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ABSTRACT: The growth of crystalline compound semi- =5
conductors on amorphous and non-epitaxial substrates is a | Dielectric
fundamental challenge for state-of-the-art thin- Im epitaxial
growth techniques. Direct growth of materials on technolog-
ically relevant amorphous surfaces, such as nitrides or oxides
results in nanocrystalline thin Ims or nanowire-type
structures, preventing growth and integration of high-
performance devices and circuits on these surfaces. Here,
we show crystalline compound semiconductors grown
directly on technologically relevant amorphous and non-
epitaxial substrates in geometries compatible with standard
microfabrication technology. Furthermore, by removing the
traditional epitaxial constraint, we demonstrate an atomically
sharp lateral heterojunction between indium phosphide and tin phosphide, two materials with vastly di erent crystal
structures, a structure that cannot be grown with standard vapor-phase growth approaches. Critically, this approach enables
the growth and manufacturing of crystalline materials without requiring a nearly lattice-matched substrate, potentially
impacting a wide range of elds, including electronics, photonics, and energy devices.

KEYWORDS: templated liquid-phase growth, non-epitaxial crystalline compound semiconductors, controlled wetting of liquid metals,
phase-controlled and far-from-equilibrium growth, lateral heterojunction
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early all non-silicon integrated electronic*? and

photonic®* devices are manufactured using epitaxial

growth techniques. Fundamental to either liquid- or
vapor-phase epitaxy is the necessity of an epitaxial substrate,
which prevents growth of high-quality crystalline materials on
amorphous and non-epitaxial substrates. This limitation has
severely restricted the development of high-performance
materials for applications such as multilevel logic devices,
growth of electronic and photonic devices directly on silicon,
and electronics on substrates such as glass and plastics. To
address this challenge, two classes of techniques have been
previously developed: (i) nanomaterial growth and device
fabrication® ® and (ii) epitaxial transfer.” ** Nanomaterial
growth is typically carried out using a nanoscale catalyst on an
arbitrary substrate, creating high-quality nanowires but without
the necessary control over the geometry and position of
materials, often resulting in vertical nanowires which are not
compatible with traditional silicon fabrication. Epitaxial transfer,
where a high-quality material is rst grown on a lattice-matched
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wafer with a sacri cial layer, followed by transfer of the
crystalline semiconductor layers onto active substrates, has also
been successful. Although this approach has enabled high-
performance devices on nearly any substrate, the cost and
scalability challenges have limited the overall applicability.
Recently, growth of indium phosphide crystals on non-epitaxial
substrates was demonstrated through the templated liquid-
phase (TLP) growth process.** However, successful templating
of a liquid metal required the use of a metal™ * or a
substoichiometric MoO,***"*® wetting layer on which
materials are grown. Both surfaces are unsuitable for a general
growth technique, due to issues with shorting lateral devices
and instability, respectively. Thus, a general growth technique
for crystalline materials on amorphous and non-epitaxial
substrates is still a need.
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Figure 1. Overview of TLP growth of crystalline compound semiconductors on any substrate. (A) Schematic of the TLP growth process. (B
E) SEM image of InP growing in an indium template on a Gd,O5 substrate. (F) TEM image of InP on Gd,0,/Si. (G K) Corresponding EDS
maps of In, P, Gd, O, and Si. (L) TEM image of InP grown on graphene transferred to a Si/SiO, wafer. (M) High-resolution TEM image of
InP grown on TiO,. (N) Selected area electron di raction pattern of InP.

Here, we show that constrained wetting of liquid metals on
any substrate enables a general growth technique for the growth
of crystalline materials on amorphous and non-epitaxial
substrates. By rst deriving a wetting phase diagram for
templated liquid metals, we show that there exist multiple
classes of templating behavior for relevant materials. Critically,
we nd that a geometrically driven wetting condition exists for
any substrate surface energy. With this, we then show that InP,
GaP, InAs, InGaP, SnP, and Sn,P; crystals can be grown
directly on SiO,, SisN, TiO,, Al,O; Gd,O5 SrTiO; and
graphene. The variety of materials and substrates illustrates this
approach is truly general. Optoelectronic characterization of the
InP shows excellent characteristics despite it being directly
grown on oxides and nitrides. Finally, it is shown that TLP
enables atomically sharp lateral interfaces between materials
with vastly di erent crystal structures, with potential
applications in next generation interfaces and devices.

