2a) were
Advanced Functional Materials, 2026
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FIGURE 1 Thermodynamic and structural origin of atomically sharp interfaces in CaGa2P2. (a) Schematic of solution-based topochemical Ca
etching in cation-eutaxy A–III–V compounds, where Ca is selectively removed while the III–V framework remains intact. (b) Zero-kelvin Ca–Ga–P
phase diagram (bottom right) and the ΔHf landscape along the CaGa2P2–GaP tie-line. Along the Ga:P= 1:1 compositional line, CaGa2P2 and ZB GaP are
the only ground-state stable phases, and no equilibrium single phase exists for intermediate Ca-deficient compositions (Ca1–xGa2P2). The straight line,
therefore, represents the tie-line on the 0K convex hull connecting these two phases. The top-left inset shows a schematic Gibbs free-energy curve, where
lattice reconstruction introduces an activation barrier (Ea) that allows metastable retention of the cation-eutaxy phase prior to heterophase formation.
(c) Coordination mismatch between the cation-eutaxy Ga2P6 motif and the ZB GaP4 tetrahedron, restricting interfacial mixing to the atomic scale. (d)
Curvature-driven interface flattening. High interfacial energy (yγ) generates a chemical-potential gradient that relaxes an initially stepped boundary
into a flat, atomically abrupt interface. (e,f) HAADF–STEM images showing a stepped intermediate interface (e) and a fully relaxed, atomically sharp
CaGa2P2/ZB GaP interface (f). The inset shows an enlarged HAADF–STEM image of the area marked with a white box.
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systematically examined by HAADF–STEM, with average com-
positions independently verified by scanning electronmicroscope
(SEM)–energy dispersive X-ray spectroscopy (EDS) analysis
(Figure S1). Pristine CaGa2P2 exists as a stable cation-eutaxy
single phase. At intermediate Ca deficiency, two distinct struc-
tural states are observed. H2xCa0.4Ga2P2 retains the cation-eutaxy
framework but with reduced Ca occupancy, forming ametastable
single phase. Charge imbalance induced by Ca removal can be
compensated by protonation, allowing H2xCa0.4Ga2P2 to retain
Advanced Functional Materials, 2026
the cation-eutaxy structure [6]. In contrast, Ca0.3Ga2P2 exhibits
coexistence of cation-eutaxy CaGa2P2 and ZB GaP, while near-
complete Ca removal yields a ZB GaP single phase.

Along the [100] zone axis, pristine CaGa2P2 displays alternating
Ca2+ layers and [Ga2P2]2– layers composed of two Ga planes and
outer P planes (Figure 2b) [23]. The weak intensity of P columns
reflects atomic number Z-contrast effects [28], and the atomic
column arrangement matches the projected crystal structure.
3 of 10
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FIGURE 2 Ca composition-dependent structural evolution of CaGa2P2. (a) Schematic overview of the structural states that emerge as Ca is
progressively removed from CaGa2P2: the stable cation-eutaxy phase, a Ca-deficient metastable cation-eutaxy phase, a CaGa2P2/ZB GaP heterophase,
and the final ZB GaP phase. (b) HAADF–STEM image (top left) and enlarged image (bottom right) of pristine CaGa2P2 viewed along [100] zone axis,
showing the ordered cation-eutaxy framework with alternating Ca and [GaP] layers. (c) HAADF–STEM image (left) and enlarged image (right) of
H2xCa0.4Ga2P2 viewed along [210] zone axis, confirming preservation of the layered framework despite reduced Ca occupancy. (d) HAADF–STEM
image (left) and enlarged image (right) of Ca0.3Ga2P2 sample exhibiting a CaGa2P2/ZB GaP heterophase. The atomically sharp interface between ZB
GaP (111) and CaGa2P2 (001) planes is highlighted, together with the corresponding [12̄1]/[210] zone axis views. (e) HAADF–STEM image (top left) and
enlarged image (bottom right) of fully Ca removed ZB GaP. The area marked with a white box indicates the region of the enlarged image.
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In H2xCa0.4Ga2P2, the [Ga2P2]2– layers remain intact, while Ca
column intensity decreases (Figure 2c). Projection along the [210]
zone axis confirms that the atomic registry is preserved despite Ca
deficiency, indicating a metastable cation-eutaxy single phase.

