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Abstract

Materials with metastable phases can exhibit vastly different properties from their
thermodynamically favored counterparts. Methods to synthesize metastable phases without the
need for high-temperature or high-pressure conditions would facilitate their widespread use. We
report on the electrochemical growth of microcrystals of bismuth selenide, Bi,Ses;, in the
metastable orthorhombic phase at room temperature in aqueous solution. Rather than direct epitaxy
with the growth substrate, the spontaneous formation of a seed layer containing nanocrystals of
cubic BiSe enforces the metastable phase. We first used single-crystal silicon substrates with a
range of resistivities and different orientations to identify the conditions needed to produce the
metastable phase. When the applied potential during electrochemical growth is positive of the
reduction potential of Bi**, an initial, Bi-rich seed layer forms. Electron microscopy imaging and
diffraction reveal that the seed layer consists of nanocrystals of cubic BiSe embedded within an
amorphous matrix of Bi and Se. Using density-functional theory calculations, we show that
epitaxial matching between cubic BiSe and orthorhombic Bi,Se; can help stabilize the metastable
orthorhombic phase over the thermodynamically stable rhombohedral phase. The spontaneous
formation of the seed layer enables us to grow orthorhombic Bi,Se; on a variety of substrates
including single-crystal silicon with different orientations, polycrystalline fluorine-doped tin oxide,
and polycrystalline gold. The ability to stabilize the metastable phase through room-temperature
electrodeposition in aqueous solution without requiring a single-crystal substrate, broadens the

range of applications for this semiconductor in optoelectronic and electrochemical devices.
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Introduction

Many metastable materials exhibit promising catalytic, electronic, and optical properties, that
make them attractive for applications in the conversion and storage of energy and information,
including as electro- and photocatalysts for fuel generation,'* electrodes for metal-air batteries,>-¢
and qubits for quantum computation.”® Compared to their corresponding ground-state structures,
metastable materials have a higher formation energy and are thus often difficult to synthesize under
ambient conditions. For example, naturally occurring diamond forms at high pressures and
temperatures. Innovations in the synthesis and doping of diamond via chemical vapor deposition®-
I have enabled fundamental studies of nitrogen vacancies in this metastable material for
applications in quantum sensing and computation.”-% 12

Methods to synthesize metastable phases at moderate pressure and temperature include
colloidal synthesis,> 13-14 chemical and physical vapor deposition,® *-!! solid-state metathesis,'>-16
and electrodeposition.? 17-25 Electrodeposition is particularly attractive because it is a versatile and
inexpensive method to produce metals,> 720 ceramics,?!> 26 and semiconductors??-2> 27-36 at
atmospheric pressure and temperatures below 100°C. Although many binary metallic alloys and
intermetallic compounds with metastable structures have been prepared by electrodeposition, !7-
20 there only exist a few examples of electrodepositing metastable phases of semiconductor
compounds including Bi,Se;,2-2> CdSe,?? and 6-Bi,03.2! To achieve high crystallinity during the
electrodeposition of compounds with significant covalent bonding character, a single-crystal
growth substrate is often required that provides epitaxial matching between the substrate surface
(i.e., the working electrode of the electrochemical cell) and the structure of the desired phase. For
example, both the zinc blende phase of CdSe (which is metastable relative to the wurtzite phase at

room temperature) and the cubic d phase of Bi,0O3 (which is metastable relative to the monoclinic

Page 3 of 51

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society

phase at room temperature) can be electrodeposited on single-crystal Au (111) substrates.?!->> The
requirement for a single-crystal substrate limits the scale up and commercial application of
electrodeposition to achieve phase control and synthesize desirable metastable phases of ceramics
and semiconductor compounds.?’

Bismuth chalcogenides have been proposed as materials for photodetectors and
photovoltaics,?3 3840 thermoelectrics,*!-** and topological insulators.*>-46 The structures of bismuth
chalcogenide compounds vary with the identity of the chalcogen atom. For example, the
thermodynamically stable phase of Bi,Ses;, which is isomorphic with Bi,Te; and Sb,Te;, has a
layered, rhombohedral crystal structure, as shown in Figure 1a. Rhombohedral Bi,Se; with a
narrow band gap of 0.35 eV has been proposed as a topological insulator.*-4¢ The metastable phase
of Bi,Se; has an orthorhombic crystal structure, as shown in Figure 1b. Orthorhombic Bi,Se; is
isomorphic with Sb,S; (i.e., stibnite), Sb,Ses, and Bi,S3; it consists of zigzagging chains of [BiSes]
pyramids and distorted [BiSes] octahedra that share edges along the [001] direction. The optical
band gap of 1.25 eV for orthorhombic Bi,Ses;>* combined with its strong absorption in the visible
region and anisotropic crystal structure make this material of interest for optoelectronic devices
including polarization-sensitive photodetectors.38-3% 47-48

Films of Bi,Se; have previously been electrodeposited in both the rhombohedral and
orthorhombic phases.?3-2% 4 49-55 Electrodeposition on polycrystalline metal and metal oxide
substrates (e.g., Au, Ru, Ti, Pt, stainless steel, or tin oxide) has produced films with the
rhombohedral phase, a mixture of the two phases, or the orthorhombic phase with low crystallinity
(i.e., films exhibiting small crystallite sizes and weak diffraction peaks).?>>44.30-35 Growth of phase-
pure orthorhombic Bi,Se; with high crystallinity has been reported only when electrodeposited on

single-crystal, n-type Si (100) substrates with relatively high resistivities of 4 to 30 Qxcm.?3-2549
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Thus, formation of the metastable, orthorhombic phase was proposed to result from direct epitaxy
between the Si (100) substrate and the growing film. A unified mechanism for controlling the
phase selectivity in this material system has not yet been developed. Furthermore, while
orthorhombic Bi,Se; is of potential interest for optoelectronic and thermoelectric devices, the
requirement to deposit on single-crystal Si substrates limits the ability to measure fundamental
properties of this metastable material and determine its suitability for these applications.

In this Article, we demonstrate that the spontaneous formation of a seed layer during the
electrodeposition of bismuth selenide, Bi,Ses;, enforces growth of the metastable orthorhombic
phase through epitaxial strain. Seeded epitaxial growth enables us to electrodeposit this
semiconductor with high crystallinity, which is not typically observed in electrodeposition. We
first determined the phase of Bi,Se; films that were electrodeposited on single-crystal silicon
substrates with a range of resistivities and different orientations. By varying the applied potential
used to grow the films, we identified that formation of a previously unrecognized seed layer —
with a distinct composition and structure from that of Bi,Se; — is necessary to produce the
metastable orthorhombic phase. Through transmission electron microscopy, we uncovered that the
seed layer contains nanocrystals of cubic BiSe. Orthorhombic Bi,Se; microcrystals nucleate from
the BiSe nanocrystals and grow along the [010] direction. Our experimental results are supported
by first-principles calculations that show the epitaxial strain between cubic BiSe and orthorhombic
Bi,Se; is much smaller than that between cubic BiSe and the thermodynamically stable,
rhombohedral phase of Bi,Se;. This model of seeded epitaxial growth not only explains the
formation of the metastable phase but also accounts for the experimental growth direction of the
orthorhombic Bi,Se; crystals. The spontaneous formation of a seed layer alleviates the need to use

a single-crystal substrate for electrodeposition, enabling the growth of metastable, orthorhombic
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Bi,Se; microcrystals for the first time on polycrystalline substrates including gold and fluorine-
doped tin oxide. Our results demonstrate the feasibility of electrodepositing metastable structures
with high crystallinity on polycrystalline substrates by using nanocrystal seeds (rather than a

single-crystal substrate) to induce epitaxy and enforce the desired phase.