RESULTS AND DISCUSSION

First, we introduce a generalized TLP growth technique for
crystal growth on any substrate, regardless of epitaxial relation.
Figure 1A shows a schematic of the TLP process, with details in
the Methods section. Brie y, a metal with a capping oxide layer
is deposited in the desired template geometry and pattern on a
substrate with standard evaporation of sputtering techniques.
The substrate is then heated in H,, causing the metal to melt.
For this approach to create usable materials, the liquid must
remain in the original deposited geometry. If dewetting occurs,
the resulting growths are unusable (Figure S1). At the growth
temperature, a precursor gas is introduced, causing super-
saturation and precipitation of the target material. Unlike
vapor-phase growth techniques, where thin Ims grow from
numerous nucleation sites on a substrate, in TLP, the precursor

ux can be controlled so that a single nucleus™ forms in each
template. As this nucleus grows, the liquid metal is consumed,

leaving behind a single crystal in the geometry of the template.
Figure 1B E shows the scanning electron microscopy (SEM)
images of TLP growth of InP in an indium template at various
stages of growth, starting with a single nucleus of the
thermodynamically favorable hexagonal faceted shape for a
(111)-oriented crystal and ending with the circular template
geometry.

To understand the nature of the interface between the single-
crystal templates and the substrate, as well as the structural
quality of the materials, we have carried out transmission
electron microscopy (TEM) imaging of InP/Gd,O,/Si, InP/
graphene/SiO,/Si, and InP/TiO,/ SiO,/Si. Figure 1F shows a
TEM image of InP grown on a Si/Gd,O, substrate, and Figure
1G K shows the corresponding energy-dispersive spectrome-
try (EDS) maps of In, P, Gd, O, and Si. Critically, the EDS
images (Figure 1G K) indicate that the InP has a clean
boundary with the underlying Gd,O; substrate. Figure 1L
shows a TEM image of InP/graphene/SiO,/Si, where the
lattice planes of InP are clearly visible. This indicates both the
crystalline nature of the InP and the clean interface with the
substrate. Finally, we show a scanning transmission electron
microscope (STEM) image of an InP crystal grown on a TiO,
substrate (Figure 1M), with the atomic resolution showing the
excellent crystalline quality of materials grown via this
approach. The electron di raction pattern of the crystal along
the 112 zone axis is shown in Figure 1N. Preventing breakup
of the liquid metal Im in the template is the critical challenge
in TLP. To date, this has been achieved by using indium on Mo
or MoO, substrates with an SiO, cap,”® *" which allows
complete wetting of the template surface due to favorable
surface energies. On most other substrates, the liquid metal

Ims tend to dewet, leaving behind uncontrolled liquid droplets
which are not useful for devices (representative dewetted InP
growth on Gd,O; is shown in Figure S1). Thus, the
development of a model for microscale template wetting is
critical. Here, we rst experimentally study the behavior of
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Figure 2. Wetting characteristics of liquid metal templates on any substrate. (A) Experimental wetting dewetting of indium templates on
Gd,0; substrate. (B) Schematic of dewetted model template with radius R+, void radius r, and height hy. (C) Calculated free energy of
formation for a void of radius r in di erent microscale liquid templates of radii Ry. (D) Wetting phase diagram showing traditional wetting
(surface energy driven), constrained wetting (geometry driven), and dewetting regimes. Color bar: wetting fraction. (E) Model and
experimental data for indium on multiple substrates. (F) Model and experimental data for tin on multiple substrates.