In Ca0.3Ga2P2, HAADF–STEM reveals spatially separated
CaGa2P2 and ZB GaP domains (Figure 2d), with compositional
separation confirmed by TEM–EDS (Figure S2a,b). The EDS
line-scan analysis further shows an abrupt compositional
discontinuity across the interface (Figure S2c–e). The two
phases meet at a flat, atomically sharp interface that maintains
continuous atomic registry over ≈18.5 nm, as confirmed by
HAADF–STEM (Figure S3; Note S1). The (001) plane of CaGa2P2
aligns epitaxially with the (111) plane of ZB GaP, minimizing
lattice misfit (Figure S4) [29, 30]. Because the lattice misfit
between the CaGa2P2 (001) and ZB GaP (111) planes is ≈0.26%,
4 of 10
the associated elastic strain energy isminimized (Note S2). Such a
small misfit reduces the interfacial energy and stabilizes coherent
or semi-coherent interfaces [31–33]. Atomic resolution images
reveal continuous registry between Ca columns in CaGa2P2 and
P columns in ZB GaP.

When Ca is nearly completely removed, the structure fully trans-
forms into a ZB GaP single phase (Figure 2e). Only cubic atomic
column arrangements remain, and no cation-eutaxy motifs or
interfacial features are detected. It should be noted that the Ca
contents of 0.4 and 0.3 do not represent sharp compositional
boundaries; rather, the observation of a metastable cation-eutaxy
single phase at H2xCa0.4Ga2P2 and separated CaGa2P2 and ZB
GaP domains at Ca0.3Ga2P2 serves as representative examples of
distinct structural states that emerge over a finite and sample-
dependent composition range.
Advanced Functional Materials, 2026
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2.3 Bulk-Scale Structural Evolution of CaGa2P2
Driven by Ca Composition Change

Bulk structural evolution induced by Ca removal is consistent
with the atomic-scale observations. Pristine CaGa2P2 exhibits X-
ray diffraction (XRD) patterns that correspond to the P63/mmc
space group. Rietveld refinement confirms a well-ordered cation-
eutaxy single phase throughout the bulk (Figure 3a; Table
S1). High resolution (HR)–TEM acquired along the [210] zone
axis reveals uniform layer stacking over extended length scales
(Figure 3b, left). The measured (002) plane spacing (d) is d002
= 8.33 Å (Figure 3b, middle). Selected area electron diffraction
(SAED) patterns show reflections at d= 8.47 Å for (002) plane and
d= 1.95 Å for (12̄0) plane, in agreement with hexagonal reciprocal
geometry (Figure 3b, right).

H2xCa0.4Ga2P2 preserves the same hexagonal symmetry at the
bulk scale. XRDpeak positions remain nearly identical to those of
pristine CaGa2P2, whereas the relative intensity ratio of the (002)
and (107) reflections changes due to reduced Ca site occupancy
(Figure S5) [34]. Rietveld refinement attributes this change to
partial Ca depletion rather than structural collapse (Figure 3c;
Table S2). HR–TEM yields a reduced interlayer spacing of d002
= 8.16 Å, which reflects a slight contraction of the layered
framework (Figure 3d) [35]. SAED patterns continue to exhibit
hexagonal symmetry (Figure 3d, right).

At Ca0.3Ga2P2, bulk diffraction reveals the coexistence of CaGa2P2
(P63/mmc) and ZB GaP (F4̄3m). Rietveld refinement yields a
weight fraction of 17:83 for CaGa2P2 and ZB GaP, respectively
(Figure 3e; Table S3) [36].We note that XRD alone cannot directly
confirm the presence of hydrogen in the sample. Further investi-
gation using proton nuclear magnetic resonance (1H NMR) will
be required to determine the presence and role of proton species.
HR–TEM resolves lattice fringes corresponding to d002 = 8.32 Å
for CaGa2P2 and d111 = 3.26 Å for ZB GaP within the same region
(Figure 3f). SAED pattern displays simultaneous hexagonal and
cubic reflections, confirming heterophase coexistence at the bulk
scale (Figure 3f, right). Furthermore, we confirmed that the
heterophase interface remains stable after annealing at 200◦C for
2 h (Figure S6; Table S4).

Near-complete Ca removal drives the structural transition to
completion, yielding a ZB GaP single phase. XRD patterns
correspond exclusively to the F4̄3m structure, and no reflections
associated with CaGa2P2 are detected (Figure 3g; Table S5). HR–
EM acquired along the [12̄1] zone axis gives a lattice spacing of
d111 = 3.28 Å (Figure 3h) [37]. SAED pattern shows reflections
at d = 3.18 Å for (111) plane and d = 1.66 Å for (3̄1̄1) plane
(Figure 3h, right). The angle between these reflections is approx-
imately 121.5◦, which matches the reciprocal geometry of ZB
GaP.