Results and Discussion

We first electrodeposited Bi,Se; films on single-crystal silicon substrates with different
orientations and resistivities and characterized the crystalline phase of the resulting films. The
films were grown at a constant applied potential, and the total charge passed between the working
and counter electrodes was varied to control the amount of material deposited (see Figure S1 for
representative current traces during film deposition). X-ray diffraction (XRD) patterns of Bi,Se;
films grown at a potential of -0.45 V vs. an Ag/AgCl reference electrode for a total charge density
of 2 C/cm? are shown in Figure 1b. Using either Si (100) substrates with a resistivity of 4.4 Qxcm
or Si (111) substrates with a resistivity of 1.3 (2xcm, we consistently observed that the Bi,Se; films
grew in the orthorhombic phase at this potential. On the other hand, using Si (111) substrates with
a higher dopant density and a resistivity of 0.0061 Q2xcm, the Bi,Se; films consistently grew in the
rhombohedral phase at -0.45 V vs. Ag/AgCl. These results show that the phase of the Bi,Se; films

can be controlled by the resistivity of the substrate.
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Figure 1. Atomic structures of (a) the stable, rhombohedral phase of Bi,Se; (collection code
#165226, R-Bi,Se;) and (b) metastable, orthorhombic phase of Bi,Se; (collection code #617093,
0-Bi,Se3). The initial structures come from the Inorganic Crystal Structure Database (ICSD)?¢ and
were relaxed using density-functional theory. (c) Thin-film XRD patterns of Bi;Se; films grown
on single-crystal Si substrates with different orientations and resistivities. The applied potential
used to grow each film was -0.45 V vs. Ag/AgCl, and the total amount of charge passed was 2
C/cm?. The asterisk marks an impurity, the (111) peak of Ag, which was used to make electrical
contact to the Si substrate (see the Experimental section for more details on electrode and sample
preparation). The top, red pattern is the standard XRD powder pattern of orthorhombic Bi,Se;
(PDF #04-003-6014), and the bottom, blue pattern is the standard XRD powder pattern of
rhombohedral Bi,Se; (PDF #04-002-5483). Experimental patterns in red denote growth of

0-Bi,Se;s, and the pattern in blue denotes R-Bi,Ses.
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Table 1. Summary of the crystalline phases of Bi,Se; films grown via electrodeposition at a
constant potential on single-crystal Si substrates with different orientations and resistivities. O
indicates the orthorhombic phase. R indicates the rhombohedral phase. R/O indicates the film is a
mixture of the rhombohedral and orthorhombic phases. None indicates there was no observable
film formation (or that the deposited material fell off the substrate during deposition). Deposition
at a potential of -0.48 V vs. Ag/AgCl was only performed on the Si substrates with resistivities of
1.3 and 0.56 Qxcm. The standard deviation in the resistivity of each Si substrate was determined

by measuring four different areas of the same substrate.

Phase formed at various potentials

Substrate  oubstrate (vs. Ag/AgCl) Reduction peak
orientation resistivity (V vs. Ag/AgCl) in
(Qxcm) -0.50V -0.48V -0.45V -0.30V -0.20 V -0.10 V 0.00 V Bi(NO3)3 solution
(100) 4.4+0.2 None - (0] (0] None None None -0.53
(111) 3.6+0.1 None - (0] (0] None None None -0.50
(111) 1.3£0.1 R R/IO (0] O None None None -0.41
(100) 0.56+0.01 R R R/IO o None None None -0.40
(111)  0.0041+0.0003 ' None - R R R 0] () -0.11
(100)  0.0032+0.0001 ' None - R R R o) () -0.11

We next varied the applied potential used to grow the Bi,Se; films. Table 1 provides a
summary of the phases formed on single-crystal Si substrates with different orientations and
resistivities. XRD patterns for each sample listed in Table 1 are provided in Figures S2 — S7 of
the Supporting Information. For Si substrates with the highest resistivities (3.6 and 4.4 Qxcm),
we could only electrodeposit Bi,Se; films within a narrow potential range. Deposition at potentials
more negative than -0.45 V vs. Ag/AgCl led to delamination of the film during growth, while no

growth was observed at potentials positive of -0.30 V vs. Ag/AgCl. At potentials of -0.30 and -0.45
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V vs. Ag/AgCl, we observed the metastable, orthorhombic phase (Figures S6 and S7). For Si
substrates with lower resistivities, we found that we could control the resulting phase based on the
applied potential. For Si (111) substrates with a resistivity of 1.3 Qxcm, films grown at -0.30 and
-0.45 V vs. Ag/AgCl exhibited the orthorhombic phase of Bi,Se;. At -0.48 V vs. Ag/AgCl, the
films consisted of a mixture of orthorhombic and rhombohedral phases. At -0.50 V, the films
exhibited the rhombohedral phase (Figure S5). For orthorhombic Bi,Se; films, we did not observe
the formation of any compounds other than Bi,Se; by XRD. For rhombohedral Bi,Se; films grown
at more negative potentials (-0.45 to -0.50 V), we observed the presence of elemental selenium as
a minor impurity phase (Figures S3 and S4). As the resistivity of the Si substrate decreased, the
transition between the two phases shifted to more positive potentials. For Si (100) substrates with
a resistivity of 0.56 Qxcm, the transition from orthorhombic to rhombohedral phases was between
-0.30 and -0.48 V vs. Ag/AgCl (Figure S4). For Si (100) substrates with a resistivity of
0.0032 Qxcm and Si (111) substrates with a resistivity of 0.0041 Qxcm, the orthorhombic phase
was observed at potentials of 0.00 and -0.10 V vs. Ag/AgCl. However, films grown at potentials
0f'-0.20, -0.30, and -0.45 V vs. Ag/AgCl exhibited the rhombohedral phase (Figures S2 and S3).
Our results demonstrate that the combination of applied potential and the resistivity of the Si
substrate, rather than its orientation, control the resulting phase of the Bi,Se; films. Si substrates

with similar resistivities but different orientations produce the same phase at a given potential.
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Figure 2. Cyclic voltammograms in an aqueous solution of 1 mM Bi(NOs3); and 0.5 M HNO;
using single-crystal Si electrodes with different orientations and resistivities. Each Si electrode
was first swept from the open-circuit potential to 0 V vs. Ag/AgCl (not shown) followed by
scanning towards more negative potentials (red arrows). The scan rate was 20 mV/s. The blue
dashed lines indicate the positions of the redox wave corresponding to the reduction of Bi** to Bi®

during the initial negative sweep, which are listed in Table 1.
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The resistivity of the Si substrate determines the potential at which Bi is deposited on the
electrode and correlates with the resulting phase of the Bi,Se; film. We used cyclic voltammetry
(CV) to determine the reduction potential of Bi** using Si substrates with different resistivities as
the working electrode. The solution used for CV contained Bi(NOs); at the same concentration
and pH used to deposit the Bi,Se; films (but without SeO,). The overpotential for the reduction of
Bi*" increases as the resistivity of the working electrode increases, as shown in Figure 2. The peak
maxima for the redox wave corresponding to the reduction of Bi3* shift to more negative values
for Si substrates with higher resistivities.

We find that the Bi,Se; films grow in the orthorhombic phase when the applied potential during
film growth is close to or positive of the peak potential for Bi** reduction. For example, using an
Si (111) substrate with a resistivity of 1.3 Qxcm, the Bi** reduction peak occurs at -0.41 V vs.
Ag/AgCl (see Figure 2). The orthorhombic phase is formed at a potential of -0.45 V vs. Ag/AgCl,
while the rhombohedral phase is formed at -0.50 V vs. Ag/AgCl (Figure S5). For both an Si (100)
substrate with a resistivity of 0.0032 Qxcm and an Si (111) substrate with a resistivity of
0.0041 Qxcm, the Bi** reduction peak occurs at -0.11 V vs. Ag/AgCl. The orthorhombic phase is
formed at potentials of 0.00 and -0.10 V vs. Ag/AgCl for both substrates, while the rhombohedral
phase occurs at more negative potentials of -0.20, -0.30, and -0.45 V vs. Ag/AgCl (Figures S2 and
S3). Thus, when the applied potential is sufficiently more negative than the Bi*" reduction peak,
the rhombohedral phase is formed. In solutions containing only SeO,, we found that the reduction
peak for Se*" was approximately -0.6 V vs. Ag/AgCl for all Si substrates as shown in Figure S8.