circular indium templates on an oxide surface (representative
image shown in Figure S2) as they are heated to 250 °C in
vacuum (Tpee = 157 °C) and then cooled to room
temperature. Figure 2A shows the result for 400 nm thick
indium templates with a SiO, capping layer on a Gd,O4
substrate. Two behaviors were observed. First, below a critical
template radius, there was no observable dewetting, whereas
above the radius, nearly all templates dewetted. Second, for the
templates which dewetted, there is a stable void size in the
dewetted Ims. We have developed a thermodynamic model
(eq 1, derived in the Supporting Information) that can explain
these results and can also predict both observed behaviors. We
calculated the change in free energy of a liquid metal template
of height h as a function of void radius r and template radius Ry
to evaluate the propensity for dewetting (illustrated schemati-
cally in Figure 2B).
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Here, 4 is the surface energy between top capping layer
material and liquid metal; |, is the surface energy between
bottom substrate material and liquid metal; |, is the surface
energy between liquid metal and vapor; ., is the surface energy
between top capping layer material and vapor; , is the surface
energy between bottom substrate material and vapor. Figure 2C
shows F for 400 nm thick In on a Gd,O4 surface and a SiO,
capping layer with di ering template radii, Ry. Importantly, we

see that the behavior of the free energy curves predicts that
below a critical template radius, void formation in the Im is
energetically unfavorable ( F > 0 for all r), and that above the
critical radius, there exists a minimum in the free energy (d F/
dr = 0), indicating a thermodynamically favorable void size.
Figure 2D shows a “wetting phase diagram”, with the horizontal
axis corresponding to the template aspect ratio (R+/h) and the
vertical axis corresponding to the sum of the contact angles,
cos , + cos b( = w5y m) where  is the contact

Iv Iv

angle between the liquid metal and the capping material and
is the contact angle between the liquid metal and the substrate.
When this sum is greater than 0, the surface energies of the
template prevent the formation of a stable void, independent of
the template geometry. When this sum is less than zero, the
liquid wets the template only when it is below some critical
aspect ratio, (Ry/h)... Therefore, nearly independent of surface
energy, it is possible to nd dimensions which enable wetting of
the template and thus allows us to carry out con ned liquid-
phase growth on any thermally stable substrate. Figure 2E
shows the wetting fraction, de ned as 1 Agig/Asemplare (1.
unity wetting fraction indicates no void), for a 400 nm thick
indium template as a function of template radius. For templates
with a radius less than 6 m, no stable void can form, and thus
no dewetting occurs. Larger templates support a stable void,
and thus the wetting fraction falls below 1. Figure 2F shows the
same behavior with tin. The model developed here shows
excellent agreement with experimental data. Optical micro-
scope images of the In and Sn templates of di erent radii after
the dewetting experiment are shown in Figures S3 and S4,
respectively. This allows us to predict and design templates that
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Figure 3. Optoelectronic characterization of InP and InGaP. (A) Photoluminescence spectra of a commercial InP wafer and the USC InP. (B)
Sub-band-gap density of spectra states. (C) Quantitative photoluminescence of USC InP and InP wafer. (D) PL spectra and (E) Raman
spectra of InGaP with varying Ga fractions. (F) Extracted band gap and dispersion in observed band gap across grown Ing4Gag4P as a
function of temperature. (G) Standard deviation of band gap across growths as a function of temperature.

will enable liquid-phase wetting on a substrate of choice with
knowledge of only the surface energy values. Notably, a similar
dewetting experiment on MoO, gives unity wetting fraction
irrespective of the template radius, shown in Figure S5, thus
further validating the experimental procedure and the
theoretical model.

After establishing liquid metal wetting on any substrate, we
study the optoelectronic quality of the materials grown on
various substrates. While the crystallinity is easily observable
from direct inspection, such as TEM or visual observation of
the crystal geometry while growing, understanding the quality
of this material requires more sensitive probes. Steady-state
photoluminescence (PL) curves of the TLP InP on Gd,05 and
a commercially purchased InP wafer are shown in Figure 3A,
with spectra on other substrates shown in Figure S6. Both the
peak position (1.34 eV) and full width at half-maxima (50
meV) are identical, indicating good quality of the grown
material. Brief statistics of the quality metrics are given in Table
S1. A more sensitive probe of the material quality is the sub-
band-gap absorption or band tail,*® which is heavily in uenced
by disorder in the semiconductor. Sharper band tails are
indicative of higher electronic quality and are de ned by a
smaller inverse slope in units of meV/decade. The absorption
coe cient is related to the photoluminescence® via eq 2 (see
Methods for details), which can be t with an exponential
relation at the band edge with an energy rate factor, E,, called
the Urbach parameter.”*
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Here, the TLP InP exhibits a band tail slope of 17.18 meV/
decade with E, = 7.16 meV, and the InP wafer exhibits a slightly
higher 17.38 meV/decade with E, = 7.34 meV (Figure 3B).