2.4 Structural Evolution Pathways of Ca–III–V
Compounds Toward ZB InP and GaAs

To examine the generality of this mechanism, analogous exper-
iments were performed on CaIn2P2 and CaGa2As2 (Figure 4a).
Phase diagrams indicate that only the cation-eutaxy ternary
phase and the ZB III–V phase are thermodynamically stable in
Advanced Functional Materials, 2026
both systems (Figure S7) [16]. TEM–EDS confirms the average
compositions of all samples (Figures S8; S9).

Pristine CaIn2P2 exhibits a fully ordered cation-eutaxy struc-
ture (Figure 4b). HAADF–STEM shows weak Ca contrast,
while an annular bright field (ABF)–STEM imaging confirms
full Ca occupancy [38]. SAED reflections at d = 8.74 Å for
(002) plane and 2.08 Å (12̄0) plane form an approximately
90◦ angle, consistent with hexagonal symmetry. H2xCa0.4In2P2
retains the cation-eutaxy framework with reduced Ca intensity
(Figure 4c). Below the critical Ca concentration, CaIn2P2 and
ZB InP coexist, forming atomically sharp interfaces between
the (001) plane of CaIn2P2 and the (111) plane of ZB InP
(Figure 4d and Figure S10). Complete Ca removal yields ZB InP
(Figure 4e).

CaGa2As2 exhibits the same evolution. PristineCaGa2As2 shows a
well-ordered cation-eutaxy structure with strong Ga–As contrast
(Figure 4f). Partial Ca removal yields H2xCa0.4Ga2As2 without
framework collapse (Figure 4g). At lower Ca content, CaGa2As2
and ZB GaAs coexist, forming atomically sharp interfaces
between the CaGa2As2 (001) plane and the ZB GaAs (111) plane
(Figure 4h; Figure S11). Complete Ca removal yields ZB GaAs
(Figure 4i).

These observations demonstrate that the Ca-driven structural
evolution from a metastable cation-eutaxy phase to an atom-
ically sharp cation-eutaxy/ZB heterophase is not unique to
CaGa2P2 but recurs consistently in CaIn2P2 and CaGa2As2. The
reproducible formation of atomically sharp interfaces along
the cation-eutaxy (001) planes and the ZB (111) planes estab-
lishes this transition pathway as a general characteristic of
cation-eutaxyA–III–V compounds rather than amaterial-specific
anomaly.

3 Conclusion

This work provides an atomic scale description of Ca
composition-driven structural evolution in cation-eutaxy
A–III–V compounds. Using CaGa2P2 as a model system,
we identify a sequential transition pathway from a stable
cation-eutaxy phase to a metastable Ca-deficient cation-eutaxy
phase, followed by formation of an atomically sharp cation-
eutaxy/ZB heterophase and ultimate conversion to a ZB
III–V single phase. The formation of abrupt interfaces under
solution-based etching conditions arises from the absence
of thermodynamically stable intermediate phases, the large
mixing enthalpy imposed by coordination mismatch, and the
strong curvature-driven interface flattening force associated
with directional III–V covalent bonding. The same transition
pathway is reproduced in CaIn2P2 and CaGa2As2, demonstrating
the generality of this mechanism across the cation-eutaxy
A–III–V family. More broadly, the ability to generate atomically
sharp heterophase interfaces through composition-controlled
transformations offers a new route for designing semiconductor
heterostructures beyond conventional epitaxial growth. Such
abrupt interfaces can minimize interfacial disorder and enable
well-defined band alignment and carrier confinement, which
are advantageous for electronic and optoelectronic devices.
These findings therefore suggest a potential pathway for
5 of 10
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FIGURE 3 Bulk-scale structural evolution of CaGa2P2 as a function of Ca composition. (a) Rietveld refined the XRD pattern of pristine CaGa2P2.
(b) HR–TEM image (left), enlarged image (middle), and the SAED pattern (right) along the [210] zone axis of pristine CaGa2P2. (c) Rietveld refined
the XRD pattern of H2xCa0.4Ga2P2. XRD pattern shows a single metastable cation-eutaxy phase, with intensity variations attributed to reduced Ca
occupancy compared to pristine CaGa2P2. (d) HR–TEM image (left), enlarged image (middle), and the SAED pattern (right) along the [210] zone axis
of H2xCa0.4Ga2P2. HR–TEM shows preserved layered stacking with a slightly contracted interplanar spacing of (002) plane. (e) Rietveld refined XRD
pattern of Ca0.3Ga2P2. Rietveld refinement revealed the coexistence of cation-eutaxy CaGa2P2 and ZB GaP. (f) HR–TEM image (left), enlarged image
(middle), and the SAED pattern (right) of Ca0.3Ga2P2. HR–TEM image shows an atomically abrupt interface between CaGa2P2 and ZB GaP. The SAED
pattern displays coexisting hexagonal and cubic reflections. (g) Rietveld refined XRD pattern of ZB GaP. The XRD pattern shows the ZB GaP structure
with no remaining CaGa2P2 signatures. (h) HR–TEM image (left), enlarged image (middle), and the SAED pattern (right) along the [12̄1] zone axis of
ZB GaP. The area marked with a white box indicates the region of the enlarged image.