As described further below, growing Bi,Se; films at a potential close to or positive of the reduction
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peak for Bi** leads to a Bi-rich film during the early stages of growth, which is observed for all

films having the orthorhombic phase.

Figure 3. SEM images of Bi,Se; films grown on single-crystal Si substrates with different

orientations and resistivities. (a, d) Low- and high-magnification SEM images of a Bi,Se; film
grown on a Si (111) electrode with a resistivity of 1.3 Qxcm at a potential of -0.30 V vs. Ag/AgCl
for a total charge density of 2 C/cm?. These conditions produce films with the orthorhombic phase
as measured by XRD (see Figure S5). (b, €) SEM images of a Bi,Se; film grown on a Si (100)
electrode with a resistivity of 0.0032 Qxcm at a potential of -0.10 V vs. Ag/AgCl for a total charge
density of 2 C/cm?. These conditions produce films with the orthorhombic phase (see Figure S2).
(c, f) SEM images of a Bi,Se; film grown on a Si (100) electrode with a resistivity of 0.0032 Qxcm
at a potential of -0.30 V vs. Ag/AgCl for a total charge density of 2 C/cm?. These conditions
produce films with the thombohedral phase (see Figure S2). The scale bars of 5 pm and 1 pm

apply to the top row and bottom row of images, respectively.
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Bi,Se; films with the orthorhombic phase possess larger crystallite sizes than those with the
rhombohedral phase. Figure 3 shows representative scanning electron microscopy (SEM) images
of films grown on different single-crystal Si substrates. Films with the orthorhombic phase consist
of interleaved platelets with microscale dimensions, as shown in Figure 3a, d. These platelets
grow out of a dense layer of hemispherical seed particles that can be seen underneath the platelets
in Figure 3a, d (see also Figure S9). The platelet morphology is observed for orthorhombic Bi,Se;
films grown on both Si (111) (Figure 3a, d) and Si (100) substrates (Figure 3b, e), which
reinforces that epitaxy with the Si (100) surface is not necessary to produce the orthorhombic phase.
In sharp contrast, films with the rhombohedral phase consist of aggregated nanoscale crystallites
(Figure 3c, f and Figure S10). Consistent with the SEM images, XRD patterns show broader
peaks for films with the rhombohedral phase compared to the orthorhombic phase (see Figure 1b
and Figures S2 — S5). Furthermore, the relative intensities of peaks in the thin-film XRD patterns
for the orthorhombic phase show texture effects indicating that the crystals have a preferred
orientation. Notably, the (020) peak at 44° shows a higher relative intensity compared to the
standard powder pattern (Figure 1c). While the (112) peak at 27.6° also shows a higher relative
intensity, we found that the intensity of this peak varies for different entries of orthorhombic Bi,Se;
in the ICSD.

The morphological evolution of Bi,Se; films with the orthorhombic phase, as characterized
using SEM imaging, is shown in Figure 4. These samples were grown on Si (111) substrates with
a resistivity of 3.6 QQxcm at a potential of -0.45 V vs. Ag/AgCl for different amounts of charge
passed. For a charge density of 0.3 C/cm?, the film consists of a layer of sub-micron-sized

hemispherical seeds that cover the Si substrate (with some exposed regions of the substrate as
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shown in the top-down SEM image in Figure 4a). At this stage of growth, the seeds have an
elemental Se:Bi ratio of 1.3 as determined by energy dispersive x-ray (EDX) spectroscopy. The
seeds are rich in bismuth relative to the Se:Bi ratio of 1.5 in Bi,Se;. Thin-film XRD patterns do
not show any distinct diffraction peaks at this stage of growth, indicating the initial seed layer has
low crystallinity (see Figure S9). For a charge density of 0.5 C/cm?, the Se:Bi ratio is still 1.3, but
platelet crystallites have nucleated from the hemispherical seeds (Figure 4b). The platelets
continue to grow with the amount of charge passed; the platelets also branch, and new platelets
nucleate from the seed layer. The films have the expected Se:Bi ratio of 1.5 for a charge density
of 0.9 C/cm? (Figure 4¢). However, the films eventually become rich in Se with an elemental
Se:Bi ratio of 1.8 at a charge density of 1.1 C/cm? (Figure 4d). The excess Se relative to the ratio
for Bi,Se; indicates the co-deposition of elemental selenium, which is supported by x-ray
photoelectron spectroscopy (XPS) (see Figure S12). Films grown on other Si substrates at
potentials that produce the orthorhombic phase exhibit a similar evolution in their morphology.
Films possessing the rhombohedral phase undergo a very different growth pattern. Unlike the
growth of the orthorhombic phase, there is no seed layer at the early stages of growth. Aggregated
nanoscale crystallites form directly on the Si electrode. The aggregates become denser until they
cover the Si substrate and continue to grow out from the surface of the electrode with increasing
deposition times (see Figure S10). Unlike the orthorhombic films, films with the rhombohedral
phase are rich in selenium relative to the stoichiometry of Bi,Ses at all stages of growth (Figures

S10 and 14b).
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(a) Q=10.3 C/lcm? (b) Q = 0.5 C/cm? (c) Q=0.9 C/lcm? (d) Q=1.1 C/lcm?
Se:Bi=1.3 SeBi=1.3 SeBi=1.8 _

Figure 4. SEM images of Bi,Se; films grown on Si (111) electrodes with a resistivity of 3.6 Qxcm
at a potential of -0.45 V vs. Ag/AgCl for total charge densities of (a) 0.3 C/cm?; (b) 0.5 C/cm?; (c)
0.9 C/cm?; (d) 1.1 C/cm?. These growth conditions produce films with the orthorhombic phase as
determined by XRD (see Figure S6). For each sample, a top-down image is shown in the top row,

and a cross-sectional image is shown in the bottom row. The scale of 1 um applies to all images.

The essential difference between formation of the orthorhombic and rhombohedral phases
appears to be the amorphous seed layer that forms during the initial stage of growth for the
orthorhombic phase. To characterize the seed layer, we next conducted XPS of Bi,Se; films grown
on Si (100) electrodes with a resistivity of 4.4 Qxcm, which is a representative case that results in
the growth of the orthorhombic phase as determined by XRD (see Figure S7). The films were first
sputtered to remove the surface oxide layer that forms over time when the samples are left out in
air (Figure S11). By fitting the peaks in the binding region of Bi 4f5, and 4f;,, electrons, we
observe varying contributions from Bi** as well as Bi in both lower and higher oxidation states in

films grown for different amounts of time (Figure 5). The most prominent contribution for all
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films is Bi**, consistent with the formation of Bi,Ses.’” The weak peaks at higher binding energies,
labeled Bi®™)", that are observed at all deposition times could arise from either Bi*" or Bi** bonded
to residual oxygen (see Supporting Discussion S1 in the SI for further details).3> >7-38 There are
also minor peaks from Bi in a lower oxidation state, labeled as Bi®*)7* 396! which are most
prominent for the earliest stage of growth (0.3 C/cm?) measured, but disappear by the final stage
(2 C/cm?). Bader charge analysis of a series of bismuth selenide and oxide compounds is consistent
with these assignments (see Supporting Discussion S1, Table S4, and Figure S15). We observe
the contribution from BiG¥* in films that exhibit the orthorhombic phase on other Si substrates,
as well as the decrease in its contribution with growth time (Figure S13a). On the other hand,
while films with the rhombohedral phase show a minor contribution from Bi®" at later stages of
growth, this oxidation state does not appear during the early stages of growth (Figure S14a).
Comparing XPS in Figure 5 to the SEM images in Figure 4, when the amorphous, Bi-rich
seed layer is formed during the early stages of deposition (i.e., 0.3 and 0.5 C/cm? of charge passed),
the films contain Bi in a lower oxidation state (in addition to the Bi** and Bi®™" states). As the
orthorhombic crystallites nucleate and grow from the seed layer, the overall composition becomes
closer to Bi,Se; matching the orthorhombic phase observed by XRD. XPS in the region of Se 3d
states shows that the co-deposition of Se metal leads to Se-rich films relative to Bi,Ses (i.e., Se:Bi
> 1.5) during the final stages of growth (see Figure S12). The combined characterization by XRD,
EDX spectroscopy, SEM, and XPS, point towards the formation of an intermediate bismuth
selenide compound during the early stages of growth with a distinct structure and composition