The most sensitive probe of optoelectronic quality, however,
is the photoluminescence e ciency, which enables us to extract
the electron and hole quasi-Fermi level splitting in a material.
Figure 3C shows the photoluminescence e ciency and quasi-
Fermi level splitting ( Eg) versus incident power for TLP and
commercial InP (see Methods for process details). Eg is
de ned as the di erence between the electron and hole quasi-
Fermi level under illumination. The dashed line indicates Er
for the ideal case, where only radiative emission processes exist,
and every absorbed photon is re-emitted as photoluminescence.
Critically, within the range of measured photon uxes, the
di erence in Ep between the grown InP and wafer is 45
meV. Compared to the theoretical limit, the InP wafer is E¢
150 meV lower, and the TLP InP exhibits 195 meV less than
the theoretical limit. Thus, we show this approach enables the
growth of excellent quality materials with spectral character-
istics, sub-band-gap absorption, and luminescence intensity
nearly identical to that of single-crystalline wafers. The
applicability of TLP to previously studied metal substrates
has also been demonstrated by InP and InAs growth on Mo
substrate (Figure S7).

A key advantage of 111 'V material systems is the tunability of
the band gap via alloying of multiple group Il or group V
elements. Unlike binary line compounds such as InP or GaP,
alloys have a wide range of stable stoichiometries; therefore,
ensuring uniform alloy composition during growth is a
challenge. For TLP growth of an In,Ga; P alloy, the approach
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Figure 4. Phase-controlled growth of single-crystalline tin phosphide templates. Crystal structure of (A) Sn,P; and (B) SnP. (C,D) Raman
spectra. (E,F) Sn(3d) XPS spectra. (G,H) P(2p) XPS spectra. (11) SEM image of tin phosphide on SiO,/Si. (12 14) Corresponding EDS
maps of Sn, P, and Si. (J) High-resolution TEM image and (K) selected area electron di raction of SnP.

would be to evaporate In and Ga as the template with the
desired atomic ratio and then carry out the growth. With a near
equilibrium  liquid-phase growth approach, however, uniform
material can only be achieved if the solid which precipitates out
has the same In/Ga ratio as the liquid. However, in general, the
solid will not have the same In/Ga ratio as the liquid, and thus
we would not expect to be able to create uniform materials.
Thus, the composition of the liquid would continuously change
throughout the growth process, resulting in signi cant lateral
grading of the solid composition and band gap. This would be
observable as a Iarge spread in the peak position of the
photoluminescence.’

To explore this, circular In,Ga; , templates with x = 1, 0.9,
0.7, and 0 were fabricated and then grown under a phosphine/
hydrogen ambient environment at temperatures varying from
550 to 750 °C. After growth, the results were interrogated
through microphotoluminescence, with a spot diameter of 1

m. Figure 3D shows photoluminescence of the In,Ga; ,P
grown by tuning the In/Ga ratio in the template.® In Figure
3E, we show how the Raman spectra of the grown material shift
as a function of In/Ga ratio. The TO and LO peaks of InP shift
as Ga is added,** and at higher Ga fractions (x = 0.7), we see

the emergence of a third, broader GaP-like LO peak, induced
by alloy disorder. The GaP Raman spectrum is shown in Figure
S8.