6 of 10 Advanced Functional Materials, 2026
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FIGURE 4 Composition-driven structural evolution pathways ofCa–III–V compounds. (a) Representative structuralmodels illustrating the cation-
eutaxy phase, metastable cation-eutaxy phase, heterophase, and ZB III–V phase. (b) HAADF–STEM image (top left), ABF–STEM image (top right), and
SAED pattern (bottom) of CaIn2P2. (c) HAADF–STEM image (top left), ABF–STEM image (top right), and SAED pattern (bottom) of H2xCa0.4In2P2.
ABF–STEM image shows reduced Ca column contrast while retaining hexagonal symmetry. (d) HAADF–STEM image (top) and SAED pattern (bottom)
of CaIn2P2/ZB InP heterophase. HAADF–STEM image shows an atomically sharp interface, and SAED pattern reveals coexisting hexagonal and cubic
reflections. (e) HAADF–STEM image (top) and SAED pattern (bottom) of ZB InP. (f) HAADF–STEM image (top left), ABF–STEM image (top right), and
SAED pattern (bottom) of CaGa2As2. (g) HAADF–STEM image (top left), ABF–STEM image (top right), and SAED pattern (bottom) of H2xCa0.4Ga2As2
retaining layered stacking with reduced Ca column contrast. (h) HAADF–STEM image (top) and SAED pattern (bottom) of a CaGa2As2/ZB GaAs
heterophase. HAADF–STEM image shows an abrupt interface, and SAED pattern shows both hexagonal and cubic diffraction spots. (i) HAADF–STEM
image (top) and SAED pattern (bottom) of ZB GaAs.

Advanced Functional Materials, 2026 7 of 10
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creating high-quality heterostructures through solution-based
processes.

4 Methods

4.1 Synthesis of CaGa2P2 and Ca
Composition-Controlled Ga–P Derivatives

CaGa2P2 was synthesized by a conventional solid-state reac-
tion using high-purity elemental precursors. All handling steps,
except sealing, were conducted in an inert Ar-filled glovebox
to avoid Ca oxidation. Calcium granules, gallium metal, and
red phosphorus were loaded into an alumina crucible in the
appropriate stoichiometric ratio, sealed in an evacuated quartz
ampoule, and heated in a programmable furnace. The mixture
was first heated to 150◦C for 1 h and held for 5 h to dissolve
Ga, followed by heating to 900–920◦C for 10 h, maintaining this
temperature for 40 h, and slow cooling to room temperature over
≈200 h. The resulting CaGa2P2 crystals were collected, washed
with deionized (DI) water to remove soluble byproducts, and
dried. Calcium-deficient Ca1–xGa2P2 derivatives were obtained
through solution-based Ca etching. CaGa2P2 powder (≈0.05 g)
was immersed in 30% aqueous HNO3 under ambient conditions,
and the Ca content was tuned by controlling the reaction time. A
30min etching yieldedH2xCa0.4Ga2P2; a 1 h treatment generated a
mixed CaGa2P2/ZB GaP heterophase; and a 2 h etching produced
phase-pure ZB GaP through complete Ca removal. Products were
repeatedly washed with DI water to remove Ca(NO3)2 residues
and dried under vacuum.