from that of Bi,Se; that induces formation of the metastable orthorhombic phase of Bi,Ses.
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Figure 5. XPS of Bi,Se; films showing the binding energy region for Bi 4f electrons. The films
were grown on Si (100) substrates with a resistivity of 4.4 Qxcm at a potential of -0.45 V vs.
Ag/AgCl for different charge densities. These growth conditions produce films with the
orthorhombic phase (see Figure S7). The shaded regions show the deconvolution of the peaks into
contributions from Bi®™* (purple), Bi** (green), and Bi®" (light red). The gray points show the
raw data, and the black lines show the sum of fitting the peaks to the different oxidation states of

Bi.

We used transmission electron microscopy (TEM) to gain further insights into the structure of
the seed layer that produces orthorhombic Bi,Se; crystals. A cross-sectional, bright-field image of
the interfacial region between the seed layer and two orthorhombic crystallites that share a twin
boundary is shown in Figure 6a. An electron diffraction pattern of the seed layer (indicated by the

white circle in Figure 6a) is shown in Figure 6b. The pattern shows two relatively sharp rings,
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which indicates the likely presence of randomly oriented nanocrystals within the amorphous seed
layer.5> We find the radius of the inner ring to be 3.4 = 0.1 nm! and that of the outer ring to be 4.8
+ 0.2 nm!, which provide the nearest and second-nearest neighbor distances between atoms in the
nanocrystals. Furthermore, we observed several nanocrystals embedded within the amorphous
seed layer in a dark-field TEM image shown in Figure S18b— that was obtained using a diffracted
beam from an adjacent Bi,Se; crystallite. To further characterize the structure of the nanocrystals
within the seed region, we performed electron diffraction on a film where the deposition was
terminated at the formation of the seed layer (i.e., before nucleation of the orthorhombic
crystallites). For this sample, the seed layer was scraped off from the Si substrate and transferred
to a TEM grid. The electron diffraction pattern of the sample at this stage of growth is shown in
Figure 6c. The pattern shows four main spots in the inner ring with 4-fold symmetry and a
reciprocal spacing of 3.49 nm' that matches the spacing of the inner ring in the cross-sectional
sample. To identify the structure of these nanocrystals, we searched for all experimentally reported
compounds of Bi and Se in the ICSD (see Table S5) and simulated their diffraction patterns to
compare them to our experimental pattern. We find that BiSe with the rock salt structure (Fm3m)
provides the best match. An atomic model of cubic BiSe is shown in Figure S16. A simulated
electron diffraction pattern along the [100] zone axis for the structure obtained from the ICSD is
shown in Figure 6d. We find the reciprocal lattice spacings of the (002) and (202) planes are 3.34
nm! and 4.72 nm™!, respectively, which match well with the spacings of the 15t and 2" rings in the
experimental pattern in Figure 6b. Among the compounds searched, the only other structure that
possesses a four-fold symmetry is Bi,Se; with the Zn;P, structure (P4,/nmc). However, its
simulated diffraction pattern does not match the experimental lattice spacings, as shown in Figure

S17. Based on the good agreement between the simulated and experimental diffraction patterns
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and the nanocrystals with bright contrast in the dark-field image (Figure S18b), we propose the
intermediate Bi—Se compound, critical for the formation of the orthorhombic phase, consists of
nanocrystals of cubic BiSe nanocrystals embedded within a Bi-rich, amorphous seed layer that
initially deposits on the Si electrode. This hypothesis is consistent with the lower Se:Bi ratio
observed for the seed region using EDX spectroscopy (Figure 4a). Furthermore, Bader charge
analysis of BiSe indicates that it is responsible for the Bi®-¥* peaks observed in XPS during the

early stages of growth (see Supporting Discussion S1, Table S4, and Figure S15).

b)  4.8+0.2nm"
3.4 +0.1 nm?

(002) _
-/ |349nm-
(020) W (020)
) '
-
* (002)
2 1/nm

Figure 6. (a) Cross-sectional, bright-field TEM image of an orthorhombic Bi,Se; film grown on a
Si(111) electrode with a resistivity of 1.3 Qxcm at a potential of -0.30 V vs. Ag/AgCl for a charge
density of 0.9 C/cm?. The red arrows indicate the growth directions of the two crystallites separated
by a twin boundary. (b) Electron diffraction pattern of a region on the same film near the interface
with the Si growth substrate. The white circle in panel (a) indicates the area used to obtain the

electron diffraction pattern of the cross section shown in (b). (c) Electron diffraction pattern of a
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separate sample grown on a Si (111) electrode with a resistivity of 0.0061 Qxcm at a potential of
-0.10 V vs. Ag/AgCl for a charge density of 0.2 C/cm?. To obtain the electron diffraction pattern,
the film was scraped off the Si substrate and transferred to a TEM grid. (d) Simulated electron

diffraction pattern of cubic BiSe along the [100] zone axis.

Having established the structure of the seed region, we next characterized the growth directions
of the twinned orthorhombic Bi,Se; crystals that nucleate from the seed region, as shown in Figure
7. Dark-field TEM images of the two adjacent orthorhombic Bi,Se; crystallites are shown in
Figure 7a and d. Electron diffraction patterns of each crystallite were obtained by tilting the
respective grains so that they are oriented along the [110] and [001] zone axes, respectively, as
shown in Figure 7b and e. High-resolution TEM images of the two grains that are oriented along
the [110] and [001] zone axes are shown in Figure 7¢ and f, respectively. From the lattice spacings,
we derived the lattice planes in the corresponding images to be (001) and (200), respectively. We
find the growth direction of the two crystallites to be along the [010] axis (red arrows in Figure
7¢ and f) from the intersection between the (001) and (200) planes, as shown schematically in
Figure 7g.

The formation of such oriented crystallites can occur through two scenarios: (I) if the (010)
surface of orthorhombic Bi,Se; has a significantly lower energy than the other surfaces; or (I) if
there is epitaxy between the orthorhombic Bi,Se; crystallites and the BiSe nanocrystals embedded
in the seed layer. We used density-functional theory (DFT) to calculate the surface energies of
various low-index surfaces of Bi,Se; in the orthorhombic and rhombohedral phases as well as
cubic BiSe. We find that the (010) surface of orthorhombic Bi,Se; has the highest surface energy

compared to the (100) and (001) surfaces, as shown in Table S6. We can therefore rule out scenario

Page 20 of 51

ACS Paragon Plus Environment

Page 20 of 51



Page 21 of 51

oNOYTULT D WN =

Journal of the American Chemical Society

I. In support of scenario II, we obtained an electron diffraction pattern from a region at the
intersection of the two orthorhombic Bi,Se; crystallites, shown in Figure S18. We find that the
two grains share a twin boundary at the (ITS) plane. The lattice parameters along the [100] and
[001] directions of orthorhombic Bi,Se; are similar (11.66 A and 11.45 A). So, in some cases, the
Bi,Se; lattice can deform along [100] to match with the cubic symmetry of underlying BiSe, while
in other cases, it can deform along [001]. When these different crystallites grow to merge, they can
result in the formation of a twin boundary, as we observe experimentally. Thus, the presence of
oriented and twinned crystallites of orthorhombic Bi,Se; suggest that the nucleation and growth

of Bi,Se; occurs epitaxially from the cubic BiSe nanocrystals in the seed layer.
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Figure 7. Cross-sectional TEM images and electron diffraction patterns of the twinned
orthorhombic Bi,Se; crystallites that grew from the seed region shown in Figure 6a. (a, d) Dark-
field cross-sectional TEM images of the two orthorhombic Bi,Se; crystallites. The white circles in

panels (a) and (d) indicate the selected areas used to obtain electron diffraction patterns shown in
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panels (b) and (e) and high-resolution TEM images in panels (c) and (f), respectively. The white
arrows indicate the growth direction of each crystallite. (b, €) Electron diffraction patterns for the
two orthorhombic Bi,Se; crystallites. (c, f) High-resolution bright-field TEM images of the two
orthorhombic Bi,Se; crystallites showing (001) and (200) lattice planes that are parallel to the
growth directions of the crystallites, which point upward (red arrows). (g) A schematic showing

the growth of the two twinned crystallites along with their growth direction.