Although the micro-PL shows that tuning the composition of
the liquid metal clearly changes the band gap of the grown
material, it is necessary to identify the spread in band gap to
quantify the results of the growth. By taking multiple PL
spectra across a grown chip and extracting the peak energy, the
spread in band gap is determined. InyoGay,P was grown at
temperatures ranging from 550 to 750 °C, with Figure 3F
showing the peak position with error bars representing the
distribution, and Figure 3G shows the standard deviation of the
peak position. A minimum in the standard deviation of the
material is observed for a growth temperature of 645 °C of 16
meV, which is signi cantly lower than expected. Thus, the
uniformity of this material is expected to be driven by growth at
a high rate, pushing it far from equilibrium and removing the
expected constraint due to near equilibrium growth. The
experimental trend is consistent with this hypothesis. At lower
temperatures, the growth rate is limited by the precursor
cracking and mass transport to the substrate, whereas, at higher
temperatures, the growth rate is reduced due to an increase in
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Figure 5. Lateral heterojunctions between dissimilar materials. (A) SEM image of an InP/Sn,P; lateral heterojunction and (B) TEM image of
the heterojunction and TiO, substrate. (C) High-resolution TEM image of the interface, showing nearly atomically sharp interface. SAED of
(D) InP and (E) Sn,P;. Atomic scale model of (F) InP 110 with {111} termination and (G) Sn,P; 120 with {100} termination at the
interface. (H K) EDS maps of In, P, Sn, and Ti, showing the heterojunction on the substrate clearly.

re-evaporation of the phosphorus from the liquid templates,
reducing the supersaturation and the driving force for growth.
Although In,Ga; ,P is demonstrated here, a clear route is
presented toward far-from-equilibrium growth of uniform
ternary alloys with this growth technique.

Unlike 111V semiconductors explored here, many materials
do not have well-established epitaxial substrates, limiting the
ability to grow thin- Im geometry single-crystalline materials.
One example of this is tin phosphide, a promising emerging
layered material system with multiple stable phases®>?® each
with dramatically di erent properties and crystal structures.

Rhombohedral Sn,P;>" and hexagonal SnP?®?° have been
recently demonstrated as ultra-high-capacity anode materials
for sodium and lithium ion batteries, respectively. However,
due to the lack of an available epitaxial template for tin
phosphide, the demonstrations have been limited to powders,
nanoparticles, and small bulk crystals.”® 3* Nontemplated
polycrystalline tin phosphide (Sn,P; and SnP) microparticles
grown on a Si/SiO, wafer and the corresponding X-ray
di raction spectra are shown in Figure S9. By removing the
need for an epitaxial template, TLP enables us to grow phase-
pure, templated crystalline Sn,P; and SnP on a silicon/SiO,
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handle wafer. Growth is carried out by rst depositing tin into
circular arrays with a SiO, capping layer, directly on the Si/SiO,
or Mo substrate, and then following the TLP growth process to
obtain tin phosphide. The atomic structures of rhombohedral
Sn,P5*? and hexagonal SnP>* are schematically shown in Figure
4AB, respectively. Both phases exhibit a layered structure with
alternating planes of P and Sn atoms along the c-axis, with
Sn,P; exhibiting seven alternating planes per layer and SnP
exhibiting three. Figure 4C,D shows Raman spectra of Sn,P;
and SnP, respectively. Due to the dramatically di erent crystal
structures, these materials have distinct Raman spectra, allowing
us to identify the phase we have grown. When grown at 450 °C,
100% of the Raman spectra match that shown in Figure 4C,
and at 550 °C, 100% match the spectra shown in Figure 4D.
For growth temperatures within that range, both Raman spectra
are observed, indicating that a combination of phases are
present.

X-ray photoelectron spectroscopy (XPS) is used to then
identify the valence states of the Sn and P atoms in both phases.
Figure 4E shows the XPS spectra of tin (3d) in Sn,Ps
illustrating the presence of only Sn** (487.6 eV). On the other
hand, Figure 4F shows that in SnP a mixture of Sn** (487.6 eV)
and Sn® (485.3 eV) valences occurs. Figure 4G,H shows that
both stoichiometries show the expected doublet phosphide P®
(2p) peak (129.5 and 130.5 eV) and a phosphate PO* peak
(134 eV). Survey scans showing the presence of only Sn,P,
grown on Mo substrate are shown in Figure S10. The intensity
of the phosphate peak was found to be higher on samples with
longer exposure to ambient air after growth and is expected due
to surface oxides (a similar phosphate PO* peak was also
found to be present on the InP wafer, thus con rming this
hypothesis, not shown here). Figure 411 shows an SEM image
of tin phosphide templates grown on a Si/SiO, substrate and
the corresponding EDS images showing tin (Figure 412),
phosphorus (Figure 413), and Si (Figure 414). Figure 4J,K
shows a high-resolution TEM image and selective area electron
di raction (SAED), respectively, of SnP, indicating the distinct
single-crystalline nature of the grown material, as expected from
the observed crystals during partial growth (representative SEM
image shown in Figure S11).