4.2 Synthesis of CaIn2P2 and Ca
Composition-Controlled In–P Derivatives

CaIn2P2 was prepared via solid-state synthesis. Calcium dendritic
pieces, indium shot, and red phosphorus lumps were loaded
into an alumina crucible in the appropriate stoichiometric ratio,
sealed in an evacuated quartz ampoule, and heated to 150◦C for
1 h and held for 5 h to dissolve indium. The temperature was then
raised to 920◦C, maintained for 40 h to form the cation-eutaxy
CaIn2P2 phase, and slowly cooled to room temperature over 200h.
The resulting crystals were collected and washed with DI water.
Ca-deficient Ca1–xIn2P2 compositions were obtained by solution-
based Ca etching. CaIn2P2 powder (0.05 g) was immersed in
5 mL of 30% aqueous HNO3, and the Ca content was controlled
via etching time: a 30 min treatment produced H2xCa0.4In2P2; a
1 h etching yielded a CaIn2P2/ZB InP heterophase; and a 2 h
etching led to complete Ca removal, producing phase-pure ZB
InP. After etching, samples were washed thoroughly with DI
water, replacing thewater twice, to removeCa(NO3)2 and residual
acid, then dried under vacuum.

4.3 Synthesis of CaGa2As2 and Ca
Composition-Controlled Ga–As Derivatives

CaGa2As2 was synthesized using a self-flux solid-state method.
Calcium granules, galliummetal, and arsenic powderweremixed
in a Ca:Ga:As molar ratio of 3:10:3 under an inert Ar atmosphere,
sealed in an evacuated quartz ampoule, heated to 1000◦C for 20 h,
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and slowly cooled to room temperature. Crystals were separated
mechanically, and excess Ga flux was removed by repeated cen-
trifugation. Residual byproducts were eliminated by soaking the
crystals in an isopropylamine hydrochloride/ethanol solution,
followed by ethanol rinsing and drying. Controlled Ca removal
was achieved using a saturated aqueous GaCl3 solution mixed
with 10% HNO3 as the etchant. CaGa2As2 powder was immersed
under ambient conditions, and Ca composition was tuned via
etching duration. A 1 h treatment produced H2xCa0.4Ga2As2;
a 1.5 h treatment yielded a CaGa2As2/ZB GaAs heterophase;
and a 3 h etching resulted in complete Ca removal, forming
phase-pure ZBGaAs. The products were washed thoroughly with
DI water to remove Ca(NO3)2-containing byproducts and dried
under vacuum.

4.4 HR–TEM and STEMAnalysis

HR–TEM and SAED analyses were performed using a JEM-
2100Plus microscope (JEOL) operated at 200 kV. TEM speci-
mens were prepared in an Ar-filled glovebox by gently crush-
ing crystals in methanol and dropping the resulting sus-
pension onto 400-mesh carbon-coated Cu grids, which were
then dried under ambient conditions. Samples for HAADF–
STEM and ABF–STEM were prepared using a focused ion
beam (FIB) instrument (JIB-4601F, JEOL). STEM imaging and
nano-beam/electron diffraction were conducted on a JEM-
RM200F microscope (JEOL) equipped with a probe aberration

corrector and operated at 200 kV, with a convergence semi-
angle of 20 mrad. HAADF–STEM and ABF–STEM images
were acquired simultaneously using nominal detector collec-
tion angles of 75–310 mrad (HAADF) and 11–22 mrad (ABF),
respectively. Fast Fourier transform (FFT) band-pass filteringwas
applied to selected HAADF–STEM and ABF–STEM images to
enhance the visibility of atomic columns, particularly for lighter
elements.

4.5 X-Ray Diffraction and Rietveld Refinement

Powder XRD patterns were collected using a Rigaku Ultima IV
diffractometer equipped with Cu Kα radiation (λ = 1.5418 Å,
40 kV, 150 mA). Samples were finely ground in an Ar-filled
glovebox, loaded onto zero-background Si holders, and sealed
with Kapton film to minimize air exposure. Diffraction data were
acquired in the 2θ range of 5–70◦ with a step size of 0.02◦ and
a scan rate of 1◦ min−1. Rietveld refinements were performed
using the FullProf Suite. Backgrounds were modeled with a 6–
12 term polynomial function, and peak shapes were described
using a pseudo-Voigt profile. Scale factors, lattice parameters,
peak-shape parameters, zero shift, and atomic positions were
refined iteratively until convergence was achieved. Preferred
orientation corrections were applied when necessary, using the
March–Dollase function. The phase fractions are obtained by
evaluating the integral intensities of the simulated peaks, while
taking into account the Lorentz-Polarization factor, the structure
factor, and the multiplicity from multiple equivalent planes. The
quality of fit was evaluated through Rwp, Rp, Rexp, Rbragg, and
χ2 parameters, which consistently indicated excellent agreement
between the experimental patterns and the refined structural
models.
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