We next used DFT calculations to identify the preferred epitaxial relationship between cubic
BiSe and both orthorhombic and rhombohedral Bi,Se; along with the energy of the two phases
under varying epitaxial strains. From the calculated surface energy of the common facets of cubic
BiSe, and orthorhombic and rhombohedral Bi,Ses, which are shown in Table S6, we find that the
(001) surface of BiSe has the lowest energy followed by the (110) and (111) surfaces, respectively.
Hence, we modeled the growth of Bi,Se; on the (001) and (110) surfaces of BiSe. We discuss the
results on the (001) surface below and present the results on the (110) surface in the Supporting
Information Figure S20. For rhombohedral Bi,Se;, which has a layered structure, the (001)
surface has a surface energy that is significantly smaller than the other facets due to the weak
interlayer bonding along [001]. Hence, we expect it to serve as the growth plane for rhombohedral
Bi,Se;. We next built coincident site lattice models between the (001) plane of BiSe and the (001)
plane of rhombohedral Bi,Ses, as shown in Figure S19. According to coincident site lattice theory,
epitaxial interfaces are formed by constraining the film to match the substrate along special
orientations where the lattice sites of the film and the substrate coincide.?!> 26 3 We tried two
different orientations for the rhombohedral Bi,Se; (001) surface on top of the BiSe (001) surface,

as shown in Figure S19. We further varied the lattice parameter of BiSe (001) to account for the
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uncertainty in the lattice parameter of the BiSe nanocrystals — that may arise from their extremely
small size and variable composition, which are challenging to be characterized accurately — and
accordingly varied the epitaxial strain on Bi,Se; (see the Calculation methods in the
Experimental section for more details). The stabilities of orthorhombic and rhombohedral Bi,Se;
with different orientations and epitaxially matched to BiSe (001) are shown in Figure 8. We find
that the model having the [100] direction of rhombohedral Bi,Se; orientated along the [001]
direction of BiSe minimizes the epitaxial strain. However, even for this configuration,
rhombohedral Bi,Se; experiences a tensile strain of 19% to match the BiSe (001) surface, when
using the theoretical lattice parameters for both the phases. These results suggest that
rhombohedral Bi,Sejs is unlikely to be epitaxially stabilized on BiSe.

We next built coincident site lattice models between the (010), (100), (001), and (201) surfaces
of orthorhombic Bi,Se; — that have surface energies ranging between 20.1 — 48 meV/A2, as listed
in Table S6— and (001) BiSe, as shown in Figure S19. We applied biaxial strain to orthorhombic
Bi,Se; along the two axes of the surfaces shown in the atomic models in Figure 8. For the (010)
surface of orthorhombic Bi,Se; to match with the BiSe (001) surface, the lengths along the [100]
and [001] axes of Bi,Se; were adjusted to be 2 times the lattice parameter of the BiSe substrate, as
shown in Figure S19 and described in the Calculation methods. We then uniformly varied the
lattice parameter of BiSe around its minima to simulate a range of epitaxial strains on the Bi,Ses
film. This changes the strain along the [100] and [001] axes of the orthorhombic Bi,Se; (010)
surface according to the relationship discussed above. The formation enthalpy of (010) Bi,Se; as
a function of strain for epitaxy on BiSe (001) is shown in Figure 8. We have followed a similar
procedure to calculate the formation enthalpies of orthorhombic Bi,Se; with (100), (001), and (201)

surfaces as the growth plane that are epitaxially matched with BiSe (001) for varying epitaxial
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strains, and the results are also shown in Figure 8. We find that the orthorhombic Bi,Se; phase
with (010) growth surface has the lowest formation enthalpy as the substrate lattice parameter
varies from 5.40 A to 5.94 A. When the BiSe lattice parameter varies from 5.94 A to 6.19 A, the
orthorhombic Bi,Se; phase with (001) surface has the lowest formation energy. The experimental
reciprocal spacing of cubic BiSe (002) planes is 3.49 nm™!, which corresponds to a unit cell length
of 5.73 A for BiSe. For a BiSe substrate lattice parameter, aq,;, = 5.73 A, orthorhombic Bi,Se; with
the (010) growth surface has the lowest formation enthalpy, which agrees with the experimentally
observed phase and growth direction using TEM. Overall, our calculations show that for a large
range of lattice parameters of BiSe, the orthorhombic phase of Bi,Se; can be stabilized over the

rhombohedral phase through epitaxy, and the preferred growth direction of the orthorhombic phase

Journal of the American Chemical Society

is [010] when it grows on the BiSe (001) surface.
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Figure 8. (Top panel) Change in formation enthalpy of rhombohedral and orthorhombic Bi,Se;
vs. substrate lattice parameter for various epitaxial relations with the cubic BiSe (001) surface.
Low-index surfaces have been considered for epitaxy on BiSe, including the (001) surface of
rhombohedral Bi,Ses;, and the (010), (100), (001), and (201) surfaces of orthorhombic Bi,Se;
(bottom panel). The experimental and DFT-calculated lattice parameters of the cubic BiSe
substrate are 5.73 A (obtained from Figure 6b) and 6.07 A, respectively, which are marked with
black arrows. The blue and red shaded areas indicate the regions where orthorhombic Bi,Se; with
the (010) and (001) surfaces have the lowest formation energy, respectively. The corresponding

atomic structures of the various growth surfaces are shown in the bottom panel.

Based upon our combined experimental and computational results, we propose the following
mechanism for the formation of metastable orthorhombic Bi,Ses, which is depicted using a schema
in Figure 9. During the initial stage of growth, the electrochemical potential drives the deposition
of hemispherical microscale particles of bismuth and selenium that are amorphous. TEM imaging
reveals that cubic BiSe nanocrystals precipitate within this amorphous seed layer. The initial seed
layer is rich in Bi relative to the stoichiometry of Bi,Se; (see Figure 4), but the films become
richer in Se over time. As the stoichiometry of the film approaches that of Bi,Se;, crystallites of
Bi,Se; nucleate from the seed layer. DFT calculations indicate that the better epitaxial match
between cubic BiSe and orthorhombic Bi,Ses stabilizes the metastable phase. The orthorhombic
Bi,Se; crystallites continue to grow along the [010] direction to form platelet crystals. The
occurrence of twin boundaries — that are low energy interfaces — between the different Bi,Se;
crystallites, as observed in our TEM experiments, results in the formation of interleaved platelets

as observed by SEM (Figures 3, 4). This mechanism is consistent with all our experimental
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observations as well as with previous reports of the conditions needed to electrodeposit

orthorhombic Bi,Se;.23: %

(a) (b)

Crystallization
g
Si

Figure 9. Schematic of the growth mechanism of metastable, orthorhombic Bi,Se;. (a) A Bi-rich,

Epitaxial growth
 ——

Q09
09 7
2230320

amorphous seed layer of Bi and Se initially deposits on the Si substrate. (b) Nanocrystals of cubic
BiSe nucleate within the seed layer. (c) As the composition of the film becomes richer in Se,
epitaxy between cubic BiSe and orthorhombic Bi,Se; leads to the nucleation and growth of the

metastable phase.