Finally, we demonstrate that this approach enables high-
quality heterointerfaces between non-epitaxial crystalline
materials, which is not possible with vapor-phase epitaxy
techniques. To achieve this, we heat an array of indium and tin
mesas to 550 °C and then introduce phosphine. At these
temperatures, the two metals will fully mix before introduction
of PH,;. However, indium phosphide and tin phosphide do not
form any stable ternary compound,®* as the crystal structures
are vastly dissimilar, thus both indium phosphide and tin
phosphide grow from a single In/Sn melt. Figure 5A shows an
SEM image of the InP Sn,P; crystals grown on a layer of
atomic layer deposited TiO, on Si/SiO, handle wafer. Figure
5B shows a TEM image of the InP Sn,P; interface on the
TiO, surface. High-resolution TEM imaging (Figure 5C) shows
that this approach enables us to create lateral atomically sharp
crystalline heterostructures from materials with completely
dissimilar crystal structures. The SAED patterns of the InP
and Sn,P; crystals along the 110 axis are shown in Figure
5D,E, respectively. To gain an atomic scale understanding of
the interface, we have indexed the TEM images of the InP and
Sn,P; to determine the orientation of both crystals at the
interface. It is found that Sn,P5 (001) planes grow on top of an
InP (111) termination. From this, we have built a ball-and-stick

chemical model of the InP (Figure 5F) and Sn,P; (Figure 5G)
showing the {111}InP|{001}Sn,P4|| 110 InP| 120 Sn,P;
interfacial relationship.

Four EDS elemental maps of Figure 5B allow us to
investigate materials and interface properties: In (Figure 5H),
P (Figure 51), Sn (Figure 5J), and Ti (Figure 5K). In Figure
5H, we observe a clear interface between the InP, Sn,P;, and
underlying TiO,, and Figure 51 shows P observed uniformly
across both InP and Sn,P5. Due to the solubility of Sn in InP,
we observe a background concentration of Sn doping in the InP
(Figure 5J). The underlying TiO, substrate (Figure 5K) shows
no In, P, or Sn incorporation due to the thermal stability at the
growth temperatures. At these growth conditions, InP nucleates
and grows rst, incorporating Sn, and leaving behind a melt of
Sn, after which Sn,P; nucleates and grows. This can be
predicted from the metal-rich liquidus curves of the In P and
Sn P binary phase diagrams. At 550 °C, the solubility of P in
liquid indium is <0.2%,% whereas the solubility of P in Sn is
>10%.” Thus, as the concentration of P increases in the
uniform Sn/In melt, the Gibbs free energy for InP precipitation
will cause nucleation of the InP rst. After this, the surface of
the growing InP crystal will act as a sink for P atoms, depleting
the entire template, suppressing further nucleation of InP and
SnyPs. After the InP crystal has consumed the excess In, the
melt is expected to be entirely Sn with In impurities, and the
phosphorus concentration will continue to increase. Finally, the
Sn,P; will nucleate and grow in the template, creating a lateral
heterostructure as shown here. As this requires the two
materials to have crystal structures so vastly dissimilar that the
formation of any alloys is precluded, the set of high-quality
material interfaces that can be formed with this approach is
orthogonal to standard vapor-phase growth approaches.

A thermodynamic model of con ned liquid metal wetting is
developed, illustrating that a geometric condition exists such
that liquid metal templates may be created on any substrate.
With this, templated liquid-phase growth of crystalline InP,
In,Ga, P, and tin phosphide on non-epitaxial substrates is
demonstrated. Through detailed optoelectronic character-
ization, it is shown that InP with excellent optoelectronic
properties is obtained on a variety of substrates. By using far-
from-equilibrium growth, uniform growth of ternary alloy
semiconductors is observed despite being thermodynamically
unfavorable. With tin templates, two distinct phases of tin
phosphide are grown on amorphous substrates with full control
over the phase purity. Finally, an atomically sharp lateral
heterojunction between two materials with completely di erent
crystal structures, InP and Sn,P;, was demonstrated.

The TLP growth platform enables the integration of high-
performance electronic and photonic materials bypassing the
need for an epitaxial template. Next generation neuromorphic
computing, Internet of Things, photonic integrated circuits, and
3D integration all require multiple high-performance layers of
devices. As traditional vapor-phase epitaxy cannot be used to
directly create multiple layers of devices, TLP growth enables
device integration at the microscale with crystalline materials.
This would enable superior architectures as compared to the
present integration techniques, which enable either coarse
integration through physical stacking or integration with lower
performance nanomaterials. For materials synthesis, TLP
enables crystalline material development directly on the desired
substrates, without the need for the development of an epitaxial
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single-crystal substrate technology. Furthermore, a class of
atomic-scale crystalline interfaces between materials with no
epitaxial relation can be created, potentially impacting thermal,
electronic, and photonic devices.

METHODS

Templated Liquid-Phase Growth. Each substrate was cleaned
with acetone, isopropy! alcohol, and deionized water, blow-dried with
dry nitrogen, and then photolithographically patterned with the
desired templates. Indium (99.99995%) and/or tin (99.9999%) and/
or gallium (99.99995%) was thermally evaporated on the litho-
graphically patterned samples mounted on a cryo-cooled (liquid
nitrogen) stage using an alumina-covered tungsten boat at rates of 4 5
A/s. The thickness of evaporated metal was varied between 400 and
800 nm as required by the lateral mesa dimension and substrate based
on the thermodynamically controlled geometric wetting model. A capping
layer of 180 200 nm SiO, was electron-beam evaporated using SiO,
pellets (99.99% pure, Kurt J. Lesker). This was followed by a standard
photoresist lift-0  procedure in acetone, resulting in templates of
metal/capping layer stacks on the substrate.

TLP growth was done in a single-zone hot-wall tube furnace
(Lindberg Blue) under a furnace temperature ranging between 450
and 650 °C (speci ¢ temperatures are mentioned in the main text for
individual material systems). PH3 (99.9995%, Matheson) was used as
the P precursor, diluted with 99.999% H, to achieve the desired PH;
partial pressure. The PH; ux was controlled to ensure nucleation of a
single compound semiconductor crystal in each liquid metal template.
This occurs by obtaining a phosphorus depletion region around the
initial nucleation region, which prevents the surrounding liquid melt
from being supersaturated with P, and thus no further stable
nucleation occurs in that region. This allows the initial nucleus to
grow out into a single crystal, consuming the entire metal template.

Scanning Electron Microscopy. Scanning electron microscopy
images were obtained using either a Hitachi S4800 or JEOL JSM-
7001F eld-emission scanning electron microscope. An energy-
dispersive X-ray spectrometer detector attached to the JEOL JSM-
7001F was also used to collect SEM EDS spectra and maps.

Transmission Electron Microscopy. Scanning transmission
electron microscopy images and selective area electron di raction
patterns were obtained using either a JEOL JEM-2100F (200 kV) or
FEI Titan (300 kV) instrument. An energy-dispersive X-ray
spectrometer detector attached to the JEOL JEM-2100F was also
used to collect S/TEM EDS spectra and maps.

Optical Microscopy. Optical micrographs were obtained from a
Nikon Eclipse L150 optical microscope connected to a Pixelink CCD
camera.

X-ray Photoelectron Spectroscopy. X-ray photoelectron spectra
were obtained using a Kratos Axis Ultra spectrometer equipped with a
monochromated Al anode operating at 60 W. All spectra were
referenced to the adventitious carbon peak at 284.8 eV. Referencing
and peak tting were done using CasaXPS software.

X-ray Di raction. X-ray di raction spectra were collected on a
Bruker-AXS D8 X-ray di ractometer equipped with a GADDS area
detector and operated at 35 kV and 40 mA with a Co K of 1.79A
collimated to a 0.8 mm spot size.