The formation of rock salt BiSe is uncommon. While we could only find one report of growing
pure rock salt BiSe,®* as a structural motif rock salt BiSe is also found in layered superstructures
such as [(BiSe)+s]m[TiSe;]m.0°%¢ Thus, the question arises as to why this compound forms during
the early stages of electrodeposition. The applied potential used to grow all Bi,Ses films with the
orthorhombic phase was positive of the potential needed to deposit Se directly on the Si substrate
(Figure S8), such that only Bi is initially deposited. The deposition of Bi on the Si substrate then
reduces the overpotential needed to deposit Se.?3 The reduction of Bi(NOs); and the lower Se:Bi
ratio initially favor formation of a bismuth selenide compound in which Bi is in a lower oxidation

state, such as BiSe. The increase in Se:Bi ratio with deposition time can then promote formation
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of a compound in which Bi is in a higher oxidation state (i.e., Bi,Se;). Furthermore, the rock salt
structure of BiSe is thermodynamically less stable compared to its trigonal phase. Our calculations
indicate that the rock salt phase is stabilized over the trigonal phase for small crystal sizes (i.e., <
1.5 nm) due to the lower surface energies of the facets that make up the BiSe crystals (see
Supporting Discussion S4, Table S7, and Figure S21d).

To demonstrate the generality of this seeded growth mechanism, we electrodeposited
orthorhombic Bi,Se; on polycrystalline substrates including fluorine-doped tin oxide (FTO) and
gold. We first determined the appropriate potentials to deposit the orthorhombic phase on each
substrate by performing cyclic voltammetry. Based on the potential-dependent structures of Bi,Se;
films grown on single-crystal Si substrates, we hypothesized that the orthorhombic phase would
form at a potential positive of the Bi** reduction peak on these polycrystalline substrates. For both
the FTO and Au substrates, an applied potential of 0.00 V vs. Ag/AgCl is positive of the reduction
peak of Bi(NO;); (Figure S22). XRD patterns of Bi,Se; films grown at this potential for a total
charge density of 2 C/cm? are shown in Figure 10a. In both cases, we observe the orthorhombic
phase of Bi,Se;. The morphology of the orthorhombic crystallites is similar to films deposited on
single-crystal Si substrates. For FTO substrates, both the hemispherical seed layer and interleaved
platelet microcrystals are observed (Figure 10b, d). On Au substrates, the seed layer is denser
compared to deposition on Si and FTO substrates, and the orthorhombic Bi,Ses crystallites that
grow from this continuous layer have a smaller size for the same amount of material deposited
(Figure 10c, e). The transition from island growth of the seed layer on Si and FTO to a smoother
layer on Au is consistent with the higher surface energy of Au in which adatom—substrate

interactions become stronger.®’” These results demonstrate that the spontaneous formation of the
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seed layer enables electrodeposition of the metastable, orthorhombic phase on a variety of

substrates without the requirement for a single crystal.

Intensity (a.u)
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Figure 10. (a) Powder XRD patterns of Bi,Se; films grown on polycrystalline FTO and Au
substrates. The applied potential used to grow the films was 0.00 V vs. Ag/AgCl, and the total
amount of charge passed for each film was 2 C/cm?. (b, d) SEM images of a Bi,Ses film grown on
FTO. (c, e) SEM images of a Bi,Se; film grown on Au. The scale bars of 5 um and 1 pm apply to

all images in the top row and bottom row, respectively.

Conclusions

In summary, by identifying the conditions needed to form the metastable phase of Bi,Se; on
single-crystal Si substrates, we were able to extend this growth mechanism to polycrystalline
substrates including FTO-coated glass and Au. By electrodepositing the films at a potential close

to or positive of the peak for Bi** reduction (which varies for different substrates), a seed layer is
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produced that leads to Bi,Ses films with high crystallinity and the metastable, orthorhombic phase.
Electron diffraction reveals that the seed layer contains nanocrystals of cubic BiSe. DFT
calculations indicate that nucleation of the orthorhombic Bi,Se; microcrystals takes place on the
cubic BiSe nanocrystals due to epitaxial matching between the two crystals. We hypothesize that
seeded electrochemical growth using nanoscale seed particles can be used to synthesize other
metastable phases of metal chalcogenide and oxide semiconductors. Targets of interest include the
metastable r phase of SnS,-%° which is a chiral semiconductor, the metastable € phase of Ga,03,%
a ferroelectric semiconductor, and the metastable € phase of Fe,Os, a multiferroic material.”® The
ability to produce semiconductor films with metastable crystal structures by electrodeposition at
room temperature without the need for a single-crystal growth substrate can facilitate the

incorporation of these materials into devices for energy and information conversion and storage.

Experimental section

Materials. All chemicals were used as received. Bismuth (III) nitrate hydrate (Bi(NOs)3;°xH,0
98%), selenium dioxide (SeO,, 99.4%), platinum gauze (Pt, 100 mesh, 99.9% metals basis), and
Pt wire (0.5 mm diameter, 99.95% metals basis) were purchased from Alfa Aesar. Nitric acid
(HNOs, = 97%), isopropanol (= 99.7%), gallium (99.999%), indium beads (99.999%) and sodium
chloride (NaCl, >99%) were purchased from Sigma-Aldrich/Millipore Sigma. All aqueous
solutions were prepared using deionized water from a GenPure Pro water purification system with
a resistivity of 18.2 MQxcm. Single-crystal, n-type Si wafers with either the (100) or (111)
orientation and varying resistivities were purchased from University Wafer, Inc., Addison
Engineering, Inc., and MTI corporation (see Table S1 in the Supporting Information for further

details). FTO-coated glass slides with lateral dimensions of 17 x 17, a thickness of 2.2 mm, and a
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sheet resistivity of 12 — 14 Ohm/square were purchased from MTI corporation. Chrome-plated
tungsten rods and Au pellets (99.999%) were purchased from the Kurt J. Lesker Company.
Hydrofluoric acid (49%, LM grade) was purchased from the Transene Company, Inc. Hysol 9460
epoxy was purchased from McMaster-Carr. Silver conductive paint was purchased from SPI
Supplies. Acetone (= 99.5%) was purchased from Fisher Scientific International, Inc. A eutectic
liquid alloy of gallium and indium (Ga—In) was either purchased directly from VWR International,
Inc. or prepared by combining the two metals in a weight ratio of approximately 75% Ga and 25%

In.

Preparation of electrodes. The counter electrode used in all electrochemical experiments
consisted of Pt gauze connected to a Pt wire. The Pt wire was soldered to a tinned copper wire,
and the soldered joint was sealed in a glass tube. All potentials reported in this manuscript are
referenced to a silver/silver chloride (Ag/AgCl) electrode in 3 M NaCl. The working electrodes
consisted of single-crystal Si wafers with different orientations and resistivities (see Table S1 in
the Supporting Information). The Si wafers were first cut into square pieces with approximate

edge lengths of either 5 or 25 mm using a diamond scribe. The larger substrates were used to

measure the resistivity of the substrate and to prepare samples for characterization by powder XRD.

The smaller substrates were used for all other characterization methods (e.g., thin-film XRD, SEM,
TEM, XPS, and CV). To prepare each working electrode, Ga—In eutectic was scratched into the
unpolished back side of the Si substrate. A coiled Cu wire was then pressed into the Ga—In liquid
on the back side of the Si and coated with conductive Ag paint to seal the wire onto the substrate.
Following attachment of the Si substrate, the wire was threaded through a glass tube, and Hysol

9460 epoxy was used to seal the opening of the tube. To cure the epoxy, the electrode was dried
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in an oven at 60°C. Finally, nail polish was used to coat the unpolished back side of the Si electrode
and the exposed portion of the Cu wire so that the Bi,Se; film would only grow on the polished
side of the Si substrate.