Photoluminescence and Raman Spectra Measurement.
Steady-state photoluminescence measurements and Raman spectros-
copy were carried out in a Renishaw inVia confocal Raman microscope
setup using a constant-power 532 nm laser source as the excitation and
a Si CCD detector. ND Iter arrays were used to tune the power
incident on the sample for obtaining PL data over a wide range of
incident powers. The comparison InP was a 100-oriented wafer with a
reported doping concentration of  10Y cm 3,

Urbach Parameter Estimation. The van Roosbroeck Schockley
equation relates the optical emission rate per unit energy R(hv) to the
absorption coe cient (hv) as®°

8 2n2

R(hy = ( h)’m

where R(hv) is the emission intensity, is frequency, h is Planck’s
constant, ¢ is the speed of light in vacuum, k is Boltzmann’s constant,
and T is absolute temperature.

Energies for which the absorption coe cient is small, such as in the
band gap, the (external) photoluminescence spectrum P(h ) may be
approximated to be of similar shape to that of the emission spectrum,
irrespective of the thickness of the sample. Thus, the van Roosbroeck
Shockley equation may be represented as**

(é’W/ kT g 1)
nZ( h\)Z

As st pointed out by Franz Urbach, the absorption coe cient in
the band gap scales exponentially with energy,™® so that it can be tted
with an equation of the form

(h) = OéESEref)/ B

where  and E, are tting parameters and E, is a reference energy.
The term E, is referred to as Urbach parameter and is indicative of the
sharpness of the exponentially decreasing absorption in the band gap.

Though it is not well understood, it is thought that the absorption
in the band gap is related to band gap states arising from intrinsic and
extrinsic crystal defects, and thus a lower value of Urbach parameter is
a measure of lesser defect density in the material.

Photoluminescence External Quantum E ciency. A broad-
band light source with calibrated relative intensity variation was used
to obtain the system response function, .. A wavelength calibrated
power meter Thorlabs PM100D was used to measure the incident
laser powers and calculate the excitation photon ux, R, (number of
photons/area/s). The reference InP wafer photoluminescence with
known quantum e ciency (at a given incident power) was thereby
used to calibrate the instrument counts to external photon emission

ux Rp_ (number of photons/area/s).

The external luminescence e ciency of the grown InP was thus

calculated from the measured photoluminescence as

(h) RN

t
& RQXC

where Rp, is the photoluminescence ux and R, is the incident
photon ux.

Calculation of Quasi-Fermi Level Splitting. The quasi-Fermi
level splitting is calculated as*®

Rabs
* ¢ aE )ig feos( ) dEd d

E= kTIhh ——
0o o0

+ KT In( )

where . is the photoluminescence external quantum e ciency and
a(E, ) is the e ective absorbance of the incident wux by the
semiconductor, given as

aE )= (Bx$() 7

The energy-dispersive absorptance $(E) of the semiconductor of
thickness L is

$B =135 &2 6L
with the absorption coe cient

1¢* enf! foE  E

® 10" x 5 B ent! forE g
where E is the photon energy, E, is the band gap energy, and E, is the
Urbach parameter.
It may be noted that the absorptance thus calculated assumes a
perfect re ector at the bottom of the InP, which may not be true in
these substrates.
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() is the transmittance of the semiconductor air interface
calculated from Fresnel equations; b(E) is the blackbody spectrum at
temperature T given by

% 1
= —F —_
b(B Ré~ &K351

where n is the refractive index of free space, h is Planck’s constant, ¢ is
the speed of light in vacuum, k is Boltzmann’s constant, and T is
temperature (here taken to be 300 K). R, is the absorbed photon ux
calculated as

Rabs= A Eoe ) X Ry

with Eg, being the laser excitation energy, and
incidence of the excitation.

Crystal Structure Rendering. Ball-and-stick three-dimensional
models of crystal structures were built using the Crystal Builder
module in Atomistix ToolKit (ATK) Virtual NanoLab (VNL).
Crystallographic Information Framework (CIF) les from the
Inorganic Crystal Structure Database (ICSD) were directly read by
the Builder module to obtain the unit cell information, which was
rendered in a 3D ball-and-stick representation.

= 0 for normal
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