Polycrystalline Au and FTO films on glass slides were also used as working electrodes to grow
Bi,Se; films. An Edwards Auto 306 Vacuum Coater was used to deposit the Au films. A 10-nm
adhesion layer of Cr was first deposited on the glass slide at a current of 4.2 A followed by a 100-
nm film of Au at a current of 4 A. The pressure during thermal evaporation was 10 torr. The Au
and FTO substrates were rinsed with deionized water and dried using a stream of nitrogen prior to
use. For both Au and FTO substrates, a metal alligator clip was used to connect the substrates to

the potentiostat.

Electrochemical synthesis of Bi,Se; films. Bi,Se; films were electrodeposited using a three-
electrode configuration at a constant potential with all three electrodes in the same cell. The
deposition procedure was adapted from previous reports.?3->> The deposition solution contained 1
mM Bi(NO;)3, 1.5 mM SeO,, and 0.5 M HNOs. The electrochemical cell was open to air during
deposition. A BioLogic VSP-300 potentiostat/galvanostat was used to perform all electrochemical
experiments. Immediately before each deposition, the polished side of the Si electrode was etched
by immersing it in an aqueous solution of 10% HF for 30 s to remove the native oxide layer. The
electrode was then rinsed with deionized water and dried under a stream of nitrogen. An image of
each electrode was taken using a photo scanner, and the electrode area was measured using ImageJ
software. The electrode area was used to determine the total charge density passed between the
working and counter electrodes during each deposition. The applied potential and the amount of

charge passed were varied for different substrates as described in the manuscript and summarized

Page 31 of 51

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society

in Table S2. After each deposition, the electrode was washed with deionized water and immersed
in acetone to dissolve the nail polish and Ag paint. In some cases, a small amount of Ag redeposited
on the top of the electrode, leading to an impurity observed in the XRD pattern. Once the Si
substrate detached from the wire, it was rinsed with DI water, and dried using a stream of nitrogen

before further characterization.

Characterization.

A four-point probe (Keithley 2450 sourcemeter) was used to measure the sheet resistance of
the Si substrates without the contact resistance of the native oxide layer. The distance between
each probe was 1.27 mm. Each Si wafer was first cut into a square piece with dimensions of
approximately 25 mm x 25 mm, and the exact edge lengths were measured. Source currents
ranging from 1 pA to 5 mA were tested. We found that 100 pA was the optimal source current for
Si substrates with a resistivity range of 0.001 to 0.006 Qxcm, while 1 mA was the optimal source
current for Si substrates with a resistivity range of 0.5 to 5 Qxcm. The sheet resistivity was
obtained by multiplying the sheet resistance by the thickness of the Si wafer. For each Si wafer,
four measurements were taken on different areas of the substrate, and the values were averaged to
determine the reported resistivity. The resistivities of Au and FTO substrates were measured
through the same method as used for Si substrates. The source current was 1 mA for Au and 10
mA for FTO.

Cyclic voltammetry (CV) was performed to characterize the potentials for redox reactions to
occur on different substrates (e.g., single-crystal Si, FTO-coated glass, and polycrystalline Au).
All CV scans started at the open-circuit potential of the electrochemical cell. For each scan, the

potential was first swept from the open-circuit potential to 0 V vs. Ag/AgCl, then swept in the
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negative direction to —0.8 V, and finally swept back to 0 V, with a scan rate of 20 mV/s. For each

substrate, CV scans were performed in both an aqueous solution of 1 mM Bi(NO3); and 0.5 M
HNO; as well as a solution of 1.5 mM SeO, and 0.5 M HNOs.

The crystalline phase of each sample was characterized by either powder x-ray diffraction
(XRD) in which the film was scraped off from the growth substrate or by thin-film XRD in which
the sample was left on the Si substrate. To prepare samples for powder XRD, the Bi,Se; film was
scraped off using a razor blade, and the powder was redispersed in isopropanol to make a
suspension. The suspension was then drop cast onto a zero-background, silicon diffraction plate
(MTI Corporation) and left to dry in ambient air. A Bruker D8 Advance x-ray diffractometer (Cu
Ko =0.15418 nm) was used for powder measurements. The scan range was from 10° to 60° in 26,
the step size was 0.035° in 20, and the scan rate was 0.4 s per step. Grazing-incidence XRD patterns
of the Bi,Se; films still on the Si substrates were obtained with a Philips X'Pert diffractometer
using Cu Ka source radiation with an x-ray mirror (PW3088/60) as the incident beam module and
a 0.18° parallel plate collimator as the diffracted beam module. A fixed incident angle of 1° was
maintained, and the instrument was operated in continuous mode with a step size of 0.03° and a
counting time of 2 s.

The morphologies of the Bi,Se; films were characterized using a Thermo Scientific Quattro S
environmental scanning electron microscope (SEM) operating at an acceleration voltage of 20 k'V.
For top-down images of the films, the Si substrate was detached from the Cu wire as described
above and then affixed to the SEM sample chuck using double-sided Cu tape. An Oxford AzTec
energy dispersive x-ray (EDX) spectrometer was used to measure the elemental ratio of selenium
and bismuth in each film. EDX spectroscopy was performed at an acceleration voltage of 20 kV.

For the cross-sectional SEM images, the Si substrate was first cut in half using a diamond scribe.
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The back side of the Si substrate was affixed to a vertical sample chuck using Cu tape such that
the cross-section faced up towards the electron beam.

A Thermo Scientific Scios 2 Lo Vac Dual Beam FIB-SEM was used to prepare a sample for
cross-sectional TEM and electron diffraction. A layer of Pt (~2 microns) was first deposited on the
region of interest. Then a cross section of the Bi,Se; film was cut into a lamella using a 30-kV Ga-
ion beam. The lamella was then attached to a FIB TEM grid in the FIB chamber and polished down
to electron transparency using the Ga-ion beam in steps of 30 kV, 16 kV, 8 kV, 5 kV and 2 kV.
The cross-section foil was characterized by transmission electron microscopy using a JEOL JEM-
2100F field-emission scanning transmission electron microscope operated at an accelerating
voltage of 200 kV. To prepare the powder sample for electron diffraction, the Bi,Se; film was
scraped off from the Si substrate and dispersed in approximately 1 mL of isopropanol using
sonication for 10 s. One drop of the suspension was drop cast onto a copper TEM grid and allowed
to dry at room temperature. To obtain electron diffraction patterns, the samples were tilted to be
parallel to the electron beam under the guidance of a Kikuchi pattern. By choosing the high-
symmetry orientation of the Kikuchi pattern, the electron diffraction pattern was produced along
the specific zone axis. We determined the zone axis of the obtained electron diffraction pattern by
comparing it with a simulated diffraction pattern. Dark-field images were recorded by selecting
the diffraction spots formed on the back focal plane of the objective lens using the smallest
objective-lens aperture.

To prepare each sample for x-ray photoelectron spectroscopy (XPS), the Si substrate with
Bi,Se; film was cut into a smaller piece of approximately 2 mm X 2 mm. XPS was performed
using a Physical Electronics 5000 Versa Probe II Scanning ESCA (XPS) Microprobe system with

a base pressure below 10 Pa. XPS data were acquired using the 1486.6 eV line from a
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monochromatic Al Ka source with a spherical capacitor analyzer set to a pass energy of 23.5 eV
for the high-resolution scans. The beam size was 100 um in diameter, the beam power was 25 W,
and the acceleration voltage was 15 kV. The step size was 0.05 eV, and the number of sweeps was
20 cycles for carbon and 30 cycles for all other elements. To remove the oxide layer that forms on
the surface of the films when left out in air, each sample was first pre-sputtered by sweeping the
surface of the film with an Ar-ion beam at an acceleration voltage of 2 kV and a current of 1 uA
for 2 min. All spectra were charge corrected using the carbon peak (284.6 eV). The deconvolution
of peaks in the spectra were fit by using XPSPEAK software with a Shirley background. The areas
of peaks during the deconvolution were constrained to be close to the expected area ratio based on

the degeneracy of each spin state.

Calculation methods

Density-functional-theory (DFT) calculations were performed using the Vienna Ab Initio
Simulation Package (VASP)’! with the projector augmented-wave potentials (PAW).”> We used
the Perdew—Burke—Ernzerhof functional revised for solids (PBEsol)”3 to describe the exchange-
correlation interactions. A plane-wave basis with cutoff energy of 520 eV and force tolerance
criterion of 0.01 eV/A on each atom was used. Initial structures of orthorhombic and rhombohedral
Bi,Se; and rock salt and trigonal BiSe (Figure S16) were downloaded from the ICSD. We used
I'-centered Monkhorst-Pack k-point meshes to sample the Brillouin zone.”* The number of k-points
along direction i was varied such that k; x a;, where q; is the lattice parameter along direction i, was
~30 for geometry optimization and ~60 for the static calculations. For the strain calculations,
supercells of Bi,Se; were constructed with different orientations while keeping the stoichiometry

of Bi:Se to 2:3. Then, the a and b lattice parameters of the supercell were changed to match with
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the smallest repeating unit of the theoretical cubic BiSe (100) surface (aqp= 6.07 A). We used the
equation below to calculate the formation enthalpy (0H) of the rhombohedral and orthorhombic
Bi,Se; supercells with epitaxially constrained lattice parameters:

S6H = E(Bi,Ses,) — (2n x E(Bi) + 3n x E(Se)).
Here, E(Biz,Ses,) is the total energy of the Bi,,Ses, supercell with different orientations. £
(Bi) and E(Se) are, respectively, the energy of one Bi atom in its stable trigonal phase and one Se
atom in its stable monoclinic phase.

For the coincident site lattice calculations, the lattice parameters of the Bi,Se; supercells were
adjusted to perfectly match with the cubic BiSe (001) substrate. For example, as shown in Figure
S19, orthorhombic Bi,Se; with the (010) surface is matched with the cubic BiSe (001) surface. To
perfectly match with the lattice parameter ay, of the substrate (the relationship between a,,;; and
agub 1s shown in Figure S16b), we apply a strain 6 to axes ajoo1 and ayi0) of Bi,Se; such that:

apoo1] + Opoo1] = 2\ 2aunit = 2asu
arioo] + Jpoo) = 2\2aunit = 2asu

Since the experimental lattice parameter of the cubic BiSe nanocrystals is expected to vary
over a range of values, we applied a variance dgy, to the calculated lattice parameter of cubic BiSe.
Thus, the lengths along the [001] and [100] dimensions of Bi,Se; are changed as follows:

ar001] + Jpo01] = 2(asup + Jdsub)

ap00] + opi00) = 2(dsub + Jsub)
The strains applied along each direction of orthorhombic Bi,Se; are:

01001] = 2(@sup + Jsub) — @[o01]

or100] = 2(agp + Jsub) — arioo]
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Thus, the formation energy of orthorhombic Bi,Se; with the (010) surface is changed according to
the strain applied along each dimension.

Bader charge analysis for a series of bismuth selenide and bismuth oxide compounds was
performed using the method developed by Tang et al.”> The Bader charges of Bi, Se, and O in the
different compounds listed in Table S4 were obtained by subtracting the number of valence
electrons of an atom within the PAW potential from the number of electrons assigned to the
corresponding atom after the charge density partition. If the difference in Bader charge for atoms
of a species was greater than 0.1, we classified them into separate groups. The Bader charge was
averaged among atoms within the same group.

To determine the relative stabilities of cubic and trigonal BiSe nanocrystals as a function of
size, we first computed the energies of various low-index surfaces of cubic and trigonal BiSe using
slab models having a vacuum region of at least 15 A in thickness. These slabs have symmetric top
and bottom surfaces (see the Data Availability Statement below for a link that provides the slab
models). The calculated surface energies were used within the WulffPack program’ to create
equilibrium crystal morphologies, as shown in Figure S21a and b. To compare the energies of
cubic and trigonal BiSe nanocrystals — that have different shapes and numbers of atoms — as a
function of their size, we calculated the Gibbs formation energy, E(R), using the formula shown

below:”’

1
E(R) = Epuxt+ (ﬁ)n pY,

where Eg, 1s the bulk formation energy per BiSe unit (eV/BiSe) — it is the same as the formation
enthalpy, as we ignore the entropic and zero-point energy contributions to the free energy, R is the
“effective radius” of the nanocrystal, 7 is a unitless shape factor used to compare nanocrystals of

different shapes,’® p is the density of the BiSe nanocrystal, which is the total volume normalized
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per BiSe formula unit (A3/BiSe), and y is the surface energy averaged over the nanocrystal (eV/A2).

The computed values of Eg,, 17, p, and y are shown in the Table S7. The shape factor n = S/V?/3,
where S is the total surface area and V is the volume of the equilibrium morphology. Different
equilibrium morphologies have their own shape factor.”” We plotted the total surface area as a
function of the volume?? for the equilibrium morphologies of cubic and trigonal BiSe (see Figure

21¢), and the slope of each trace gives the shape factor.

Supporting Information Available:

Supporting discussion of Bader charge analysis of bismuth selenide and oxide compounds; the
search process used to find Bi—Se compounds in the ISCD and identify the structure of seed layer;
the formation enthalpy of orthorhombic and rhombohedral Bi,Se; when interfaced with the (110)
surface of cubic BiSe; size dependence of the relative stabilities of cubic and trigonal BiSe
nanocrystals. Supporting tables providing the orientation, resistivity, and thickness of the Si
substrates used to grow Bi,Se; films, the electrodeposition parameters used to grow Bi,Se; films,
binding energies for Bi 4f x-ray photoelectron peaks after deconvolution of the spectra into
contributions from different oxidation states, the Bader charge of Bi, Se, and O in bismuth selenide
and oxide compounds, a summary of the structures of compounds containing Bi and Se from the
ICSD, calculated surface energies of cubic BiSe, trigonal BiSe, orthorhombic Bi,Se;, and
rhombohedral Bi,Ses, calculated average surface energy, shape factor, volume per BiSe unit, and
bulk formation enthalpy for cubic and trigonal BiSe; Supporting figures showing current traces
during the electrodeposition of the Bi,Ses; films, powder XRD patterns of Bi,Se; films grown on
Si substrates with different orientations and resistivities, cyclic voltammograms in a solution of

SeO, and HNO; using different Si substrates as the working electrode, SEM image and thin-film
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XRD pattern of the seed layer formed during the initial growth stage, SEM images of
rhombohedral Bi,Se; films grown for different charge densities, additional XPS results for Bi,Se;
films with the orthorhombic and rhombohedral structures, plots of the Bader charge of Bi in
different bismuth selenide and oxide compounds, the unit cells of cubic and trigonal BiSe and the
smallest repeating unit on the cubic BiSe (001) surface, a simulated electron diffraction pattern of
Bi,Se; with the Zn;P, structure, additional cross-sectional TEM images and electron diffraction
patterns of a Bi,Ses film, coincident site lattice models for different surfaces of rhombohedral and
orthorhombic Bi,Se; matched with the cubic BiSe (001) surface, change in the formation enthalpy
of rhombohedral and orthorhombic Bi,Se; matched with the cubic BiSe (110) surface as a function
of the substrate lattice parameter, the equilibrium morphologies and Gibbs formation energy of
cubic and trigonal BiSe nanocrystals, cyclic voltammograms in a solution of Bi(NO3); and HNO;

using Au and FTO substrates as the working electrode.

Data Availability Statement.
The data  underlying this study are openly available in Zenodo at

https://zenodo.org/record/6987295#.Y vqd4-zMIXp
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